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ANOTACIJA

Smiltsérkskis pieder pie razigam, diezgan senam auglu kultiram, kuras augli satur
praktiski visus daba esoSus vitaminus. lkgadg€ja agrotehnisko pasakumu rezultata, veicot
smiltseérkSku sezonalo atzaroSanu vai ogu novaksanu, katru gadu veidojas liels apjoms ar
nogrieztiem smiltsérkSku zariem, kurus Sobrid sadedzina, neizmantojot to ka izejvielas
potencialu biologiski aktivo vielu un ekologiski drosu produktu/lidzeklu razoSanai. Pilnvértiga
un racionala zaru ka lignocelulozes biomasas parstrade produktos ar pievienoto vertibu ir viens
no atjaunigo resursu ilgtsp€jigas izmantoSanas nosacijumiem, veicinot tautsaimniecibas
izaugsmi, paaugstinot viet§jo atjaunigo resursu produktivitati un nodroSinot to stabilu
izmantoSanu riipnieciskos noliikos, neradot kait€jumu videi un cilvéku veselibai. Augu
izcelsmes produktu ievieSana tirgli un interese par tiem nepartraukti pieaug, balstoties uz
pieprasijuma p&c dabiskiem produktiem veselibas apriip€, farmacija un pat lauksaimnieciba, ka
piem@ram, augu aizsardzibas Iidzeklu ieguvei. SmiltsérkSku lignocelulozes biomasa ir
sakoncentrétas dazadas biologiski aktivas vielas, tostarp polifenolu savienojumi un serotonins
ar daudzskautnainu ktmisko un biologisko aktivitati.

Promocijas darba novertets tris Latvija kultivéto smiltseérksku skirnu (Maria Bruvele,
Tatjana, Botaniceskaja Lubitelskaja) lignocelulozes biomasas ka izejvielas potencials
biologiski aktivo vielu — proantocianidinu (PAC) un serotonina ieguvei. Veicot lignocelulozes
biomasas ekstrakciju, vispiemérotakais ekstrahents mérksavienojumu izdaliSanai bija etanola-
tdens maistjums (1:1 w/w). Izstradajot piemérotako mérksavienojumu izdaliSanas panémienu,
rezultata iegtiti PAC ar augstu tiribas pakapi (91-94% PAC/SM) un serotoninu saturosa frakcija
(28% serotonina/SM). Savstarpéji salidzinot pavasari un rudeni ievakto zaru ekstraktu sastavu,
noskaidrots, ka rudeni ievakta zaru biomasa ir vispiemérotaka izejviela serotonina un PAC
ieguvei. Ta ka smiltsérksku lapas nesaturéja PAC un serotonina daudzums bija <0.5%, tos
atdalot, mérksavienojumu iznakums no lignocelulozes biomasas palielindjas par 8—10%.
Izmantojot LC-UV-ESI-QTOF MS un LC-DAD-ESI-MS/MS analizi, noteikts, ka PAC sastava
ir katehina, epikatehina, gallokatehina un epigallokatehina monomeéra vienibas, galvenokart A
un B tipa procianidinu maisijumi ar polimerizacijas pakapi 2-3. Pieradita zaru hidrofilo
ekstraktu un meérksavienojumu augstd antioksidativa, antibakteriala, fungicida un
pretiekaisuma aktivitate nodroSina plaSas izmantoSanas iesp&jas dazadas nozar€s: farmacija,
partikas un lopbaribas riipnieciba, kosmétisko Iidzeklu un augu aizsardzibas lidzeklu raZzoSana,
veselibas apriip€ un profilakse.

Veicot in vitro analizes, noteikta mérksavienojumu ietekme uz gremoSanas fermentu
aktivitati. Serotoninu saturo$a frakcija uzradija kataliz€joSo iedarbibu alfa-amilazes un
aizkunga dziedzera lipazes aktivitaté, savukart proantocianidiniem bija novérota pretgja
iedarbiba.

Smiltsérksku koksnes atlikums péc ekstrakcijas ka lignocelulozes biomasa ir piemérots
substrats lopbaribas piedevas ieguvei ar iesp&ju regulét to sagremojamibu, mainot lopbaribas
sastavdalu masas attiecibu. Bagatinot atlikumu ar mikro- un makroelementiem, iegiita videi
draudziga augsnes piedeva, kas palielina darzenu un graudu produktivitati, papildus uzlabojot
augsnes kvalitati.

Promocijas darba rezultati ir atspoguloti 8 SCI zinatniskajas publikacijas un cetros
recenz€tos zinatnisko konferencu rakstos. Ir iesniegts 1 Latvijas Republikas patents. Darbs
izpildits LV Koksnes kimijas institiita, Lignina kimijas laboratorija laika posma no 2020. gada
lidz 2024. gadam.



ABSTRACT

Sea buckthorn belongs to prolific, quite ancient fruit species, whose fruits contain practically
all vitamins found in nature. As a result of annual agrotechnical measures, a large volume of cut sea
buckthorn branches is formed every year during seasonal pruning of sea buckthorn or harvesting of
berries, which are burned currently without using their potential as a raw material for the production
of biologically active substances and ecologically safe products/ preparations. The full and rational
use of branches as lignocellulosic biomass into products with added value is one of the conditions
for the sustainable use of renewable resources, promoting the growth of the national economy,
increasing the productivity of local renewable resources and ensuring their stable use for industrial
purposes, without harming the environment and human health. The introduction of herbal products
into the market and the interest in them is constantly increasing, based on the demand for natural
products in healthcare, pharmaceuticals, and even agriculture, such as for the extraction of plant
protection products. Sea buckthorn lignocellulosic biomass contains various biologically active
substances, including polyphenolic compounds and serotonin with multifaceted chemical and
biological activity.

The thesis evaluates the lignocellulosic biomass potential of three varieties of sea buckthorn
cultivated in Latvia (Maria Bruvele, Tatjana, Botaniceskaja Lubitelskaja) as a raw material to
produce biologically active substances - proanthocyanidins and serotonin. During the extraction of
lignocellulosic biomass, the most suitable extractant for the release of target compounds was
ethanol-water mixture (1:1 w/w). Development of the most appropriate isolation technique for the
target compounds resulted in high purity proanthocyanidins (PACs) (91-94% PACs/DM) and a
fraction containing serotonin (28% serotonin/SM). By mutually comparing the composition of
twigs extracts collected in spring and autumn, it was found that the biomass of twigs collected in
autumn was the most suitable raw material for the production of serotonin and PACs. Since sea
buckthorn leaves do not contain PACs and serotonin, separating them increases the yield of target
compounds from the biomass of branches by 8—10%. Using LC-UV-ESI-QTOF MS and LC-DAD-
ESI-MS/MS analyses, PACs were determined to contain monomer units of catechin, epicatechin,
gallocatechin, and epigallocatechin, mainly forming a mixture of type A and type B procyanidins
with a degree of polymerization of 2-3. The proven high antioxidant, antibacterial, antifungal, and
anti-inflammatory activity of the hydrophilic extracts and target compounds of twigs provides vast
application opportunities in various industries: pharmaceuticals, food and feed industry, production
of cosmetics and plant protection products, healthcare, and prevention.

By performing in vitro analyses, the effect of the target compounds on the activity of digestive
enzymes was determined. The fraction containing serotonin showed a catalytic effect on the activity
of alpha-amylase and pancreatic lipase, while the opposite effect was observed for
proanthocyanidins.

The wood residue of sea buckthorn after extraction, as lignocellulosic biomass, is a suitable
substrate for the production of fodder additive with the possibility of regulating its digestibility by
changing the mass ratio of fodder components. By enriching the residue with micro- and macro
minerals, an environmentally friendly soil additive is obtained, which increases the yield of
vegetables and grains, additionally improving the quality of the soil.

The results of the doctoral thesis are reflected in 8 SCI scientific publications and four peer-
reviewed scientific conference papers. There is 1 patent of the Republic of Latvia submitted.

The research was conducted at the LV Institute of Wood Chemistry, Lignin Chemistry Laboratory
in the period from 2020 to 2024.
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G.T. LL,LS., |IS,V.N,KL, |[LL,V.N. |[LL,V.N,
V.N, K.L,[N.Z, GR., G.T. N.Z.,GR.,
G.T. G.T.
IV |A.A, ST, [AA, ST, |AA,SJ,LL., [AA,SJ., |AA, ST, 75
G.T. G.T. JK,NZ,VN,|LL,JK., |NZ,JK.
G.R. N.Z., V.N.
VvV  JAA,L ST, |AALST, |AALSTL,LL, |AAL ST, |AA, ST, 75
G.T. M.C.,N.Z.|N.Z,M.C,, V.J.,|L.LL, M.C., M.C.
L.J., GR. V.J.
VI |AA., ST, ST, AA., [SJ,AA,LL., |AA.,SJ. |AA.,SJ, 70
G.T. LL.,G.T., |AR.-S., V.N,, G.T., L.L.,
AR.-S., |N.Z,GR,G.T. AR.-S., V.N,,
V.N. N.Z., G.R.
VII |A.A. ST, [A.A., ST, [AAA,, ST, AS., |AA.,SJ., |AA.,SJ], 80
G.T. A.S. N.Z., G.R. AS,N.Z. |N.Z.,G.T.
VIII |A.A., ST, [A.A., ST, |A.A., SJ.,N.Z, |A.A, SJ., |A.A,SJ. 55
G.T. N.Z. G.R. N.Z.
IX |A.A, ST, [AA, ST, |AA.,SJ,NZ, [AA,SJ, |AA,SJ,NZ 70
G.T. N.Z. G.R. N.Z.
X JAA, ST, |AALST, |AALSTL,LL., |AAL ST, |AA, ST, 80
G.T. G.T. N.Z.,M.S., AR-|LL., AR-S.|G.R.
S., G.R.
XI [SJ,AA., SJ,AA. SJ,AA,LL., [SJ,AA, |SJ,AA,GT. 70
G.T. G.T. O.B.,V.N, LJ., |G.T.
N.Z., G.T,,
M.S., G.R.,
A.R.-S. and J.K
XII |SJ., AA. [SJ,AA. |SJ,AA,LL., [SJ,AA. |SJ,AA., NZ 55
N.Z., V.N. N.Z.

A.A.— Anna Andersone, S.J. — Sarmite Janceva, G.T. — Galina TeliSevat, L.L. — Liga Lauberte,
A.R.-S. — Anna Ramata-Stunda, V.N. — Vizma Nikolajeva, N.Z. — Natalija Zaharova, J.K. —
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Jelena Krasilnikova, M.C. — Mihail Chervenkov, A.S. — Agrita Svarta, 1.S. — Ingus Skadins,
K.L. - Konstantins Logviss, M.S. — Maris Senkovs, V.J. — Vilhelmine Jurkjane, O.B. — Oskars
Bikovens, G.R. — Gints Rieksts.

Ir iesniegts Latvijas Republikas patents (patenta pieteikuma Nr. LVP2023000055, atbilstosi
likumam tiks publicéts 20.12.2024.)
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SAISINAJUMI / ABBREVIATIONS

PAC — proantocianidini

MB - Marija Bruvele

BL - Botaniceskaja Ljubitelskaja

TAT — Tatjana

50% EtOH- etanola-tidens Skidums (1:1, v/v)

50% EtOH ekstrakts — ekstrakts, kas iegiits ar etanol-tidens skidumu (1:1, v/v)
MB_E H20 - ekstrakts, kas iegiits no MB zariem, izmantojot destiléto tideni
BL _E H2O - ekstrakts, kas iegiits no BL zariem, izmantojot destiléto tideni
TAT E H2O0 — ekstrakts, kas iegtits no TAT zariem, izmantojot destiléto tideni
MB_E 50% EtOH — ekstrakts, kas iegiits no MB zariem, izmantojot 50% EtOH
BL E 50% EtOH - ekstrakts, kas iegiits no BL zariem, izmantojot 50% EtOH
TAT _E 50% EtOH - ekstrakts, kas iegtits no TAT zariem, izmantojot 50% EtOH
LS — lipidu saturs

IK — inhib&Sanas koncentracija

GC — gazes hromatografija

MS — masspektrs

GS — galluskabe

AS — askorbinskabe

12



1. DARBA VISPARIGS RAKSTUROJUMS

1.1. Teémas aktualitate

Saskana ar Apvienoto Naciju Organizacijas datiem paredzams, ka pasaules iedzivotaju
skaits no pasreiz€jiem 7.7 miljardiem pieaugs lidz 9.7 miljardiem 2050. gada (“World
population prospects,” 2017), kas palielinas atjaunigo resursu patérinu. Pasreiz€ja pasaules
patérina apmierinasana nav ilgtsp&jiga, jo cilvéces resursu patérins parsniedz to, ko daba spgj
atjaunot. ParverSot bioatkritumus resursa, ne tikai tiks aizvietoti fosilie resursi, kuri tiek plasi
izmantoti energétika, kimiskaja riipnieciba un farmacija, bet arT tiks atrisinata izejvielu trikuma
probléma meza produktu ripnieciba.

Eiropas Savieniba (ES) auglu koku audzésanai kopuma atveleti 11 301 345 hektaru (ha)
(Vanghele et al., 2022). So koku atzaro$ana kopa ar stadijumu nozagésanu vai iznemsanu rada
milzigu daudzumu koksnes atkritumu. Teorétiskais koksnes atkritumu aprékins ES €S, ka katru
gadu auglu koku atzaroSanas rezultata tiek ieguti lidz 25 miljoni tonnu koksnes zaru veida
(Aliafio-Gonzalez et al., 2022). Sie koksnes atkritumi parasti tick sadedzinati vai sasmalcinati
ar to turpmako iestradi augsné, kas nerada tieSus ekonomiskus ieguvumus. Tadgjadi ir racionali
ieviest auglkoku koksnes parstradi veértigos produktos ar augsto pievienoto veértibu. Atjaunigo
resursu efektiva un racionala pielietoSana ir viena no Latvijas Biockonomikas stratégijas 2030
prioritatém, veicinot tautsaimniecibas izaugsmi, paaugstinot viet€jo atjaunigo resursu
produktivitati un nodroSinot to stabilo izmantosanu riipnieciskos noliikos, neradot kait€jumu
videi un cilvéku veselibai (“Latvijas bioekonomikas strategija 2030,” 2017).

Viens no Latvija aktualajiem un mazizpétitajiem atjaunigiem resursiem ir smiltsérkSku
koksne. Smiltsérkskis savu uzmanibu izpelnijies, pateicoties auglu bagatigam sastavam un
vertigam 1pasibam, kuras pielieto daudzas nozargs. Izstradajot smiltsérkSku atzarojumu koksnei
shému par §1s lignocelulozes biomasas racionalo bezatlikuma parstradi produktos ar augstu
pievienoto vertibu, tas biis noderigs un pielietojams ar1 citu auglkoku vai ogulaju koksnes
atkritumu pilnvertigai izmantoSanai.

Koksni vislabak var definét ka biopoliméra kompozitu, kas sastav no celulozes,
hemicelulozes, lignina un ekstraktvielam. Koksnes ekstraktvielas ir daudz visdazadako klasu
organisko savienojumu — polifenoli, terpéni, polisaharidi, taukskabes un alkaloidi (N’Guessan
et al., 2023). Polifenoli ir visbiezak sastopamakie biologiski aktivi savienojumi. Starp Siem
savienojumiem ir sastopami hidroksitirosols, resveratrols, protokatehinskabes un
proantocianidini (Pandey and Rizvi, 2009). So savienojumu bioaktivitate ir pieradita zemakas
koncentracijas in vitro pétijumos. Bioaktiviem savienojumiem, it Ipasi polifenoliem, piemit
antioksidantas, pretmikrobu, fungicidas, biostimulantu, pretiekaisuma, kardioprotektivas un
pretveza 1pasibas (Bié et al., 2023), kas liecina, ka auglu koksnes ekstraktiem var biit vairaki
pielietojumi lauksaimnieciba, medicina un partikas, farmacijas, uztura un kosmétikas
ripnieciba. Piemé&ram, olivkoku koksnes ekstrakts reduc€ trombina izraisitu trombocitu
agregaciju in vitro (Zbidi et al., 2009); vinkopibas koka koksnes ekstrakts darbojas ka
konservants vina, aizstajot SO (Guerrero and Cantos-Villar, 2015); kastankoka koksnes
ekstraktam piemit fungicidas ipasibas in vitro (Prapaiwong et al., 2021; Romani et al., 2021).
Turklat koksnes izmantoSana veicina virzibu gan uz ilgtspgjigaku attistibu, gan uz aprites
ekonomiku.

1.2. Auglu koku atkritumu valorizacija produktos

Eiropas Savieniba auglu koku audzeésana olivu darzi aiznem lielako platibu ar vairak neka
5 miljoniem hektaru (45% no kopgjas platibas), kam seko vina darzi ar vairak neka 3 miljoniem
ha (28%). Mandelu koki un citi rieksti ir treSie bagatigakie (11%) ar vairak neka 1 200 000 ha.
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Savukart 611 540 ha (5%) atveéleti abelem, bumbierém, kaulenaugliem, citrusaugliem un
ogulajiem, piem&ram, smiltsérkskiem (Aliafio-Gonzalez et al., 2022). Savvala smiltsérkski aug
52 wvalstis, vislielakas smiltsérksku plantacijas Eirazijas teritorija var sastapt Kaukaza,
Rietumazija, Vidusazija, Mongolija. Kina smiltsérksku audzes aiznem 2 071 000 ha, tai skaita
722 000 ha dabigu audzu un 1 287 000 ha maksligi veidotu plantaciju ekologiskiem un
ekonomiskiem mérkiem (“The Annual Report of International Seabuckthorn Development,”
2021).

Smiltsérkskis ir zinams ka vasarzal$, razigs, Eleagnus dzimtas divmaju auglkoks ar
erksSkainiem zariem, kas savvala aug smilSainas un olainas augsnés ar augstu gruntsiidens
limeni. Hippophaé rhamnoides L. ir visizplatitaka smiltsérksku gints suga. Smiltsérkskis ir
arkartigi izturigs augs gan pret sausumu, gan pret aukstumu, lidz pat —43 °C. Pateicoties
smiltsérksku specigai un vegetativi attistitai saknu sistémai, tas tiek izmantots melioracija ta
slapekli piesaistoso 1pasibu del (8 1idz 10 gadus vecs smiltsérksku stadijums spgj piesaistit 180
kg slapekla/ha/gada) un kultivétas savvalas biotopu un augsnes bagatinasanas dé] (Husain et
al., 2018).

Latvija smiltsérkskis ir otra visvairak izplatita auglu koku suga péc abeles un viens no
kultiraugiem, kuru stadijumu platiba arvien pieaug. Liels p&tijumu skaits un ieguldijums
smiltseérksku skirnu veértésana, selekcija, pavairoSana, auglu audzesana un razas novakSanas
tehnologiju izstrade lava audzetajiem popularizét $o kultiiru un palielinat §Ts kulttiras audz&étaju
skaitu. Salidzinot ar 2010. gadu, smiltsérkSku platibu skaits Latvija palielinajas no 200 lidz 1
535 ha (skatit 1. att€lu), lidzvertigi palielinoties art smiltsérksku ogu razai no 200 t/gada lidz
814 t/gada (“Auglu koku un ogulaju stadijumi (ieskaitot zemenes) 2000 - 2022,” n.d.).
Kvalitates zina Latvija audzetas smiltsérkSku ogas ar déveéto nosaukumu “Latvijas zelts”
parsp&j Rumanija un Vacija audzetas ogas, bet Rumanijas ogas ir [étakas, un ogu parstradataji
ekonomisko apsveérumu d€| biezi izvélas 1€takas ogas, nevis kvalitativakas. Savukart liela
konkurence smiltsérksku ogu tirgt liek aizdomaties gan par plantaciju palielinaSanu, gan par
videi draudzigu, racionalu tehnologiju izveidi, kas laus parstradat visas augu dalas, kas veidojas
ka atlikumi augu kopSanas vai auglu novakSanas rezultata, produktos ar augstu pievienoto
vertibu.
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1.1. att. PrevalejoSo auglkoku kopplatibas izmainas Latvija no 2010. lidz 2022. gadam
(“Auglu koku un ogulaju stadijumi (ieskaitot zemenes) 2000 - 2022,” n.d.).

Smiltsérksku platibu skaits var biit vél lielaks, jo Latvija smiltsérkskus galvenokart audze
privatos stadijumos, un iesp&jams, ka ne visi darzi ir uzskaititi oficialajos statistikas datos.
Pamatojoties uz Lauku atbalsta dienesta (LAD) datiem, 2023. gada Latvija bija 2 miljoni a
neapstradatas lauksaimniecibas platibas (“LIZ apsekoSanas rezultati, 2023. gads,” 2024). Dalu
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no $Stm platibam ir iesp&jams izmantot smiltsérkSku audz€Sanai, sekmé&jot So zemes platibu
racionalu un ilgtsp€jigu izmantoSanu viet€jo kvalitativo produktu — ogu un atjaunigo resursu —
koksnes nodroSinasanai. PaplaSinot smiltsérkSku audzeSanas plantacijas, papildus tiks
piesaistits jauns darbaspéks, veidojot pozitivu socialas vides sekmésanu lauku regionos.
Auglu koku atzaroSana ir svarigs process daudzu auglu plantaciju apsaimniekoSana. Tas
galvenais mérkis ir atvieglot vainagu veidoSanu optimalai auglu razoSanai un efektivai razas
novaksanai. Pareizi veidots vainags sp&j razot un nest lielu auglu razu. Smiltsérksku audz&Sanas
tehnologija paredz Cetrus gadus vecu mazienesigu plantacijas augoso koku nozagésanu un
vienu lidz divus gadus vecu smiltsérkSku dzinumu apgrieSanu gan pavasari, pirms sak aktivi
cirkulét sulas un plaukt pumpuri, veidojot skaistu vainaga formu un samazinot kriima sénisu
infekciju risku gan vasara vai agraja rudeni — ogu novaksSanas rezultata, gan rudeni, veicot
sanitaro atzaroSanu, nonemot noliizu$os un sausos zarus. Vasara un rudeni veidojas vislielakais
zaru apjoms. Asi, €rkSkaini zari trauc€ ogu nonemsSanu, un komercnoliikos audzeto ogu
novaksanas procesa paatrinasanai zari tiek nogriezti kopa ar ogadm. P&éc ogu atdaliSanas, ieprieks
visu zaru ar ogam sasald€jot, veidojas liels zaru apjoms, kas vidg€ji sastada ap 20-30% no ogoto
zaru masas. Vidgji ikgad€ja smiltseérksku atzaroSana labos klimatiskajos un agronomiskajos
apstaklos parasti var radit no 0.5 lidz 2.0 tonnam/ha sausas koksnes. Sobrid smiltsérksku
audzetaji gandriz visu So zaru apjomu sadedzina, nenovért€jot §is biomasas potencialu, kaut
gan §1 koksnes dala var but vertiga izejviela biologiski aktivo vielu un jaunu produktu ieguvei,
radot papildus ienakumus smiltsérksku audze€tajiem. Smiltsérkska ogas, to izspaidas, ella un
s€klas — ir bagatas ar vitaminiem (A, C, E, K, riboflavins, folijskabe), karotinoidiem (a, B, o-
karotins, likopéns), fitosteriniem (ergosterols, stigmasterins, lansterins, amirini), organiskajam
skabém (abolskabe, skabenskabe), polinepiesatinatajam taukskabem un dazam
neaizvietojamam aminoskabém (Suryakumar and Gupta, 2011). Visplasak tiek izpétiti
smiltsérksku augli, un s€klas, nesalidzinami mazak peétijumu ir par lapam, un trukst sist€émisko
pétijumu par smiltsérkska zariem. SmiltsérkSku ogas un lapas ir izmantoti tradicionalaja kinieSu
medicina kop$ Tangu dinastijas (Olas, 2018). ST auga ogas un ella ir plasi izmantota austrumu
tradicionalaja medicinas sist€éma astmas, adas slimibu, kunga ¢iilu un plausu slimibu arstésanai.
Nesen ir zinots par plasu smiltsérkSku ellas farmakologiskas iedarbibas spektru, tostarp
antioksidantu, iminmodulg&josu, anti-aterogénu, anti-stresa, hepatoprotektivu, radioprotektivu
un audu atjaunoSu (Y. Chen et al., 2023; Wang et al., 2022).

‘s e e
} Ny = 0 |

1.2. att. SmiltserkSku plantacija (A); pavasara zaru biomasa (B); rudens zaru biomasa

©

Neskatoties uz smiltsérkska atraudzibu un koksnes pozitivam 1paSibam (cieta, izturiga,
bliva, un vid€ja svara), tas tiek uzskatits par mazvertigu koku sugu, kas nesasniedz pietiekami
lielas dimensijas, lai tas biitu izmantojams celtnieciba, iepakojuma razosana, biivgaldnieciba
vail mébelu razoSana. Biezi no smiltsérksku stumbra koksnes izgatavo nazu rokturus, un tas ir
lielisks materials iemutnu, spieku, lietussargu rokturu, virtuves piederumu, trauku un rotallietu
izgatavoSanai. SmiltsérkSku atzarojumu atlikumos lielako dalu aiznem maza diametra zari,
tadel to izmantoSana kurinamo granulu ieguveli ir apgriitinata augsta pelnu satura dél. Saskana
ar Scopus® bazes datiem, pedejo desmit gadu laika publikaciju skaits par temu “auglu koksnes

15



valorizacija” ir pieaudzis 7 reizes, piedavajot auglkoku koksnes izmantoSanu papira ieguvei un
koksnes kompozitmaterialu razoSana.

Latvija no augu resursiem vairak ir izpetiti meza augoSu koku atlikumi (miza,
atzarojumi). Nemot véra meza biomasas daudzveidigo sastavu lapkoku un skujkoku maistijuma
veida, ne vienmer Sie resursi ir noderigi individuala mérksavienojuma vai savienojumu grupas
ar sinergisko biologisko aktivitati ieguvei. Alternativa Siem resursiem var but plantacijas
audzeto atraudzigo auglkoku — smiltsérksku — parstrades koksnes atlikumi, kas ietver sevi gan
organisko dalu, gan makro — un mikroelementus. Augi razo sekundaros metabolitus, kas nav
tieSi iesaistiti organisma augSanas, attistibas un vairo$anas pamatfunkcijas, bet ir butiski
ilgtermina izdzivoSanai un pilda vairakas funkcijas, tostarp aizsardzibu pret plés€jiem vai
apputeksnétaju piesaistei. Iepriek§ minétie metaboliti ir apveltiti ar daudzam biologiskam
aktivitatém, padarot tos ari arkartigi svarigus cilvéku veselibai. Turklat to kimisko un
biologisko ipasibu dél, virknei augu So metabolitu piclictojums ir atrasts ari daudzas citas
jomas, kas kalpo ka pigmenti, kosmétika, antioksidanti u.c. Sobrid salidzinosi labi ir zinams
smiltsérksku auglu un lapu kimiskais sastavs.

1.3. SmiltserkSku ogu kimiskais raksturojums

Smiltsérksku ogu nozimigais veselibas potencials ir analiz€ts un aprakstits daudzos
zinatniskos rakstos un publikacijas. Zinams, ka smiltsérkSku ogas ir vairak neka 190 dazadu
biologiski aktivu vielu, taja skaita taukos SkistoSie vitamini (K, E, D, A), Gdeni SkistoSie
vitamini (C, B - Bl, B2, B6), taukskabes (t.sk. omega-3, 6, 7 un 9), organiskas skabes,
oglhidrati, aminoskabes (no kuram astonas ir neaizstajamas), zemmolekularie un
augstmolekularie polifenoli (proantocianidini) un augu sterini, ka ar1 dabiskie antioksidanti
(askorbinskabe, tokoferoli, karotinoidi (ipaSi beta karotins - provitamins A), likopeéns,
zeaksantins un vismaz 24 mikroelementi (Bal et al., 2011; A. Chen et al., 2023). Kopgjais
polifenola saturs smiltsérkSku ogas (aprékinats galluskabes ekvivalenta [GAE]) svarstas no 33
lidz 1417 mg uz 100 g sausnas (Y. Chen et al., 2023). Starp domingjosam fenolskabém
smiltsérkSku ogas ir identificétas galluskabe, salicilskabe un kumarinskabes. No flavonoidiem
ir identificéti: kaempferols, kvercetins, izorhamnetins, mirekinits un So parstavju glikozidi. No
augstmolekulariem polifenolu savienojumiem smiltsérkSku ogas tika atklati 60 savienojumi ar
polimerizacijas pakapi no 2 lidz 11, kas sastav no (epi)katehina un/vai (epi)gallokatehina
vienitbam. Augstmolekularo polifenolu savienojumu saturs smiltserksku ogas ir
390-1940 mg 100 g'!' sausnas (Yang et al., 2016), kas salidzinosi vairak neka dzérvengs —
133-367 mg 100 g (Blumberg et al., 2013) un mellenés 28 to 146 mg 100 g!' (Wang et al.,
2019).

1.4. SmiltseérksSku lapu kimiskais raksturojums

Lapu lipofilais komplekss ir 1pasi interesants ka potencials dalgjs auglu ellas aizstajgjs,
kas satur fosfolipidus, karotinus, tokoferolus, hlorofilu un augstakas taukskabes. Lapu
hidrofilas frakcijas tiek atklati vairaki fenola rakstura savienojumi: fenolkarbonskabes un to
atvasinajumi, katehini, leikoantocianini un citi. Smiltsérksku lapu flavonoidu sastavs ir nedaudz
daudzveidigaks neka augliem. Kopgjais flavonoidu saturs ir ap 4.0%. No lapu flavonoidiem ir
identificéti kaempferola, kvercetina un izorhamnetina grupas flavonoli. No zemmolekulariem
polifenoliem smiltsérksku lapas visvairak ir identificétas fenolskabes. No fenolskabém ir
konstatétas: 2,5-dihidroksibenzoskabe, galluskabe, pirokatehinskabe, salicilskabe, vanilskabe,
kofeinskabe, p-kumarinskabe, p-hidroksifenil-skabe un ferulinskabe un rutins (Asofiei et al.,
2019). Smiltsérksku lapas ir bagatigs ellagitaninu avots, un lielaka dala no tam tika identificetas
apméram pirms 30 gadiem (Yoshida et al., 1991). Somijas smiltseérksku Skirném UHPLC
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analize paradija, ka ellagotanini var veidot 1idz ~ 90% no visiem lapu fenoliem, un to kop€jais
saturs ir ~ 55-70 mg g ! no lapu svaiga svara (Tian et al., 2017).

Smiltsérksku lapu ekstraktu kimiska sastava un farmakologisko ipasibu komplekss paver
iesp&jas tas izpétit ka izejvielu briicu dzisanas, pret ¢iilu un vitaminu preparatu raZoSanai.
Smiltsérksku lapu ella ir veértiga arstnieciska un profilaktiska piedeva arstnieciskiem un
kosmétiskiem preparatiem. Zinots, ka lapu ekstrakti ir netoksiski deva LDso>10 g kg™ zurku
kermena svara (Saggu et al., 2007).

1.5. Smiltseérksku koksnes potencials biologiski aktivo vielu ieguvei

Vieni no vertigakiem koksnes ka lignocelulozes biomasas kimiskiem savienojumiem ir
polifenoli, kas uzkrajas augu augSanas un attistibas procesa, nodroSinot augiem svarigas
fiziologiskas un morfologiskas ipasibas, pasargajot augu no biotiskajiem un abiotiskajiem
stresiem un nodrosSinot aizsardzibu pret infekcijas slimibu ierosinatajiem (Kumar et al., 2023).
Polifenolu koncentracija auga un to sastavs ir atkarigs gan no auga vegetacijas fazes un. no
Skirnes, gan no geografiskas augSanas vietas un fiziologiska brieduma. Ieprieksgjie pétijumi
paradija, ka proantocianidini ir domingjoSie savienojumi oligoméro polifenolu sastava, kas
iegiiti no lapkoku un skujkoku lignocelulozes biomasam (koksne, miza) (Neto et al., 2020).
Pastav dazadi proantocianidinu veidi, kuru pamata ir flavan-3-ola monomeru vienibas, kas
saistitas ar C4, Cg vai Cg atomiem (B tipa proantocianidinu) vai papildus Co—O—-C7 vai Co—O—
Cs saiti (A tipa proantocianidini, 1.3. att.) (Yang et al., 2011).

1.3. att. A-tipa (pa Kreisi) un B-tipa (pa vidu un pa labi) proantocianidinu (PAC)
struktiira (R1 = H vai OH; Rz = OH vai gallati) (Neto et al., 2020)

Augu proantocianidinos biezi ietver procianidinus, prodelfinidinus un propelargonidinus,
kas sastav attiecigi no (epi)katehina, (epi)gallokatehina un (epi)afzelechina vienibam (Chen et
al., 2018; Li et al., 2016).
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Rp, R, Rs
Cianidins OH OH H
Delfinidins OH OH OH
Fisetinidins H OH H
Pelargonidins OH H H
Robinetinidins H OH OH
Guibortinidins H H H

1.4. att. Antocianidinu vispareja molekulara struktiira to flavilija katjonu forma

Proantocianidinu sastava esoSam monomé&ru skaitam vai polimerizacijas pakapei ir
galvena loma bioaktivitate (De La Iglesia et al., 2010), ka piem&ram, zemmolekularie
proantocianidini ir efektivaki ka superoksida anjonu iznicinataji, brivo radikalu iznicinataji un
ksantina oksidazes inhibitori, neka lielmolekularie proantocianidini. Savukart lielmolekularie
proantocianidini efektivak palénina zarnu a-glikozes uzsiikSanos, efektivak inhib&jot zarnu a-
glikozidazes aktivitati (Neilson et al., 2016). Atkariba no proantocianidina izcelsmes avota
lielakajai dalai no proantocianidiniem ir 2—6 flavan-3-ola monoméra vienibu skaits (Janceva et
al., 2015). Dazos zinatniskos rakstos minéts, ka kvebraho un mimozas mizas
proantocianidiniem molekulara masa, kas noteikta ar MALDI-TOF-MS palidzibu, bija 2333
Da (oktaméri) (Kusano et al., 2011; Pasch et al., 2001). Veicot pétijumus Latvijas mezZos
augosSiem lapkokiem, tika konstatéts, ka alkSni satur oligom@rus proantocianidinus, sastavosus
no katehina un/vai epikatehina vienibam (Janceva et al., 2015). Proantocianidinu saturs meza
parstrades atlikumos vari€ no 6 lidz pat 14% (Picea mariana miza satur 60,6 mg PAC/g SM
(Diouf et al., 2009); Pinus taeda skujas -103 mg PAC g! SM (Booker et al., 1996); Betula nana
lapas — 140 mg PAC ¢! SM). Latvija augo$o lapkoku miza proantocianidinu saturs varié no 2
11dz 12% (Janceva et al., 2015). PrieZu mizas Pycnogenol® satur oligomérus proantocianidinus,
katehinu, epikatehinu, ferulskabi, kofeinskabi un taksifolinu (Bedekar et al., 2010). Tritikales
salmi izradijas bagatigs proantocianidinu avots, kas satur 862.5 mg 100 g”' SM (Hosseinian and
Mazza, 2009).

Proantocianidinu saturs un to sastavs auglkoku lignocelulozes biomasa netika pétits, lidz
ar to 81 promocijas darba ietvaros viens no uzdevumiem bija novertét smiltseérksku zaru
biomasas ka izejvielas potencialu proantocianidinu ieguvei.

1.6. Smiltseérksu polifenolu 1pasibas

Paplasinata zinatnieku interese par augu izcelsmes polifenolu savienojumiem ir saistita
ar to plaSa spektra biologisko aktivitati un zemo toksicitati. Smiltsérk§ku ogu un lapu
polifenoliem piemit antioksidantas (Ji et al., 2020),(Di Mauro et al., 2017; Xu et al., 2017),
pretiekaisuma (Li et al., 2017; Ren et al., 2019), kardioprotektivas (Larmo et al., 2009; Olas et
al., 2017) un pretvéza (Shilpa G. Patil, 2016) pasibas, kas saistitas ar vielmainas un veselibas
uzlabosanos, tostarp svara regulé$anu, lipidu un glikozes profilu uzlaboSanu, aizkunga
dziedzera atjaunoSanos un hipertensijas mazinasanu (Fredes et al., 2014; Wani et al., 2016).

Smiltsérksku ogu etanola ekstraktam ir nozimigas citoprotektivas 1paSibas pret periféra
vazodilatatora natrija nitroprusida (pretspiediena medikaments) izraisitu oksidativo stresu
limfocitos (Geetha et al., 2002). Sis ekstrakts arT mazinaja nikotina izraisito oksidativo stresu
zurku aknas un sirdi (Taysi et al., 2010). Turklat smiltsérksku kopgjie flavoni nodroSina
aizsardzibu pret H>O» izraisitu apoptozi uz asinsvadu endotélija Sinam, samazinot kaspazes-3
ekspresiju (Cheng et al., 2011). Ogu etanola ekstrakts ar1 uzradija imtinmodul&josu iedarbibu
pret T-2 toksina izraisitu imiindepresiju 15 dienas veciem caliem (Ramasamy et al., 2010).
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Smiltsérksku ogu ekstraktam bija art aizsargajoSa iedarbiba uz antioksidantu enzimu Iimeni, un
tas veicindja lipidu peroksidacijas samazinasanos, ka rezultata samazinajas Stinu oksidacijas
procesu limenis. Turklat Yasukawa et al. zinoja, ka smiltsérkSku zaru etanola ekstraktam, kas
satur (+)-katehinu, (+)-gallokatehinu, (-)-epigallokatehinu un wursolskabi, bija pretvéza
aktivitate (Yasukawa et al., 2009).

Flavonoidu saturosam ekstraktam, kas satur izorhamnetinu un kvercetinu, ir aizsargajosa
iedarbiba uz miokarda i§€miju un reperfiiziju, mikrocirkulaciju un vairogdziedzera funkcijas
reguléSanu [2]. Polifenolu savienojumi dazadas gremoSanas fazeés labveligi ietekmé resnas
zarnas mikrobu daudzveidibu, palielinot kop€jo fenola saturu un kop&jo antioksidantu aktivitati
kunga un tievas zarnas gremosanas laika (Attri et al., 2018).

Papildus ir zinojumi par smiltsérksku auglu un seklu polifenolu pretiekaisuma iedarbibu
(Larmo et al., 2009), aizkunga dziedzera darbibas uzlabosanu zurkam ar izraisito cukura diab&tu
(Sharma, 2011), vielmainas uzlaboSanu (Yang et al., 2017), ka arT noverots hepatoprotektivais
efekts (Gao et al., 2003) un pieradita citoprotektiva un antioksidativa iedarbiba (Geetha et al.,
2009).

Vairaku autoru zinojumi noradija ekstraktu drofumu deva LDso > 10 g kg' kermena
masas, nenoveérojot biitiskas izmainas biokimiskajos parametros attieciba uz lipidu
metabolismu, ka arT nieru vai aknu darbibu zurkam (Nishad et al., 2012; Saggu et al., 2007;
Tulsawani, 2010). Histopatologisku bojajumu trilkums galvenajos organos jebkura deva
liecina, ka nenovérotas nelabvéligas ietekmes Itmenis (NOAEL, no-observed-adverse-effect-
level) ir augstaks par 500 mg kg! kermena masas. Pat pie lielas devas no 2000 lidz
8000 mg kg! kermena masas tika zinots par toksicitates un blakusparadibu neesamibu, kas
apstiprina, ka smiltsérksku ekstrakts ir dross produkts.

1.7. Dazadu augu proantocianidinu biologiska aktivitate

Proantocianidini sniedz ievérojamu labumu veselibai, ka zinots vairakos pé&tijumos,
izmantojot cilvéku un dzivnieku modelus. Tiem ir aizsargajosa iedarbiba pret sirds un asinsvadu
slimibam, vielmainas traucgjumiem un onkogéniem notikumiem (Rauf et al., 2019). Ir zinots,
ka oligoméru proantocianidinu kompleksi demonstré antioksidantu, antibakterialu, pretvirusu,
pretkancerogénu, pretickaisuma, antialergisku un vazodilat€josu (paplasina asinsvadus)
iedarbibu (Nie et al., 2023).

Oligomerie dzeérvenu proantocianidini sp€ inhib&t pro-iekaisuma citokinu molekulu
(interleikina-1P, audzg€ja nekrozes faktora-o) veidoSanos un iejaucas patogéno bakteriju
rezistences mehanismos, tadéjadi uzlabojot antibiotiku (ipasi ciprofloksacina) aktivitati (Nie et
al., 2023), ar sp&ju saistities ar olbaltumvielam, kas atrodas uz Escherichia coli un citu bakteriju
virsmas, nelaujot tam piestiprinaties pie urincelu sieninam. Jaunakie pétfjumi liecina, ka
dz€rvenu proantocianidini noveér§ rezistences attistibu pret tetraciklinu Escherichia coli un
Pseudomonas aeruginosa bakterijam, palielina antibiotiku efektivitati un kavé biopléves
veidoSanos (Maisuria et al., 2022). In vitro eksperimentos uz pelém ar lipidu vielmainas
trauc€jumiem kanéla proantocianidini uzlaboja aizkunga dziedzera -$tinu darbibu, cinoties ar
oksidativo stresu, uzlabojot jutibu pret insulinu un to sekréciju vai pat ietekméjot dazu enzimu
aktivitati vielmainas procesa (Sun et al., 2016). Paradits arT vinogu izspiedu proantocianidinu
potencials diab&ta arstéSana, reguljot a-glikozidazes un lipazes aktivitati, samazinot glik€miju
péc &Sanas (Liu et al., 2017; Zhang et al., 2018; Zhu et al., 2015). Proantocianidiniem piemit
ar1 spéciga tirozinazes inhibgjosa aktivitate (Takagi and Mitsunaga, 2003). In vivo un in vitro
pétijumi parada proantocianidinu ietekmi uz metastatisku procesu kavéSanu plausas, kritis,
aizkunga dziedzeri, gremosanas trakta un aknas (Mao et al., 2019; Prasad and Katiyar, 2013;
Ravindranathan et al., 2019), un tiem ir perspektiva pielietoSana véza arst€Sanai un profilaksei
(Cadiz-Gurrea et al., 2017). Proantocianidini var novérst H>O» veidoSanos, proteinu oksidaciju,
lipidu peroksidaciju un DNS bojajumus Stnas (Mantena, 2005). Proantocianidini var tiesi
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saistities ar signalmolekulam, kas iesaistitas daudzos $iinu procesos, un regulé to darbibu
(Unusan, 2020). Proantocianidiniem piemit antihipertensivas ipasibas, kas saistitas ar endotélija
disfunkcijas un novecoSanas inhib&Sanu (Oak et al., 2018). Proantocianidinu zinatnisko
petijumu un atklajumu klasts ir plasSs, toties ir jaatceras par proantocianidinu sastavu, saturu un
polimerizacijas pakapi, kas var atSkirties, tos iegiistot no dazadiem augu valsts produktiem un
izejvielam, jo tie var bitiski ietekmét iegiito proantocianidinu bioaktivitati. Proantocianidinu
sp&ja veidot neskistoSus kompleksus ar toksiskam vielam lauj tos izmantot ka Iidzekli peroralas
saindéSanas novérSanai. No smiltsérkS8ku koksnes vai mizas iegiitu proantocianidinu
bioaktivitate nav pétita.

1.8. Proantocianidinu avoti un to riipnieciska izmantoSanas veidi

Augu izcelsmes savienojumu — ta saucamo naturalo preparatu — nozime strauji pieaug
dazadas nozarés. Ar tiem aizvietojot kimiski sintez€tus savienojumus, rodas mazaks vides
piesarnojums, tie ir ar1 droSaki razoSana un pielietoSana cilvéku vai dzivnieku organismiem.
Proantocianidinu (kondenséto taninu) komercialo avotu vidi ir kvebraho (Schinopsis lorentzii,
Schinopsis balansae) koksne un miza (Venter et al., 2012), akacijas (Acacia mollissima, Acacia
decurrens, Acacia pycnantha) miza, vinogu (Vitis vinifera) séklas, priezu un eglu (Picea abies,
Pinus radiate) miza, un ozola (Quercus montana, Quercus borealis) miza (Das et al., 2020;
Kumar Das et al., 2020). Proantocianidini tiek plasi izmantoti jeladu miec€Sanai adas apstrades
ripnieciba, ka ar1 ka adsorbenti Gidens attiriSanai no smagiem metaliem un olbaltumvielu
izgulsné&Sanas noliikos. Tos izmanto ar1 limes razoSana kokriipnieciba un pretkorozijas lidzeklu
razosana (Dargahi et al., 2015; Pizzi, 2006; Vorobyova et al., 2023).

1.9. Smiltsérksku proantocianidinu izmantoS$anas potencials

Smiltsérksku proantocianidinu vai to saturoSo ekstraktu izmantoSana riipnieciskos
noliikos, pieméram, koksnes adhezivu iegtiSanai, vai to izmanto$ana Udens attiriSanai, vai
viskozitatites reguléSanai nav ekonomiski lietderigi nepiecieSamo lielo apjomu del, lidz ar to $1
promocijas darba ietvaros tika mekl@ti jauni pielietojuma virzieni ar augstako pievienoto
vertibu, un primari ir pétita proantocianidiniem piemitos$a biologiska aktivitate. Tadgjadi,
smiltsérkSka proantocianidini no zariem var€s aizvietot razo$ana izmantotos citas izcelsmes
proantocianidinus, pieméram, no dz€rveném, vai preparatus no smiltsérkska augliem, kuru
iegtiSana konkuré ar partikas k&di un lidz ar to ir daudz dargaka. Turklat tas ne tikai laus
izstradat smiltseérkSka ilgtsp€jigo parstrades ciklu, bet ari laus iegiit proantocianidinus no
vietgjas izcelsmes koksnes, kas biis vertigs pienesums Latvijas ekonomikai. Smiltsérksku
pielietojums medicinas un veterinarijas nozarés ir loti aktuals, nemot véra dazadu infekcijas
slimibu izplatibu un to apgriitinatu arstéSanu, kas joprojam ir nozimiga sabiedribas veselibas
probléma. Tam par iemeslu ir infekciju izraisoSie patogéni mikroorganismi, kas kluvusi
rezistenti pret antibiotikam parmerigas un neatbilstoSas antibiotiku lietoSanas d&l (“Antibiotiku
rezistences celoni,” 2020). Starp Siem patog€niem mikroorganismiem ir Escherichia coli,
Staphylococcus aureus, Pseudomonas aureginosa u.c. (skatit 1.5. att.). Rezistenti patogénie
mikroorganismi izdzivo antibiotiku klatbiitn€ un turpina vairoties, paildzinot slimibu vai pat
izraisot slimnieka navi. Jau Sobrid Eiropa no multirezistento patogé€no mikroorganismu
izraisitam infekcijam mirst ap 35 tiikstoSiem cilvéku gada, savukart pasaulé Sis skaits ir vél
lielaks. 2019. gada naves gadijjumu skaits no multirezistento patogé€no mikroorganismu
izraisitam infekcijam bija lielaks par 1.27 miljoniem un papildus veicinaja 4.95 miljonus naves
gadijumu. Jaunu antibiotiku trikums, kas ir saistits ar to laikietilpigu un dargu attistibu, saasina
So problemu (Murray et al., 2022). Tadel ir nepiecieSams identific€t jaunus pretmikrobu
lidzeklus bakteriju un séniSu infekciju arsteésanai.
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1.5. att. Naves gadijumu skaits, kas saistiti ar patogénu bakteriju rezistenci pret mikrobu
Iidzekliem, 2019 (Murray et al., 2022)

Augu ckstraktu izmantoSanai ka jaunai stratégijai cina pret patog€niem
mikroorganismiem ir butiska loma. Augu arstnieciskas IpaSibas ir zinamas kop$ seniem
laikiem, kad tas tika plasi izmantotas vairaku patologiju arsté$ana. Ir plass pieradijumu kopums
par polifenolu spécigo antibakterialo un fungicido iedarbibu. Turklat daziem polifenoliem ir
sinergiska iedarbiba, ja tos kombing ar antibiotikam un fungicidiem. Polifenolus izmanto ari ka
dabigus konservantus partikas riipnieciba to antioksidanto un pretmikrobu 1pasSibu dél (Bouarab
Chibane et al., 2019; Efenberger-Szmechtyk et al., 2021; Gutiérrez-del-Rio et al., 2018;
Olszewska et al., 2020; Skroza et al., 2019).

Lai samazinatu un racionalizétu antibotiku lietoSanu, kas ir viena no galvenajam ES
prioritatém, un ar tiem saistitas blakusparadibas, projekta tiks noteikta sakariba starp
proantocianidinu saturu ekstrakta un to antimikrobialo un pretiekaisuma aktivitati. legitie
rezultati sniegs lietiSko pieradijumu bazi par proantocianidinu, ka perspektivu alternativu
sint€tiskiem lidzekliem, mikrobialas rezistences attistibas ierobezosanai, kam ir biitiska nozime
cilvéku infekciju arstéSana un kas rada ne tikai veselibas bet ar1 ekonomiska rakstura problémas.

1.10. Serotonins

Dazos zinatniskos pétijumos atziméts, ka smiltsérkSku dzinumu miza ir ta sauktais
“laimes hormons” - serotonins, turklat daudz lielaka daudzuma, neka tas ir, piemeram, Sokoladé
vai bananos. Saldie kirsi satur ievérojamu daudzumu serotonina, tas konstatéts art vinogas un
vina. Ir paradits, ka serotonina saturs dazadas augu dalas atSkiras un atskiras ar1 attiecigajos
audos.

Serotonina fiziologiskas funkcijas augos ve€l nav skaidras. Vairaki zinatnieki sniedz
zinojumus par tadu serotonina iesp&jamo funkciju nodro§inasanu augos, ka: detoksikacija, jonu
caurlaidiba, antioksidativa iedarbiba, auga aizsardziba pret plésoniem. Serotoninam piemit ar1
auksiniem lidzigs efekts, nodroSinot organogengzi, digtsp&jas stimuléSanu, saknu aug$anu un
attistibas regulésanu.

Turklat, ir konstatéts, ka daudzas augu sugas, kas ir neirologiski aktivas cilvékiem, satur
serotoninu, ka arT citus neirotransmiterus. Sadi dati norada, ka serotonins misu uztura un augu
izcelsmes zal€s var ietekmét cilvéka veselibu un var ietekmét vairakas hroniskas slimibas (Bell
and Janzen, 1971; Kumarasamy et al., 2003). Zinots, ka serotonins ir izdalits no saflora s€klam
un tiem piemit antioksidativa, pretickaisuma un pretveza iedarbiba, ka ar1 ir potencials stresa,
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depresijas un trauksmes mazinasana (Hotta et al., 2002; Kumarasamy et al., 2003; Nagatsu et
al., 2000; Yamamotova et al., 2007).

Serotoninu ietver to pacientu arstéSana, kuri cie§ no Parkinsona slimibai lidzigiem
simptomiem un aptaukosanas (Bell and Janzen, 1971).

Serotonina daudzums smiltsérk$ku ogas ir ap 30 mkg g'!. Lai nodro$inatu tadu serotonina
Iimeni, kas nodroSina jutamu efektu, nepiecieSama aptuveni viena sauja jeb 40-50 grami
smiltsérkSku ogu. Serotonins jeb 5-hidroksitriptamins (5-HT) pieder pie neirotransmiteriem —
vielam, kas parraida impulsus starp nervu §inam. Organisma tas veidojas smadzen&s un
gremosanas trakta, no kurienes ar asinim nonak ar trombocitos. Organisma serotonins veidojas
no neaizvietojamas aminoskabes L-triptofana, kas nak ar partiku. Serotoninam ir plass
biologisko efektu klasts — veicinot psihologisko un fizisko labsajtutu, darbojoties ka
antioksidants, veicinot imunsist€émas darbibu, regul&jot apetiti, gremoSanu, miegu, atminu un
dzimumfunkciju. Savukart ta trilkums organisma var izraisit depresiju, emocionalu nestabilitati,
traucét nervu sistémas darbibu, ka ari veicinat bezmiegu. Balstoties uz S$im ipaSibam,
promocijas darba ka otrs mérksavienojums izvélets serotonins, noveértgjot Latvija augoSo
smiltsérkSku atlikumu ka §1 savienojuma avotu, to izdalot, attirot un raksturojot, lai novertétu
papildu izmantoSanas iesp&jas.

Lai nodrosinatu bezatlikuma elastigo tehnologijas izstradi, koksnes ka lignocelulozes
biomasas atlikums péc biologiski aktivo vielu atdaliSanas var bt lietderigi izmantots ka
lopbaribas piedeva vai ka augsnes piedeva, atgriezot dabas aprit€ no tas panemto organisko
dalu, kas nepiecieSama augsnes-biotiska kompleksa labvéligai darbibai.

1.11. Promocijas darba hipoteze

Analizgjot literatiira pieejamo informaciju, ir izvirzita promocijas darba hipoteze:
cirkularas ekonomikas ietvaros smiltsérkskim ir iesp&jams izstradat biorafinéSanas shému,
parstradajot visas koka vegetativas dalas veértigos mérkproduktos (proantocianidini un
serotonins), ar pretiekaisuma un antimikrobialam Tpasibam, un no parstrades atlikuma iegiistot
lopbaribas un augsnes piedevu.

1.12. Promocijas darba merkis

Novertét Latvija kultiveéto auglkoku — smiltsérkSku (Hippophae rhamnoides L.) —
lignocelulozes biomasu ka potencialu serotonina un proantocianidinu avotu, piedavajot
inovativu  risindjumu  lignocelulozes biomasas bezatlikuma kompleksai parstradei
konkurétsp€jigu, funkcionalu, videi, cilvékiem un dzivniekiem nekaitigu produktu iegiiSanai.

1.13. Promocijas darba uzdevumi

Promocijas darba izvirziti sekojosi uzdevumi:

1. novértét smiltsérksku atzarojumu koksnes potencialu ka izejvielu biologiski aktivo
vielu — serotonina un oligoméro proantocianidinu — ieguvei un noteikt piemerotako
ekstrakcijas un attiriSanas veidu mérksavienojumu ieguvei;

2. noteikt antimikrobialo, antioksidativo, pretiekaisuma aktivitati un citotoksicitati
ekstraktiem, oligomé€ro proantocianidinu un serotoninu saturoSam frakcijam un
izvertet to praktiskas izmantoSanas iesp&jas; noteikt mérksavienojumu un ekstraktu
iedarbibu uz cilvéku gremosanas fermentu aktivitati;

3. noteikt pecekstrakcijas koksnes atlikuma potencialu ka izejvielu granul&tas lopbaribas
un augu augsanas veicinataja ieguvei;
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4. izstradat biorafin€rijas shému bezatlikuma smiltsérksku atzarojumu — lignocelulozes

biomasas kompleksai izmantoSanai.

1.14. Promocijas darba izvirzitas tézes

Promocijas darba ir izvirzitas sekojosa tézes:

smiltseérkSku koksnes biomasa ir perspektiva izejviela oligomeéro proantocianidinu un
serotoninu ieguvei ka individualu komponentu vai kompleksa veida, radot sinergiju
bioaktivitate. Izstradatais tehnologiskais panémiens ir efektivs meérksavienojumu
izdaliSanai no ekstrakta;

pieradita meérksavienojumu un to saturoSo ekstraktu augsta antioksidativa,
antimikrobiala un pretickaisuma aktivitate, ka ar1 ietekme cilvéku gremosSanas
fermentu aktivitaté, gan inhibgjot, gan aktivgjot to darbibu. legiitie mérksavienojumi
un to saturoSie ekstrakti nav toksiski darbibas koncentraciju diapazona;

smiltsérkS8ku koksnes atlikums péc ekstrakcijas ir piemérota izejviela lopbaribas
piedevas ieguvei, kas spgj kontrolét sagremojamibu un gazes veidoSanos, mainot
izejvielu masas attiecibu. Bagatinot smiltsérkSku koksnes atlikumu ar mikro- un
makroelementiem, iegiita augsnes piedeva veicina darzenu un graudu augSanu un
attistibu, papildus uzlabojot augsnes kvalitati, paaugstinot organisko vielu saturu
augsnes sastava.

1.15. Zinatniska novitate

Pirmo reizi novértéts Latvija kultivéto smiltsérkSku atlikumu potencials oligoméro
proantocianidinu un serotoninu ieguvei.

Izmantojot cilvékiem un videi droSas kimikalijas, t.sk. ozonam drosu freonu HFC
R134a, izstradats piemérots meérksavienojumu izdaliSanas panémiens, kas lava
novertét vielu lomu ekstraktu sastavos un bioaktivitate, t.sk. cilvéka gremosSanas
fermentu (alfa-amilaze, aizkunga dziedzera lipaze) aktivitatg.

Pirmo reizi noteikts piemérotakais sezonas laiks un smiltsérkSku zaru vecums
proantocianidinu, serotonina un to saturoSo ekstraktu ieguvei.

Pamatojoties uz asu nepiecieSamibu péc dabiskiem antimikrobialajiem lidzekliem,
mérksavienojumi gan individuala, gan maisjjuma veida testéti pret septiniem
patogeniem mikroorganismiem, papildus novértgjot to ietekmi biopléves veidoSana,
izmantojot triju veidu bakterijas.

Pirmo reizi ir noteikts no smiltsérkSku koksnes biomasas izdalito proantocianidinu
sastavs un to loma pretickaisuma aktivitate.

Veikta smiltsérksku ekstraktu un mérksavienojumu antioksidativas aktivitates izp&te
lipidu saturoSos produktos.

Novértetas smiltsérkSku koksnes atlikuma péc ekstrakcijas izmantoSanas iesp&jas
lopbaribas piedevas ieguvei, kimiski to raksturojot un nosakot gremosanas efektivitati
atgremotaju kunga modelu sistéma.

Bagatinot péc ekstrakcijas smiltsérkSku koksnes atlikumu ar siliciju saturoSo
komponentu, novertéta iegtitas augsnes piedevas ietekme uz augu augsanu un attistibu,
atgriezot dabas aprité organisko dalu, kas nepiecieSama augsnes-biotiska kompleksa
labveligai darbibai.
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1.16. Darba tautsaimnieciska nozimiba

e Paradita iesp€ja no smiltsérksku zariem iegiit proantocianidinu un serotoninu saturosus
produktus, kas dos biitisku ieguldijumu bioekonomikas attistiSana, kas aktuala Latvijas
tautsaimniecibai un atbilst Eiropas Savienibas stratégiskajiem uzdevumiem.

e Proantocianidini un to saturoSie ekstrakti ir potenciali antioksidanti mediciniskiem un
kosmétiskajiem krémiem, radot alternativu sintétiskiem, ckologiski nedroSiem
antioksidantiem.

e Proantocianidini, serotonins un to saturoSie ekstrakti ir potenciali antimikrobialie
lidzekli, radot alternativu vai papildinot antibiotikas cinai pret rezistentiem mikrobiem.

e Serotoninu gremosanas fermentu stimul&jo$a un proantocianidinu kav€josa darbiba
parada mérksavienojumu potencialu veselibas apriipé dazadu ar gremoSanu saistitu
problému risinasanai.

e Paradita iesp€ja izmantot zaru atlikumu péc ekstrakcijas lopbaribas piedevas ieguveli,
un ka substratu augsnes piedevas ieguvei.

e [zstradata smiltsérkSku lignocelulozes biomasas racionala bezatlikuma parstrades
shéma produktos ar pievienoto vertibu biis noderiga un pielietojama ar citu auglkoku
vai ogulaju atzaroSanas atkritumu pilnvertigai izmantoSanai.

1.17. Promocijas darba uzbiive

Promocijas darba struktiira ir pakartota ieprieks minétajiem darba uzdevumiem. Darbs ir
strukturéts trijas nodalas (skatit 1.6 att.). 3.1. nodala ir novertéts smiltsérksSku koksnes-
lignocelulozes biomasas ka oligoméro proantocianidinu un serotoninu ieguves avota potencials
gan ekstrakta veida, nosakot piemérotako ekstrakcijas veidu un ekstrahentu, gan individuala
veida, tos attirot no piemaisijumiem, izstradajot piemérotako mérksavienojumu attiriSanas
panémienu. Fokusgjoties uz polifenoliem, iegtitiem ekstraktiem ir noteikts kimiskais sastavs,
un veikta mérksavienojumu izdaliSana. Lai novertétu iegiito ekstraktu un meérksavienojumu
praktiskas izmantoSanas iesp&jas, 3.2. nodala ir veikta to raksturoSana, nosakot citotoksicitati,
antioksidativo, antimikrobialo, pretiekaisuma aktivitati, ka ari iedarbibu uz gremoSanas
fermentu aktivitati. 3.3. nodala saskana ar smiltsérkSku biomasas bezatlikuma izmantoSanas
koncepciju izvertéts péc ekstrakcijas koksnes atlikuma un lapu potencials augsnes piedevas un
lopbaribas piedevas ieguvei. Nobeiguma, pamatojoties uz iegiitiem rezultatiem, izstradata un
rekomendéta smiltsérksku biomasas pilnvértigas izmantoSanas elastiga tehnologiska shéma,
atkariba no patérétaju klasta, pieprasijuma un smiltsérksku augSanas regiona. 1.7 attéla ir
paraditas iesp&jamie mérksavienojumu un to saturoSo ekstraktu pielietoSanas virzieni.

F 4 \

3.2. nodala \
3.1. nodala § S in 3.3. nodala
- ol Veikts proantocianidinu un o i
Novértéts smiltsérksku _ - Smiltsérksku biomasas

e R ’ A S serotoninu saturoso ekstraktu _ :
Smiltserksku biomasas potencials ka : i péc ekstrakcijas atlikuma

; : e un mérksavienojumu o ;
zari - koksne proantocianidinu un kimiskais raksturojums,

kimiskais raksturojums,

izmantosanas iesp&ju
avots \ & e J
\5_ novertejums /

serotoninu ieguves izmantoSanas iesp&ju

novert&jums

1.6. att. Promocijas darba uzbave
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Smiltserksku kol bi kas veidojas auglu novaksanas un koku kopsanas rezultata

Dazadu smiltsérkska skirpu novertgjums

| Sezonalo un ikgadgjo izmainu noveértéjums - raksturojums, salidzinajums

Vasara - Rudens | |

Ziema - Pavasaris

Proantocianidinu un serotonina saturoso ekstraktu izdalifana no smiltsérkiku zaru biomasas |

Secigas-divpakapju ekstrakcijas novertejums | ‘

Vienpakapes ekstrakcijas novertejums |

1. posms: nepolaro un semipolaro
savienojumu atdaliSana / inovativa

biomasas ekstrakcija ar freonu

atdaliSanas

2. posms: hidrofilo ekstraktu ‘
ieguve péc lipofilo savienojumu

Hidrofilo ekstraktu iegiiSana |

Ekstraktu kimiska raksturos$ana, novertejot pieméerotako ekstrahentu un ekstrakcijas veidu |

Meérksavienojumu izdaliSana no ekstrakta un to kimiska raksturosana

Ekstrakti un attiritie mérksavienojumi (proantocianidini un serotonins)

’ ’ Koksnes cietais atlikums péc ekstrakcijas ‘

Antimikrobiala
aktivitate

Pretiekaisuma
iedarbiba

Antioksidativa
aktivitate / iedarbiba
lipidu sistémas

Tetekme uz gremosanas
fermentu (alfa amilaze,
lipaze) darbibu

Lopbaribas ieguvei —

uzturvertiba, sagremojamiba, || ieguvei /modifikacija
gazes emisija (GE12; GE 24) || un lauka izm&ginajumi

Augsnes piedevas

Pielietosanas iespéjas /citotoksicitate

Medicinisko un kosmeétisko krému

komponenti

Partikas piedevas un medikamentu
komponenti /aktiva viela

Lopbaribas piedeva

Augu augsanas aktivatori un
augsnes piedeva

1.7. att. Pétijumu shéma un iespéjamie mérksavienojumu pielietojuma virzieni
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2. MATERIALI UN METODES

Promocijas darba pétiti smiltsérkSku zaru un lapu paraugi, kas bija sanemti neapstradata
veida no smiltsérksku audzetaja SIA “Bruwell”. Kopuma ir veiktas 3 dazadu Latvija audzeto
skirnu (Maria Bruvele, Botaniceskaja Lubitelskaja, un Tatjana) analizes (skatit 2.1. tabulu).

Analizejamo paraugu saraksts

2.1. tabula.

Parauga SmiltserkSku | Paraugu veids | IevakSanas | Paraugu ievakSanas
apziméjums Skirne sezona veids
Rudens koksnes paraugi
MB/Z/2020/R
MB/Z/2021/R Maria Bruvele Auglu  novakSanas
MB/Z/2022/R v rezultata
MB/Z/2023/R
BL/Z/2020/R Botani¢eskaja Zari Augusts — Augl _,
BL/Z/2021/R Lubitelskaja Septembris regﬁiltlﬁta novaksanas
BL/Z/2022/R (Bot. Lub.)
TAT/Z/2020/R e
TAT/Z/2021/R Tatjana Auglu_ ] novaksanas
rezultata
TAT/Z/2022/R
Pavasara koksnes paraugi
MB/17/2021/P 1 gadigie zari
MB/27/2021/P Maria B | 2 gadigie zari M
MB/3Z/2021/P ania Bruvele 14 gadigie zari arts 5
MB/47/2021/P 4 gadigie zari Auglkoka kopSanas
- rezultata
MB/1-27/2022 Maria Bruvele ~
BL/1-27/2022 | Bot. Lub. L un2 gadigo | Marts/
- zaru maisijums Augusts
TAT/1-2Z/2022 Tatjana
Miza no Cetrgadigiem zariem
MB/M/2021/R Maria Bruvele 5 ]
BL/M/202I/R | Bot. Lub, Miza | Lugusts —|Cetrgadigo zaru
" Septembris | atmizoSanas rezultata
TAT/M/2021/R Tatjana
Lapu paraugi
MB/L/2020/R .
MB/L/2021/R Maria Bruvele Auglu  novaksanas
rezultata
MB/L/2022/R
BL/L/2020/R
BL/L/2021/R Botgniéeskaja Lapas Augusts - Auglu_ ) novaksanas
Lubitelskaja Septembris | rezultata
BL/L/2022/R ’ '
TAT/L/2020/R .
TAT/L/2021/R Tatjana Auglu_ ] novaksanas
rezultata
TAT/L/2022/R

26



Rudens koksnes paraugi — smiltsérksku zari — ievakti laika perioda 2020.-2023. gada
augusta/septembri auglu novaksanas rezultata, atbilsto$i razas vaksSanas tehnologijai nogriezot
zarus kopa ar ogam un tos atdalot péc sasaldéSanas. Pavasara koksnes paraugi ievakti 2021. un
2022. gada marta auga kopSanas (atzaroSanas) rezultata, iegiistot Cetrus pavasara koksnes
paraugu veidus — viengadigie, divgadigie, trisgadigie un Cetrgadigie zari. SalidzinaSanai iegiita
miza Cetrgadigo zaru atmizoSanas rezultata, kas bija ievakti 2021. gada rudeni. Visas tris
smiltsérkSku Skirnes audzétas Tukuma rajona viena plantacija un vienados klimatiskajos
apstaklos. Paraugu apzim&umi un atsifr&jumi ir doti 2.1. tabula.

2.1. SmiltserkSku biomasas analitiska pirolize

Analitiska pirolize balstas uz atras pirolizes procesu, kura paraugs tiek uzkars€ts ar
atrumu 1000°C/sec., ar sekojoso gaistoSo produktu gazes hromatografijas analizi. Produktu
identifikacija notiek ar masu spektrometrisko detektoru. Pirolizei izmantoja Frontier Lab
(Fukushima, Japan) Micro Double-shot Pyrolyzer Py-3030D ar gazes hromatografu (GC)
Shimadzu GC/MS/FID-QP ULTRA 2010 (Japana). 2 mg homogenizéta parauga parnesot
terauda tigeliti, novieto to pirolizes sist€mas automatiskaja paraugu ievadisanas ieric€. Pirolizes
procesu veic pie 500 °C 15 sekundes. P&c pirolizes caur gazes hromatografa inZzektoru gazveida
sadaliSanas produkti nonak kapilara tipa kolonna (60 m*25 mm*0,25 um ar fazi RTX -1701.
Gazes hromatografija (Shimadzu GCMS — QP2010) gazes — nes¢€js ir hélijs, linears atrums
20.0 cm s!. Hromatografijas procesu veic sekojo$a rezima: termostata sasilsanas programma 1
min pie konstantas temperatiiras 60 °C, péc tam 6 °C min™' Iidz 270 °C un beigas 10 min. pie
konstantas temperatiiras 270 °C. Masas spektru uznems$anai izmantoja elektrona trieciena
jonizaciju (70 eV) un kvadrapola masas analizatoru ar sken€Sanas diapazonu 15-350 m/z.
Galvenas analitiskas pirolizes priekSrocibas ir minimals analiz€jama parauga daudzums un liels
analizes atrums. Katru eksperimentu atkarto 3 — 4 reizes.

Vielu identifikacijai izmanto masspektra biblioteku (Library MS NIST 11 un NIST 11s),
piku relativie laukumi atseviskiem savienojumiem aprékinati, izmantojot Shimadzu
programmatiiru kas balstas uz GC/FID datiem.

2.2. Analizes smiltserksku biomasas ka proantocianidinu un serotonina ieguves avota
novertéjumam

2.2.1. Smiltserksku biomasas sagatavosana ekstrakcijai

Koksnes, lapu un mizas paraugi izzaveti istabas temperattra, atseviski sasmalcinati,
izmantojot naza tipa smalcinasanas iekartu Retsch SM 100, iegtistot sasmalcinatu biomasu ar
dazadu dalinu izmé&ru: koksne 2—4 mm; lapas 0.1-2 mm; miza 0.5-2 mm. Sasmalcinatas
koksnes, mizas un lapu mitruma saturs bija 2.0+0,1%; 7.6+0,1%; un 8.2+0,1%.

2.2.2. Smiltserksku biomasas ekstrakcija

Lai novertetu smiltsérksku biomasas ka biologiski aktivo vielu ieguves avota potencialu,
biomasa ekstrah@ta divos veidos. Pielietojot secigu biomasas ekstrakciju, smiltsérksku koksne
un lapas atseviski apstradatas ar freonu 3-4 stundas noslégta sistéma zem spiediena 4.0-4.3 Bar
un temperattira 17-19 °C. Péc freona frakcijas atdaliSanas sekoja 30 mintiSu (10 minttes x 3)
biomasas ekstrakcija ~60 °C temperatiira ar destiléto tideni un etilspirta idens maisijumu ar
dazadu etilspirta koncentraciju.

Pielietojot vienpakapes biomasas ekstrakciju, biomasa ekstrah&ta ar destilétu tideni un
etilspirta idens maisijumiem bez biomasas priekSapstrades ar freonu. Izmantotie $kidinataji
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atbilst zalas kimijas prasibam un ir izmantojami vertigu savienojumu ieguvei atbilstosi
kosmeétikas, farmacijas un partikas produktu kvalitates, kontroles un ieguves prasibam. Lai
iegiitu sausu ekstraktu, ar destiléto fideni iegttie ekstrakti un tidens suspensijas (p&c etanolu
ietvaic@Sanas) kolbas tika sasaldéti pie zemas temperatiiras (-30 °C) un pievienoti liofilizacijas
aparatam Heto PowerDry PL3000. Apméram péc 12 stundam -50 °C temperatira sublimacijas
rezultata ieguti sausi pulverveida ekstrakti. Ekstraktu iznakums noteikts gravimetriski, izteikts
procentos no sausiem koksnes, lapu un mizas paraugiem.

2.3. Ekstraktu kimiskais raksturojums

2.3.1. Kvalitativa gazes hromatografijas analize

Iegttie ekstrakti ar freonu tika analiz&ti, izmantojot Shimadzu GC/MS/FID-QP ULTRA
2010 aparatu (Shimadzu, Kioto, Japana) un kapilaru kolonnu RTX-1701 (garums 60 m,
koncentracija 0.1 g neksana |, un nofiltrti, izmantojot neilona filtru ar poru izmé&ru 0.45 pm.
Savienojumu identificéSana tika veikta, pamatojoties uz GC/MS/FID datiem, izmantojot
biblioteku MS NIST 11 un NIST 11s, savukart atseviSsku savienojumu pika relativais laukums
tika aprekinats, izmantojot Shimadzu programmatiru. Visu piku laukumi summeéti, pienemti ka
100%, un attiecigi summeétam laukumam aprékinats katra identificéta individuala savienojuma
relativais saturs procentos. Mérjjumu ticamibas intervals neparsniedza 3%.

2.3.2. Kvantitativa proantocianidinu noteikSana ekstrakta sastava

Kvantitativa proantocianidinu analize veikta péc Porter metodes, ka standartu izmantojot
procianidina diméru (procyanidins B2). Sis metodes pamata ir kolorimetriska reakcija, kur
skabes klatbiitné notiek proantocianidinu oksidativa depolimerizacija. 1 mL analiz€ama
parauga alikvotai (0.02 mg mL!) pievieno 6 mL butanol-HCI reagenta (konc. salsskabi
iz8kidina n-butanola, 1:19 v/v) un 0.2 mL FeNH4(SO4)2-12 H20 reagenta (FeNH4(SO4)2-12
H>0 iz8kidinats 25 ml 2 M HCL $kiduma). Sakratot mégeni ar pagatavoto saturu, inkub&ja 50
minttes pie 60 °C temperatiiras. UV absorbcija iegiitiem Skidumiem tika merita pie 570 nm,
rezultats izteikts procentos uz sausnu. Katru analizi atkartoja 3 reizes.

2.3.3. Kvantitativa polifenolu noteikSana ekstrakta sastava

Kvantitativa polifenolu analize veikta péc Folina-Cikalto metodes, ka standartu
izmantojot galluskabi. 20 mg ekstrakta iz§kidina 250 mL etanola. 120 mg galluskabes izSkidina
1 L @idens un no tas pagatavo standartskidumus 0.0075, 0.015, 0.030, 0.060, 0.090 mg mL™".
1 mL galluskabes standartikidumam un 1mL ekstraktam pievieno 5 mL 10% Folina-Cikolto
Skiduma un 4 mL 7.5 % natrija karbonata Skiduma. SalidzinaSanas $kiduma pagatavoSanai
galluskabes vieta tika nemts destiléts tideni un 50% EtOH. UV absorbciju mérija péc 30 min
pie A=765 nm.

2.3.4. Kvantitativa flavonoidu noteiksana ekstrakta sastava

Analiz&jamie paraugi 5-10 mg daudzuma izskidinati 25 mL 96% EtOH, 50% EtOH vai
tdent. legtito skidumu tilpuma 0.4 mL parnesa 10 ml m&geng, kas satur&ja 2 mL destiléta tidens
un 0.12 mL 5% natrija nitrita Skiduma. Labi sajaucot komponentus, tos inkubg&ja 5 minttes
istabas temperatiira, péc tam maisjjumam pievienoja 0.24 mL 10% aluminija nitrata skiduma,
iztur§ja veél 6 minttes, un pievienoja 0.8 mL 1M natrija hidroksida. UV absorbcija mérita pie
420 nm, rezultats izteikts kvercetina ekvivalenta mg g'! sausnas. Katru analizi atkartoja 3 reizes.
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2.3.5. UHPLC-ESI-MS/MS kvalitativa ekstraktu analize un kvantitativa serotonina
noteikSana ekstrakta sastava

Hidrofilie ekstrakti analizeti, izmantojot Skidruma hromatografiju ar UV detektoru
(Acquity UPLC) un augstas izSkirtsp&jas masspektometru (UPLC/SYNAPT G2Si HDMSQ-
TOFMassSpectrometer (Waters Corp., ASV) tandéma ar kvadrapola lidojuma laika masspektru
acetonitril-idens (v/v 50:50) §kiduma koncentracija 2 mg mL!. Injekcijas tilpums bija 1.0 uL.
SadaliSanai tika izmantota Acquity UPLC BEH C18 (1.8 um, 2.1 x 50 mm, Waters) kolonna ar
pliismas atrumu 0.35 mL L. Ka eluenti tika izmantoti: skudrskabe @ideni (0.1 %, v/v) un
acetonitrils.

Galvenie Q-TOF MS parametri: jonizacijas rezimi: negativs un pozitivs, datu ieguves
diapazons, m/z 50 to 1200; kapilara spriegums 2.5 kV (—); konusa spriegums: 60 V; konusa
gazes plisma: 50 L/h; kolizijas energija: 6 ¢V, avota temperatira: 120 °C; desolvatacijas
temperatiira: 350 °C; sadursmes gaze, argons; desolvatacijas gaze: slapeklis; plismas atrums:
500 L/h. Q-TOF MS parametri serotonina noteikSanai: jonizacijas reZims: pozitivs, kapilarais
spriegums 2.0 kV; konusa spriegums — 60 V; konusa gazes plisma — 100 L/h; sadursmes
energija, 6 eV; avota temperatira, 120 °C; desolvatacijas temperatiira, 450 °C; sadursmes gaze,
argons; desolvatacijas gaze, slapeklis; pliismas atrums, 750 L h''; datu ieguves diapazons, m/z
50-1200 Da. Katru analizi atkartoja 3 reizes.

Serotonins identificéts un kvantificéts, izmantojot analitisko standartu (Sigma Aldrich,
Mw=176.22 g moL™"). Pozitiva elektroizsmidzinasanas jonizacijas reZima serotonins protongts,
veidojot jonus forma [M+H]", ar m/z 177. Pamatojoties uz konstatéto serotonina fragmentaciju,
izstradats daudzkart€jas reakcijas monitoringa rezims konkrétajam m/z parejam 177—160
(intenstvakais SkelSanas jons), 177—132 un 177—115. Katru analizi atkartoja 3 reizes.

2.4. Merksavienojumu izdali§ana un kimiskais raksturojums

2.4.1. Proantocianidinu izdaliSana no ekstrakta

Proantocianidinu izdaliSana no ekstrakta veikta, izmantojot sorbentu Sephadex LH-20, ka
eluentu — 96% EtOH. Ekstraktu elué caur Sephafex LH-20 kolonnu (1.5 x 8 cm) ar atrumu 1
mL min!. AttiriSanas laika proantocianidini adsorb&jas uz sorbenta un kolonna ir redzami ka
briina josla. Proantocianidinu attiriSanu no piemaisijumiem uzrauga ar UV spektriem, attirot tik
ilgi, kamér absorbcija pie 280 nm vairs nemainas un ir tuvu bazes linijai. Kad visi piemaisijumi
ir atdaliti, tad tirus proantocianidinus elué ar 70% acetona $kiduma. P&c proantocianidinu
atdaliSanas, serotoninu saturo$a frakcija tiek attirita p€c patente€ta panémiena (patenta
pieteikums Nr. LVP2023000055 atbilstosi likumam tiks publicéts 20.12.2024.).

2.4.2. Izdalito proantocianidinu LC-DAD-ESI-MS/MS analize

Attiriti PAC tika iz8kidinati fidens/metanola (v/v 20:80) ar koncentraciju 0.1 mg mL™,
nofiltréti un izmantoti MS/MS analizém. Proantocianidinu MS spektri tika registréti ar Waters
Acquity UPLC HClass ar PDA detektoru un Micromass QuattroMicro masas spektrometru
(Waters Corp., Milford, MA, ASV), izmantojot Acquity UPLC BEH amida kolonnu (1.7 pm,
3.0 x 100 mm). Masspektrometrs tika darbinats negativo jonu elektrosmidzinasanas jonizacijas
rezima ar —40 V konusa spriegumu, izmantojot tieSu infuziju. Avota un desolvatacijas
temperattira tika iestatita attiecigi 130 un 300 °C, konusa un slapekla gaze tika izmantoti ar
pliismas atrumu 96 un 395 L h'!. Kustiga faze sastavéja no 0.1% skudrskabes, fidens (A) un
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acetonitrila (B), gradienta programma 85-85% (B) 0.3 min., 60—60% (B); 15—17 min., 25-75%
(B), 6-7 min., 85-85% (B), 17.5-20 min., injekcijas tilpums 10.0 pL.

2.5. Antioksidativa aktivitate

2.5.1. DFPH un ABTS metode

Analiz€jamo paraugu antioksidativas aktivitates noteikSanai tika izmantotas metodes, kas
balstas uz reduc€Sanas principu, par antioksidativas aktivitates indikatoriem izmantojot stabili
brivos radikalus:  2,2-difenil-1-pikrilhidrazilradikali (DFPH") un 2,2’-azino-bis(3-
etilbenzotiazolin)-6-sulfonskabes (ABTS™) katjona radikali. Antioksidativa aktivitate
paraugiem noteikta, aprékinot IKso vertibu — antioksidantu masas koncentraciju, kas ir
nepiecieSama, lai panaktu 50% brivo radikalu inhib&Sanu. Jo zemaka ir IKso vértiba, jo augstaka
ir antioksidativa aktivitate. Katru analizi atkartoja 3 reizes.

2.5.2. Lipidu oksidésanas tests

Lai novertétu paraugu sp&ju aizkavet lipidu oksidéSanos, analizei tika izmantotas divas
kréma bazes ar dazadu lipidu saturu (19 un 35%), kas nesatur nekadus konservantus,
stabilizatorus un antioksidantus. Lipidu saturoSo produktu oksidéSanas stabilitates noteikSanai
tika izmantota ML OXIPRES (Mikrolab Aarhus) iekarta.

P&tamie paraugi kréma bazes sastava tika ievaditi koncentracija no 0.05 Iidz 4%, rékinot
uz lipidu saturu substrata, maisiti 2 minites, lidz izveidojas homogeéns maisijums. legiitie
homogeénie maisijumi tiek parnesti specialas $iinas un stingri aizskriivéti, uzpilditi ar skabekli
lidz 5 bar. Péc skabekla uzpildes Stinas tiek ievietotas termostata ar uzstadito temperatiiru 120
°C. Spiediena izmainas atkariba no laika tiek registrétas ar datorprogrammas “‘Paralog-Version
3.10” palidzibu. Katru analizi atkartoja 3 reizes. Salidzinasanai kréma baze bez pievienotiem
analiz€jamiem paraugiem tika analiz€ta tados paSos apstaklos. Indukcijas periods tika
aprekinats ka laiks, kura 1eni sak krist spiediens. Ka references antioksidanti pétijumos tika
izmantoti galluskabe un askorbinskabe.

2.6. Antimikrobiala aktivitate

Antimikrobialas aktivitates in vitro analizes veiktas Latvijas Universitates Biologijas
fakultate, un Rigas Stradina universitate, balstoties uz Eiropas standarta protokoliem.

Paraugu antimikrobiala aktivitate noteikta, izmantojot diska difuzijas un agara bedriSu
metodi, kas izstradata 1940. gada ikdienas antimikrobialas jutibas parbaudei.

Antimikrobialas aktivitates noteikSanai izmantoti vairaki references mikrobu celmi, kas
sanemti no Latvijas Universitates Latvijas Mikrobu celmu kolekcijas (MSCL): Pseudomonas
aeruginosa MSCL 334, Staphylococcus aureus MSCL 330, Escherichia coli MSCL 332,
Bacillus cereus MSCL 330, Streptococcus pyogenes MSCL 620, Cutibacterium acnes MSCL
1521 un Candida albicans MSCL 378, un cetriem kliniskiem bakteriju izolatiem:
meticilinrezistentais Staphylococcus aureus (MRSA), paplaSinata spektra beta laktamazes
producgjosa E. coli (ESBL) un P. aeruginosa. Visi kliniskie izolati iegtti ar Rigas Stradina
universitates Etikas komitejas apstiprinajumu (25.10.2022, Nr. 4/462/2022 un Nr. 4/465/2022).
Visi pacienti parakstija inform&tas piekriSanas veidlapu.

Antimikrobiala aktivitate pétita 96 bedriSu platés ar divkarSu s€rijas buljona
mikroatSkaidiSanas metodi, kas lava noteikt minimalo inhib&oSo (MIC) un minimalo
baktericido/fungicido koncentraciju (MBC/MFC). Katru analizi atkartoja 3 reizes.
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2.7. Pretiekaisuma aktivitate

In vitro analizes tika veiktas Latvijas Universitates Biologijas fakultaté, balstoties uz
Eiropas standarta protokoliem.

Asinis no veseliem donoriem ievaktas specialos vakuteineros, kas satur€ja
etiléndiamintetractikskabi (EDTA). Asinis nemtas ar Latvijas Universitates Kardiologijas un
regenerativas medicinas institlita P&tniecibas &tikas komitejas saskanojumu, atS8kaidot asinis ar
0.9% natrija hlorida $kidumu (1:2, v/v), kas bija papildinats ar 10 U mL"! heparina un
mononuklearo Stnu frakciju. AtSkaiditi asins paraugi uzklati uz Ficoll-Paque Skiduma (GE
Healthcare, ASV) un veikta blivuma gradienta centrifugé$ana ar atrumu 800 x g 20 miniites
istabas temperatira. Mononuklearas Siinas aspirétas un divas reizes mazgatas ar fosfata-
buferskidumu un centrifugstas 20 miniites istabas temperatiira. Stinu nogulsnes suspendétas
Dulbeko modificétas Igla barotnés (Dulbecco’s modified Eagle Medium, DMEM), tos
papildinot ar 1% penicilinu (100 U mL"!) — streptomicinu (100 pg/ml) un 10% tela serumu.
Siinas, kas iesétas 24 bedrisu plaksn@s ar blivumu 3 x 10° $iinas viena iedobg, inkubgtas 37 °C,
5% COz vide. Péc 12 stundam S$tinam pievienoti analiz&amie paraugi koncentracijas 0.5 un
0.25 mg mL!, 10 ug mL™! poliinozinskabe-policitidilskabe (Poly I:C) vai abu kombinacija.
Stinas inkubgja 4 vai 24 stundas 37 °C temperatiira 5% CO> vidé, un inkubacijas barotnes savaca
un uzglabaja -80 °C temperatiira turpmakai analizei.

Interleikinu IL-8 vai IL-6 koncentracija, ko periféro asinu mononukleara $tina (PBMNC)
izdalija kultivésanas vide, tika noteikta, izmantojot ar enzimu saistito iminsorbcijas testu
(ELISA). Cilveka IL-8 DuoSet ELISA komplekti (RnD Systems, Mineapolisa, ASV) izmantoti
saskana ar razotaja ieteikumiem.

2.8. Iedarbiba uz gremoSanas fermentu aktivitati

In vitro analizes veiktas Rigas Stradina universitates Cilvéka fiziologijas un biokimijas
katedra, balstoties uz Eiropas standarta protokoliem.

2.8.1. Analizéjamo paraugu iedarbiba uz amilazes aktivitati siekaldas

P&étijumam izmantotas siekalas ziedoja studenti bez hroniskam vai akiitam saslimSanam,
pedgja &dienreize bija 2 stundas pirms izmekl€uma. Analiz€jamie paraugi parbauditi
koncentracija no 0.1 Iidz 0.4 mg mL™! siekalu. Paraugu ietekme uz siekalu amilazi mérita,
balstoties uz polisaharidu sadaliSanos ciete. Amilazes aktivitati raksturoja amilolastiskais speks,
tas ir 0.1% cietes Skiduma tilpums mililitros, kas tiek hidrolizéts ar 1 ml siekalu m&gengs, tos
inkubgjot 38 °C temperatiira 30 miniites. P&c tam tika pievienots 1% joda skidums (ka markieris
cietes klatbuitnei, mainot krasu). Amilolastiskais speks ir apziméts ka D 30/38 °C. Siekalas bez
parauga klatbiitnes tika izmantotas salidzinasanai. Katru analizi atkartoja 3 reizes.

2.8.2. Analizéjamo paraugu iedarbiba uz lipazes aktivitati

Lipazes aktivitate noteikta, izmantojot divpadsmit pirkstu zarnas gremoSanas fazes
standarta modeli. MaisTjumam, kas saturja 3.8% tauku saturos$a piena, aizkunga dziedzera
skiduma (pankreatins no ctuku aizkunga dziedzera), ciiku zults ekstraktu (patologisko apstaklu
veidoSanai) un fenolftaleinu, pievienoja analiz€jamo paraugu dazados daudzumos. Visas
mégenes inkubg&tas 40 miniites 38 °C temperatiira, kam sekoja titrésana ar 0. IN NaOH $kiduma,
lidz krasa mainijas uz dzeltenigi briinu krasu, nosakot nepiecieSamo NaOH daudzumu
trigliceridu hidrolizei. Katru analizi atkartoja 3 reizes.
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2.9. Hemolizes analize

Lai novertetu analiz€jamo paraugu hemosaderibu (ietekme uz asins eritrocitiem), veikts
hemolizes tests. Asinis no veseliem donoriem ievaktas Monovette stobrinos, kas saturgja
etiléndiamintetraetikskabi (EDTA). Asinis nemtas ar Latvijas Universitates Kardiologijas un
regenerativas medicinas institlita PEtniecibas &tikas komitejas saskanojumu. Asinis atSkaiditas
ar 0.9% natrija hlorida Skidumu (4:5 v/v). Analiz€jamos paraugus parvietoja 15 ml stobrinos,
kas saturgja 9.8 mL fosfatu buferSkidumu (phosphate buffered saline — PBS), inkubgja 37 °C,
5% CO; atmosfera, 30 miniites, un katram stobrinam pievienoja 0.2 mL atSkaiditu asinu un
inkubg&ja tajos paSos rezimos 1 stundu un 8 stundas. PBS tika izmantots ka negativa kontrole
un dejonizéts tidens — ka pozitiva kontrole. Péc inkubacijas veicot 5 miniiSu centrifugéSanu
(2000 apgriezieni miniite), tika ieglti supernatanti, kuriem tika izmérita absorbcija pie vilna
garuma 545 nm mikroplasu lasitaja Tecan Infinite® 200 Pro (Tecan Group Ltd., Mannedorf,
Sveice). Hemolitiska attieciba (HR) aprékinata ka aprakstits VI. publikacija. Veikti 3
atkartojumi katram paraugam.

2.10. Balb/c 3T3 (ATCC) Siinu Iinijas kultivéSana

Balb/c 3T3 (American Type Culture Collection, ATCC, ASV) $iinu linija iegiita no pelu
embriju fibroblastiem. Siinas kultivétas barotngé (DMEM, kas ir papildinata ar 1% penicilinu
(100 U/ml) — striptomicinu (100 pg/ml) un 10% tela serumu (Sigma, C8056, St Louis, MO,
ASV). Siinu liniju kultivésana tika veikta inkubatora, 5% CO, atmosfeéra, 37 °C temperatiira.

2.11. Citotoksicitates noteikSana

Analiz&€jamo paraugu toksicitate tika testéta, izmantojot BALB/C3T3 peles fibroblastu
§tnu Iiniju NR (neiralais sarkanais) testu. Siinas tika kultivétas 96-laucinu $tinu kultivésanas
platés ar blivumu 5 % 103 $iinas viena laucina. P&c 24 stundu inkubacijas tika pievienoti paraugi
koncentracijas diapazona no 0.125 Iidz 4 mg mL™'. Atskaidijumi tika veikti $tinu kultivéta vidg.
KultivéSana analiz&jamo paraugu klatbiitne tika veikta 48 stundas. P&c tam platnes mazga ar
fosfatu bufer§kidumu un pievieno 25 pg mL' NR $kiduma, kas atskaidits 5% liellopu augla
seruma saturos$a vidé. Péc 3 stundu inkubacijas 5% CO; atmosfera, 37 °C temperatiira Stinas
atmazga ar fosfata buferSkidumu (PBS) un saistito krasvielu ekstrah€ ar etikskabes, etalona un
tdens maisfjumu (1:50:49 v/v). Absorbcija pie 540 nm tika mérita, izmantojot mikroplasu
lasttaju Tecan Infinite® 200 Pro. Citotoksicitate tika izteikta ka NR absorbciju samazinajums
atkariba no analiz&jamo paraugu koncentracijas, salidzinot ar neapstradatam stinam (kontroli).
Rezultati tika aprekinati, izmantojot GraphPad 9 programmatiiru. Stinu Iinija un testa metode
atbilst Ekonomiskas sadarbibas un attistibas organizacijas (ESAO) vadlinijam. Tika veikti 3
atkartojumi katram paraugam.

2.12. Biomasas atlikuma kimiska raksturoSana
Sekojot biorafinérijas koncepcijai, tika novertéta koksnes atlikuma pec ekstrakcijas un
lapu izmantoSanas potencials. Pamatojoties uz regiona pieprasijuma dazadibu un logistikas

risingjumu, tiks izstradata un piedavata smiltsérksku audzetajam elastiga tehnologiska shéma,
piedavajot razoto produktu klastu.
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2.13. Sasmalcinatas biomasas papildus apstrade analizém

Koksnes (pirms un péc ekstrakcijas) atlikumi un lapu paraugi bija papildus sasmalcinati
piesta, izmantojot Retch SM 200 iekartu, uzlabojot biologisko vielu pieejamibu.

2.14. Elementanalize

Paraugu elementanalize, nosakot kop€jo oglekla (C), slapekla (N), tdenraza (H), skabekla
un s€ra (S) saturu, veikta, izmantojot firmas ELEMENTAR iekartu Vario MACRO. Vakuuma
izzavets paraugs nosverts (50 mg) un ievietots alvas folija, kam sekoja sadegSanas katalizatora
(WO pulvera) pievienoSana, attieciba 1:1 w/w, iegiitais maisijums sapreséts tableté ar sekojoso
ievietoSanu automatiskaja paraugu padevéeja. lerices darbs vadits un fikséts datorizeta rezima,
izmantojot programmatiiru VARIOEL V5.16.10. Rezultatus programma att€lo procentualaja
izteiksmé. Katram paraugam veikti 3 atkartojumi.

Baribas elementu (kalcijs, kalijs, natrijs, fosfors) un smago metalu (kadmijs, svins,
dzivsudrabs) saturs biomasa tika noteikts saskana ar izstradato RSU procediru, izmantojot
induktivi saistitas plazmas triskarsa kvadrupola masspektrometra (Inductively coupled plasma
triple quadrupole mass spectrometer) ICP-MS/MS, iCAP TQe iekartu.

2.15. Vitaminu noteik§ana

Askorbinskabes (C vitamina) saturs biomasa noteikts, izmantojot augstas izskirtsp&jas
Skidruma hromatografijas (HPLC) metodi, ka aprakstits M. Ciulu raksta (Ciulu et al., 2011),
izmantojot HPLC-UV-Vis/-RI sistému (augstas veiktsp&jas Skidruma hromatografs ar UV-Vis
un RI detektoru) un Zorbax Eclipse XDB-C18 (Agilent, 5 pm, 150 cm x 0.46 cm i.d.) kolonnu.
Kolonnas temperatiira noreguléta uz 35 °C. Ka eluenti izmantoti: A - trifluoretikskabe (0.025
% v/v) (A) un B - acetonitrils (B). Kustiga faze: 100% lidz 60% A 20 min{it€s, pliismas atrums
1 mL min™' un injekcijas tilpums 20 pL. Paraugu $kidumi sagatavoti, iz8kidinot no biomasas
iegtito ekstraktu metanola. Rezultati parrékinati uz biomasu, nemot véra ekstrakta iznakumu no
biomasas. UV detektors iestatits uz 254 nm.

E vitamina ka a-tokoferola un A vitamina ka retinola saturs biomasa noteikts, izmantojot
HPLC-UV-Vis/-RI sisttmu un kolonnu Hichrom 5 C18 (i.d. 25 cm x 4.6 mm). Ka kustiga faze
izmantots metanols ar pliismas atrumu 2 mL min™'. Kolonnas temperatiira noreguléta uz 40 °C.
Paraugu Skidumi sagatavoti, izS§kidinot no biomasas iegiito ekstraktu metanola, injekcijas
tilpums 10 pL. UV detektors iestatits uz 292 nm. Rezultati parrékinati uz sausu biomasu, nemot
vera ekstrakta iznakumu no biomasas.

2.16. Kvantitativa koptauku analize

Koptauku noteikSana paraugiem veikta, izmantojot paraugu 30 minasu ekstrakciju (10
min x 3) ar heksanu, zem atteces. Nedaudz atdzes€jot, saturu filtré un parnes to nosvertaja
apalkolba. Lai atdestilétu heksanu, izmantots rotacijas ietvaicétajs Heidolph Instruments, un
péc ietvaic€Sanas ieguto ekstraktu zave zavskapi 80 °C temperatiira lidz konstantam svaram.
Koptauku iznakums no biomasas noteikts gravimetriski.

2.17. Kvantitativa kokskiedru analize

Skabi skalotas kokskiedras (Acid Detergent Fiber — ADF) saturs analiz€jamos paraugos
noteikts gravimetriski, veicot skabo hidrolizi ar sérskabi (1.25%, w/v) oglhidratu atdaliSanai,
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kam sekoja sarmaina hidrolize ar NaOH (1.25%, w/v) olbaltumvielu, dal&ji hemicelulozes un
lignina atdaliSanai. ADF raditajam ir svariga nozime, jo, pieaugot ADF saturam bariba,
samazinas baribas sagremojamiba.

2.18. Kvantitativa kopproteina analize

Kopproteina (KP) saturs analiz€jamos paraugos noteikts, izmantojot Kjeldala metodi, un
noteiktais slapekla (N) daudzums reizinats ar koeficientu 6.25 (N % x 6.25 = KP%/sausnu).
Noteikta kopproteina sastava bija gan olbaltumvielas, gan citas slapekli saturosas vielas.

2.19. In vitro gazes emisijas analize

In vitro gazes emisijas noteikSanai tika izmantota ANKOM RF gazes veidoSanas sist€éma
(Gas Production System). ST analize balstas uz saistibu starp fermentaciju spurekli un
izveidotajam gazém. Spurekla Skidrums ievakts no atgremotajiem kautuvé. Gazes emisija
izteikta mL g! inkub@&ta parauga. Gazes emisijas uzraudzibas sistéma sastav no 50 moduliem,
kas aprikoti ar spiediena sensoriem (spiediena diapazons: - 69 1idz 3.447 kPa; iz8kirtsp€ja: 0.27
kPa; precizitate: + 0.1% no izmeritas vertibas). NepiecieSamais baribas parauga daudzums bija
0.5 g katra modult. Katram modulim nepiecieSamais spurekla Skidrums bija 25 mL. Gazes
spiediena izmainas 24 un 48 stundu fermentacijas laika uzkrajas (AP) un parveidotas tilpuma
vienibas, izmantojot idealas gazes likumu, ka aprakstits V. publikacija.

2.20. Sagremojamiba

Sagremojamibas novértésanai tika izmantots Ankom Daisy inkubators. Saja testé$ana
izmantotais spurekla Skidrums ievakts, ka aprakstits 2.19. sadala. Daisy inkubators ir 4 cilindru
inkubators, kur 1 cilindram ir nepiecieSams 1600 mL buferSkiduma un 400 ml spurekla
Skidruma ka inokulats, ka arT filtru maisini (25 gab.). Filtra maisos ievietoti aptuveni 500 mg
sausa parauga. Pec tam cilindros ar Skidumu ievietoja filtru maisinus. Balonu 30 sekundes
aergja ar CO» tieSi, pirms cie$as aizverSanas un ievietoja inkubatora uz 48 stundam. P&c
inkubacijas filtru maisini iztiriti ar tideni un izzaveti (105 °C, 3 stundas). In vitro eksperiments
veikts trijos atkartojumos, un in vitro sagremojamiba aprékinata ka aprakstits V. publikacija.

2.21. Granulésana un granulu raksturojums

Biomasas granuléSana veikta, izmantojot laboratorijas méroga plakanas matricas
granulatoru KAHL 14-175, kas ir maza méroga analogs riipnieciskiem KAHL granulatoriem
(Amandus Kahl GmbH & Co. KG, Reinbek, Vacija). Granulu izveidei caurules kanala diametrs
bija 6 mm, un kanala garuma attieciba pret diametru bija 4:1. GranuléSanas sakuma temperatiira
bija 50 °C. Lai novertetu iegiito granulu kvalitati, savstarp&ji salidzinati galvenie granulu
kvalitati raksturojoSie parametri (granulu diametrs, garums, mitrums, mehaniska izturiba -
nodilumizturiba un tilpumblivums) saskana ar Eiropas standartiem EN ISO 17831-1:2015 (“EN
ISO 17831-1,” 2015) un ISO 17828 (“EN ISO 17828,” 2015). Granulu uzbrieSana tident
noteikta vizuali.
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2.22. Koksnes atlikuma modifikacija augsnes piedevas ieguvei

Substrata ieguvei lignins un koksnes atlikums p&c ekstrakcijas sajauks masas attieciba 1:1
(w/w). Talak substratam pievienots Si saturoSs komponents dolomita suspensijas veida. Si
saturs substrata sastadija 5%/sausu masu.

2.23. Augsnes piedevas raksturojums

Augsnes piedeva kimiski raksturota, nosakot mitrumu (“LVS EN 13040:2008,” 2008),
sausnes saturu (“LVS EN 13040:2008,” 2008), organisko vielu saturu (“LVS EN 13039:2012,”
2012), ligninu saturu (Klasona metode), kopgjo slapekla (N) saturu (“LVS EN 13654-
1:2003/NAC:2004.,” 2003), kopgjo fosforu (P20s) (“LVS 398:2002,” 2002), kopgjo kaliju
(K20) (“LVS ISO 110466:1995,” 1995), dztvsudraba (“LVS 346:2005,” 2005), kadmija (“LVS
ISO 11047:1998A,” 1998), arséna (“LVS ISO 110466:1995,” 1995) saturu, augsnes pH (“LVS
ISO 10390:2006,” 2006).

Coe —o

Lauka izm&ginajumi ierikoti Skriveros, Latvijas Biozinatnu un tehnologiju universitates
(LBTU) Zemkopibas institita biologiskajos laukos. Izméginajuma audz&ta vasaras kviesu
skirne ‘Vinjet’ un kartupeli ‘Imanta’. Izm&ginajumu atrasanas vieta: 56° 69.4280" N un 25°
13.826" E. Lauka izméginajumi vasaras kvieSiem bija ickartoti Cetros atkartojumos. Uzskaites
laucina lielums bija 22.5 m? (2.5 m x 9 m). Izmé&ginajuma trTs varianti:

1) Kontrole - bez augsnes piedevas lietoSanas;
2) Augsnes piedeva 20 kg ha'!;
3) Augsnes piedeva 40 kg ha™!.

Lai novertétu augsnes piedevas ietekmi, izaudzetiem kvieSiem noteikta razas starpiba
starp izmégindjuma variantiem un noteikti razas kvalitates raditaji: kopproteins, lipekla un
cietes saturs, Zeleny indekss, tilpummasa, izmantojot analizatoru Infratec NOVA. Razas
struktiirelementu (produktivo stiebru skaits, vienas varpas svars, graudu skaits viena varpa,
1000 graudu masa) veidoSanas noteikta gravimetriski. Paraugkili nemti katra atkartojuma ar
0.1 m? lielu ramiti. Savukart 1 000 graudu masa noteikta ar standartmetodi LVS EN ISO 520
(“LVS EN ISO 520,” 2010).

Kartupeliem lauka izm&ginajumi iekartoti etros atkartojumos. Uzskaites laucina lielums
12.6 m? (2.8 m x 9 m). Laucina &etras vagas ar attalumu 70 cm, viena auga baro$anas laukums
0.21 m?. Izm&ginajuma testéti tris varianti:

1) kontrole - bez augsnes piedevas lietoSanas;
2) Augsnes piedeva 20 kg ha'!;
3) Augsnes piedeva 40 kg ha™.

Lauka izm&ginajuma kartupeliem noteikta razas starpiba starp variantiem, razas kvalitate
(cietes saturs %), precu produkcijas iznakums, bumbulu sadalijums pa frakcijam, viena
bumbula svars.

Izmé&ginajumi ierikoti velénu podzoléta virspusgji glejota malsmilts augsné, augsné, kur
augsnes agrokimiskie raditaji bija sekojosi: pH 5.6, organiskas vielas saturs 2.7 %, augiem
pieejama fosfora daudzums 105 mg kg! (zems) un kalija daudzums 201 mg kg™ (augsts).
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2.25. Statistikas analize

Visi mérfjumi veikti vismaz tris eksemplaros, un rezultati ir paraditi ka videja vertiba +
standarta novirze (SD). Statistiskas analizes veiktas, izmantojot programmu Microsoft Excel
2016. Vidgjie ticamibas intervali, izmantojot Stjudenta T sadalfjumu, aprékinati pie
nozimiguma ltmena a = 0.05. Lai kvantitativi noteiktu IL-8 un IL-6 izdaliSanos no cilvéka
PBMNC, dati analiz&éti un grafiki generéti, izmantojot GraphPad Prism 5.0 programmattru
(Sandjego, Kalifornija, ASV), paraugkopu salidzinaSanai izmantots ANOVA tests. Atskiribas
uzskatitas par statistiski nozimigam, ja p <0.01 un p <0.05 (attiecigais [imenis atziméts att€los,
ka aprakstits VI. publikacija).
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3. REZULTATI UN DISKUSIJA
3.1. Smiltserksku biomasas raksturojums

Smiltsérksku zari veido koksni ar mizas piejaukumu. Mizas saturs koksnes parauga bija
mainigs un sastadija ~ 8-20 % no kopgjas zaru masas. Miza ir viena no izcilajam izejvielam
biologisko aktivo vielu ieguvei, lidz ar to zari netika mizoti un izmantoti ka vesela koksnes dala
(turpmak teksta saukts - koksne vai zari). Koksnes kimiskais sastavs ir atkarigs ne tikai no koka
sugas, Skirnes, bet arT no koka vecuma, augSanas apstakliem un citiem faktoriem. Smiltsérksku
biomasas visparigs raksturojums veikts, izmantojot analitiskas pirolizes metodi, ka aprakstits
2.1. sadala. Koksni veidojoSie galvenie komponenti ir celuloze, hemicelulozes un lignins.
Pamatojoties uz So pamatsastavu, to déve par lignocelulozes biomasu. Vadoties no analitiskas
pirolizes datiem, vislielako dalu aiznem celuloze un hemiceluloze = 70% rel/SM, kam seko
lignins, to saturu apstiprinot ar siringila, gvajacila atvasinajumiem 20-25% rel/SM. Zaru un
lapu gaistoSos produktos ir ar1 polifenoli un N-saturo$ie savienojumi, kas norada uz sekundaro
metabolitu klatbtitni un koksnes augsto potencialu izejvielas veida biologiski aktivo vielu —
proantocianidinu un serotoninu — ieguvei. SmiltsérkSku zaru un lapu gaistoSie produkti un to
relativais saturs ir paradits 3.1. attéla un 1. publikacija.
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3.1.att. SmiltserkSku biomasas analitiskas pirolizes (Pa-GC-MS-FID) gaistosie produkti
un to relativais saturs, %

3.2. SmiltsérkSku biomasas ka biologiski aktivo vielu avota potencials

Lai noteiktu efektivako ekstrahentu mérksavienojumu iegtiSanai, laboratorijas apstaklos
veikta 2.2. sadala aprakstita ekstrakcija pie rekomendétajiem ekstrakcijas parametriem,
izmantojot par pamatu ieprieksgjos eksperimentos gtitos rezultatus, kas ietvéra biomasas un
ekstrahenta masas attiecibu 1:8 (w:w), ekstrakcijas temperatiiru 60 °C un laiku 30 mintes.
Veicot vienpakapes ekstrakciju zariem, izdalito ekstraktu iznakums bija robezas no 6 lidz
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30%/SM. Visaugstakais mérksavienojumu (proantocianidinu un serotoninu) saturs péc 2.3.
sadala aprakstitas metodikas, bija smiltsérkSku zaru ekstraktiem, kas iegtti ar 50% EtOH
Skidumu (skatit 3.2. att.). Savstarp€ji salidzinot tris Skirnu biomasas péc meérksavienojumu
satura ekstraktos un biomasa, perspektivaka skirne bija Maria Bruvele.

Neskatoties uz augsto lapu ekstrakta iznakumu, proantocianidini ekstrakta sastava netika
konstateti. Serotonina saturs lapu ekstraktos bija zemaks par 0.1%/SM (II. publikacija). Tas
liecina, ka efektivakai meérksavienojumu ieguvei iznakuma palielinasanai no zariem ir
nepiecieSams atdalit lapas. Atdalitas lapas tika novértétas konservantu un lopbaribas piedevas
ieguvei (skatit 3.2. sadalu un V. publikaciju).
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3.2. att. Tris Skirnu smiltsérksku koksnes un hidrofilo ekstraktu raksturojums

Arvien biezak cilvéki meklé partikas un kosmétikas produktus ar noradi "bez
konservantiem". Bet konservantu galvena loma ir noveérst baktériju, séniSu, raugu un citu
patogénu mikroorganismu vairoSanos, noveérSot inficé€Sanas varbiitibu kosmétisko Iidzeklu
razos$ana un lietoSana. Pamata lielaka dala kosmeétisko lidzeklu ir ellas vai idens emulsija, kas
ir labi apstakli, lai vairotos patogénie mikroorganismi. Papildus lipidu saturoSie produkti
parstrades un uzglabasanas laika ir paklauti oksidacijai, ka rezultata uzkrajas toksiskie
savienojumi, kas ne tikai pasliktina produktu ipaSibas, bet ar1 var izraisit ilgstoSus adas
bojajumus un apdraudét cilvéka veselibu. Nemot véra iepriekSmin&to, drosai lipidu saturo$o
produktu aizsardzibai biitu noderigi 2 fazu augu izcelsmes konservanti — lipofilie un hidrofilie.
Lipofilo ekstraktu ieguvei iepriekSminétaja vienpakapes ekstrakcijas cikla ieklauta biomasas
apstrade ar freonu R134a (IV. publikacija, patents). Sobrid freons uzskatits par vienu no
saudzgjosakiem ekstrahentiem lipofilo vielu ieguvei no augu biomasas. Biomasas apstrade ar
freonu (skatit 3.3. att.) veikta gan zariem, gan lapam, ka aprakstits 2.2.2. sadala. Salidzinot ar
hidrofilajiem ekstraktiem, lipofilo ekstraktu saturs zaros bija robezas no 1.1 lidz 1.6%/SM un
lapas no 2.7 1idz 3.4%/SM. Turpinot zaru atlikumu ekstrakciju ar 50% EtOH ka piemérotako
ekstrahentu hidrofilo mérksavienojumu ieguvei, buitiskas izmainas hifrofilo ekstraktu sastava
netika noverotas. Balstoties uz Siem nov€rojumiem, turpmakiem pétijumiem no iegiitiem
ekstraktu paraugiem izmantoti hidrofilie ekstrakti no zariem un lipofilie ekstrakti no lapam.
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3.3. att. Lipofilo ekstraktu ieguve no smiltsérkSku lapam. Biomasas ekstrakcija ar freonu

Pamatojoties uz GC analizes (aprakstita 2.3.1. sadala un 1. publikacija) datiem, viena no
galvenajam lipofilo ekstraktu sastavdalam ir taukskabes. Tiesi lipidu taukskabju sastavs liela
méra nosaka to uzturvértibu un biologisko efektivitati. legiito GC datu analize, identificgjot
>90% komponentu, atklaja linolénskabes un palmitoleinskabes parsvaru ekstrakta taukskabju
sastava. Saskana ar literatliras avotiem, So skabju izmantoSana krémos ir svariga sausai un
ekstraktu antimikrobialas un antioksidativas ipasibas lipofiliem ekstraktiem noveértetas 3.2.
sadala.

Sekundaro metabolitu biosintéze augos ir atkariga no genétiskajiem faktoriem,
klimatiskajiem un ekologiskajiem apstakliem. Nemot véra to, ka, salidzinot ar jaunakajiem
zariem, vecakie zari bija vairak paklauti stresam, tad pielaujam, ka polifenolu saturs ar1 biis
lielaks, jo tiesi polifenoliem piemit augu aizsargipasibas. Lai noveértétu zaru augsanas vecuma
ietekmi uz meérksavienojumu saturu, auglkoka kopSanas rezultata pavasari sagatavotas
sekojosas zaru partijas — viengadigie, divgadigie, trisgadigie un Cetrgadigie zari. Veicot 2.2.2.
sadala aprakstito vienpakapes ekstrakciju, iegtie ekstrakcijas dati (skatit 3.1. tabulu) liecina,
ka visaugstakais proantocianidinu saturs bija trisgadigajos un Cetrgadigajos zaros, savukart
serotontna saturs — viengadigajos un divgadigajos zaros. Ta ka ekstraktu iznakums un
mérksavienojumu saturs ekstraktos, kas iegiiti ar 96% EtOH, bija viszemakie, turpmakajos
pétijumos $is ekstrahents vairs netika izmantots.

3.1. tabula.
Salidzinoss kimiskais raksturojums ekstraktiem, kas iegiiti no dazadiem augSanas
vecuma zariem, ka ekstrahentu izmantojot destiletu adeni, 50% EtOH, and 96% EtOH

Proantocianidinu -
Ekstrakta _ | Serotonina saturs
Maria Bruvele | j;nakums, %/SM soaturs ekstrakta, ekstrakta, %/SM
§kirnes paraugi 7o/SM
Ekstrakcija ar destiléto tident
MB/17/2021/P 11.96+0.01 21.884+0.03 11.21+0.02
MB/27/2021/P 12.57+0.02 20.95+0.02 14.62+0.03
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3.1. tabulas turpinajums

Maria Bruvele Proantocianidinu -
Skirnes paraugi .Ekftrakta o saturs  ekstrakta, Serotonlzlao saturs
iznakums, %/SM %% /SM ekstrakta, %/SM
Ekstrakcija ar destiléto iideni
MB/37/2021/P 15.87+0.02 23.02+0.03 11.08+0.02
MB/47/2021/P 8.53+0.02 26.92+0.03 7.91+£0.01
Ekstrakcija ar 50% EtOH
MB/1Z/2021/P 22.23+0.02 40.56+0.01 10.53+0.03
MB/27/2021/P 19.61+0.01 51.94+0.02 14.85+0.03
MB/3Z7/2021/P 17.254+0.01 57.03+0.02 9.88+0.02
MB/47/2021/P 8.56+0.02 57.31+0.02 9.97+0.01
Ekstrakcija ar 96%EtOH
MB/1Z7/2021/P 15.65+0.01 6.08+0.02 2.8+0.02
MB/27/2021/P 11.834+0.02 6.12+0.02 2.7+0.01
MB/3Z7/2021/P 10.89+0.01 9.71+£0.01 2.2+0.01
MB/47/2021/P 6.26+0.01 11.14+0.02 2.4+0.01

Lai novértétu optimalo smiltsérksku kopSanas laiku un noveértétu sezonalas atskiribas
biomasas sastava, pavasari un rudeni no vienas un tas pasas plantacijas tika ievakti viengadigie
un divgadigie zari. Veicot zariem vienpakapes ekstrakciju un analiz€jot ekstraktu sastavu, gitie
rezultati liecina, ka rudeni ievaktie zari bija bagataki gan ar serotonina, gan ar proantocianidinu
saturu. Apkopojot iegltos rezultatus, ir skaidrs, ka rudeni nogrieztie zari ka izejviela ir
piemérotaka mérksavienojumu ieguvei (skatit 3.2. tabulu un II. publikaciju).

3.2. tabula.

Sezonalas atSkiribas ekstraktos iegiitiem no 1 un 2-gadigo zaru maisijuma

Smiltserksku
Skirne

Ekstrakta
iznakums, %/SM

Proantocianidinu
saturs ekstrakta,
%/SM

Serotonina saturs
ekstrakta, %/SM

Ekstrakcija ar destileto udeni

Pavasaris / Rudens

Pavasaris / Rudens

Pavasaris / Rudens

MB/1-27/2022 12.1/15.7 21.1/41.3 13.0/13.7
BL/1-27/2022 10.2/19.4 21.5/41.8 11.0/11.6
TAT/1-27/2022 10.1/19.4 24.7/56.1 9.5/10.3

Ekstrakciju ar 50% EtOH

Pavasaris / Rudens

Pavasaris / Rudens

Pavasaris / Rudens

MB/1-27/2022 20.2/26.4 50.0/52.9 12.8/14.0
BL/1-2Z/2022 18.1/24.0 48.2/64.2 11.0/12.6
TAT/1-27/2022 18.7/24.1 42.2/64.1 8.3/10.6

Apkopojot iegiitos rezultatus, ir skaidrs, ka rudeni ievakta zaru biomasa ir vispiemé&rotaka
izejviela gan serotonina, gan proantocianidinu iegiiSanai.
Laika posma no 2020. Iidz 2023. gadam ogu novakSanas rezultata gitiem zaru atlikumiem
Skirnei Maria Bruvele veikts mérksavienojumu skrinings, lai noveértétu So atlikumu ka
pastavigo tehnologisko izejvielu ikgad€jai mérksavienojumu ieguvei. Pédgjo tris gadu laika
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meérksavienojumu saturs bija lidzigs, kas norada uz zaru ka izejvielas augsto potencialu (skatit
3.4. att.).
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3.4. att. Auglu novakSanas rezultata, ievakto smiltsérksku zaru, ka merksavienojumu
avota skrinings laika perioda no 2020. Iidz 2023. gadam

3.3. Proantocianidinu un serotonina izdaliSana

Serotonina attiriSana veikta, izmantojot preparativas kolonnas pilditas ar dazadu poru
izmeéru sorbentiem (iesniegts patenteta pieteikums) lielmolekularo un zemmolekularo
polifenolu un to glikozidu atdaliSanai. Visaugstakais serotonina un proantocianidinu saturs bija
noteikts smiltsérkSku mizas sastava, kas lauj no 100 g mizas ar 50% EtOH iegiit 26 g sausa
ekstrakta ar 14% serotonina un 53 % proantocianidinu saturu (II. publikacija), bet smiltsérksku
zaru mizoSana nav ekonomiski sapratigs risinajums, tapéc vispiemérotaka izejviela no
analiz€tiem paraugiem ir nemizotie viengadigie un divgadigie rudens zari ar serotonina saturu
ekstrakta 13.7 %/SM. Serotonina attiriSana veikta secigi, pec 2.4. sadala aprakstitas metodikas,
sakot ar proantocianidinu izdaliSanu no 50% EtOH ekstrakta, izmantojot Sephadex LH-20.
Proantocianidinu izdaliSana lava divreiz palielinat serotonina saturu ekstraktos. Turpinot
serotonina izdaliSanu p&c patentéta panémiena, dalgji atdaliti zemmolekularie polifenoli un to
glikozidi, palielinot serotonina saturu Iidz 28.2 %/SM.

Izdalot proantocianidinus no ekstrakta, tiem veikts kimiskais raksturojums, nosakot to
sastavu (MS spektroskopija) un tiribas pakapi (Porter metode), ka aprakstits sadala 2.3. Iegiito
analizu dati liecina, ka izdaliti proantocianidini no Maria Bruvele $kirnes ekstraktiem ar tiribas
pakapi 91-94% PAC/SM, sastav no A-tipa (m/z 575) un B-tipa (m/z 577) katehina/epikatehina
dimériem, katehina/epikatehina-epigalokatehina/galokatehina dimériem (m/z 593), B-tipa
katehina/epikatehina trimériem (m/z 865), un epikatehina-katehina-galokatehina trimériem
(m/z 881) (skatit 3.5. un 3.6. att., III. publikaciju). Katehina/epikatehina tetraméri un pentameri
bija atrodami piemaisijuma limen.
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3.6. att. Izdalito proantocianidinu no Maria Bruvele tidens ekstrakta MS spektrs

3.4. Ekstraktu un mérksavienojumu raksturojums

3.4.1. Antioksidativa aktivitate

Ekstraktu un mérksavienojumu antioksidativa aktivitate noteikta izmantojot DFPH® un
ABTS™ testu (IV., VIIL. publikacijas). Savstarpgji salidzinot zaru hidrofilo ekstraktu
antioksidativo aktivitati, novérota sakariba starp proantocianidinu saturu ekstrakta un to
antioksidativo aktivitati — palielinoties proantocianidinu saturam ekstrakta, palielinas radikalu
dezaktivesanas aktivitate ABTS™® un DFPH" testos (skatit 3.7. att.). No pétitajiem ekstraktiem,
50% EtOH ekstrakti paradija visaugstako antioksidativo aktivitati, salidzinot ar udens
ckstraktiem (proantocianidinu saturs 50% EtOH ektrakta bija 42.45%/SM; IKs0=6.18 mg L
izmantojot DFPH’; 1Ks0=4.4 mg L', izmantojot ABTS'®). Proantocianidiniem no
MB/Z/2021/R un BL/Z/2021/R antioksidativa aktivitate bija robezas no 1.2 lidz 1.4 mg L™ pec
ABTS™® testa un no 2.2 lidz 2.6 mg L' péc DFPH® testa, kas ir ievérojami augstaka par
ekstraktiem. Troloks izmantots ka references antioksidants, kas ir tident $kistoSs E vitamina
analogs. Attieciba uz freona ekstraktu, to antioksidativa aktivitate bija vaja, >30 mg L (IV.
publikacija).
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3.7. att. Analizéjamo paraugu antioksidativa aktivitate. Zemaka IKso vertiba atbilst
lielakai antioksidativai aktivitatei.

Lai novertetu analizéjamo paraugu sp&ju aizkavet oksidésanos lipidu saturoSos produktos,
analiz&jamie paraugi pievienoti kosmétisko krému substratiem ar dazadu lipidu saturu — 19%
un 35% (1. publikacija). Pétamie paraugi testéti koncentracija no 0.5 1idz 4% uz lipidu saturu
(LS) substrata sastava. So analizu veik3anai izmantota 2.5.2. sadala aprakstita Oxipress metode.
Analiz€to paraugu aizsardzibas faktors ir dots 3.8 un 3.9. att€la. Salidzinot analiz€jamos
paraugus ar references materialiem pie vienadas koncentracijas substrata (1%/LS), var secinat,
ka 50% EtOH ekstrakts iedarbojas efektivak neka references paraugi, proantocianidini un iidens
ekstrakts. Neskatoties uz proantocianidinu augsto antioksidativo aktivitati, aizsardzibas faktors
substrata oksidéSanas testa bija zemaks neka 50 % EtOH ekstrakts. Visticamak, tas ir saistits ar
proantocianidinu ierobezoto $kidibu substrata.

Savstarpgji salidzinot sasmalcinato zaru un lapu ietekmi pie koncentracijas 1%/LS, lapas
ar plasu zemmolekularo polifenolu klastu bija Iidzvertigas tidens ekstrakta rezultatiem. Freona
ekstrakts pie koncentracijas 1%/LS bija Iidzvertigs galluskabes iedarbibai, uzradot zemu
aizsardzibas faktoru. Palielinot freona ekstrakta koncentraciju lidz 2%/LS, lipidu oksidacijas
kavésana bija lidzveértiga lapu biomasas iedarbibai, kas norada uz to, ka nav nepiecieSama lapu
biomasas ekstrakcija ar freonu, lai aizkavetu oksidésanos lipidu saturoSos produktos.
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3.8. att. Analizéjamo paraugu ietekme lipidu oksidacijas kavéSana, ka substratu

izmantojot krému ar 35 % lipidu saturu
E H,0 — ekstrakts, kas iegiits ar destiléto ideni no MB/Z/2021/R; 50% EtOH — ekstrakts, kas iegiits ar
50% EtOH no MB/Z/2021/R; E_Freons — ekstrakts, kas izdalits ar freonu no MB/L/2021/R; PAC - izdalitie no
ekstrakta proantocianidini; GS — galluskabe; AS — askorbinskabe; LS — lipidu saturs.

Ievadot analiz€jamos paraugus substrata ar zemaku tauku saturu, ekstraktu darbiba
bija efektivaka. Salidzinot Gidens ekstrakta iedarbibu pie koncentracijas 1%/LS, substrata ar 19
% lipidu saturu, aizsardzibas faktors bija 1.5 reizi augstaks, Iidziga tendence ir novérota ari 50%
EtOH ekstraktam. Par&jo analiz€jamo paraugu efektivitate bija zemaka.

) 4.5
&
é 4.0
m 35
ﬁ 3.0
3
g 25
< 20
15
1.0
0.5 I
00 '
o S < NV
Pt I VR VI WA A AAIIR VR A A
o PR ale ole ol ole ole °\° oo’ ole’s oo’ olo \ slo” oleslegle’ oo gl
,b\Q}Q’} Qﬁﬁb‘> '}f Q‘?Q Q">C\ \%\ .;>>¢/¢E\ e)er}c,\? ’>&f}
LV 6 w7 APURAT & &
%%ﬂ~ﬁﬁ9 @ﬁ@@y@@ A4 @@ﬁéﬁe
o7 gle S*° sl
“@?@? o 7
s I <

3.9. att. Analizéjamo paraugu ietekme lipidu oksidacijas kavéSana, ka substratu
izmantojot krému ar 19 % lipidu saturu.
E H,0 — ekstrakts, kas iegiits ar destiléto ideni no MB/Z/2021/R; 50% EtOH — ekstrakts, kas iegiits ar 50%
EtOH no MB/Z/2021/R; E_Freons — ekstrakts, kas izdalits ar freonu no MB/L/2021/R; PAC - izdalitie no
ekstrakta proantocianidini; GS — galluska@be; AS — askorbinskabe; LS — lipidu saturs.
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3.4.2. Antimikrobiala aktivitate

Otra bitiska misdienu probléma ir bakteriju rezistence pret antibiotikam un sénu
rezistence pret fungicidiem. Ekstraktu un mérksavienojumu antimikrobiala aktivitate testéta
attieciba pret tadam bakterijam ka Escherichia coli (E. coli), Pseudomonas aeruginosa (P.
Aeruginosa), Staphylococcus aureus (S. Aureus), Bacillus cereus (B. Cereus) un séni Candida
albicans (C. albicans), nosakot minimalo inhib&joso (MIC) un minimalo baktericido/fungicidu
koncentraciju (MBC/MFC) (II., VIII. publikacijas). E. coli bakterijas parasti dzivo veselu
cilveku un dzivnieku zarnas. Lielaka dala E. coli veidu ir nekaitigi, bet dazi celmi, pieméram,
E. coli O157:H7, var izraisit smagus kunga krampjus un vemSanu. P. aeruginosa ir
oportinistisks patogéns, kas izraisa nopietnas infekcijas pacientiem ar novajinatu imunitati,
vézu slimniekiem un pacientiem péc smagiem apdegumiem un cistiskas fibrozes (Wu et al.,
2015). S. aureus ir komensals organisms, kas dzivo ada un glotada. Viegla lidz dzivibai bistama
sepse var rasties, ja Sis mikroorganisms nonak cilvéka organisma. Tiek l&sts, ka meticilina
rezistenta S. aureus (MRSA) forma katru gadu izraisa aptuveni 171 200 ar veselibas apriipi
saistitas infekcijas Eiropa un ir saistita ar 5 400 papildu naves gadijumiem. B. cereus ir bakteriju
veids, kas rada bistamu vielu (ko sauc par toksinu), kas tiek parnesta ar infic€to partiku. Tas
galvenokart skar partiku, kas pec pagatavoSanas ilgstosi uzglabata istabas temperatiira un tapéc
nav atri un efektivi atdzes€ta. C. albicans ir oportiinistisks séniSu patogens, kas ir cilvéku
kunga-zarnu trakta floras sastavdala, bet C. albicans sp€j koloniz&t gandriz visus cilvéka audus
un organus, izraisot nopietnas invazivas infekcijas (Hernday et al., 2010).

Visiem pétamiem ekstraktiem piemit antimikrobiala aktivitate. Attieciba pret E. coli starp
ekstraktiem visefektivakais bija 50% EtOH ekstrakts ar kop&jo polifenolu saturu 48.1 g
GAE-100 g' SM. Viszemako efektivitati uzradija tidens ekstrakts ar zemu polifenolu saturu
(33.2 g GAE-100 g' SM). Lidziga tendence ir novérota pret baktgrijam P. aeruginosa un S.
aureus. Ekstraktu atimikrobiala aktivitate pret B. cereus un C. albicans bija vajaka, noveérojot
tikai ekstraktu inhib&joso aktivitati, kavg§jot B. cereus un C. albicans augSanu (skatit 3.3.
tabulu).

3.3. tabula.

Tris Skirnu smiltsérksku ekstraktu antimikrobiala aktivitate
SmiltserkSku | Kopgjais E. coli P S. B. cereus | C.
Skirne, 2020. | polifenolu aeruginosa | aureus albicans
gada paraugi | saturs

ekstrakea, MIC/MFC vai MBC, mg mL"!

g GAE-100 ’

g SM

Ekstrakti, kas iegiiti ar destileto iideni
MB/Z/2020/R  |43.62+0.03 [0.39/0.39 [0.39/3.13 [0.39/0.78 0.78/>50 ]0.39/>50
BL/Z/2020/R  |33.20+0.02 [0.78/50  |0.78/50 0.39/12.2 10.78/>50 |0.39/>50
MB/Z/2020/R  |35.14+0.04 [0.39/0.39 [0.78/1.56 |0.39/0.78 0.78/50  10.39/>50
Ekstrakti, kas iegiiti ar 50% EtOH

MB/Z/2020/R  |48.12+0.02 ]0.20/0.20 |[0.39/0.78 {0.20/0.39 |0.39/50  [0.20/>50
BL/Z/2020/R  |43.78+0.02 0.39/0.39 [0.78/1.56 0.39/0.78 |0.78/>50 ]0.20/>50
MB/Z/2020/R |41.36+0.03 ]0.39/0.39 |3.13/3.13 {0.20/0.78 [0.78/50 ]0.39/>50

Lidzvertigi petijumi veikti ar ekstraktiem un mérksavienojumiem, kas iegiiti no 2021.
gada ievaktiem zariem. Salidzinot ar ekstraktiem, proantocianidini bija daudzkart efektivaki
pret E. coli, P. aeruginosa, S. aureus un Streptococcus pyogenes (S. pyogenes). No visiem
paraugiem dotajas koncentracijas neviens neuzradija minimalo fungicido koncentraciju
attieciba pret séni C. albicans.
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Serotoninu saturoSajai frakcijai noteikta antimikrobiala aktivitate attieciba pret S.
pyvogenes un Cutibacterium acnes (C. acnes) (1. publikacija). Pamatojoties uz literatiiras datiem,
S. pyogenes izraisa dazadas akiitas infekcijas, pieméram, miksto audu infekcijas un faringitu,
ka art smagas dzivibai bistamas infekcijas, pieméram, streptokoku toksiska Soka sindromu un
postosas postinfekciozas sekas, pieméram, reimatisko drudzi un glomerulonefritu (Bryant and
Stevens, 2015). Otrs patogens, C. acnes, ir relativi [éni augosa, parasti aerotoleranta, anaeroba
grampozitiva baktgrija, kas saistita ar aknes adas stavokli. Sis patogens var izraisit arf hronisku
blefaritu un endoftalmitu (Corvec, 2018; Dali et al., 2001). Visi paraugi, ieskaitot serotoninu
un serotonina standartu (references materialu), bija efektivi abu patogénu nonavésanai. Freona
ekstrakts no lapam salidzinosi ar paréjiem ekstraktiem bija ar zemaku antimikrobialo aktivitati
(skatit 3.4. tabulu).

3.4. tabula.
Preparatu minimala inhibgéjosa koncentracija (MIC) un minimala baktericida vai
fungicida koncentracija (MBC/MFC)
Paraugs; . P. S. B. C. S.
E. coli ] . C. acnes
PAC saturs aeruginosa |aureus |cereus |albicans |pyogenes
ekstrakta MIC/MFC vai MBC, mg mL"!
Udens
ekstrakts no 0.39/
MB/Z/2021; 0.39/0.39 (0.39/3.13 0.39/0.7810.78/>50 ~50 0.20/0.20 |0.78/0.78
29.6%/SM
50% EtOH
ekstrakts no 0.20/
MB/Z/2021; 0.20/0.20 10.39/0.78 {0.20/0.39]0.39/50 ~50 0.20/0.20 10.39/0.39

42.9%/SM

PACs no 0.63/  |1.25/
MB/Z/2021: |0.04/0.04 [0.08/0.16 |0.08/0.16] " ; 0.10/0.10 |0.39/0.39

92.1%/SM 125 »2.5
Serotoninu
saturosa
frakcija 0.78/ 12.50/
(serotonina 0.78/0.78 [0.78/0.78  10.39/0.78 6.25 =50 0.10/0.20 |0.39/0.39
saturs
=28.2%/SM)
Freona
ekstrakts no|0.78/50  ]0.78/50 0.39/12.2|3.13/25
lapam
Serotonina
standarts
(tiriba
>98.0%)

0.10/0.20 |0.39/0.78

Ir zinams, ka biopléves, ko veido dazadas baktériju sugas, uzrada paaugstinatu rezistenci
pret antibiotikam un dezinfekcijas lidzekliem, tad€jadi biezi izraisa hroniskus iekaisuma
procesus. Ta ka praktiski nav Iidzeklu bakteriju plévju apkarosSanai, promocijas darba ietvaros
novértéta domingjoSo preparatu — proantocianidinu un 50% EtOH ekstraktu — ietekme uz
bioplévju iznicinasanu (III. publikacija). Ka biopléves veidotajas tika pétitas §adas bakterijas:
meticilinrezistentais Staphylococcus aureus (MRSA), paplaSinata spektra beta laktamazes
producgjosa E. coli (ESBL) un P. aeruginosa. Preparatu ietekme uz bioplévju veidoSanos
paradita 3.10. attela.
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3.10. att. Analizéjamo preparatu ietekme uz biopléves veidoSanos: MRSA —
meticilinrezistentais S. aureus; ESBL — paplasinata spektra beta laktamazes
producgjosa E. coli; PAC — proantocianidini; MB/Z_E 50% EtOH/2021/R - ekstrakts,
kas iegiits ar 50% EtOH no MB/Z/2021/R

Salidzinot ar kontroli (100% izveidota pléve), proantocianidinu klatbiitné plévju
veidoSanas bija 2 reizes mazaka. Ekstrakta iedarbiba bija lidziga, iznemot uz MRSA bazes
veidoto bioplévi, kuras veidoSanas procentualais lielums samazinajas 5 reizes. Pamatojoties uz
giitiem p@tijuma rezultatiem, proantocianidini un ekstrakti koncentracija 5 mg mL™! spgj inhib&t
biopléves veidoSanos un var biit izmantojami briicu dziSanas terapija.

3.4.3. Pretiekaisuma iedarbiba

Iekaisums ir organisma atbildes reakcija uz traumam un infekcijam, un tas ir
nepiecieSams, lai parvarétu to sekas. Par iekaisumu organisma liecina dazada veida markieru
(biokimisku signalelementu - citokinu) klatbiitne asinis. Viens no galvenajiem citokiniem ir
interleikins I1-8, kas izlaists no vairakiem $tinu tipiem, reag€jot uz iekaisumu (Harada et al.,
1994). Citu citokinu IL-6 izdala baltas asins $iinas, reag€jot uz traumam vai mikrobu iedarbibu,
tam ar1 ir galvena loma neironu reakcija uz nervu bojajumiem (Zhang and An, 2007). Ir
paradijusies pieradijumi, ka IL-6 var izmantot ka iekaisuma markieri smagai COVID-19
infekcijai (“Raised troponin and interleukin-6 levels - COVID-19,” 2020). Saskana ar
iegiitajiem datiem, proantocianidini koncentracija 0.5 mg mL! samazinaja IL-8 sekréciju no
nestimulétam cilveka periféro asipu mononuklearam Stinam (PBMNC). Savukart
poliinozinskabes: policitidilskabes (poli I:C) klatbiitn€, kas atdarina ar virusu infekcijam
saistitu iekaisumu, visi Maria Bruvele paraugi (proantocianidini, 50% EtOH ekstrakts un tidens
ekstrakts) samazinaja IL-8 sekr&ciju no $tinam, kas norada sp€ju mazinat ar virusu infekcijam
saistitu iekaisumu (3.11. att., VL. publikacija).
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3.11. att. Izmainas IL-8 sekrécija no nestimulétam (A) un poli-I1:C stimuletam (B) cilveka
periféro asinu mononuklearajam Sanam péc 24 h inkubacijas ar analizéjamiem
paraugiem: 1 — proantocianidini; 2 — 50% EtOH ekstrakts no MB/Z/2021/R , 3 — iidens
ekstrakts no MB/Z/2021/R. K - kontrole, K+poli-I:C — kontrole+policitidilskabe (poli I:C);
a — koncentracija 0.5 mg mL-!, b — 0.25 mg mL'; * p <0.05, ** p <0.01 vienvirziena
ANOVA, n=3.

Lidziga situacija noveérota ari petijumos ar IL-6. Bez poli I:C stimulacijas péc inkubacijas
paraugu klatbutng, IL-6 sekrécijas palielinasanas netika noverota, bet, vienlaikus pievienojot
PBMNC pie parauga un poli I:C, noveérots, ka proantocianidini un 50% EtOH ekstrakts
ievérojami samazina IL-6 sekr&ciju. Proantocianidinu klatbutne IL-6 sekrécija samazinata lidz
nestimulétam kontroles Iimenim, turklat netika noverotas atskiribas starp abam parbauditajam
koncentracijam. 50% EtOH ekstraktiem inhib&josa iedarbiba bija atkariga no koncentracijas —
0.5 mg mL! samazinaja IL-6 sekréciju par 95.4%, savukart, 0.25 mg mL™! samazinaja to par
63.8%. Udens ekstrakti nesamazinaja poli-I:C izraisito IL-6 sekréciju (VI. publikacija).
Kopuma miisu atklajumi saskan ar citiem pétijumiem, kuros ir aprakstita proantocianidinu
ietekme uz IL-6 un IL-8 sekréciju iekaisuma modelos.

3.4.4. Merksavienojumu iedarbiba uz aizkunga dziedzera lipazes aktivitati gremosanas
divpadsmitpirkstu zarnas faze

Normalos fiziologiskos apstaklos (zults klatbiitn€) visi smiltsérksku hidrofilie ekstrakti
koncentracijas 0.2-40 mg g!' PL uzradija biitisku aizkunga dziedzera lipazes (ADL) aktivitates
inhib&sanu. Jau pie 0.2 mg #idens ekstrakta daudzuma, kas saturgja 43.4+0.4 g GAE-100 g'!
polifenolu un 17.5 £ 0.1% proantocianidinu, lipazes aktivitate samazinajas par 22%. Turpmaka
pakapeniska ekstrakta daudzuma palielinasana no 0.2 Iidz 40 mg g! PL nodro$inaja aptuveni
tadu paSu ADL inhib&Sanu ticamibas intervala. Ir noteikta art lipazes aktivitates inhib&Sanas
atkariba no proantocianidinu satura ekstrakta: jo lielaks proantocianidinu saturs ekstrakta, jo
augstaks bija inhib&anas procents. Ekstrakts, kas saturgja 48.6+0.2 g GAE-100 g' un
42.4+0.3% proantocianidinu, daudzuma no 0.2 lidz 40 mg g PL, inhib&ja lipazes aktivitati par
33%. Proantocianidinu galvena loma ADL aktivitaté pieradita, salidzinot izdalito
proantocianidinu no ekstrakta un eluata (atlikuso frakciju péc proantocianidinu izdaliSanas),
iedarbibu uz ADL aktivitati. Proantocianidini koncentracijas diapazona no 1 Iidz 20 mg g ! PL
inhib&ja ADL aktivitati par 36%. Savukart eluats nebija tik efektivs un koncentracija 20 mg g
! PL uzradija ADL aktivitates palielind$anu par 6-11%. Serotonina saturo$a frakcija palielina
ADL aktivitati gremosSanas divpadsmitpirkstu zarnas faze, un to var izmantot, lai normalizétu
fiziologisko gremosanu, Tpasi trigliceridu sadaliSanos brivajas taukskabés un monogliceridos,
lai korig€tu lipidu spektru, $tinu vielmainu un homeostazi (patentéts petijums).

Patologiskos apstaklos (bez zults) 50% EtOH ekstraktam un izdalitam proantocianidinam
novérota ADL inhib&$ana pie 0.2 un 1 mg g PL, tacu jau pie 2 mg g ' PL tika novérota
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aizkunga dziedzera lipazes iedarbibas aktivacija. Patologiskos apstaklos abi mérksavienojumi
koncentracija no 2 Iidz 400 mg g~! PL kataliz&ja ADL iedarbibu gremosanas divpadsmitpirkstu
zarnas faz€ (IV. publikacija).

3.4.5. Mérksavienojumu iedarbiba uz amilazes aktivitati siekalds

Normalos fiziologiskos apstaklos visi smiltsérksku ekstrakti un serotoninu saturo$a
frakcija koncentracija 0.1-2 mg mL™"' gckan uzradija nozimigu iedarbibu, paatrinot cietes
sadaliSanos Iidz glikozei, kas var biit noderiga, lai arstétu cilvékus ar nepietickamu svaru
malabsorbcijas sindroma gadijuma. Izdaliti proantocianidini taja pasa koncentracija uzrada
inhibgjoso aktivitati, samazinot amilolitisko spéku no 640 uz 320 D 30/38 °C. Tas norada, ka
proantocianidini sp&j samazinat cietes oglhidratu sadaliSanos un uzstksSanos organisma, kas var
bit noderiga diabéta pacientiem un pacientiem ar lieko svaru (II. un VIIL publikacijas).

3.5. Analizéjamo paraugu hemolize
Visi ekstrakti parbauditi attieciba uz to hemolitisko aktivitati koncentracija 0.5 mg mL™.
Neviens no ekstraktiem neizraisija hemolizi péc 1 h vai 8 h inkubacijas, kas norada uz ekstraktu

augsto biologisko saderibu un dro§ibu (skatit 3.12. att. un VI. publikaciju).

1 h inkubé&sana 1 h inkub&sana

0.41 0.40
o/
0.27
8 h inkubé&sana 8 h inkub&$ana
0.58 0.59

= Kontrole 0.1132
® Proantocianidini
= MB/Z E 50% EtOH 2021/R

3.12. att. Analizéjamo paraugu hemolize. PAC — proantocianidini. MB/Z_E_50%
EtOH_2021 — ekstrakts iegiits no Marija Bruvele zariem ievaktiem rudeni 2021. gada ar
50% EtOH

3.6. Citotoksicitate

Ekstraktu un meérksavienojumu citoksicitate noveértéta un salidzinata ar novéroto
MIC/MBC un MIC/MFC koncentraciju, ka ar1 antioksidanta IK vertibu un nepiecieSamu devu
amilazes un lipazes darbibas inhib&Sanai vai stimuléSanai (VI. un VIII. publikacijas).

49



Citotoksicitates novertgjuma rezultati ir atspoguloti 3.13. attéla. Paraugi uzskatiti par
citotoksiskiem, ja S$iinu dzivotspgja bija samazinata par vairak neka 20%. Visi petamie
hidrofilie ekstrakti no zaru biomasas to darbibas koncentracijas diapazona no 0.0313 lidz
4.0 mg mL! bija drosi, neuzradot citotoksicitati. Proantocianidinu drosa koncentracija bija
robezas no 0.03 Iidz 0.5 mg mL!, bet pie proantocianidina koncentracijas 1 mg mL™! bija
novérota neliela citotoksicitate, samazinot $tinu dzivotsp&ju par 29.56%. Udens ekstraktam
koncentracija 4 mg mL™!, §linu dzivotsp&ja samazinajas par 34.33%.
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3.13. att. Analizéjamo paraugu citotoksicitate

3.7. SmiltserkSku biomasas novértéjums lopbaribas ieguvei

Lai novertétu zaru atlikumu (MB/Z/2021/A, BL/Z/2021/A, TAT/Z/2021/A) un lapu
(MB/L/2021, BL/L/2021, TAT/L/2021) piemérotibu lopbaribas ieguvei, laboratorijas apstaklos
veikts paraugu kimiskais raksturojums, noteikts koppelnu, kokskiedru, kopproteina, fosfora,
kalija, natrija, kalcija un smago metalu (Pb, Cd un Hg) saturs. Lapas fosfora saturs bija robezas
no 210+21 lidz 225+22 mg uz 100 g SM; kalija saturs no 1209+104 Iidz 1376113 mg uz 100
g SM; natrija saturs no 1.72+0.40 lidz 2.25+0.52 mg uz 100 g SM; kalcija saturs no 856+205
lidz 989+237 mg uz 100 g SM. Zaros natrija saturs bija augstaks, bet kalcija saturs zemaks:
natrija saturs no 7.83+1.80 Iidz 22.5+5.2 mg uz 100 g SM; kalcija saturs no 28167 lidz 332+80
mg uz 100 g SM. Smago metalu saturs biomasa neparsniedz maksimali pielaujamo
koncentraciju un atbilst Eiropas Komisijas regulai Nr. 1275/2013. Papildus mikro- un
makroelementiem smiltsérkSku zari un lapas satur Gideni un taukos SkistoSu vitaminu
kompleksu. C vitamina saturs zaros bija no 8.0+3.0 lidz 178.0 £50.0 mg uz 100g SM, lapas no
12.043.0 11dz15.6 mg uz 100 g SM. Salidzinot ar zariem, visas tris smiltsérkSku Skirnu lapas
bija bagatakas ar E vitaminu (zaros: 14.7£2.1 mguz 100 g SM; lapas no 30.9+4.3 [idz 42.6+2.2
mg uz 100 g SM). A vitamins smiltserkSku koksné netika konstatéts, savukart, lapas A vitamina
saturs bija 0.86+0.07 lidz 1.294+0.02 mg uz 100 g SM (V. publikacija).

Saskana ar literatiiras datiem, smiltsérksku lapas papildus satur vértigas 13 aminoskabes,
bet koksnes dalas un miza satur 17 aminoskabes (Bekker and Glushenkova, 2001; Sng et al.,
2013).

Izejvielu kvalitate ietekmé baribas sagremojamibu, kas atsaucas siltumnicefekta gazu
veidoSanas lopu zarnu trakta. Bariba ar augstaku sagremojamibu samazina metana daudzuma
emisiju. Ir zinams, ka liels tauku saturs biomasa (>8%/SM) var nelabveéligi ietekmét spurekla
darbibu, Skiedrvielu gremoSanu un piena razoSanu. Tadgjadi var teikt, ka tauku saturs
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analiz€jamos paraugos (0.7-3.6%/SM) bija optimals uztura baribai. ADF parasti nav
sagremojama, tacu ta stimulé nozimigu bakteriju veidoSanos. Visaugstakais ADF saturs
biomasa bija zariem (26.2%—-27.1%/SM), lapas tas saturs bija nedaudz zemaks (18.1-
19.1%/SM). Kopgjais proteina saturs zaros bija ~23%/SM un lapas robezas no 18.4% lidz
19.4%/SM.

Petamo paraugu sagremojamiba noteikta, izmantojot in vitro analizi, nosakot
fermentacijas rezultata izdalito gazi (V. publikacija). Jo augstaka ir biomasas sagremojamiba,
jo augstaka ir baribas uzturvértiba un biologiska vertiba. Sis tests veikts Maria Bruveles §kirnes
biomasam MB/Z/2021/A un MB/L/2021 un atlikusai frakcijai p&c proantocianidinu atdaliSanas
(eluats). Saskana ar in vitro testa datiem ekstrakts uzradija vislielako sagremojamibu péc
proantocianidinu atdaliSanas. Savstarp€ji salidzinot biomasas, labaka sagremojamiba bija
lapam. Lai noveértétu mehano-kimiskas aktivitates iedarbibu uz gremoSanas efektu, zaru
atlikums papildus tiek mehano-kimiski apstradats, ka aprakstits 2.13. sadala. legiitie rezultati
parada to, ka mehano-kimiski apstradatas biomasas sagremojamiba bija 2.2 reizes labaka,
salidzinot ar paraugu bez papildus mehano-kimiskas apstrades (3.14. att.).
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MB/Z/2021/R  MB/Z/2021/R MB/L/2021 MB/L/2021: Eluats™*
pec MA* MB/Z/2021
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3.14. att. In vitro analizes dati par biomasas sagremojamibu pirms un péc apstrades
* pec MA — péc mehano-kimiskas apstrades; ** eluats - atlikusi frakcija péc proantocianidinu
atdaliSanas

Smiltsérksku biomasas parstrade lopbaribas granulas paradita 3.15. attela.
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3.15. att. Ilgtspéjigas smiltsérksku atlikumu parstrades shéma lopbaribas granulu
iegiSanai

Lopbaribas piedevu granuléSana ir viena no efektivakajam metodém produkta kvalitates
saglabaSanai gan uzglabaSanas laika, gan to transportéSanas laika. Sasmalcinatas lapas,
salidzinot ar koksni, ir vieglak granul&jamas, par to liecina zems energijas paterin$ un augsts
raZigums. legiito granulu nodilumizturiba bija robezas no 96.9 Iidz 97.7 %, mitrums 5-6%,
vid&jais garums 12 mm, tilpumblivums 714-716 g cm™ (3.16. att., V. publikacija).

3.16.att. Lopbaribas piedevas granulu veida: A — lapu un zaru atlikuma maisijums (1:1
w/w); B — lapas; C — zaru atlikums

3.8. SmiltserkSku biomasas noveértéjums augsnes piedevas ieguvei

Smiltsérksku zaru atlikums péc ekstrakcijas pétits ka lignocelulozes substrats augsnes
piedevas ieguvei, to bagatinot ar Si (VIL publikacija). Augsnes piedevas raditaji bija sekojosi:
lignina saturs 38.5+0.5 %/SM; huminskabes saturs — 4.3+0.1%/SM; kopgjais slapekla saturs —
1.35+0.02 %/SM; kopgjais fosfora saturs 0.06+0.01%/SM; pH — 8.7+0.1%/SM. Sadarbiba ar
LBTU Zemkopibas institiitu augsnes piedeva tika testéta lauka izmé&ginajumos, audzgjot
vasaras kvieSus (Skirne: ‘Vinjet’) un kartupelus (Skirne: ‘Imanta’). Iestradajot augsnes piedevu
augsné, konstatéts butisks kartupelu razas picaugums. 2021. gada lauka izm&ginajumos lietojot
augsnes piedevu deva 20 un 40 kg ha'!, kartupelu razas pieaugums bija 11.2% un 13.8%,
salidzinot ar kontroles variantu. 2022. gada karstais laiks atstaja butisku ietekmi un kartupelu
razas pieaugums iepriek$ minétajas devas bija 8.4% un 21.4%, salidzinot ar kontroles variantu.
Audzgjot vasaras kvieSus, lidzvertigi kartupelu izméginajumiem, karstais un sausais laiks

52



kav€ja vasaras kvieSu attistibu, par ko liecina zemais augu augstums (vid€ji 70-73 cm), ka ari
atri nokalta lapas. Lietojot augsnes piedevu deva 20 un 40 kg ha™!, 2021. gada graudu raza
pieauga par 9.5 un 11.7 %, savukart, 2022. gada graudu raZza kopuma bija zemaka, bet
salidzino$a analize uzradija butiskaku kvieSu razas pieaugumu par 16.5 un 26.5 %, lietojot
augsnes piedevu daudzuma 20 un 40 kg ha’'. Sausais un karstais laiks biitiski ietekm&ja ari
graudu kvalitati. Izmgginajuma iegiitajiem graudiem ir zema tilpummasa (< 700 g L") un 1000
g masa (27.2-28.2 g).

3.9. Smiltsérksku biorafinéSanas shéma

Pamatojoties uz promocijas darba giitiem rezultatiem tiek piedavata smiltsérkSku
biorafinéSanas shéma, kas lauj racionali izmantot visas augu dalas produktos ar pievienoto
vertibu (3.17. att.).

S8 e a8
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SmiltsérkSka biomasas biorafinéSanas shéma
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3.17. att. Smiltserkska biorafineéSanas shema.
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SECINAJUMI

. Latvija kultivéto smiltsérkSku zari ir vertiga izejviela proantocianidinu un serotonina
ieguvei. Rudens ir piemeérotakais sezonalais periods mérksavienojumu ieguvei, nemot veéra
augstu mérksavienojumu saturu zaros (proantocianidini ~12%/SM, serotonins ~4%/SM).
Atrasts piemérotakais ekstrakcijas un attiriSanas panemiens, kas nodroSina augstako
hidrofilo ekstraktu un mérksavienojumu iznakumu no smiltsérksku biomasas. Sajos
apstaklos no smiltsérksku zariem var iegit oligom@rus proantocianidinus (ar ~92%
proantocianidinu uz SM ekstraktu) ar polimerizacijas pakapi 2—5 Da un serotonina saturoso
frakciju ar 28.2%/SM serotonina.

. Hidrofiliem ekstraktiem un izdalitiem proantocianidiniem piemit augsta antimikrobiala
aktivitate attieciba pret Pseudomonas aeruginosa, Staphylococcus aureus, Escherichia coli,
Bacillus cereus un Candida albicans, radot iesp€ju iegut pretmikrobu preparatus, aizvietojot
vai papildinot antibiotikas cinai pret rezistentiem mikrobiem. Serotonins un proantocianidini
ir spécigi antibakterialie lidzekli pret adas un miksto audu infekciju izraisitajiem -
Cutibacterium acnes un Streptococcus pyogenes, kas piesarno adas kopSanas produktus un
attistas sebuma. Proantocianidini spgj aizturét patogéno bioplévju veidoSanos par 80%, kas
bitiski var samazinat hroniskus iekaisuma procesus.

. Proantocianidiniem un to saturoSiem ekstraktiem piemit augsta pretickaisuma aktivitate, it
ipasi samazina ar virusu infekcijam saistitu iekaisumu. Proantocianidini koncentracija
0.5 mg mL! samazinaja IL-8 sekréciju, un koncentracijas 0.25-0.5 mg mL"! samazinaja IL-
6 sekréciju. Poliinozinskabes:policitidilskabes (poli I:C), kas atdarina virusa divpavedienu
RNS, stimulétajas periféro asinu mononukleara cilvéku s$iinas gan proantocianidini gan 50%
EtOH ekstrakts butiski samazinaja IL-8 un IL-6 sekréciju.

. Pieradita ekstraktu un proantocianidinu augsta antioksidativa aktivitate un to sp&ja aizsargat
lipidu saturosas sistémas no oksidacijas, kas paver iesp&u tos izmantot ka dabigus
antioksidantus mediciniskajos un kosmétiskajos krémos. Izdalitiem proantocianidiniem
antioksidativa aktivitate bija vid€ji 3 reizés augstaka salidzinot ar E vitamina analoga
antioksidativo aktivitati. 50% EtOH ekstrakts visefektivak aizkave lipidu saturoSo produktu
oksidésanos. Substrata ar zemaku lipidu saturu ekstraktu darbiba bija efektivaka.

. HidrofTlie ekstrakti no zaru biomasas darbibas koncentracijas diapazona no 0.03 lidz
4.0 mg mL' un mérksavienojumi diapazond no 0.03 Iidz 0.5 mg mL"' neuzradija
citotoksicitati un neizraisija cilvéku asins hemolizi, kas norada uz to augsto biologisko
saderibu un drosibu lietoSanai medicinisko un kosmétisko krému sastavos, ka ar1 veselibas
aprupe.

. Proantocianidini ir spécigi lipazes un alfa-amilazes darbibas inhibitori, kas paver iesp&jas
tos izmantot pretaptaukosanas terapija, savukart, serotonins ir cilvéku gremosanas fermentu
aktivators, kas paver iesp&ju to izmantot malabsorbcijas problému risinasana.

. P&c meérksavienojumu izdaliSanas lignocelulozes biomasas atlikumu kimiskais raksturojums
un in vitro analizes mazo atgremotaju gremoSanas sistéma paradija iesp&ju tos izmantot
lopbaribas piedevas ieguvei. Bagatinot lignocelulozes biomasas atlikumu ar siliciju saturoso
komponentu, tiek ieglita augsnes piedeva, kas veicina augu augSanu un attistibu, palielinot
razas Ipatsvaru par 27%.

. Izstradata bezatkritumu smiltsérkSka biomasas biorafinéSanas shéma, kas laus smiltsérksSku
audz€tajiem izmantot gan ogas, gan zarus - lignocelulozes biomasu, paplasinot sortimentu,
izveloties pielietoSanas virzienus.
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REKOMENDACIJAS

Izstradata elastiga smiltsérkSka biomasas izmantoSanas shéma laus smiltsérkSku
audzetajiem paplasinat sortimentu, izv€loties razosanai sev piemérotakos produktus (3.18 att.).

Sula, ogas, ella, biezenis,
pulveris, ievarfjums

Hidrofilie ekstrakti

Antibakterialie lidzekli;

Antifungicidie lidzekli;

Antioksidanti;

Konservanti lipidu saturosiem produktiem;
Pretiekaisuma lidzekli.

Proantocianidini

Spécigi antibakterialie lidzekli;

Spécigi antioksidanti;

Konservanti lipidu saturo$iem produktiem;
Spécigi pretiekaisuma l1dzekli;
Gremosanas fermentu darbibas inhibitori.

Smiltserkskis

Serotonin saturosa frakcija |—o

Antimikrobialie lidzekli;
Gremosanas fermentu darbibas
aktivatori (katalizatori).

Atlikums péc ekstrakcijas |

Substrats augsnes piedevas
ieguvei

Skaistumkopsanas lidzekliem (piem. skrabis)
- biologiski aktivo vielu saturo$s komponents

Substrats lopbaribas
piedevas ieguvei

ar antioksidativam ipastbam

3.18. att. IzmantoSanas virzienu shéma smiltserkSku audzetajiem
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Abstract: Fruit trees' lignocellulosic biomass remaining as waste either after harvesting of the
berries or after yearly pruning is an underutilized little-explored bioresource. Berries of sea
buckthorn (Hippophae rhamnoides L.), aronia (Aronia melanocarpa) and blackcurrant (Ribes
nigrum) are known for their very rich content of biologically active compounds with
antioxidative and antimicrobial properties, and it was reasonable to study their woody waste
biomass and it’s derivatives for the same characteristics. One of the prospective applications of
practical importance could be as ingredients in medicinal and anti-aging cosmetic topical
formulations. Thus the study investigated influence of the sea buckthorn (SBT), aronia (AR)
and blackcurrant (BC) pruning waste biomass and its derived proanthocyanidins’ (PACs) on the
oxidative stability of the lipid-based systems by the accelerated oxidation method at elevated
pressure, as well as their antimicrobial activity against pathogenic bacteria that contaminate
skincare products and develop in sebum: Streptococcus pyogenes MSCL 620, Cutibacterium
acnes MSCL 1521, Pseudomonas aeruginosa MSCL 3314, Staphylococcus aureus MSCL
3340, Escherichia coli MSCL 332, and Bacillus cereus MSCL 330. The study established that
the biomass, lipophilic extracts obtained using liquefied freon, and hydrophilic extracts
obtained by aqueous ethanol solution (v/v 50:50) increased the oxidative stability of lipid
formulations as well as had anti-oxidative properties important for healing and anti-aging effect
of the creams. Hydrophilic extracts and PACs from SBT and AR had high antimicrobial activity
against the above-mentioned bacteria. The study confirmed that these fruit-trees waste biomass
derivatives are prospective multipurpose ingredients for application in cream formulations. The
scheme of usage of the fruit trees’ waste pruning and harvesting lignocellulosic biomass will
help with the sustainable development of fruit production and increase the efficiency of the use
of resources. At the same time, it will create additional work possibilities in non-season periods
in rural areas which will optimize the use of the human capital.

Keywords: lignocellulosic agro-waste, sea buckthorn, aronia, blackcurrant; oxidative stability,
anti-aging cosmetic cream, topical medicinal formulations



1. Introduction

Sea buckthorn (Hippophae rhamnoides, L., SBT) and aronia (4ronia melanocarpa, AR), the
deciduous shrub trees, can grow in extreme climates and difficult soils, both wet and sandy,
adapting to each environment. AR tolerates both wet and dry soils, survives in sandy dunes,
dry rocky slopes, dry bluffs and balds. In 2020 SBT had been reported to grow in 52
countries, with a total area of 2.33 million hm? (Z. Wang et al., 2022). Canada, Thailand, and
Poland are the top SBT berries exporters in 2022 (export values $443.57M, $378.17M and
$267.77) (“Tridge,” 2024). AR is originally a small shrub native to eastern North America
(Kask, n.d.), it’s orchards’ trees grow 1.8 to 2.4 m tall, and now this tree with extremely
healthy berry is gaining increased attention in Europe and USA due to extremely high content
of polyphenols in its berries (Kapasakalidis et al., 2006). The industrial harvesting of SBT
berries by cutting the whole branch results in a large amount of agro-waste (20% of berries
mass). Both SBT and AR bush-tree demands yearly pruning for easier harvesting and better
quality of the berries. Another non-studied fruit crop waste lignocellulosic biomass is
blackcurrant (BC), which demands yearly pruning starting at once after planting since the
biggest amount of the berries grow on young branches (UK Royal Horticultural Society, n.d.).
BC woody biomass could amount 6000 kg ha™! annually (De Toro, 1994).

Finding an application for this pruning biomass is a necessary condition for the creation
of waste-free SBT, AR and BC technological processing. SBT is planted also for land
reclamation and soil erosion control since its extensive root system is capable of fixing nitrogen
and improving marginal soils (Enescu, 2014). Pruning and harvesting agro-waste of the above-
mentioned fruit trees creates a stable source of raw material available for the bioeconomy.
SBT, AR and BC berries are extremely rich in bioactive compounds, nearly 200 are reported
for SBT (Chen et al., 2020; K. Wang et al., 2022). The amount of anthocyanins and flavonoids
in the berry of AR is five times higher than cranberry and blueberry, and also contains strong
anticancer compounds (Brand, 2010). SBT oil is used in pharmacology, food, cosmetics, and
even for skin protection from cosmic radiation (Jasniewska and Diowksz, 2021; Yang and
Kallio, 2002). SBT contains both lipophilic antioxidants (mainly carotenoids and tocopherols)
and hydrophilic antioxidants (flavonoids, tannins, phenolic acids, and ascorbic acid) in
remarkably high quantities. (Ciesarova et al., 2020) Antioxidant compounds, including
catechin, quercetin, p-coumaric acid, caffeic acid, L-ascorbic acid, gallic acid etc. AR rarely
seems to be affected by insects and thus could be not only a low-maintenance crop but also a
source of powerful antimicrobials (Brand, 2010). BC berries have proven anti-microbial
activity (Trajkovi¢ et al., 2023). Antioxidant properties of these plants’ berries are reported,
including protection against UV-radiation, revitalization of wounds and skin burns (Ge¢gotek et

al., 2018; Gorbatsova et al., 2007; Guo et al., 2017; Tkacz et al., 2019, (Faggiano et al., 2022).



SBT seed oil prevented a UV-induced decrease in the antioxidant capacity of skin cells (Guo et
al., 2017). Pulp and oil are used in cosmetic preparations and for treating various skin disorders
(Alam Zeb, 2004; Bal et al., 2011).

Recently, antioxidant activity of SBT leaf, bark, stem, root and seed and their extracts,
was confirmed, with found correlation between activity and phenolic compounds (Handique,
Pratap and Saikia, Mousmi, n.d.; Michel et al., 2012). In the previous studies, it was found that
SBT and AR biomass also contain a wide range of bioactive compounds, including the ones
with antioxidant properties (Janceva et al., 2022; Andersone et al, 2023; Upadhyay et al., 2011).
It has very limited amount of research even for these fruit trees berries, and almost no studies
for their lignocellulosic waste biomass. Their application in skin care formulations seems
promising since skin care and medical formulations need replacement of the oil-based
ingredients with reported side effects. The skin serves as the primary interface between body
and environment and as a barrier against the entry of microbes (Yue et al., 2017). Global
skincare products’ market size was valued at USD 130.50 billion, for topical formulations — at
USD 97.42 billion in 2021, with expected growth of 4.6% and 10.1% until 2030,
correspondingly (“Grandviewresearch,” n.d.; “Grandviewresearch,” n.d.). Lipids, one of the
main ingredients in creams, are susceptible to oxidation that declines efficiency and shelf life
(Musakhanian et al., 2022; Wang et al., 2023). Volatile lipid oxidation products can affect
product odor (Thomsen, B. R., 2018). Antioxidants in creams formulations serve two purposes:
protecting the cream from oxidative damage, and protecting the skin. The most common
synthetic antioxidants today are butylated hydroxyanisole and hydroxytoluene, and the “green”
ones — tocopherols and ascorbic acid (Hoang et al., 2021). European Green Deal concept of
avoiding loss of resources promotes finding natural functional ingredients without harm during
production and in the application (“European Commission,” n.d.).

Another emerging problem in the skin care and topical formulations industry is microbial
contamination (Behravan et al., 2005). It can result both in breaking down active ingredients,
and a serious health threat to consumers (Zeitoun et al., 2015), especially with atopic dermatitis,
susceptible to recurrent microbial infections (Khanum and Thevanayagam, 2017). Studies have
shown that the most frequently found microorganisms in cosmetics are Pseudomonas
aeruginosa (P. aeruginosa), Staphylococcus aureus (S. aureus), Escherichia coli (E. coli), and
Bacillus species (Kim et al., 2020; Lundov et al., 2009; Neza and Centini, 2016). Streptococcus
pyvogenes (S. pyogenes) is one of the main bacterial causes of skin and soft tissue infections
worldwide (Stevens Dennis L. and Bryant Amy E., 2016). Oxidation of sebum and
Cutibacterium acnes (C. acnes) bacteria are the main causes of inflammatory acne (Hwang et
al., 2022). The antibacterial activity of SBT, AR and BC agro-waste biomass derivatives against

these bacteria was under study.



Microbial infections, as well as oxidative stress in most cases, is accompanied by
inflammation. Interleukin-8 (IL-8) is one of the major mediators of the inflammatory response
(Bishara, 2012). In the authors’ previous research (Andersone et al., 2023), it was shown that
SBT agro-waste-derived proanthocyanidins (PACs) reduce the IL-8 protein secretion.
Accumulation of IL-8 in the skin in response to inflammatory stimuli causes damage to
epidermal stem cells, decreases the expression of bleomycin hydrolase, a moisturizing factor-
producing enzyme, and, thus, deteriorates skin barrier function and accelerates cell aging
(“Cosmetics and toiletries,” n.d.; Kemény et al., 1994), so adding PACs in cream could have
anti-inflammatory and anti-aging effects. It was also found that SBT biomass contains serotonin
(Janceva et al., 2022) which is reported to have vasoconstriction/vasodilator properties (Van
Nueten et al., 1985; Vanhoutte, 1987) and, thus, could be beneficial for the treatment of, for
example, rosacea. Similarly, AR berries polyphenols have improved arterial function in
prehypertensive patients (Le Sayec et al., 2022).

Thus, the main aim of this study was to characterize and validate SBT, AR and BC
agro-waste biomass and its’ derived compounds for multipurpose application in cosmetic and
topical formulations, allowing cascading use of SBT while obtaining various added-value

products replacing various synthetic oil-derived ingredients (Figure 1).
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Figure 1. Validation of SBT, AR and BC biomass as a source of multifunctional ingredients in

topical formulations.
For this purpose, the following research tasks were fulfilled:

e chemically characterization of the composition of SBT, AR and BC biomass, its
lipophilic and hydrophilic extracts, and purified proanthocyanidins was done;
e an innovative extraction method by freon was tested and compared with extraction

by hexane;



e the biomass and obtained extracts/compounds were validated for the prevention of
lipid oxidation in creams with different lipid content (35% and 19%);

e above-mentioned samples were tested as antibacterial agents against the bacteria
contaminating creams (S. aureus, E. coli, P. aeruginosa, B. cereus) and causing acne

and infections in the skin (S. pyogenes, C. acnes).

To the best of the authors’ knowledge, no research has been carried out on the SBT, AR and BC
agro-waste biomass activity against lipid oxidation in creams and acne-causing bacteria.

Above mentioned complex properties of SBT, AR, and BC agro-waste and its derived
components will allow replacing several cosmetic ingredients with natural ones with multi-
functional properties. A cascading waste-free technological approach will provide additional
income sources in rural areas, which is especially important in the agricultural sector off-season.
Overall, it will make today’s fruit-trees-connected business based mostly on berries more

economically feasible.

2. Materials and Methods
2.1. Reagents

The solvents (high purity), DPPH" (2,2-diphenyl-1-picrylhydrazyl), ABTS™ (2,2’-azinobis(3-
ethylbenzothiazoline-6-sulfonic acid)), the reference antioxidants Trolox (6-hydroxy-2,5,7,8-
tetramethylchroman-2-carboxylic acid), and analytical standards gallic (purity > 97.5%) and
ascorbic acid (purity 99%), procyanidin B2 (purity >90%), and serotonin (purity >98%) were
purchased from Sigma-Aldrich (St. Louis, USA). HPLC-grade methanol was purchased from
Honeywell (CHROMASOLYV, Seelze, Germany), and reagent-grade formic acid, puriss
Ph.Eur>98%, was purchased from Sigma-Aldrich (Darmstadt, Germany). Ultrapure water Type
1 was prepared using the Stackpure purification system (OmniaTap 6, Niederahr, Germany) for
the mobile phase and sample preparation. All solutions were degassed by sonication for
30 minutes. Reference standards for bioactive compounds for quantitative analysis were used.
(+)-Catechin analytical standard > 99.0% (Supelco, Buchs,Switzerland), kaempferol > 97.0 %
(HPLC) (Sigma-Aldrich, Buchs, Switzerland), quercetin > 95% (HPLC) (Sigma-Aldrich, St.
Louis, Missouri, US), caffeic acid > 98.0 % (HPLC) (Sigma-Aldrich, St. Louis, Missouri, US),
(-)-epicatechin > 98.0 % (HPLC) (Sigma-Aldrich, Wuxi, China CN), (-)-epigallocatechin > 95
% (HPLC) (Sigma-Aldrich, St. Louis, Missouri, US), myricetin > 96.0% (HPLC) (Sigma-
Aldrich, Buchs, Switzerland), p-coumaric acid > 98.0% (HPLC) (Sigma-Aldrich, Buchs,
Switzerland) and rutin > 95.0% (HPLC) (PhytoLab, Vestenbergsgreuth, Germany).

Reference microbial strains: S. aureus MSCL 3340, P. aeruginosa MSCL 3314, E. coli MSCL
332, B. cereus MSCL 330, S. pyogenes MSCL 620, C. acnes MSCL 1521 were received from



the Microbial Strain Collection of Latvia (MSCL, Riga, Latvia). Cosmetic and medicinal cream
bases (with 19% and 35% lipid content, correspondingly) without added antioxidants were
received from private companies producing cosmetic creams and medicinal topical

formulations.
2.2. Collection of SBT, AR, BC Plant Material

The twigs (TW) and leaves (LV) plant material of SBT were collected from the SBT
plantation area near Engure, in Seme parish, Tukums county of Latvia (DD: 57.1444093,
23.108156), in the summer of 2023. Twigs after separating the berries and leaves, as well as
leaves, were dried at room temperature. The TW plant material of AR and BC was collected
from the fruit-tree/shrub plantation area of Baldone parish, Kekava county of Latvia (DD:
56.820065, 24.27653), in early spring of 2023.

Dried twigs (were ground with a knife mill Retsch SM100 (Retsch, Haan, Germany) to
the particle size of 2—4 mm, and mixed well to obtain a homogeneous biomass mixture. The
leaves of SBT were ground with a knife mill Retsch SM100 (Retsch, Haan, Germany) to the

biomass particle size of 1-2 mm.

2.3. Chemical Characterization of Biomass
2.3.1. Py-GC/MS/FID Analysis

Analytical pyrolysis was performed on Frontier Lab Micro Double-shot Pyrolyser Py-
2020iD (pyrolysis temperature 500 °C, heating rate 600 °C s™') directly coupled with gas
chromatography-mass spectrometry Shimadzu GC/MS/FID-QP ULTRA 2010 (Shimadzu,
Kyoto, Japan), equipped with a capillary column RTX-1701 (Restec, Metairie, Louisiana, USA)
and a 60 m x 0.25 mm x 0.25 um film (injector temperature of 250 °C, ion source with EI of
70 eV, MS scan range m/z of 15-350, carrier gas helium at the flow rate of 1 mL min! and a
split ratio of 1:30). The mass of the sample probe (residual moisture content < 1%) was 1.0—
2.0 mg. The oven program: 1 min isothermal at 60 °C, followed by 6 °C min! to 270 °C, and
the final hold at 270 °C for 35 min. The mass spectrometer was operated in electron impact
mode using 70 eV electron energy. The identification of the individual compounds was
performed based on GC/MS using Library MS NIST 11 and NIST 11s, whereas the relative
area of the peak of individual compounds was calculated using Shimadzu software based on
GC/FID data. The area that originated from CO,, which overlaps the peaks from carbohydrates,
lignin, and minor products, was not used in the calculations (Alves et al., 2006). The summed
molar areas of the relevant peaks were normalized to 100%, and the data for four repetitive

pyrolysis experiments were averaged. The variation coefficient of measurement was < 5%.

2.4. Preparation of Biomass Extracts and PACs



Lipophilic extracts of TW and LV biomass were isolated in two ways: 1) at 50 °C, 30
min using hexane; 2) at 17—20 °C, using 1,1,1,2-Tetrafluoroethane (freon R134a), multiple
cycles, 24 h. Hydrophilic extracts were obtained at 60 °C, 30 min using distilled water and
ethanol-water solutions (v/v 50:50). Obtained extracts were dried by lyophilization using Heto
Power Dry PL3000 (Thermo Fischer Scientific, Waltham, Massachusetts, USA). The yield is
presented as a percentage based on DB, Confidence interval (CI): CI <0.7% at a. = 0.05.

The purification of PACs from non-tannin compounds and sugar was carried out using a
crosslinked dextran-based solvent-resistant resin Sephadex LH-20 column with 96% EtOH and
70% (v/v) acetone as the respective purification solvents. In the purification process, low-
molecular-weight phenolics were eluted with 96% EtOH, and the PACs were eluted with 70%
(v/v) acetone. Purified PACs were evaporated using a rotary evaporator (Heidolph Instruments,
Schwabach, Germany) before being freeze-dried using lyophilization equipment Heto Power

Dry HS3000 (Thermo Fisher Scientific, Waltham, MA, USA) and stored at -8 °C.

2.5. Chemical Characterisation of Lipophilic Extracts by GC/MS/FID Analysis

Lipophilic extracts were analyzed by GC-MS chromatography analysis using Shimadzu
GC/MS/FID-QP ULTRA 2010 apparatus (Shimadzu, Kyoto, Japan), capillary column RTX-
1701 (Restec, Metairie, Louisiana, USA) as described in Andersone, 2023.

2.6. Chemical Characterization of Hydrophilic Extracts
2.6.1. Determination of Total Polyphenols Content in the Extracts

The total content of polyphenols (TP) in the hydrophilic dry extracts (DE) was quantified
by the Folin-Ciocalteu method using gallic acid as a reference compound. Amounts of 5 mL of
10% Folin—Ciocalteu reagent and 4 mL of 7.5% sodium carbonate solution were added to 1 mL
of the extract. After 30 min, the absorbance of the mixture was measured against a blank water
solution at 765 nm using a UV/VIS spectrometer Lambda 650 (Perkin Elmer, Shelton, CT,
USA). Gallic acid was used to calibrate the standard curve. Each extract was analyzed in
triplicate, and the results were expressed in g of gallic acid per 100 g of DE (g GAE-100 g
DE). Confidence interval (CI) was < 0.4 g GAE-100 g' DE, at a=0.05.

2.6.2. Determination of PACs Content in the Extracts and Purified PACs Samples

The total content of PACs in the hydrophilic extracts and in purified PACs samples was
measured by the butanol-HCI assay using procyanidin dimer B2 as a reference compound
(Janceva et al., 2022). Amounts of 6 mL of acid butanol (5% (v/v) concentrated HCI in n-
butanol) and 0.2 mL of iron reagent (w/v) (FeNH4(SO4),-12 H>O in 2 M HCI) were added to 1
mL of the extract aliquots while stirring the tube and heated in a water bath at 80 °C for 50 min.



After 50 min, the absorbance of the mixture was measured against a blank solution at 550 nm
using UV/VIS spectrometer Lambda 650 (Perkin Elmer, Shelton, CT, USA). Each extract was
analyzed in triplicate, and assay results were expressed as a percentage per DE. CI < 0.4% at

a=0.05.
2.6.3. UHPLC-UV-TOF/MS Analysis for Serotonin Determination in Extracts

Identification of the compounds in the hydrophilic extract was performed by the
following procedure. Dry extracts were dissolved in aqueous acetonitrile (v/v 50:50) with an
approximate concentration of 2 mg'mL™" and filtered (Nylon filter, 0.45 pum pore size), after
which they were used for UHPLC-UV-TOF/MS experiments. LC analyses of the samples were
performed on the Acquity UHPLC system (Waters Corp., Milford, MA, USA) coupled with a
quadrupole-time of flight (Q-TOF) MS instrument (UHPLC/Synapt Q-TOF MS, Waters,
Milford, MA, USA) equipped by an electrospray ionization (ESI) source as described in
Janceva, 2024.

2.6.4. Qualitative analysis of extracts by liquid chromatography-mass spectrometry (LC-MS)

The UHPLC-MS/MS analyses were conducted using a Vanquish Flex UHPLC system
(Thermo Fisher Scientific, Germering, Germany) equipped with a Vanquish Binary Pump F
and a Vanquish Split Sampler FT. Chromatographic separation was achieved on a Zorbax
Eclipse Plus C18 column (2.1 x 150 mm, 5 pm; Agilent, US). Mobile phase A consisted of 0.1%
formic acid in ultrapure water, and mobile phase B contained 0.1% formic acid in methanol.
The flow rate of the mobile phase was set at 0.4 mL min’!, and the column temperature was
maintained at 40 °C. The gradient program was set as follows: 0 min, 5% B; 1.0 min, 5% B;
15.0 min, 30% B; 20.0 min, 50% B; 25.0 min, 70% B; 26.0 min, 95% B; 28.0 min, 95% B; 29.0
min, 5% B; and 30.0 min, 5% B. Equilibration time was 3 minutes. The injection volume was
1 uL. Mass spectrometric analysis was performed using an Orbitrap Exploris 120 mass
spectrometer (Thermo Fisher Scientific, Bremen, Germany) equipped with a heated
electrospray ionisation (HESI-II) probe (Thermo Fisher Scientific). The instrument operated in
both negative and positive ion modes within the m/z range of 100 to 1500. For the mass
spectrometer, the spray voltage was 2.5 kV (=) and 3.5 kV (+); the sheath gas flow rate was 50;
the auxiliary gas flow rate was 10; the ion transfer tube temperature was 325 °C; the vaporizer
temperature was 350 °C; the S-lens RF level was 70%; the scan mode was full MS (resolution
30,000) and ddMS2 (15,000), with absolute collision energy and HCD collision energy set to
15, 40, and 70. Data were processed using Xcalibur 4.6 (Thermo Fisher Scientific, Waltham,
MA, USA) instrument control and data handling software. Compound profiling was applied to
the UHPLC-HRMS raw files of the studied extracts using TraceFinder 5.1 software (Thermo
Fisher Scientific, Waltham, MA, USA). A database of 110 compounds for the identification of



individual components using LC-MS was created by using various literature sources, including

mzCloud, PubChem, FoodDB, and KNApSAcK.
2.7. Determination of the Radical Scavenging Activity
2.7.1. DPPH- (2,2-diphenyl-1-picrylhydrazyl radical) assay

Hydrophilic extracts and purified PACs were tested for their radical scavenging activity
against the 2,2-diphenyl-1-picrylhydrazyl (DPPH") using UV/VIS spectrometer Lambda 650
(Perkin Elmer, Shelton, CT, USA). The DPPH' assay was measured according to the procedures
described by Dizhbite et al. (Dizhbite, 2004). A range of different concentrations of the obtained
dried hydrophilic extracts (section 2.4) in DMSO was prepared. The absorbance at 515 nm was
measured 15 min after the mixing of 30 uL of extract (or antioxidant standard) with 3.0 mL
DPPH- (1:10* mol-L"") solution. DMSO was used as a control and Trolox as a reference
antioxidant standard.

The measurements were done in triplicate. The free radical scavenging activity is
expressed as the concentration of antioxidant, mg-L"!, required for a 50% inhibition of the free
radicals (ICso). DPPH  inhibition (decrease in absorbance at 515 nm) was calculated according
to equation (1):

I=(Aa-Ab)/Ab-100, (1)
where: [-DPPH' inhibition, %; Ab-absorbance of DPPH- solution without sample or a
reference antioxidant standard after 15 min; Aa—absorbance of DPPH' solution with sample or

a reference antioxidant standard after 15 min. CI1< 0.3 mg-L!.

2.7.2. ABTS" (2,2’-azinobis(3-ethylbenzothiazoline-6-sulfonic acid) assay

ABTS" was produced by the reaction of 2 mmol-L! ABTS stock solution with 70
mmol-L! potassium persulfate (K»S>Os) and allowing the mixture to stand in the dark at room
temperature for 12—16 h before use. The ABTS" solution (stable for 2 days) was diluted with
phosphate-buffered saline (pH 7.4) to an absorbance of 0.80 £0.02 at 734 nm. The absorbance
at 734 nm was investigated 10 min after the mixing of 30 pL of extract (or purified PACs and
antioxidant standard - Trolox) was diluted in DMSO of five different concentrations with 3.0
mL ABTS" solution, using a UV/VIS spectrometer Lambda 650 (Perkin Elmer, Shelton, CT,
USA). DMSO was used as a control and Trolox as the antioxidant standard. ABTS * inhibition

(decrease in absorbance at 745 nm) was calculated according to equation (2):

I=(Aa-Ab)/Ab-100, )



where: I- ABTS" inhibition, %; Ab-absorbance of ABTS" solution without sample or a
reference antioxidant standard after 10 min; Aa—absorbance of ABTS" solution with sample or

a reference antioxidant standard after 10 min. CI1< 0.3 mg-L'.
2.8. Determination of the Oxidative Stability of the Lipid-Based System (LBS)

The effect of samples (biomass after thermal pre-treatment, biomass extracts, and
PACs) on the oxidative stability of the LBS was performed with cosmetic cream and topical
drug bases (basic composition without antioxidant additives), using Oxipress apparatus
(Mikrolab Aarhus, Hejbjerg, Denmark). The lipid content in cosmetic and medicinal creams
was 19% and 35%, respectively. Creams were kindly provided by “Madara Cosmetics” and
“Magic You” (Latvia). The oxidative stability was determined under the optimum conditions
described by Trojakova et al. (Trojakova, L et al., 2001), with slight modifications. The cream
base was placed into reaction vessels in the amount corresponding to 5 g of the lipid phase (26.3
gand 14.3 g for 19% and 35% creams, correspondingly). The sample was mixed in the reaction
vessel with the lipid-based substrate, and then thoroughly mixed for 10 min. The reaction vessel
was connected to oxygen, the air was expelled and then filled with oxygen to the defined
pressure. The oxygen pressure was set as 0.5 MPa, and the temperature was set as 120 °C. The
LBS without antioxidants was used as a control. The changes of O, pressure depending on time

were recorded. The protection factor (PF) of the samples was calculated according to equation

3):
PF=IPx/IPc, (3)

where IPx and IPc are the induction period (time, h) of substrate oxidation in the presence of
the sample and one of the blank, respectively (Figure 2). CI is shown in the results section under

the Tables.
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Figure 2. Influence of the sample on the oxidation time of cream (A — cosmetic cream base

without antioxidant; B — with the addition of the antioxidant sample into cosmetic cream.

2.9. Determination of the Antimicrobial Activity



Several reference microbial strains, received from the Microbial Strain Collection of
Latvia (MSCL), University of Latvia, were used: P. aeruginosa MSCL 3314, S. aureus MSCL
3340, E. coli MSCL 332, B. cereus MSCL 330, S. pyogenes MSCL 620, C. acnes MSCL 1521.
Evaluation of the antimicrobial activity of the extracts, purified PACs, and serotonin of the SBT,
carried out according to the method for determining the sensitivity of microorganisms to
antimicrobial drugs. Antimicrobial activity was studied in 96-well plates by the twofold serial
broth microdilution method, which provides for the determination of the minimum inhibitory
(MIC) and minimum bactericidal concentrations (MBC). Stock suspensions of extracts and
PACs were prepared in dimethyl sulfoxide at a concentration of 10 mg-mL"!. The inoculum of
bacteria was prepared in sterile water with a density of 0.08—0.10 at A625 and diluted 100-fold
in appropriate broth. Then, 96-well plates were incubated at 37 °C for 24 h for P. aeruginosa,
S. aureus, E. coli, and B. cereus or 48 h for S. pyogenes and C. acnes. Mueller-Hinton broth
and agar were used for aerobic cultivation of P. aeruginosa, S. aureus, E. coli, B. cereus, and S.
pyvogenes, and Wilkins-Chalgren Anaerobe broth and agar was used for anaerobic cultivation
(BD GasPak EZ) of C. acnes. The MIC was determined as the lowest concentration of studied
material which showed no visible growth. From wells, where growth was not detected 4 pL of

media was seeded on appropriate solidified media for MBC determination.
2.10. Statistical Analysis

All experiments were conducted in triplicate, except Py-GC/MS/FID and GC/MS/FID analyses
where four repetitive experiments were done. The results were expressed as means. Statistical
analyses were performed using Microsoft Excel 2016. Confidence intervals (CI) for a mean
using Student’s T distribution were calculated at a significance level of 5% (o= 0.05). Pearson’s
correlation coefficient was evaluated for the relationship between LBS oxidation stability and

PACs content in the cream. A significance level of p <0.05 was used.

3. Results and Discussion
3.1. Chemical Composition of Biomass
3.1.1. Analytical Pyrolysis Data

The Py-GC/MS/FID data represent volatiles formed from cellulose, hemicellulose,
lignin, proteins, and extractives. Aliphatic acids and esters, aliphatic alcohols, aliphatic
aldehydes, ketones, furan and pyran derivatives, cyclopentane derivatives, and sugars attributed
to carbohydrates-derived volatiles represented 73—78% of SBT, AR, and BC total twigs biomass
and 59% of SBT/LV biomass volatile products (TVP) (Figure 3).



100

p—
(D]
s 95
NN
(I; po e
= %0 W Sommmaaies
+~
< W
g €ea
o 7 7772 B
2 s G m
[P 3
= NN iy
2 S 3 ]
£ 45 o I o
o A A i
= 60 AR SRR RSPt
= S S e
= S ST AOASASats,
) S A R,
e 55 SR S SR
g S IR IIIR FRE R R R NI
Qq 5 0 AN, SN A AN AN N AN,
o
& AR/TW SBT/TW SBT/LV BC/TW

s Carbohydrates ® Phenyl and benzyl derivates

# Quaiacyl derivates & Syringyl derivates

s N-containing compounds m Aliphatic and cyclic monomers

< Non identified compounds

Figure 3. Py-GC/MS/FID data of SBT, AR, and BC twigs and SBT leaves biomass-derived

volatiles. The variation coefficient of measurement was <5%.

Besides the carbohydrates derived, twigs and leaves also contained N-containing
volatiles, showing the presence of proteins and other nitrogen-containing compounds.
According to Py-GC/MS/FID, nitrogen-containing compounds in SBT/LV were 10 times more
than in the twigs. The serotonin presence in SBT/TW and SBT/LV plant material compositions
was confirmed by UHPLC analysis in p. 3.3.3.

Using Py-GC-MS-FID analysis data, structural features of lignins of the composition
of twigs and leaves biomass associated with antioxidant and antimicrobial activity were
characterized. Literature data on the content of lignin in SBT, AR and BC twigs biomass, and
the relative proportions of syringyl (S) and guaiacyl (G) derivatives in it determined by
analytical pyrolysis were not found, so to the best of the authors’ knowledge, this is the first
analysis of SBT, AR and BC twigs biomass lignins. The thermal decomposition of the lignin
starts with the cleavage of the weak bonds (a-ether and B-ether bonds), releasing a mixture of
methoxylated phenol, G, and S-type derivatives. The total lignin-derived volatiles content in
SBT/LV and all twigs composition ranged from 10% to 21%/TVP that is within the usual range

for deciduous trees. In comparison to leaves, the SBT/TW twigs had 1.9 times higher content



of lignin-related G and S-type phenols. The content of lignin-related G and S-type phenols in
all twigs samples was 6.6 — 12.5 % TVP and 8.3 — 12.3% TVP, respectively.

It is known that the presence of ortho-methoxyl groups (G and S) has a positive effect
associated with antioxidant activity (Aadil et al., 2014; Anouar et al., 2013; Dizhbite, 2004; Pan
et al., 2006; Zhao et al., 2018). The amount of G+S products describes the amount of
phenylpropane units (FPV) containing —O-CHj; groups. The difference between S/G proportion
in leaves and twigs is statistically insignificant. FPV in SBT leaves’ TVP is 10%, which is
almost half as much as in twigs (17-21%). This indicates a higher antioxidant potential of the
twig’s plant materials. However, the readily available phenols (represented by phenyl and
benzyl derivatives detected by analytical pyrolysis) content in leaves (8%TVP) is higher than
in twigs (2% TVP for SBT/TW), which corresponds to the literature data (Brinkmann et al.,
2002) indicating the additional antioxidant effect of this biomass. It could be said that biomass
types are potent antioxidants. Since aging and inflammatory processes are commonly related
to oxidative stress, it could be proposed that fruit trees lignocellulosic biomass have the
potential as multifunctional anti-aging, anti-inflammatory as well as LBS system oxidation
preventing component for creams, but the activity will depend also on the solubility in LBS
(Barsberg et al., 2014). According to the analytical pyrolysis data, the relative proportion of the
twigs biomass-derived volatiles had an insignificant difference in the relative proportion of
chemical constituents considering CI (analytical pyrolysis data, section 3.1.1.). SBT/LV
differed more in the relative proportion of chemical components from twigs, so leaves of SBT

were further investigated as antioxidants of lipid systems (section 3.2.) as well.

3.2. Biomass Influence on the Oxidative Stability of the Lipid-Based System (LBS)

It can be seen that samples based on leaves work better for preventing lipid oxidation
in the LBS with higher content of lipids, but samples based on twigs — in the LBS system with
lower lipids content (Table 1). It could be connected with a bigger content of lipophilic
compounds in the leaves that have a better affinity to the system with higher lipids content.
Hydrophilic compounds of the twigs have better solubility in the system with lower lipids

content.

Table 1. Influence of leaves and twigs biomass on the oxidative stability of creams.

IP, h PF IP, h PF

Sample Lipid content in cream— Lipid content in cream—
19% 35%
Cream base without antioxidants 11.0 1.0 1.9 1.0
Cream base + 1% BC/TW on LBS 13.2 1.2 1.9 1.0
Cream base + 2% BC/TW on LBS 14.6 1.3 2.2 1.2
Cream base + 4% BC/TW on LBS 14.6 1.3 2.4 1.3
Cream base + 1% AR/TW on LBS 14.1 1.3 2.1 1.1

Cream base + 2% AR/TW on LBS 18.2 1.7 2.6 1.2



Cream base + 4% AR/TW on LBS 20.1 1.8 2.8 1.5

Cream base + 2% SBT/TW on LBS 13.7 1.3 1.9 1.0
Cream base + 2% SBT/TW on LBS 16.8 1.5 2.1 1.1
Cream base + 4% SBT/TW on LBS 19.8 1.8 2.4 1.3
Cream base + 1% SBT/LV on LBS 13.2 1.2 3.2 1.7
Cream base + 2% SBT/LV on LBS 15.1 1.4 32 1.7
Cream base + 4% SBT/LV on LBS 16.8 1.5 3.2 1.7

The CI for all the results did not exceed 0.2 at o. = 0.05.

With the addition of 4% antioxidant (SBT/TW, SBT/LV, BC/TW or AR/TW), the
protection factor of the cream further increased only 1.1-1.2 times in comparison with 2% of
antioxidant on LBS, which indicates a supersaturation of the lipophilic and hydrophilic solution
in the cream composition with the active components from biomass. It makes it impossible to
fully assess the influence of lipid and hydrophilic components in the composition of biomass
on the protection of the cream bases from oxidation. However, according to Oxypress data, the
SBT and AR twigs work well as antioxidants, and in the amount of 2%/LBS increased the
protection of the cream base with 19% lipid content from oxidation by 1.5-1.7 times compared
to control. SBT/L in the amount of 2%/LBS increased the protection factor of the cream base
by 1.4 (for the cream base with 19% lipid content) and 1.7 (for the cream base with 35% lipid
content), respectively.

To study possibilities to increase antioxidant activity, lipophilic and hydrophilic

extracts of biomass were further evaluated.

3.3. Lipophilic and Hydrophilic Extracts Influence on the Oxidative Stability of the LBS

3.3.1. Yield and Chemical Composition of the Lipophilic Extracts

The yields of lipophilic extracts obtained with hexane from the entire studied twigs
biomass were quite close and varied from 1.1 to 1.4% per DB. The yield of lipophilic extract
from twigs is very low and it’s clear that it’s economically unreasonable to offer it as an
antioxidant in cream formulations. However, lipophilic compounds as active nutrients could be
further evaluated for improving overall skin health since they contain valuable active
compounds (e.g., linolenic acid participates in the formation of vitamin F providing structure
and flexibility to the outer layer of the cells, helps with reducing of the negative effect of UV
radiation, important for ageing skin (Medic, 2023; Michalak et al., 2021). The yield of
lipophilic extract from SBT/LV was 3.4%/DB.

Ozone-friendly 1,1,1,2-Tetrafluoroethane (freon R134a) and hexane were tested for
comparison of the process effectivity, on the example of SBT/LV. The yield of lipophilic
extracts from SBT/LV was 2.7% and 3.4%, correspondingly (CI <0.7% and 0.4% at a = 0.05
for extraction by freon and hexane, correspondingly). The difference between the freon and

hexane yield of lipophilic compounds is statistically significant. Therefore, testing of SBT



lipophilic extracts from leaves on lipid oxidation was done assuming the multi-functionality of
these ingredients.

The composition of lipophilic extracts of SBT/LV obtained by freon and hexane was
evaluated by GC/MS/FID (Table 2). The composition of SBT/LV lipophilic extracts obtained
by freon and hexane was evaluated by GC/MS/FID (Table 2).

Table 2. GC/MS/FID data of identified compounds in lipophilic extract of SBT/LV composition
isolated by freon and hexane.

Identified compounds };:i(:ll extract, og er)i;ne extract,
2-Propenoic acid, 2-methyl-, 1,4-butanediyl ester 4.5 -
Linolenic acid 2.1 -
Stearic Acid 2.4 1.9
Phthalic acid, diisobutyl ester 0.6 1.0
Palmitic acid 5.1
Phthalic acid, diisooctyl ester 11.5 2.0
9,12-Octadecadienoic acid, methyl ester 1.5 1.5
Palmitoleic acid 1.4
Phthalic acid, dibutyl ester 1.1 8.9
9-Octadecenoic acid, ethyl ester 4.4 8.4
9,12-Octadecadienoic acid, methyl ester - 35
Stearolic acid - 1.7
Behenic acid - 1.5
(E)-13-Docosenoic acid - 7.8
Tridecanedioic acid, diethyl ester - 52
Docosanoic acid, ethyl ester - 3.9
Erucic acid (13-Docosenoic acid, (Z) 2.2 1.9
Total acid / ester relative content in ODE 30.3 55.7
Cyclobutane, 1-butyl-2-ethyl- 0.5 -
Undecanal 0.8 -
1-Dodecene 2.4 -
1-Pentadecene 3.8 -
Cyclopropane, 1-methyl-2-octyl- 0.7 -
1-Hexadecene 3.5 -
2-Tridecenal, (E)- 2.3 -
(2E,6E)-3,7,11-Trimethyl-2,6,10-dodecatrien-1-ol - 23.7
Pentadecanal- 1.5 0.9
Cyclopentadecanol 5.8 3.0
2-Pentadecanone, 6,10,14-trimethyl- 3.0 1.1
1-Octadecene 1.6 -
Phytol 6.5 -
5-Pentadecen-7-yne, (Z)- 34 -
4,8,12,16-Tetramethylheptadecan-4-olide 7.3 1.2
Total aliphatic and cyclic monomers in ODE 43.1 29.9

It can be seen that the relative content of easily oxidized components in the hexane
extract of leaves was greater (55.7% rel /ODE) than in the freon extract (30.3% rel/DE), but the

freon extract contained a greater amount of aliphatic and cyclic monomers (43.1% rel/DE).



These differences in extracts composition could influence lipophilic extracts activity in the LBS

(section 3.3.2).

3.3.2. Influence of Lipophilic Extracts on the Oxidative Stability of the LBS
Tests with the lipophilic extracts of the SBT/LV showed that only the ones obtained by

freon improved the oxidative stability of cream with lipids content of 35%, in the concentration

of 2% on LBS (Table 3).

Table 3. SBT/LV lipophilic extracts influence on the oxidative stability of creams.

Sample IP, h PF IP, h PF

Lipid content in Lipid content in
cream—19% cream-35%

Cream base without antioxidants 11.0 1.0 1.9 1.0
Cream + 1% SBT/LV/FR* on LBS 11.1 1.0 2.2 1.2
Cream + 2% SBT/LV/FR* on LBS 11.6 1.1 3.5 1.8
Cream + 2% SBT/LV/HX** on LBS 11.4 1.0 2.2 1.2

*SBT/LV/FR lipophilic extract obtained by freon from SBT/LV
**SBT/LV/HX lipophilic extract obtained by hexane from SBT/LV
The confidence interval for all the results did not exceed 0.2 at o = 0.05.

This could be explained by the relative content of easily oxidized components in the
hexane extract which were greater (55.7% rel /ODE) than in the freon extract (30.3% rel/DE);
the freon extract also contained a greater amount of aliphatic and cyclic monomers (43.1%
rel/DE) (Table 2). However, several following factors have to be considered. 1,1,1,2-
Tetrafluoroethane (freon R134a) has insignificant ozone depletion potential and negligible
acidification (acid rain) potential. At the same time, its global warming potential exceeds the
regulations established in 2021, and after January 2030 it has to be replaced by or mixed with
the newer freon R1234yf, which is much more expensive. But hexane is a toxic solvent that,
after a while, can be banned for application in EU. Therefore, since the effect of the lipophilic
extract on the oxidative stability of the LBS is comparatively low, it’s preferable to use biomass
without extraction, or its hydrophilic extracts. The lipophilic extract can be validated for other

potential benefits in cream composition.

3.3.3. Yield and Chemical Composition of the Hydrophilic Extracts

The yield of hydrophilic extracts from the twigs’ biomass, obtained using distilled
water as the most environmentally friendly solvent varied from 14.0 to 15.0% per DB,

correspondingly (CI <0.3%/DB). The yield of hydrophilic extract from SBT/LV was



19.2%/DB. With 50% EtOH, the yield of extracts increased significantly, suggesting that the
extractives are more soluble in the ethanol-water solution: AR/TW 17.8% > SBT/TW 15.5 >
BC/TW 15.5%/DB. The SBT/TW and AR/TW differ among the studied tree species not only
by the highest total yield of hydrophilic extracts but also by the high content of polyphenols in
them (46.2-48.6 ¢ GAE-100 g ' DE). The content of polyphenols in the SBT/LV was 2 times
lower (22.6 g GAE-100 g! DE). According to Porter's analysis data, oligomeric polyphenols
(proanthocyanidins, PACs) are dominant polyphenolic compounds in the composition of
hydrophilic extracts. It is known that PACs are active metabolites of cellular metabolism and
play an important role in various physiological processes of plant life. The function of PACs
includes protection against microbial attack, pathogens, mechanical damage, and infectious
diseases, increasing the resistance of trees to decay. The PACs content of hydrophilic extracts
obtained with 50% EtOH from the entire biomass under study were: AR/TW 74.0% > SBT/TW
36.2% > BC/TW 33.9% (Table 4).

Table 4. Chemical characterization of the hydrophilic extracts from twigs and leaves biomass

Sample Yield of extract TP contentin PACs content in Serotonin
from biomass, extract, g extract, %/DE content in
%/DW GAE-100 g"' DE extract, %/DE

Water extracts

SBT/TW 14.42+0.02 26.2 £0.2 16.4+0.1 7.5+0.1

SBT/LV 19.18+0.03 24.240.1 0 n.d.

BC/TW 15.03+0.04 16.4+0.1 12.94+0.2 n.d

AR/TW 13.99+0.04 38.6+0.2 23.6+0.1 n.d

50% ETOH extracts

SBT/TW 15.54+0.05 46.2+0.1 36.2+0.2 8.2+0.1

SBT/LV 22.41£0.02 22.6+0.1 0 n.d.

BC/TW 15.08+0.02 36.1+0.1 33.94+0.2 n.d

AR/TW 17.76+0.02 48.6%0.1 74.0+0.3 n.d

According to UHPLC-MS/MS data, oligomeric PACs of hydrophilic extracts was mainly
composed of procyanidin B-type dimer, trimer, tetramer and procyanidin glycoside.

Oligomeric PACs have better light and heat resistance, as well as higher stability (pH
2.0-6.0) than polymeric PACs (Qi et al., 2022). The presence of low molecular weight
polyphenolic compounds such as catechin/epicatechin, quinic acid, gallic acid, salicylic acid,
rutin, myricetin, quercetin, kaempferol was found in all extracts (Table 5). The serotonin
content in 50% EtOH extract was close to the water extract within the CI. Some research
showed that serotonin could promote the biological activity of other compounds when applied

together (Erland et al., 2019).

Table 5. Tentative identification of the chemical constituents of SBT/TW, AR/TW and
CB/TW extracts by UHPLC-MS/MS under negative ionization



tR

Tentative

Error

No. . m/z MS/MS
(min) compound (ppm)
1 0.96 Gluconic acid 195.0509 | -0.81 177,04; 129,02
2 1.02 Disaccharide 341.1086 | 093 | 20207 157996(15; 89,02;
3 1.02 Quinic acid 191.0561 | -0.10 111,01;87,01; 85,03
4 1.11 Malic acid 133.0142 | -0.45 115,00; 71,01
5 1.53 Citric acid 191.0195 | -1.36 111.01
6 2.61 Gallic acid 169.0142 | -0.53 125.02
Protocatechuic acid 631,15;315,07; 153,02;
7 4.87 3-glucoside 315.072 -0.44 152,01; 109,03, 108,02
8 4.99 Protocatechuic acid | 153.0193 0.12 153,02; 135,01; 109,03
. 312,11; 177,05; 161,05;
9 5.02 L_lljuggs?dz_ 358.1141 | -0.77 150,06; 119,04; 113,03;
£ 101,02; 89,02
10 5.26 Galloyl glucose | 331.0671 | -0.44 | >13-06:169,01168,01;
125,02
11 6.05 Vanillic acid 329.0878 | 0.06 659,18; 167,03
glucoside
12 6.63 Chlorogenic acid 353.0876 | -0.64 191,05; 179,03
13 6.86 Salicylic acid 137.0244 | 0.18 93.03
3-Methoxy-4- ) ) .
14 7.83 hydroxyphenylglycol | 359.0981 | -0.63 197,05, 182,02;153,06;
4 138,03
glucuronide
261,08;219,07; 219,07,
15 8.53 Epigallocatechin 305.0666 | -0.30 179,03; 167,04; 137,02;
125,02
245,08; 205,05; 201,07,
16 8.63 Catechin 289.0718 0.06 179,04; 125,02; 123,05;
109,03
17 10.02 | Neochlorogenic acid | 353.0876 | -0.64 191.05
Procyanidin B-type 407,07; 289,07; 245,08;
18 10.24 dimer >77.1348 1 -0.56 202,08; 161,02; 125,02
19 10.31 Caffeic acid 179.0349 | -0.38 201,07; 135,05
20 10.82 Caffeoylquinic acid | 353.0876 | -0.64 191.05
Procyanidin B-type 695,15; 577,14, 451,11,
21 12.15 frimer 865.1978 | -0.84 407.08; 289,07
245,08; 205,05; 201,07,
22 12.23 Epicatechin 289.0716 | -0.57 179,04; 125,02; 123,05;
109,03
Procvanidin B-tvpe 577,13; 525,08; 449,09;
23 12.41 y yp 1153.2623 | 0.35 407,08; 287,06; 243,03;
tetramer
161,02
24 13.70 p-coumaric acid 163.0401 0.09 119.05
25 | 1895 Rutin 609.1457 | -0.69 | 163:00:151,00:148,02;
135,00
26 19.87 Myricetin 317.03 -0.73 151,00; 137,02; 109,03
27 | 21.80 Quercetin 3010351 | -1.05 | 2730% 21(;11%73 151,00;
28 | 23.28 Kaempferol 285.04 | -0.19 | 199:05:151,00;143,05;

117,03




Based on the results of chemical characterization (Figure 3 and Tables 4-5), and the
influence of the biomass on the oxidative stability of the LBS, twigs and leaves rich in

polyphenols can be considered as a potential ingredient to protect the LBS from oxidation.

3.4. Evaluation of Extracts and Target Compounds on LBS Stability and Their
Antimicrobial Activity
3.4.1. PACs Influence on the Oxidative Stability of the LBS

The results of DPPH and ABTS' radical scavenging activity showed that PACs isolated
from the SBT/TW 50% EtOH extract (92.1 g-100 g' DE by Butanol-HCI assay method)
showed higher antioxidant activity (ICso= 2.4 mg-L"! by DPPH' test and ICso = 1.1 mg-L"! by
ABTS" test) than that of Trolox (ICsi=4.6 mg-L"! by DPPH' test and ICso = 4.0 mg-L™! by
ABTS" test) and hydrophilic extracts (ICsp=3.8-10.2 mg-L! by DPPH' test and ICso = 2.6-5.6
mg-L! by ABTS™ test), with C1<0.3 mg-L"! at a = 0.05. The hydrophilic extracts from AR/TW
had the highest antioxidative activity among all extracts (ICs,=3.8 mg-L! by DPPH test and
ICso=2.6 mg-L! by ABTS" test).

Comparing the values of the PF in LBS for extracts at the same concentration
(2%/LCS), the efficiency of 50% ethanol-water extract from SBT/TW was significantly higher
(PF=3.9 for a cream with lipid content of 19%) than for SBT/TW biomass (PF=1.5, Table 1).

Although the antioxidant activity of purified PACs against DPPH and ABTS+ radicals
i1s much better than for the extracts, it could be seen that influence of PACs on the oxidative
stability of the creams is similar (within the CI). As it was mentioned the effect of extracts
could be associated not only with the presence of polyphenols, which are considered to be the
most active compounds responsible for antioxidant properties but also with their solubility in
the tested system. The combined action of low and high molecular polyphenols gave a better
effect in protecting the cosmetic cream’s lipids from oxidation than purified PACs which
dissolve in the lipid system only partially. Nevertheless, the Pearson’s correlation coefficient
between LBS oxidation stability and PACs amount in the cream composition (introduced as a
PACs-containing extract) was quite high (r = 0.85).

Among hydrophilic extracts, AR had the highest effect on LBS stability. Compared to
ascorbic acid, gallic acid, and tert-butylhydroquinone — TBHQ, the water extract, 50% EtOH

extract, and PACs more effectively protected the creams from oxidation (Table 6).

Table 6. Hydrophilic extracts and individual compounds influence the oxidative stability of
creams.

P, h PF P, h PF

Sample
P Lipid content in LBS-19% Lipid content in LBS-35%

Cream base without antioxidants 11.0 1.0 1.9 1.0




SBT/AR/BC twigs water extracts

Cream + 0.5% extract on LBS 28.2/31.6/26.4 2.6/2.912.4 3.6/43/32 1.9/23/1.7
Cream + 1% extract on LBS 32.5/34.2/28.2 3.0/3.1/2.6 3.8/4.8/3.6 2.0/2.5/2.1
Cream + 2% extract on LBS 37.3/39.6/36.7 3.4/3.6/3.3 4.2/4.6/3.8 2.2/2.4/2.0
SBT/AR/ BC twigs 50% EtOH extract
Cream + 0.5% extract on LBS 29.5/31.6/27.4 2.8/3.0/2.6 4.1/4.4/3.8 2.2/2.3/2.0
Cream + 1% extract on LBS 34.1/36.6/32.2 3.1/3.3/2.9 3.4/3.6/3.2 1.8/1.9/1.7
Cream + 2% extract on LBS 36.8/43.2/32.4 3.4/3.9/3.0 4.4/4.7/4.0 2.3/2.5/1.6
SBT/AR purified PACs
Cream + 0.5% PACs on LBS n. a n. a 3.5/3.6 1.8/1.9
Gallic acid (GA)
Cream + 0.5% GA on LBS n.a n.a 2.0 1.1
Cream + 1% GA on LBS n.a n. a 3.9 2.1
Ascorbic acid (AA)
Cream + 0.5% AA on LBS n.a n.a 1.9 1.0
Cream + 1% AA on LBS n. a n. a 2.1 1.1
TBHQ
Cream + 1% TBHQ on LBS ; ; - 3113 2(()]137‘;"“"‘ et
Cream + 2% TBHQ on LBS ; ; ; ;18 Zéﬂzﬁceva ct
Cream + 3% TBHQ on LBS ; ; - iif 2(()]137‘;"“"‘ et

The confidence interval for all the results did not exceed 0.2 at o= 0.05.
Comparing the data on antioxidant activity in cream with 35% and 19% lipid content, the extracts work
better in a system with a lower lipid concentration.

3.4.2. The Impact of PACs and Serotonin-Rich Extracts on Antimicrobial Activity

PACs and the extracts that contain them showed promising results for LBS stabilization
and therefore can be used for preventing lipid oxidation in creams. Serotonin is a valuable
compound whose content in SBT biomass is quite high (could reach 8-10% depending on the
season), and, therefore, its isolation for specific medicinal purposes could be done. But
considering its quite complicated isolation, its application for preventing lipids oxidation in
creams will not be tested, since it is of little practical value. The isolation of serotonin is the
following step after the extraction of PACs, so in the biomass cascading application scheme,
PACs could be used for LBS stabilization, and serotonin — for other purposes. In this article, it
will be tested for anti-bacterial activity. To prove multi-functionality, serotonin, and PACs were
both evaluated as agents against bacteria that most often appear in creams and topical
formulations, as well as bacteria causing a range of skin problems and acne. Serotonin was
concentrated to 26%/DE according to the know-how process elaborated in the laboratory
(patent application pending). All extracts inhibited gram-positive and gram-negative
pathogenic bacteria: P. aeruginosa, S. aureus, E. coli, B. cereus, S. pyogenes, and C. acnes

(Table 7).

Table 7. Antimicrobial activity of PACs, hydrophilic extracts and serotonin in comparison with

synthetic antibiotics



E. coli . S. aureus B. cereus : C. acnes
Samples aeruginosa pyogenes
MIC/MBC, mg-mL"!
SBT/TW water 0.39/0.39 0.39/3.13  0.39/0.78 0.78/>50  0.20/0.20  0.78/0.78
extract
AR/TW water 5.0/5.0 2.5/>5.0 0.039/0.31 0.16/0.16  n.d. nd.
extract
BC/TW water 5.0/5.0 1.25/1.25 0.63/0.63 12550 nd. n.d.
extract
()

SBT/TW 50% 0.20/0.20  0.39/0.78 0.20/0.39  0.39/50 0.20/0.20  0.39/0.39
EtOH extract
AR/TW 50% 2.5/2.5
EtOH extract 0.63/2.5 0.31/0.63 0.16/>5.0 n.d. n.d.
BC 50% EtOH 2.5/2.5 0.63/0.63 2.5/2.5 1.25/>5 n.d. n.d.
extract
SBT/TW 0.04/0.04 0.08/0.16 0.08/0.16 0.63/1.25 0.10/0.10  0.39/0.39
purified PACs
AR/TW purified 0.63/125  0.16/0.63 0.08/0.08  0.04/0.08  n.d. n.d.
PACs
SBT/TW 0.78/0.78 0.39/0.78 0.78/6.25
serotonin-rich (Janceva 0.78/0.78 (Janceva  (Janceva

- (Janceva et 0.10/0.20  0.39/0.39
extract et al., al., 2023) et al., et al.,
(26.6%/ODE) 2023) > 2023) 2023)
Serotonin
standard - - - - - 0.10/0.20  0.39/0.78
(purity>98.0%)
Amoxicillin - - - 0.13/0.13 (1)'60*08/0'0 - 0.00071 ***
Bactroban - - 0.16/0.18%** 2'*20/0'20 - 2;‘20/0'40 -

.. 0.001/0.0  0.0003/0.00 0.0003/0. 0.40/0.40 -
Gentamicin - 04 4 004 - ek 0.004
Chlor- sk 0.40/0.40 0.40/0.40
. ] ] 0.40/0.40%% - ] O ;

The confidence interval for all the results did not exceed 0.05 mg-mL-1at a = 0.05.
* (Olajuyigbe, 2012); ** (Okunye et al., 2020); *** (Rollason et al., 2013).

Considering the complexity of serotonin purification, the serotonin-rich extract, alone

or together with purified PACs or 50% EtOH extract, can be used against S. pyogenes and C.

acnes without further SBT-derived serotonin purification. Along with the confirmed in vitro

and mentioned earlier anti-inflammation properties of biomass-derived PACs,

and

vasoconstriction/vasodilator properties of serotonin, clinical trials described in literature

confirmed the ability of PACs extract obtained from SBT berries to support stem cell types

involved in regenerative and reparative functions (Drapeau et al., 2019), as well as AR berries

anti-inflammatory, hypotensive, antiviral, anticancer properties (Jurendi¢ and S&etar, 2021),



and ability of BC berries anthocyanins to increase the level of collagen (Nanashima et al.,
2018). These findings supports the concept of the application of multi-purpose ingredients
based on SBT/TW, AR/TW and BC/TW extracts and biomass-derived PACs and SBT-derived
serotonin in topical formulations after clinical testing for biomass-derived compounds. One or
the other ingredient and biomass source can be chosen depending on the target properties of the

cream formulation.

4. Conclusions

The study confirmed that SBT, AR and to lesser extern BC lignocellulosic biomass (twigs
and leaves remaining as agro-waste after harvesting and pruning) as well as its derivatives can
be effectively used as antioxidants in lipid-based systems, decreasing the oxidation rate from
1.3 to 4 times, as well as antimicrobial agents against pathogenic bacteria that contaminate
skincare products and develops in sebum (P. aeruginosa, S. aureus, E. coli, B. cereus, S.
pyvogenes, and C. acnes). SBT, AR and BC lignocellulosic biomass was valorized as the active
ingredient in its different treatment stages, till purified compounds, for application in anti-aging
cosmetic and pharmaceutical creams. Along with the anti-inflammatory properties studied by
authors earlier for SBT, and confirmed presence of biologically active compounds described in
literature as ant-aging and anti-inflammatory agents, SBT, AR and BC biomass, its extracts,
PACs and serotonin are prospective for multipurpose application in topical formulations.
Wasteless fruit trees processing scheme offered in this study on the example of SBT, AR and
BC will help with the development of the sustainable economy based on the available natural

resources in rural areas.
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Abbreviations:
Abbreviation Meaning
SBT sea buckthorn
AR aronia
BC blackcurrant
T™W twigs
LV leaves
LBS lipid-bases system
PACs proanthocyanidins
GA gallic acid
AA ascorbic acid
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Sea buckthorn (Hippophae rhamnoides L.) twigs, remaining after
harvesting and pruning, are an underutilized and little-explored biomass
resource. This study investigated the content of serotonin in 10 sea
buckthorn cultivars (‘Maria Bruvele’, ‘Botanicheskaya Lubitelskaya’,
‘Tatiana’, ‘Otto’, ‘Leikora’, ‘Duet’, ‘Clara’, ‘Lord’, ‘Eva’, ‘Tarmo’) for the first
time, and for further adjustment of the extraction conditions, cultivar ‘Maria
Bruvele’ was extracted by water and water/ethanol solution with 20-25, 50,
70, and 96% ethanol at different temperatures. The results showed that
50% water/ethanol solutions are the most suitable for extraction, which
makes it possible to increase the yield of serotonin. The 2-year-old twigs
and bark from ‘Maria Bruvele’ collected in autumn contained higher
serotonin content compared to spring-collected biomass. Serotonin
sequential purification allowed the serotonin content in the fraction to
increase to 26%/DM. The serotonin-rich fraction showed antimicrobial
activity against gram-positive and gram-negative bacteria. In tests with
salivary amylase, a serotonin-rich fraction at the amount of 0.1-0.4 mg/mL
of saliva, under normal physiological conditions, tended to increase
amylase activity, resulting in acceleration of starch degradation to glucose.
Thus, the results support further study of the serotonin fraction for the
treatment of people having underweight, malnutrition, and malabsorption
conditions.
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INTRODUCTION

Natural products, in the form of pure compounds or in the form of complex plant
extracts, open unlimited possibilities for the discovery of new nutraceuticals due to the
unsurpassed chemical diversity. According to the World Health Organization (WHO), 60%
of the world’s population relies on herbal medicine, and about 80% of the population in
developing countries depends almost totally on it for their primary health care (Ahmad
Khan and Khan 2019). In the USA, approximately 49% of the population has tried natural
medicines for the prevention and treatment of diseases. Plants used in traditional medicine
contain a wide range of biologically active substances that can be used to treat various
chronic and infectious diseases. Natural compounds can be obtained from any part of the
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plant, such as bark, leaves, twigs, berries, flowers, roots, fruits, and seeds (Gradt et al.
2017). The synergy of various secondary metabolites activity in plant extracts has been
described elsewhere (Janceva et al. 2017; Abegaz and Kinfe 2019).

Sea buckthorn (Hippophae rhamnoides L.) (SBT) is a unique and valuable plant
due to its medicinal and nutritional potential. Approximately 40 countries cultivate SBT,
with a total area of cultivation worldwide of about 3 million hectares. China, Northern
Europe, Canada, Romania, Russia, and Mongolia cover almost 90% of the world's SBT
stocks. China is the world’s leading producer. The total annual SBT harvest is 8.5 million
tons (Nawaz ef al. 2019). In Latvia, SBT is mainly grown on private plantations, on area
of about 400 hectares, with a production of 12 to 50 kg of fruits per plant (Klovane 2014).

Due to its valuable composition and high biological activity, the most known
product of SBT processing is oil. Interest in it has been increasing in the pharmacology,
food, and cosmetology industries (Ivanova ef al. 2019). The therapeutic effect of SBT oil
is explained by the presence of vitamins, carotenoids, tocopherols, and a number of other
biologically active substances (Kallio et al. 2002; Andersson et al. 2009). Juice, syrup, and
tincture of fresh fruits are also recommended as a multivitamin additive for the prevention
of beriberi, and other vitamin-deficiency diseases.

Currently, special attention is paid to the complex and waste-free processing of
SBT with the maximum extraction of biologically active substances and the expansion of
the range of preparations from the SBT (Janceva et al. 2022). In folk medicine, a decoction
of leaves is used to treat gastrointestinal diseases, ulcers, and microbial infections
(Suryakumar and Gupta 2011; Yue ef al. 2017; Letchamo et al. 2018). There are reports
that the extract of bark and shoots has antitumor activity (Christaki 2012; Olas et al. 2018).
The authors’ previous studies revealed anti-inflammatory activity of SBT twigs extracts
and the possibility of the extracts to influence pancreatic lipase and salivary amylase
activities (Janceva et al. 2021; Andersone et al. 2023a,b).

The chemical characterization of the extracts of vegetative parts of the SBT is
relevant and will help to create a waste-free processing scheme for SBT cultivation.
Preliminary studies by the authors, as well as literature reported that SBT twigs contain a
complex of nitrogenous compounds, including serotonin in the cortex (Gradt ef al. 2017)
in greater amounts than in the biomass of other plants. Research on serotonin in SBT has
just started, and the data are very limited. In plants, serotonin is synthesized differentially
whereby tryptophan is first catalyzed into tryptamine by tryptophan decarboxylase,
followed by the catalysis of tryptamine by tryptamine 5-hydroxylase to form serotonin
(Ramakrishna et al. 2011). However, another pathway of transformation of tryptophan to
serotonin in plants cannot be ruled out. The function of serotonin is not yet clear as well.
The biggest concentration of serotonin in plants so far has been found in walnuts and
hickory; it was reported to be implicated in the responses to biotic and abiotic stress, as an
antioxidant and growth regulator (Erland et al. 2019; Mandal 2023). Serotonin as a
neurotransmitter is involved in the regulation of a number of important functions in
humans, including sleeping, hunger, thirst, and mood (Ramakrishna et al. 2011).

The purpose of this work was to evaluate the twigs of ten SBT cultivars, as well as
leaves, bark, and twigs of different ages (1 to 4 years) of the ‘Maria Bruvele’ cultivar,
collected in spring and autumn seasons, as a raw material for obtaining serotonin. A further
goal was to find the optimal conditions for the extraction of plant material and fractionation
of biomass, in terms of obtaining serotonin. Additionally, the study was aimed at testing
the serotonin-rich fraction’s antimicrobial activity and effect on the activity of the
amylolytic enzyme alpha-amylase in saliva, for assessment of the practical application
possibilities.
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EXPERIMENTAL

Materials

The different age twigs after harvesting of ten SBT cultivars - ‘Maria Bruvele’,
‘Botanicheskaya Lubitelskaya’ (‘Bot. Lub.”), ‘Tatiana’, ‘Otto’, ‘Leikora’, ‘Duet’,
‘Rumania’, ‘Lord’, ‘Eva’, and ‘Tarmo’ were collected from the SBT plantation area in
Latvia, Tukums, with the same growing conditions, in August of 2020. The twigs were
dried at 22 to 26 °C temperature, and ground with a knife mill Retsch SM100 (Retsch,
Haan, Germany) and sieved to select the particles between 2 and 4 mm. These fractions
were stored at —8 °C. Additionally, the one, two, three, and four-year-old twigs, leaves, and
bark samples of the SBT cultivar - ‘Maria Bruvele” were collected from the same plantation
area, in March and September of 2021 and 2022.

Isolation of the Serotonin-Rich Extracts from Ten SBT Biomass

For the first comparative evaluation of the serotonin content in ten SBT cultivars,
and as a way to select the target cultivar with the biggest serotonin content, serotonin-
containing extracts were isolated from twigs according to the scheme shown in Fig. 1.

Extraction with Lipophilic
hexane extract

Biomass residue (BR) after extraction by hexane

l

BR extraction by distilled water

' Extract lyophilization at -50 °C
Twigs collection, J'

dryin rindin
el 5 Dry serotonin-containing extract

Fig. 1. Scheme of serotonin isolation from SBT twigs for initial comparative assessment of its
content in ten SBT cultivars

Lipophilic compounds were separated by biomass extraction at 50 to 60 °C for 30
min by n-hexane. The extracts after hexane evaporation were dried at 40 °C to yield a dry
extract. The yield of the lipophilic extracts was presented as % of the DM of biomass.

Hydrophilic extracts from residues after lipophilic compounds separation were
isolated by extraction at 60 °C for 30 min (3 x 10 min) using distilled water. For study of
the influence of extraction conditions on the serotonin yield and its content in the extract,
extraction of SBT ‘Maria Bruvele’ biomass was carried out using aqueous solutions with
different percentages of ethanol (20, 50, 70, 96%) and at different temperatures (22-25, 50,
and 70 °C). The extracts after ethanol evaporation were freeze-dried at -50 °C for 12 h to
obtain a dry powder. The yield of the extracts is presented as % of the DM of biomass. The
CI for the results did not exceed 3% at a = 0.05.
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Maria Bruvele Biomass Extraction by 1,1,1,2-Tetrafluoroethane

For assessment of the influence of solvent at the first stage of serotonin-rich
biomass extraction, 1,1,1,2-tetrafluoroethane (freon R134a) was used as an alternative
solvent, for the isolation of non-polar and semi-polar compounds from ‘Maria Bruvele’
samples (leaves, twigs, and bark). Extraction was performed in a Nectacel 1L pilot
extractor (Celsius, France), within a closed system, under pressure of 4.0 to 4.3 bar and
temperature of 17 to 19 °C. The yield of the extracts isolated by freon R134a was presented
as a percentage based on the DM of biomass. The CI for the results did not exceed 3% at
a=0.05.

Extraction of Hydrophilic Compounds from Biomass Residue After
Extraction by 1,1,1,2-Tetrafluoroethane

After ‘Maria Bruvele’ biomass (twigs, bark, leaves) extraction by freon R134a,
biomass residue was extracted by distilled water and ethanol-water solution (1:1, v/v) at 60
°C for 30 min.

Identification and Quantification of Serotonin Content in Extract

Dry crude extracts were dissolved in aqueous acetonitrile (v/v 50:50) with an
approximate concentration of 2 mg/mL and filtered (Nylon filter, 0.45 um pore size), and
used for UHPLC-UV-TOF/MS experiments. LC analysis of the samples were performed
on the Acquity UPLC (Waters Corp., Milford, MA, USA ) coupled with a quadrupole-time
of flight (Q-TOF) MS instrument (UPLC/Synapt Q-TOF MS, Waters, Milford, MA, USA)
equipped with an electrospray ionisation (ESI) source. The separation was carried out on a
U-HPLC column (2.1 mm x 50 mm i.d., 1.7 pum, BEHC18) (Waters Acquity) at a flow rate
0.35 mL/min. The eluent was 0.1% formic acid, water (A), and acetonitrile (B). A gradient
solvent system was used: 0 to 1 min, 5% to 20% (B); 1 to 5 min, 20% to 25% (B); 5to 6
min, 25% to 75% (B), 6 to 7 min, 75% to 80 % (B), 7 to 8.5 min, 80% to 7% (B), 8.5 to 10
min, 5% to 5% (B), and the injection volume was 1.0 pL. The major operating parameters
for the Q-TOF MS were set as follows: capillary voltage, 2.5 kV (-) and 2.0 kV (+); cone
voltage, 60 V; cone gas flow, 100 L/h; collision energy, 6 eV; source temperature, 120 °C;
desolvation temperature, 450 °C; collision gas, argon; desolvation gas, nitrogen; flow rate,
750 L/h; data acquisition range, m/z 50 to 1200 Da; ionization mode — positive. Serotonin
was identified with its analytical standard (Sigma Aldrich, Mw=176.22 g/moL) (Fig. 2).

NH,

HO

N\

N
H
Fig. 2. Chemical structure of serotonin (Mw=176.22 g/moL)

In positive electrospray ionization mode, serotonin was protonated to produce ions
in the form [M+H]", with m/z 177. On the basis of detected serotonin fragmentation, a
multiple reaction monitoring mode (MRM) was developed for the specific m/z transitions
177—160 (the most intensive cleavage ion), 177—132, and 177—115 (Fig. 3).
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Fig. 3. Serotonin identification by UHPLC-UV-TOF/MS

Serotonin Purification

The serotonin purification was carried out using size exclusion and ion exchange
resins (patent pending) for high- and low-molecular-weight polyphenol separation from
extracts.

Antimicrobial Analyses

Antimicrobial activity was studied in 96-well plates by the two-fold serial broth
microdilution method, which allowed the determination of the minimum inhibitory (MIC)
and minimum bactericidal/fungicidal concentrations (MBC/MFC), as described by
Andersone et al. (2023b).

In-vitro Analysis of Alpha-Amylase Activity

In-vitro analyses were performed at the Department of Human Physiology and
Biochemistry of Riga Stradins University based on European standard protocols as
described by Krasilnikova et al. (2013). The saliva used for research was donated by
students with no record of chronic or acute illness, the last meal was 2 hours before the
examination to get clean results. The extracts were tested in amounts from 0.1 to 0.4 mg/mL
of saliva. The influence of the extracts on salivary amylase was measured by the breakdown
of polysaccharides containing linear a-1,4 glucose bonds in starch. The amylase activity
was characterized by the amyloclastic force (AF); that is, the volume of the 0.1% starch
solution in milliliters that is hydrolyzed by 1 mL of saliva in the test tubes at 38 °C for 30
min. Then, 1% iodine solution was added (as a marker for the presence of starch by color
changes). The amyloclastic force is denoted as D 30/3s°c. Saliva without extract was used as
a reference. The amyloclastic force of the reference sample was D 30/38°c 640.

Statistical Analysis

All measurements were conducted in triplicate (n=3). The results are presented as
the mean value + confidence interval (CI). Statistical analyses were performed using
Microsoft Excel 2016. CIs were calculated for a mean using a Student’s T distribution at a
significance level a = 0.05.
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RESULTS AND DISCUSSION

Chemical Characterization of Twigs from Ten SBT Cultivars

For the first evaluation of the yield of extracts and content of serotonin in SBT
twigs (further in the text — biomass) of ten different cultivars (‘Maria Bruvele’, ‘Bot. Lub’,
‘Tatiana’, ‘Otto’, ‘Leikora’, ‘Duet’, ‘Clara’, ‘Lord’, ‘Eva’, and ‘Tarmo’) collected in
August of 2020 were studied. The yield of lipophilic extracts obtained with hexane from
the entire studied biomass was quite close and varied from 1.2 to 1.9% per DM. Further
on, distilled water was used as an extractant to test its suitability on serotonin and as the
most environmentally friendly, low-cost simple solvent. The yield of hydrophilic extracts
from biomass, obtained using distilled water differed statistically significantly and ranged
from 19 to 29% per DM. The content of serotonin in hydrophilic extracts ranged from 1.5
to 7.9%/DM (Fig. 4).

30
25
s 20
215
>
10
; 108 B
Otto Maria Clara Leikora Bot. Tarmo Duet Tatiana Eva Lord
Bruvele Lub.
m Yield of hydrophilic extract from biomass m Serotonin content in extract

Fig. 4. Comparison of yield of water extracts and serotonin content in the extract for 10 SBT
cultivars

The highest content of serotonin in the water extract was in ‘Maria Bruvele’
(7.6%/DM) and ‘Clara’ (7.9%/DM). Based on the increase in the growing of ‘Maria
Bruvele’ in the Baltic region and on the results of the chemical characterisation above,
‘Maria Bruvele’ biomass collected in 2020 was chosen for further extraction optimization
experiments.

Extraction Conditions for Serotonin Isolation from ‘Maria Bruvele’ Biomass

To determine the suitability of ethanol-water solutions for the serotonin extraction,
‘Maria Bruvele’ biomass with a particle size of 2 to 4 mm was extracted at 60 °C with a
duration time of 30 min, as solvents using ethanol-water solutions (20, 50, 80, and 96% of
ethanol, further in the text: 20% EtOH, 50% EtOH, 80% EtOH and 96% EtOH). The
content of serotonin in all ‘Maria Bruvele’ hydrophilic extracts varied from 7.5 to
10.4%/DM. The 50% EtOH ethanol-water solution provided the highest yield of serotonin
from biomass (2.2%/DM) with 8.2%/DM of the serotonin in the extract. The serotonin
yield from 20 and 80% ethanol-water solutions was similar within the CI. Despite the high
content of serotonin in the extract (10.4%/DM) isolated with 96% EtOH, the serotonin
yield from the biomass was only 1.1%/DM (Fig. 5).

Generally, high extraction temperature increases the efficiency of extraction.
Serotonin isolation from twigs by 50% EtOH at 70 to 80 °C showed a significant serotonin
content decrease (2.6 times) in extract composition, which indicated that serotonin is a
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thermolabile compound. Therefore, to continue the studies, biomass extraction was carried
out at 60 °C.

30
25
20
15
10

5

0

%/DM

96% EtOH 80% EtOH 50% EtOH 20% EtOH Water

mYield of extract from biomass = Serotonin content in extract

m Yield of serotonin from biomass

Fig. 5. Effect of the ethanol concentration in extractant on the efficiency of serotonin isolation from
SBT ‘Maria Bruvele’ twigs (extraction time 30 min., temperature 60 °C).

Comparison of Extracts Yield and Serotonin Content in ‘Maria Bruvele’ 1-4-
Year-Old Twigs

The yield of freon extracts from one, two, three, and four-year-old twigs collected
in March 2021 ranged between 0.6 and 1.2%/DM. The yield of an extract isolated by freon
from ‘Maria Bruvele’ twigs collected in 2021 was 1.8 times lower than by hexane. This
could be due to the lower extraction temperature (up to 20 °C) allowed in the freon
extraction equipment for the freon used (R134a).

The yield of hydrophilic extracts from twigs collected in March 2021 ranged
between 6 and 22% /DM (Table 1).

Table 1. Serotonin Content in SBT Twigs Depending on Age (Collected in March
2021) and solvent. Extraction Condition: Mass Ratio of Biomass and Solvent
(1:8, w/w), Extraction Temperature of 60 °C, Time of 30 min

Samples Yield of Extract from Serotonin Content in Yield of Serotonin
Biomass (%/DM) Extract (%/DM) from Biomass (%/DM)
Extraction with Distilled Water
1-Year-Old Twigs 11.96+0.05 11.21£0.02 1.3410.01
2-Year-Old Twigs 12.57+0.06 14.62+0.03 1.84+0.01
3-Year-Old Twigs 15.87+0.05 11.08+0.03 1.76+0.01
4-Year-Old Twigs 8.53+0.04 7.91+0.02 0.67+0.01
Extraction with 50% EtOH
1-Year-Old Twigs 22.23+0.04 10.53+0.03 2.34+0.01
2-Year-Old Twigs 19.61+0.03 14.85+0.02 2.91+0.01
3-Year-Old Twigs 17.25+0.02 9.88+0.02 1.7040.01
4-Year-Old Twigs 8.56+0.04 9.97+0.03 0.85+0.01
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The highest yield of hydrophilic extracts was obtained by ethanol-water solution
(1:1; v/v or 50% EtOH at 60 °C, 30 min). Based on the Table 1 data, 1- and 2-year-old
twigs extracts had the highest content of serotonin (11-15%/DM of extract, 2.3 and
2.9%/DM of biomass). These results were close to the data of other authors for different
cultivars, which indicated that the content of serotonin in SBT twigs was 2.0 to 3.16%/DM
(Galitsyn et al. 2014).

Leaves, 2-year-old twigs, and bark from 2-year-old twigs, collected in September
after picking berries, were also tested as the raw materials for serotonin. Compared to the
twigs collected in March, the yield of extract and content of serotonin in 1- and 2-year-old
twigs collected in autumn was significantly higher. The yield of hydrophilic extract was
~1.3 times higher. The serotonin content in the extract isolated by 50% EtOH increased to
14.02%/DM. The yield of serotonin from twigs extracted by 50% EtOH was 3.7%/DM.
This indicated that the twigs pruned in autumn have more potential as a raw material for
the isolation of serotonin.

Table 2. Serotonin Content in Biomass Collected in September 2021

Samples Yield of Hydrophilic | Serotonin Content | Yield of Serotonin
Extract from in Extract (%/DM) from Biomass
Biomass (%/DM) (%/DM)
Extraction with Distilled Water
1- and 2-Year-Old Twigs (Mix) 15.73+0.03 13.67+0.02 2.15+0.01
Bark from 2-Year-Old Twigs 18.02 +0.04 13.84 +0.01 2.49+0.01
Extraction with 50% EtOH
1- and 2-Year-Old Twigs (Mix) 26.42+0.03 14.02£0.02 3.70+0.01
Bark from 2-Year-Old Twigs 26.070.03 14.160.03 3.69:0.01

The leaves contained an insignificant amount of serotonin — 0.04%/DM or less.
These results were consistent with the literature data, which showed that the content of
serotonin in leaves ranged from 0.03 to 0.36%/DM (Galitsyn et al. 2014). The authors’
previous studies showed that trees debarking biomass had a high amount of biologically
active compounds. This was also confirmed by the serotonin data in this study. The high
amount of hydrophilic extract from bark made it possible to obtain 26 g of extract/100 g
DM of bark with a content of serotonin of 14%/DM (in September 2021). This high amount
was also confirmed for bark collected in 2022 from 2-year-old twigs (13.4%/DM of
serotonin content in hydrophilic extract).

However, debarking of SBT twigs (with the highest serotonin content) is not
economically reasonable at an industrial scale since this process requires much labor and
time. Thus, the most suitable raw material for serotonin obtaining could be 1-and 2-year
twigs which have bigger content of bark than 4-year-old twigs.

The hydrophilic extracts of 1-and 2-year-old twigs collected in September 2021
contained a high amount of polyphenols, mainly proanthocyanidins (52.98%/DM). Based
on the results of our previous studies, where proanthocyanidins are strong inhibitors of
amylase activity, their separation from serotonin was essential for this study. Their
isolation from extract, as one of the main stages of serotonin purification allowed for twice
the increase of serotonin content in the remaining extract.

Janceva et al. (2024). “Sea buckthorn extraction,” BioResources 19(1), 886-897. 893



bioresources.cnr.ncsu.edu

PEER-REVIEWED ARTICLE

A
1 1. TOF MSES+
- 044 Serotonin Polyphenols R
3 j;;/ 2097
0.7 38 Loe .“sc 2712 - s
] 800781 129 en5Z7 " 8007 = 79 2 0
¥ £~ 00 22 az8 2 ~-*3 1.0
L/ \ #5058 210886 . | 3 51
| ~ N\ AR A 2 :2‘ il ﬂ 453]__\._‘ 2% N ,
aanl T T T T T T T T ¥ T T T
1.00 20 3 .'3 40 5.00 6.00 7 CC 500 900
B <
042 r
100 r’.‘_;c__, e
o7 792 .
eSS 0 077! 134 212 ﬁ_lﬁ,. w1208 ‘8 8 251
"""\ 740913 2011025 5 s SLIT5 4282147
i ‘—'—/‘,-"Mw _/"\\_..,-m/"-”"""\"w \/\/

T T T

T T T Y T T T Y
70 200
7.00 8.00 9

T
300 400 5.00 6.00

Fig. 6. UHPLC-TOF/MS chromatograms of the 50% EtOH extracts (A: 1- and 2-year-old twigs
(mix); B — bark from twigs)
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Fig. 7. Mass spectrum of proanthocyanidins from 50% EtOH extract isolated from 1- and 2-year-
old twigs of ‘Maria Bruvele’

After sequential serotonin purification, serotonin content in fraction increased to 26.1%.

Antimicrobial Activity of Serotonin-rich Fraction

In the case of physiological disorders, pathogenic bacteria can linger, multiply, and
cause pathological processes in human body. In purulent inflammatory processes,
representatives of the genus Pseudomonas are often found.

Table 3. Antimicrobial Activity of Serotonin-purified Fraction

Samples E.coli | P.aeruginosa | S.aureus | B.cereus | C. albicans
Serotonin-rich Fraction MIC/MBC or MIC/MFC (mg/mL)

(Serotonin Content in

Fraction: 26.6%/DM) 0.78/0.78 0.78/0.78 0.39/0.78 0.78/6.25 0.20/0.20

A certain role is assigned to yeast-like fungi of the genus Candida, which in normal
flora of healthy people are either absent or found in very small quantities. Serotonin-
purified fraction showed significant antimicrobial activity against gram-positive and gram-
negative pathogenic bacteria, such as P. aeruginosa, S. aureus, E. coli, B. cereus, and
fungus C. albicans.
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Serotonin-rich Fraction Influence on Alpha-Amylase Activity
Under normal physiological conditions, a serotonin-rich fraction at amounts of 0.1
to 0.4 mg showed a significant activation (two times) of amyloclastic force (Table 4).

Table 4. Influence of Serotonin-Rich Fraction (SRF) on Amylase Activity in
Normal Physiological Conditions

SRF Amount In

Sample Saliva (mg/mL) Amyloclastic Force (Saliva pH 7)
Human Saliva Without Extract (Control) - 640
_— . . 0.1 1280
Serotonin-rich Fraction (Serotonin 02 1280
Content in Fraction: 26.6%/DM) -
0.4 1280

Increased a-amylase activity accelerates the degradation of starch to glucose, which
may be useful in the treatment of people having conditions of underweight, malnutrition,
and malabsorption.

CONCLUSIONS

1. Sea buckthorn twigs and bark of investigated cultivars are the valuable source of
serotonin with an average yield of 2-6% /DM.

2. Biomass extraction with 50% EtOH at 60 °C and the following sequential purification
allowed to obtain extract with a serotonin content of 26% /DM.

3. Serotonin-rich fraction had antimicrobial activity showing its perspective as an
antimicrobial agent.

4. Serotonin-rich fraction had the ability to activate the amylase activity in normal
physiological conditions that could be useful for the treatment of persons with
underweight, malnutrition, and malabsorption. Further research is needed.
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Abbreviation

SBT sea buckthorn
PACs proanthocyanidins
EtOH ethanol

ICsq the concentration of 50% inhibition of free radicals

CI confidence interval

DP degree of polymerization

MIC minimum inhibitory concentration

MBC minimum bactericidial concentration

MEFC minimum fungicidal concentration

MSCL, Microbial Strain Collection of Latvia

CFU colony-forming units

MRSA  Methicillin-resistant Staphylococcus aureus

ESBL extended-spectrum beta-lactamases producing Escherichia coli

1. Introduction

After analyzing both: the latest scientific studies and indigenous people's experience, it can be said that each plant could be useful
for human society in one or another way, and, moreover, be a source of beneficial molecules produced in a sustainable way. The latest
literature and our previous research data showed that plant-derived polyphenolic compounds and, particularly, proanthocyanidins
(PACs) are prospective secondary metabolites with high biological activity. PACs are chemically heterogeneous oligomers of polyhy-
droxy-flavan-3-ol monomer units linked mainly by C4-C6 or C4-C8 bonds (B-type PACs). Less widespread are the A-type PACs, char-
acterized by the presence of flavanol units doubly linked by C4-C8 and C2-07 or C4-C6 and C2-0O7 bonds (Panzella and Napolitano,
2022) (Fig. 1).

The most studied PACs for pharmaceutical applications are the ones derived from grape seeds (genus Vitis), maritime pine bark
(Pinus pinaster), lingonberry (Vaccinium vitis-idaea), cranberries (Vaccinium macrocarpon), and Quebracho tree (Schinopsis balansae)
(Morazzoni et al., 2021; Tian et al., 2018; Unusan, 2020). Commercial medicinal preparations are available on their basis (“Atrantil
Capsules,” n.d.; “Pine Bark Extract: Uses, Benefits, and Side Effects,” n.d.; Lee, 2013). However, PACs obtained from the vegetative
part of the trees which appear as forest cleaning residues and as agro-waste are much less studied. It was later shown that they can be
applied as antioxidants, antimicrobial, and anti-inflammatory agents (Andersone et al., 2023; Cosarca et al., 2019; Janceva et al.,
2022a; Panzella and Napolitano, 2022; Rauf et al., 2019). A study of their possible interchangeability, where a comparison of their
chemical characteristics and biological activity for producing pharmaceutical preparation was carried out, will create a basis for a
sustainable application of different biomass waste available for producers at the moment. Since it was shown that PACs obtained from
sea buckthorn (SBT) lignocellulosic biomass have antimicrobial as well as adhesive (Janceva et al., 2022b) properties, one of the pos-
sible directions could be the application of PACs as anti-microbial preparations, including for the prevention of biofilms formation
which is rapidly becoming a primary objective of wound care (Attinger and Wolcott, 2012). Antibacterial activity against different
strains could be regulated by PACs composition coming from different biomass sources.

According to Global Antimicrobial Resistance (AMR) and Use Surveillance System Report of 2021 (“World Health Organization
and European Centre for Disease Prevention and Control report: antimicrobial resistance remains a health threat in Europe,” n.d.), al-
though there are a lot of synthetic antimicrobial preparations, many high-priority pathogens gradually mutate due to antibiotics
overuse and misuse and become resistant to them. New resistance mechanisms spread internationally, creating a growing global

B-type procyanidin dimer A-type procyanidin dimer

Fig. 1. Structures of the A- and B-type of PACs.
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healthcare crisis. As a consequence, it is often necessary to increase the dose or combine different antibiotics, which adversely affects
the human body and leads to higher medical expenditure, lengthier hospitalization, and increased death (“Antibiotic resistance,”
n.d.).

In addition, the manufacturing of synthetic antibiotics has an unacceptable risk of environmental contamination (Nijsingh et al.,
2019). The same goes for their residues after consumption (antibiotics in active form through urine and excreta contaminate soils, wa-
ters, plants, etc., favoring resistant strains), and disposal, which demands strict control and resources (Bengtsson-Palme et al., 2018;
Polianciuc et al., 2020).

The situation in animal husbandry is even worse, it was estimated that the total antibiotic consumption in husbandry (228 coun-
tries) in the 2010-2030 will rise by 67% (from 63,151 tons in 2010 to 105,596 tons in 2030), or even by 99% for middle-income
countries (Bengtsson-Palme et al., 2018; Nijsingh et al., 2019; Polianciuc et al., 2020; “The Center for Disease Dynamics Economics &
Policy. Animal use and resistance,” n.d.; Van Boeckel et al., 2015).

On the other side, to address sustainability concerns, in the activity connected with forest and agricultural resources, it is impor-
tant to apply the principle of the cascading use of biomass and find the most valuable application of each part of the plant before it
will be used for energy production (Didier Bourguignon, 2015; European Commission. Directorate General for Internal Market,
Industry, Entrepreneurship and SMEs, 2018). It was shown that preliminary extraction of the biologically active compounds will not
influence or even have a positive effect on the calorific value of the remaining biomass after extraction (Stolarski et al., 2022). There-
fore, plant secondary metabolites extraction could be considered a valuable step for the bioeconomy subsistence and plant biomass
application efficiency. Extraction and purification of the target valuable chemical compounds are important for the side-stream val-
orization of forestry and agricultural waste and retaining land ecosystem stability in the long term (Miiller and Laibach, n.d.; Cosarca
et al., 2019; Fierascu et al., 2019; McElroy et al., 2018; Zhang et al., 2018).

Apart from above mentioned widely known sources of PACs, other biomass types can be considered as raw materials for obtaining
of PACs. Grey alder (Alnus incana), black alder (Alnus glutinosa), and goat willow (Salix caprea) are fast-growing tree species of North-
ern Europe that overgrow on agricultural fields and melioration ditches and form a big mass of wood-waste used today mainly for
burning. At the same time, in horticulture industry, agrotechnical measures (harvesting and pruning) result in a large stock of ligno-
cellulosic biomass of fruit trees — sea buckthorn (Hippopae rhamnoides L.), and aronia (Aronia melanocarpa) (Janceva et al., 2022a).
Both of these biomass types — of non-fruit and fruit trees origin — at the moment are considered as lignocellulosic waste but could be-
come an interchangeable raw material for PACs production. There are many studies on the fruit-trees reproductive part PACs and po-
maces, showing a major contribution of PACs and flavan-3-ols to the antioxidative activities of the berries, but the research of the veg-
etative part of fruit shrubs is very limited, although some studies confirm that PACs extracted from twigs have a similar effect (Denev
et al., 2019; Tian et al., 2018). Our previous research showed that PACs from lignocellulosic biomass of sea buckthorn have no cyto-
toxic effect within the frames of their antimicrobial and anti-inflammatory effect concentrations (Andersone et al., 2023; Janceva et
al., 2022a). A range of clinical trials is available for PACs activity (“Puredia CyanthOx™30 Clinical Trial,” n.d.; Sengupta et al., 2011),
although their effect has to be further investigated on humans.

The biomass source, its treatment, and the degree of purification influence biological activity (Cosarca et al., 2019; Fierascu et al.,
2019; McElroy et al., 2018). For the extraction, ethanol/water solution is preferable as GRAS (Generally Recognized As Safe) solvent.
For comparison, all biomasses have to be extracted at the same conditions.

The purpose of this study was a comparative analysis of the chemical composition and biological activity of extracts and PACs iso-
lated from lignocellulosic biomass obtained as a harvesting and pruning waste of fruit trees and forest cleaning non-fruit trees/shrubs
of Northern Europe: sea buckthorn - Hippophae rhamnoides L., black chokeberry - Aronia melanocarpa, as well as grey alder - Alnus in-
cana, black alder - Alnus glutinosa, and willow - Salix caprea. Two groups of microbials were used for this research — from Microbial
Strain Collection of Latvia (MSCL) University of Latvia and from clinical/human origin isolates. Such innovative study will not only
allow to choose the most prospective types of PACs or their mixes for antibacterial and antioxidant treatment, but also will create a
basis for the choice of the raw material for PACs production to be more flexible, depending on the availability of the different waste
biomass or its mixtures from farmers and foresters. Lignocellulosic biomass waste doesn't compete for land with food PACs sources,
and all mentioned trees are all native for Europe. The results of this study will allow farmers to increase the sustainability of fruit pro-
duction, will contribute to waste-free agriculture and forestry in Europe and other countries, and create possibility for making value-
added products on the basis of available biomass.

2. Materials and methods

2.1. Materials

2.1.1. Forest and ditch cleaning waste

Undergrowth (2-7 years old trees) obtained as a result of forest cleaning measures from the grey alder (Alnus incana (L.) Moench,
further in the text — Alnus incana) and black alder (Alnus glutinosa (L.) Gaertn, further in the text — Alnus glutinosa) were collected in a
forest of Baldone parish, Kekava county of Latvia (Decimal degrees (DD): 56.82065, 24.27653). Trees were cut from an area of about
5 ha, in September 2021.

Willow (Salix caprea) young trees were obtained from ditch cleaning of agricultural fields of Baldone parish, Kekava county of
Latvia (DD: 56.77306/24.30162), in September 2021.

The biomass was dried at room temperature, leaves were removed, twigs and stem biomass was ground with a mill (Retsch
SM100, RETSCH, Haan, Germany), where size reduction takes place by cutting and shearing forces, and sieved to select the particles
between 2 and 4 mm. The biomass samples were stored at —8 ‘C.
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2.1.2. Sea buckthorn plant material

Lignocellulosic residues after harvesting berries and pruning plant material of the four years old sea buckthorn fruit tree-shrubs
(family Elaeagnaceae, Hippopae rhamnoides L. cultivar ‘Maria Bruvele’, further in the text — Hippopae rhamnoides L.) were collected
from sea buckthorn plantation area in Seme parish, Tukums county of Latvia (DD: 57.1444093, 23.108156), in autumn 2021. The
plant material was dried at room temperature and ground with a mill (Cutting Mill SM100, Retsch, Haan, Germany). The particle size
of the ground Hippopae rhamnoides L. biomass was between 1 and 4 mm. The biomass samples were stored at —8 °C.

2.1.3. Aronia twigs

The stems with twigs of 7 years old Aronia melanocarpa ‘Mulatka’ shrubs (further in the text — Aronia melanocarpa)) were collected
in the early beginning of autumn 2021, from Baldone parish, Kekava county of Latvia (DD: 56.77306/24.30162), after berries were
harvested. The twigs were dried at room temperature and ground with a mill (Cutting Mill SM100, Retsch, Haan, Germany). The par-
ticle size of the ground twigs was between 1 and 4 mm. The twigs biomass samples were stored at —8 °C. Forest and ditch cleaning
waste, as well as aronia and sea buckthorn twigs/stems, are referred to as “biomass” further in the text.

2.2. Chemicals

The solvents (high purity), DPPH: (2,2-diphenyl-1-picrylhydrazyl), ABTS+- (2,2'-azinobis (3-ethylbenzothiazoline-6-sulfonic
acid)), reference antioxidants Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid), analytical standards procyanidin
B2, FeNH,4(SO,4),+12H,0, n-butanol (purity >99.4%), and crosslinked dextran-based resin Sephadex LH-20 were purchased from
Sigma-Aldrich (Sigma-Aldrich Chemie GmbH, Steinheim, Germany). All chemicals were analytical-reagent grade.

2.3. Microbial strains

The clinical isolates of bacteria and fungus were isolated from pus, sputum, and urine samples, and identified with the VITEK2 sys-
tem (bioMérieux, France). To confirm bacterial resistance disc diffusion method according to the European Committee on antimicro-
bial susceptibility testing (EUCAST) was used. For all the experiments four clinical isolates - Methicillin-resistant Staphylococcus au-
reus (MRSA), extended-spectrum beta-lactamases producing Escherichia coli (ESBL), Pseudomonas aeruginosa and Candida albicans
were used. All clinical isolates were obtained with approval from the Ethics Committee of Riga Stradins University (25.10.2022) (No.
4/462/2022 and No. 4/465/2022). All patients signed an informed consent form.

The several reference microbial strains, received from the Microbial Strain Collection of Latvia (MSCL), University of Latvia, were
used: Pseudomonas aeruginosa MSCL 331, Staphylococcus aureus MSCL 334, Escherichia coli MSCL 332, Bacillus cereus MSCL 330, and
Candida albicans MSCL 378.

2.4. Methods

2.4.1. Proanthocyanidins-rich extract isolation from biomass

The PACs-rich extracts were obtained from biomass by reflux extraction with ethanol (EtOH)-distilled water solution at 60 °C for
60 min. The extracts were freeze-dried using lyophilization equipment Heto Power Dry HS3000 (Thermo Fisher Scientific, Waltham,
MA, USA) to yield a dry weight (DW) extract. The yield of the extracts is presented as a percentage based on DW. The PACs-rich ex-
tract was stored at —8 °C.

2.4.2. Purification of proanthocyanidins

The purification of PACs from non-PACs compounds was carried out using a crosslinked dextran-based solvent-resistant resin
Sephadex LH-20 column with 96% EtOH and 70% (v/v) acetone as the purification solvents. In the purification process, low-
molecular-weight phenolics were eluted with 96% EtOH, and the PACs were eluted with 70% (v/v) acetone. Purified PACs were evap-
orated using a rotary evaporator (Heidolph Instruments, Schwabach, Germany) prior to being freeze-dried using lyophilization equip-
ment Heto Power Dry HS3000 (Thermo Fisher Scientific, Waltham, MA, USA) and stored at —8 °C.

2.4.3. UHPLC-ESI-MS/MS qualitative analysis

The identification of compounds was performed by an Acquity UPLC system (Waters Corp., Milford, MA, USA) coupled with a
quadrupole-time of flight (Q-TOF) MS instrument (UPLC/Synapt Q-TOF MS, Waters Corp., Milford, MA, USA) with an electrospray
ionization (ESI) source. The UHPLC separation was carried out using a Waters Acquity BEHC18 column (2.1 mm X 50 mm i.d.,
1.7 um). The analytical standards of Procyanidin B2 (90%, HPLC grade) and catechin (98%, HPLC grade) were used for confirmation
of the suitability of the UHPLC-ESI-MS/MS method for identification of proanthocyanidins.

The mobile phase consisted of 0.1% formic acid, water (A), and acetonitrile (B), with a flow rate of 0.35 mL/min under the gradi-
ent program of 5%-20% (B) for an initial 1 min, 20% - 25% (B); 5-6 min, 25% - 75% (B), 6-7 min, 75% - 80% (B), 7-8 min, 80% - 5%
(B), 8-10 min, 5% (B), the injection volume was 2.0 pL.

Mass spectrometric analysis was operated in negative and positive ion mode and the full scan mass spectral data were collected
over a range from m/z 50 to 1200. The optimum source parameters were as follows: capillary voltage, 2.5 kV (-); cone voltage, 60 V;
cone gas flow, 50 L/h; collision energy, 6 eV; source temperature, 120 °C; desolvation temperature, 350 °C; collision gas, argon; des-
olvation gas, nitrogen; flow rate, 500 L/h.

2.4.4. Determination of proanthocyanidins content in the sample
PACs content in the extracts and purified PACs samples was measured by oxidative depolymerization to anthocyanidins in acid
butanol (butanol-HCl method) (Andersone et al., 2023) using procyanidin dimer B2 as a reference compound. Amounts of 6 mL of
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acid butanol (5% (v/v) concentrated HCI in n-butanol) and 0.2 mL of iron reagent (w/v) (FeNH4(SO,),¢12H,0 in 2 M HCl) were
added to 1 mL of the extract aliquots whilst stirring the tube without heating and allowing it to be heated in a water bath at 80 °C for
50 min. After 50 min, the absorbance of the mixture was measured against a blank solution at 550 nm using a UV/VIS spectrometer
Lambda 650 (PerkinElmer, Inc., Waltham, MA, USA).

Each extract was analyzed in triplicate, and assay results were expressed as a percentage per dry extract (DM). The results’ confi-
dence interval (CI) did not exceed 3% at o = 0.05.

2.4.5. FTIR analysis

FTIR spectra were recorded in KBr pellets (1.6 mg of the sample in 200 mg of KBr (IR grade, Sigma Aldrich), in the range of 440 0-
400 cm~! (resolution of 4 cm~1, 32 scans), using a Nicolet iS50 FT-IR spectrometer (Thermo Scientific, Waltham, MA, USA. Spectrum
v5.0.1 program was used for processing the spectrum.

2.4.6. LC-DAD-ESI-MS/MS analysis of purified proanthocyanidins samples

Purified PACs were dissolved in aqueous methanol (v/v 20:80) with an approximate concentration of 0.1 mg/mL and filtered and
then used for MS/MS experiments. The MS spectra of PACs were recorded with a Waters Acquity UPLC HClass with PDA detector and
Micromass QuattroMicro Mass spectrometer (Waters Corp., Milford, MA, USA) using Acquity UPLC BEH Amide column (1.7 pm,
3.0 x 100 mm). The mass spectrometer was operated in negative ion electrospray ionization mode with —40 V cone voltage using di-
rect infusion. The source and desolvation temperatures were set at 130 and 300 °C, respectively, and the cone and nitrogen gas were
employed at flow rates of 96 and 395 L/h. The mobile phase consisted of 0.1% formic acid, water (A), and acetonitrile (B), the gradi-
ent program of 85-85% (B) for an 0.3 min, 60-60% (B); 15-17 min, 25-75% (B), 6-7 min, 85-85% (B), 17.5-20 min, the injection
volume was 10.0 pL.

2.4.7. Determination of antioxidant activity: DPPH- (2,2-diphenyl-1-picrylhydrazyl radical) assay

Extracts and purified PACs were tested for their radical scavenging activity against the 2,2-diphenyl-1-picrylhydrazyl (DPPH-) us-
ing UV/VIS spectrometer Lambda 650 (PerkinElmer, Shelton, CT, USA). The DPPH: assay was measured according to the procedures
described by Dizhbite (2004). A range of different concentrations of the obtained dried hydrophilic extracts (Section 2.4) in DMSO
was prepared. The absorbance at 515 nm was measured 15 min after the mixing of 30 pL of extract (or antioxidant standard) with
3.0 mL DPPH: (1-:10~4 mol L-1) solution. DMSO was used as a control and Trolox as a reference antioxidant standard.

The measurements were done in triplicate. The free radical scavenging activity is expressed as the concentration of antioxidant,
mgeL1, required for a 50% inhibition of the free radicals (ICsy). DPPH: inhibition (decrease in absorbance at 515 nm) was calculated
according to Eq. (1):

(Aa — Ab)
Ab

I= 100, (@D)
where: I-DPPH:- inhibition, %; Aj—absorbance of DPPH- solution without sample or a reference antioxidant standard after 15 min;
A,—absorbance of DPPH- solution with sample or a reference antioxidant standard after 15 min. CI < 0.3 mg L1

2.4.8. Determination of antioxidant activity: ABTS*" (2,2’-azinobis(3-ethylbenzothiazoline-6-sulfonic acid) assay

ABTS* was produced by reaction of 2 mmol L-1 ABTS stock solution with 70 mmol L-! potassium persulfate (K,S,0g) allowing
the mixture to stand in the dark at room temperature for 12-16 h before use. The ABTS* solution (stable for 2 days) was diluted with
phosphate-buffered saline (pH 7.4) to an absorbance of 0.80 + 0.02 at 734 nm. The absorbance at 734 nm was investigated 10 min
after the mixing of 30 pL of extract (or purified PACs and antioxidant standard — Trolox) was diluted in DMSO of five different con-
centrations with 3.0 mL ABTS™*" solution, using a UV/VIS spectrometer Lambda 650 (PerkinElmer, Shelton, CT, USA). DMSO was
used as a control and Trolox as the antioxidant standard. ABTS*" inhibition (decrease in absorbance at 745 nm) was calculated ac-
cording to Eq. (2):

(Aa — Ab)
Ab

1= 100, (2)
where: I-ABTS*" inhibition, %; Aj—absorbance of ABTS*" solution without sample or a reference antioxidant standard after 10 min;
A,—absorbance of ABTS*" solution with sample or a reference antioxidant standard after 10 min. CI < 0.3 mg L-1.

2.4.9. Determination of the antimicrobial activity

Minimum inhibitory concentration (MIC) determination by microtitre broth dilution method was used. Stock solutions of the re-
spective plant extracts were prepared in 10 mL microcentrifuge tubes by dissolving dry plant extract in dimethylsulphoxide (DMSO)
to a final concentration of 100 mg/mL. The serial dilutions from the stock solution were made ranging from 50 mg/mL to 0.01 mg/
mL using Mueller-Hinton broth (Becton Dickinson, Sparks, MD, USA) for bacteria and Malt extract broth for C. albicans in 96-well mi-
croplates. The microbial suspension containing approximately 5 x 10° colony-forming units (CFU)/mL was prepared from a 24 h
culture plate. From this suspension, 100 uL was inoculated into each well. The microtiter plates were incubated at 37 °C, 24 h. After
incubation, 40 pL of a 0.4 mg/mL solution of INT was added to each well as an indicator of microbial growth. The plates were incu-
bated for 30 min and the MIC values were determinated.

Minimum bactericidal and fungicidal concentration (MBC/MFC) was recorded as the lowest extract concentration killing 99.9% of
the bacterial/fungus inocula after 24 h incubation at 37 °C. MBC/MFC was performed on all extracts and purified PACs samples.
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10 pL were taken from the well obtained from the MIC experiment (MIC value) and two wells above the MIC value well and spread on
Mueller-Hinton agar plates for bacteria and Malt extract agar plates for C. albicans. The number of colonies was counted after 18-24 h
of incubation at 37 °C. The concentration of sample that produces <10 colonies was considered as MBC/MFC value.

2.4.10. Anti-biofilm assay

The effect of extracts and purified PACs on the biofilm formation of three new clinical bacterial isolates, was evaluated by using
the microdilution method. For culturing the biofilm of each strain of bacteria, the freshly obtained culture was inoculated in ratio of
1:100 in 96 well microtiter plate of polypropylene material. The plate was covered and incubated at 37 °C for 24 h to culture the
biofilms. All experiments were conducted in replicates of four. Crystal violet (CV) assay was performed to assess the biofilm-inhibiting
activity of plant extracts. For biofilm inhibition assay the medium and planktonic cells were discarded after 24 h of static growth at
37 °C. Each well was rinsed thrice until the complete removal of all media and planktonic cells. Adhered cells were stained with
125 pL of CV (0.1%) for 30 min at room temperature. Then the CV was washed out while using deionized H,0. The CV bound to
biofilm was re-solubilized in 30% acetic acid and its absorbance was measured at 550 nm.

2.5. Statistical analysis

All measurements were conducted in triplicate, and the results are presented as the mean value. Statistical analyses were per-
formed using Microsoft Excel 2016. Confidence intervals (CI) for a mean using Student's T distribution were calculated at a signifi-
cance level of 5% (a = 0.05).

3. Results and discussion

3.1. Proanthocyanidins content in fruit and non-fruit trees biomass

It was found that the yield of extracts from all biomass types varied from 12.1% to 19.9% on the biomass's dry weight (DW). The
highest yield of extract was 19.9% on DW for Hippophae rhamnoides L. and 17.2% on DW for Aronia melanocarpa twigs. The content of
PACs was from 28.2% to 71.0% on extract DW. The extract isolated from Aronia melanocarpa biomass has the highest content of PACs
(71.0% on extract DW; 12.2% on biomass DW), followed by Hippophae rhamnoides L. (42.4% on extract DW; 8.4% on biomass DW)
(Fig. 2).

Our earlier studies showed that PACs content in the extracts of the European deciduous trees wood and bark, which usually has
the highest content of PACs in the whole tree, was not exceeding 43% (Janceva et al., 2015). Therefore, it can be seen that the fruit
trees biomass is very prospective for PACs isolation due to the high content of PACs.

Since the bioactivity of PACs is generally recognized to be dependent on their structure, including the degree of polymerization
(DP), the linking type of flavan-3-ol units, and the hydroxylation of constitutive units (Neilson et al., 2016; S6jka et al., 2013), the UH-
PLC-ESI-MS/MS analysis was done.

3.2. UHPLC-ESI-MS/MS analysis of proanthocyanidins-rich extracts

The compounds in proanthocyanidins-rich extracts were tentatively identified according to their retention times and mass behav-
ior with those of authentic standards or literature data. The alder bark proanthocyanidins were identified according to Symma and
Hensel (2022) The inter flavonoid bonds are not stable (Xu et al., 2015), and proanthocyanidins characteristically form clusters with
themselves (Symma and Hensel, 2022). The cluster ions [2M-H]- (m/z 683, 675, 1015, 959, 955, 923, 987, 927), and [3M-H]- (m/z
1025) were identified in Alnus glutinosa and Alnus incana extracts.

The results showed that the PACs in non-fruit biomass extracts composition were identified as a complex of B-type of procyanidin
dimers, trimers, and tetramers. A-type PACs in extracts composition were not detected. Among the identified compounds in the hy-
drophilic extracts (Table 1), coumaryl quinic acid, procyanidins monomers (catechin, epicatechin), hirsutanolol, oregonin, hydroxy-
oregonin, and other compounds were also found, in addition to PACs. The presence of oregonin and hydroxyoregonin was not de-
tected in Salix caprea, they were presented only in Alnus species. The composition of the Salix caprea extract differed from other ex-
tracts by the presence of salicylic acid derivatives, procyanidin trimer digallate, epigallocatechin units complex epigallocatechin-
epigallocatechin-epicatechin and epigallocatechin-epigallocatechin-epigallocatechin-epicatechin, indicating to the presence of
prodelphinidin in the PACs composition, catechin-pentoside, isolariciresinol-pentoside, etc.
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Fig. 2. Yield of the extracts and PACs from non-fruit and fruit trees biomass. The data is presented with CI for a mean at « = 0.05.
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The chemical compounds in the extracts from non-fruit trees biomass identified by UHPLC-ESI-MS/MS.

Extract’ raw R [M - H] (m/ MS/MS ions (m/z) Identified compounds
material (min) 2)
Alnus glutinosa 2.41 337.0961 163.0; 191.1; 675.2 Coumaryl quinic acid
2.45 865.1918 577.2; 451.9; 305,1 Epicatechin-epicatechin-epicatechin
2.64 865.1929 577.1; 289.1 Epicatechin-epicatechin-epicatechin
2.83 431.1924 289.1; 245.1 Catechin derivative
2.96 865.1943 509.2; 403.2; 289.1 Epicatechin-epicatechin-epicatechin
4.07 507.1870 327.1; 1015.2 Hirsutenone hexoside
4.31 479.1908 959.0 Hydroxyoregonin
4.61 477.1773 327.1; 955.4 Oregonin
5.18 345.1362 311.1; 179.1 Hirsutanolol
5.83 461.1783 311.1; 923.4 Aceroside VII or 1-(4-Hydroxyphenyl)-7-(3.4-dihydroxyphenyl)-heptan-3-one-5-O-
5.97 461.1777 pentoside
6.34 625.2516 493.2; 477.2; 463.1; 327.1  1.7-Bis-(3.4-dihydroxyphenyl)-3-heptanyl 3-O-p-D-glucopyranosyl-f-D-xylopyranoside
or rubranoside C
6.45 493.2060 295.1; 987.3 Rubranoside A
6.54 463.1997 331.2; 927.3 Rubranol xyloside
6.73 327,1165 245.9 Hirsutenon
Alnus incana 0.42 341.1123 683.2; 1025.2 3-glucopyranosyloxy-1-(4-hydroxyphenyl)- butanone
2.33 1153.2507 865.2; 577.2; 289.1 Epicatechin-epicatechin-epicatechin-epicatechin
2.44 337.0965 163.1; 191.0; 675.2 Coumaryl quinic acid
2.51 865.2003 577.2; 451.9; 305.1 Epicatechin-epicatechin-epicatechin
2.68 577.1353 451.8; 405.8; 289.1 Epicatechin-epicatechin
2.90 289.0749 245.1 Catechin/Epicatechin
3.04 1153.2540 865.2; 289.1 Epicatechin-epicatechin-epicatechin-epicatechin
4.29 507.1867 327.1; 1015.4 Hirsutenone hexoside
4.57 479.1921 959.2 Hydroxyoregonin
4.88 477.1768 327.1; 955.3 Oregonin
5.42 345.1360 311.1; 179.2 Hirsutanolol
6.15 461.1776 311.1; 923.2 Aceroside VII or 1-(4-Hydroxyphenyl)-7-(3.4-dihydroxyphenyl)-heptan-3-one-5-O-
6.26 461.1783 pentoside
6.42 625.2496 493.2; 477.1; 463.1; 327.0  1.7-Bis-(3.4-dihydroxyphenyl)-3-heptanyl 3-O-p-D-glucopyranosyl-f-D-xylopyranoside
or rubranoside C
6.50 493.2060 295.2; 987.2 Rubranoside A
6.58 463.1977 331.2; 927.3 Rubranol xyloside
6.66 593.2615 477.2;1187.3 (3R)-1.7-Bis-(4- dihydroxyphenyl)- 3-heptanol 3-O-B-D-glucopyranosyl-(1 — 3)-f -D-
xylopyranoside
6.75 327.1169 245.2 Hirsutenon
Salix caprea 0.56 191.0614 111.1 Quinic acid
1.59 331.0681 315.1; 169.0; 153.0 Gallic acid glucoside
1.59 331.0681 315.1; 169.0; 153.0 Dihydroxybenzoic acid glucoside
2.64 1201.0157 897.1; 593.0; 305.1 Epigallocatechin-epigallocatechin-epigallocatechin-epicatechin
2.70 421.1021 289.1; 245.1; 203.3; 843.5  Catechin pentoside
2.71 897.1869 305.1; 593.1; 1185.4 Epigallocatechin-epigallocatechin-epicatechin
2.80 299.1209 137.1; 119.1; 113.3; 93.0 Salicylic acid sugar derivative
2.81 337.0957 191.0; 163.1; 119.1; 93.0 Coumaroyl-quinic acid
2.88 289.1209 245.1; 205.3 Catechin
2.92 431.0986 137.0; 119.1; 93.0 Salicylic acid derivative
2.93 881.4042 135.1; 343.0; 395.1; 441.2;  Epigallocatechin-epicatechin-epicatechin
577.1
3.00 1169.1404 303.2; 577.1; 897.7 Procyanidin trimer digallate
3.13 675.4169 525.2; 431.2; 289.1; 245.1  Catechin derivative
3.18 491.1926 293.1 Isolariciresinol-pentoside isomer

For fruit trees, the UHPLC-ESI-MS/MS analysis results showed that the predominant compounds in the biomass extracts from Hip-
pophae rhamnoides L. and Aronia melanocarpa were B-type procyanidin dimers, trimers, and tetramers. Among the identified com-
pounds in the extracts, quinic acid, serotonin (only in Hippophae rhamnoides L. extract), procyanidins monomers (catechin, epicate-
chin), quercetin, gallocatechin or its isomer epigallocatechin, and other compounds were also found, in addition to PACs (Table 2).

The qualitative UHPLC-ESI-MS/MS analysis showed that non-fruit trees biomass extracts contained a wider range of the extractive
compounds than the one of the fruit-trees. Fruit-trees and Alnus incana biomass extracts contained B-type procyanidin tetramers in
their composition, for Alnus glutinosa and Salix the maximum degree of polymerization (DP) corresponded to trimers. Therefore,
PACs, in the extracts of Alnus glutinosa and Salix, could possibly be less active than the other species under study.

For further research, PACs-rich extracts were purified from non-PACs compounds using Sephadex LH-20 as described in 2.4.2. Sec-
tion. After PACs purification, the PACs content in the samples increased by 1.3-3.3 times and was 0.92-0.96 g/g DW according to the
Butanol-HCI assay results.
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Table 2
The chemical compounds in the extracts from fruit trees biomass identified by UHPLC-ESI-MS/MS.

Extract’ raw material t® (min) [M - H]" (m/2) MS/MS ions (m/z) Identified compounds
Aronia melanocarpa 1.43 289.0732 245.1; 205.1 Catechin derivative
1.51 1153.2642 865.2; 577.2; 289.1 Epicatechin-epicatechin-epicatechin-epicatechin
1.81 593.2190 425.1; 407.2; 305.3; 289.1 Gallocatechin-(4a-8)-catechin
1.97 865.2002 577.2; 289.1 Epicatechin-epicatechin-epicatechin
2.09 305.2608 303.1; 179.1; 125.2 Epigallocatechin
2.12 577.1353 289.1; 245.1 Epicatechin-epicatechin
2.19 1153.2526 865.1; 577.2; 289.1 Epicatechin-epicatechin-epicatechin-epicatechin
2.32 1153.2608 865.2; 577.1; 289.1 Epicatechin-epicatechin-epicatechin-epicatechin
2.45 865.2036 577.2; 289.1 Epicatechin-epicatechin-epicatechin
Hippophae rhamnoides L. 0.41 341.1094 179.1; 161.0; 143.0; 119.0; 113.0; 101.0 Sucrose
0.41 341.1094 179.1; 161.0; 143.0; 119.0; 113.0; 101.0 Fructose
0.41 341.1094 179.1; 161.0; 143.0; 119.0; 113.0; 101.0 Glucose
0.47 191.0560 111.0; 173.1; 127.0; 85.0 Quinic acid
0.98 175.0869 159.1; 147.0 Serotonin
1.84 305.0668 179.0; 125.1 Gallocatechin or its isomer epigallocatechin
1.89 593.1306 407.1; 425.1; 305.1; 467.2; 289.1 Epicatechin-epigallocatechin
1.97 1185.2532 881.2; 593.1; 305.1; 289.1; 245.0 Epicatechin-epicatechin-epigallocatechin-epigallocatechin
2.06 1055.2736 881.1; 593.0;305.1; 289.1 Galloylated procyanidin tetramer
2.30 865.1998 577.2; 289.1; 245.1 Epicatechin-epicatechin-epicatechin
2.38 289.0721 245.1; 125.0 Catechin/Epicatechin
2.50 1153.2622 865.2; 577.2; 289.1; 245.0 Epicatechin-epicatechin-epicatechin-epicatechin
3.28 609.4180 301.1; 271.0 Quercetin-3-O-rutinoside
3.33 301.0921 286.1; 109.0 Quercetin
7.14 487.3412 293.1; 117.0 Triterpenoid
7.79 471.3461 452.2; 265.0; 117.1 Triterpenoid
7.86 471.3415 265.1; 117.1 Triterpenoid
8.07 455.3518 277.2;117.1 Triterpenoid
8.01 617.3837 255.2; 117.0 Acylated triterpenoid

3.3. Purified PACs characterization

3.3.1. FTIR analysis

A comparative analysis of FTIR spectra of the extracts and PACs was carried out. The extended band in the range of
3400-3200 cm~! indicates the presence of —OH groups in the samples. The low-intensity peaks at 2950 and 2880 ¢cm~! indicate -C-H
group stretching vibrations. Aromatic structures show absorptions in the regions 1600-1585 cm~! and 1500-1400 cm~! due to C-C
stretching vibrations in the aromatic ring. Around 1200 cm~!, another middle-intensity peak appears, which is a strong clue of
polyphenol C-O group in PACs structure. It was shown that purification of PACs from non-PACs compounds significantly reduced the
number of carbohydrates and low molecular weight acylated polyphenols (3400-3200 cm~1; 2950 cm~1; 1100-950 cm~1). A weak
peak at 1700 cm~1, on the spectra of extracts and purified PACs, is characteristic for the carbonyl group, which may be due to the
presence of a gallic acid residue in the extract and PACs (Fig. 3).

The FTIR spectra of purified PACs samples showed similarity with the reference compound B2 procyanidin spectrum (Fig. 4).

The FTIR spectra of PACs samples contain all the absorption bands characteristic for B2 procyanidin standard.

Generally, procyanidins-type oligomers show a single peak at 1540-1520 cm~! in the FTIR spectra, whereas that of the prodel-
phinidins type shows a double peak (Sun, 2019). Based on the single peak at 1521 cm~! it can be assumed that PACs samples are com-
posed of procyanidin units or are the dominant components in their composition. The bands at 804, 798, and 795 cm~! and at 1049,
1047, and 1045 cm~! were assigned to the C-H and C-C stretching vibrations respectively. The bands at 822 cm~! were due to the R;

3300 3300 2800 2300 1800 1300 00

Fig. 3. FTIR spectra of Aronia melanocarpa samples: black line (A) — extract, grey line — purified PACs.
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Fig. 4. FTIR spectra of purified PACs from fruit and non-fruit trees biomass: 1-Hippophae rhamnoides L.; 2-B2 procyanidin standard; 3-Alnus glutinosa; 4-Salix caprea.

and R, substituted aromatic structure (Fig. 5). The absorbance band at 1699 cm~! indicates that a carbonyl group (C=0) is present in
PACs samples, indicating to an impurity in the quinoid form.

The peak in the region of 1493 cm~! is more pronounced for B2 procyanidin standard, but deconvolution of the spectra of PACs
confirmed its presence in the analyzed samples.

3.3.2. LC-DAD-ESI-MS/MS analysis

In recent years, LC-DAD-ESI-MS/MS has been increasingly used to determine the composition of PACs. The advantage of LC-DAD-
ESI-MS/MS is quick and accurate measure of the molecular weight, producing fewer fragment ions for polymer analysis without the
necessity for reference standards. Nevertheless, it is still a problem that ESI-MS signal intensity and detectability of PACs are decreas-
ing with increasing DP: a phenomenon that especially limits identification of PACs which are only present at lower concentrations in a
mixture (Symma and Hensel, 2022). Therefore, in this study, the oligomeric PACs up to DP5 can be detected and analyzed. The LC-
DAD-ESI-MS/MS experiments in the negative ion mode showed the presence of intense [M-H]- ion peaks corresponding to B-type pro-
cyanidins dimer (DP2, m/z 577), trimer (DP3, m/z 865), tetramer (DP4, m/z 1153), and pentamer (DP5 m/z 1441). In literature data
it was noted that two flavan-3-ol monomers - catechin (C) and epicatechin (EC) showed fragmentation ions m/z 245, m/z 205, m/z
179, and m/z 125, respectively (Lin et al., 2014). The B-type procyanidin trimer of m/z 577 produce ions at m/z 451, 425, 407 and
289 (Rockenbach et al., 2012). For PACs with DP > 3, further fragmentation can occur from repeated quinone methide (QM) breaks
of interflavan bonds connecting the flavan-3-ols of the extension units (Fig. 6).

Tetramers and pentamers with doubly charged ions were detected, whose fragmentation gave rise to ions at m/z 1027, 865, 863,
739, 451, 407, 289, and 287 (Saéz and Baer, 2019).

A structurally significant fragmentation pathway for deprotonated procyanidins is heterocyclic ring fission which results in the
elimination of 1,3,5-trihydroxybenzene, [M-H-126]- (Rush et al., 2018). The typical PACs fingerprints were obtained by selected
monitoring with the following transitions: PC extension unit (m/z 287 — 125), procyanidin terminal units (m/z 289 — 245), prodel-
phinidin extension units (m/z 303 — 125), and prodelphinidin terminal units (m/z 305 — 125), galloylated procyanidin (729 — 289)
(Engstrom et al., 2014).

Identification of the composition of PACs isolated from Aronia melanocarpa biomass was studied for the first time. The isolated and
purified PACs from Aronia melanocarpa extract were a complex of procyanidin oligomers consisting of A and B-type of catechin dimers
(Fig. 1), trimers, B-type of catechin tetramers, and pentamers (Fig. 7, Table 3). Thus, it can be seen that A-type procyanidin dimer and
trimer and B-type pentamers which were not detected in the extract by UHPLC-ESI-MS/MS (Table 2), present in the PACs composi-
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Fig. 5. Structures of the flavan-3-ol units in PACs: Procyanidins R; _H, R,_ OH; Prodelphinidins R; - OH, R,_OH.
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Fig. 6. PACs trimer fragmentation by quinone methide (QM) breaks of interflavan bonds.
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Fig. 7. Average MS spectrum of PACs from Aronia melanocarpa.
Table 3
Profile of PACs from fruit trees biomass identified by LC-DAD-ESI-MS/MS analysis.
PACs [M — H] (m/2) Fragments (m/z) Identified compounds
Aronia melanocarpa 289.2/287.1 245; 205; 179; 125 Catechin/epicatechin (procyanidin monomer)
575.1 449; 423; 289 Procyanidin A-type dimer (catechin-catechin)
577.0 559; 451; 425; 289 Procyanidin B-type dimer (catechin-catechin)
863.2 737; 711; 591; 575 Procyanidin A-type trimer (catechin-catechin-catechin)
865.2 695; 577; 425; 407 Procyanidin B-type trimer (catechin-catechin-catechin)
1153.3 983; 865; 577 Procyanidin B-type tetramer (catechin-catechin-catechin-catechin)
1441.3 1153; 865; 575 Procyanidin B-type pentamer (catechin-catechin-catechin-catechin-catechin)
Hippophae rhamnoides L. 289.2/287.1 245; 205; 179; 125 Catechin/epicatechin (procyanidin monomer)
305.1 221, 219,179 Gallocatechin
575.1 449; 423; 289 Procyanidin A-type dimer (catechin-catechin)
577.0 559; 451; 425; 289 Procyanidin B-type dimer (catechin-catechin)
593.1 441; 467; 305 Catechin-gallocatechin
863.2 737; 711; 591; 575 Procyanidin A-type trimer (catechin-catechin-catechin)
865.2 695; 577; 425; 407 Procyanidin B-type trimer (catechin-catechin-catechin)
881.1 729; 407; 711 Epicatechin-catechin-gallocatechin

tion. Probably it could be explained by bigger relative content of them in the purified PACs that allowed them to be detected. The LC-
DAD-ESI-MS/MS spectra of purified PACs samples from Hippophae rhamnoides L., Aronia melanocarpa, Alnus glutinosa, Salix caprea,
and Alnus incana are shown in Figs. 7-11.

The signal of tetramer on the LC-DAD-ESI-MS/MS spectra in the composition of Hippophae rhamnoides L. was very weak
(1153.30 m/2), but it was detected by UHPLC-ESI-MS/MS, therefore, most probably it is present in the composition.

The PACs composition of Hippophae rhamnoides L. differed from Aronia melanocarpa by the presence of additional polyphenols
units such as gallocatechin, catechin-epigallocatechin/gallocatechin and catechin-catechin-gallocatechin.

It can be also seen from LC-DAD-ESI-MS/MS spectra that Hippophae Rhamnoides L. PACs, separated in the same conditions that
Aronia melanocarpa, have more admixtures.
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Fig. 10. Average MS spectrum of PACs from Alnus incana

Catechin

2871
Catechin-gallocatechin Procyanidin dimer
A-type

2431

Salicylates

881 34197
| N "
1300

Catechiwchm-gallocatechm
3»—/Gallocatechin— gallocatechin—catechin

1400

700 800 900 | 1000 1100 1200

Fig. 11. Average MS spectrum of PACs from Salix Caprea.
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The Alnus species PACs (Figs. 9 and 10) consisted of A and B-type procyanidins dimers, galloylated procyanidin dimer, and A-type
procyanidin trimer. Along with procyanidins oligomers, diarylheptanoids with the identified molecular ion [M—H]- 477.1 and 477.2
were detected.

Compared to Alnus species PACs, the PACs sample from Salix Caprea was composed of oligomers not exceeding m/z 897 Da, includ-
ing A-type procyanidin dimer, as well as dimer and trimers, consisted of gallocatechin subunits (see Table 4).

3.4. Influence of PACs content in extract on biological activity

3.4.1. Antioxidant activity

The evaluation of the antioxidant activity of PACs-rich extract and purified PACs was carried out using two recognized DPPH® and
ABTS®+ assays. The results of the radical scavenging activity analyses are presented in Fig. 12. Among all the extracts, Aronia
melanocarpa and Hippopae rhamnoides L. extracts had the highest antioxidant activity (ICsy = 2.4 mg L1 in ABTS®* test and
IC5p = 3.6 mg L-! in DPPH® test for Aronia melanocarpa and ICsy = 3.2 mg L~! in ABTS®+ test for Hippopae rhamnoides L.), that is
higher than the one of the synthetic antioxidant Trolox taken as the reference (ICs, = 4.0 mg L-! in the test with ABTS®+ and
IC59 = 4.7 mg L1 in the test with DPPH®). It can be associated with a high content of PACs (71.0 and 42.4% on DW of extract) in the
Aronia melanocarpa and Hippopae rhamnoides L. biomass. All purified PACs had higher antioxidant activity in ABTS®*" test, varied
from ICsy = 1.2-1.4 mg L1, and in DPPH® test, varied from IC5y = 2.1-2.6 mg L1, than Trolox reference.

Among all purified PACs, the ones from Aronia melanocarpa and Hippopae rhamnoides L. (0.98 g g~ and 0.93 g g~! PACs com-
pounds content by butanol-HCl test, respectively) showed the highest antioxidant activity (ICso = 1.1 mg L~ and IC5y = 1.2 mg L-!
in ABTS®* test and IC5o = 2.1 mg L-! and IC5y = 2.2 mg L~! in DPPH® test, respectively (CI < 0.1 mg L-! at « = 0.05). All purified
PACs had higher antioxidant activity than Trolox (Fig. 12).

These PACs’ properties can be valuable not only in the creation of pharmaceuticals but also in food and cosmetics industries to
slow down the oxidative processes occurring in raw materials and finished products at different stages of the technological processes
and during storage.

3.4.2. Antimicrobial activity
Antimicrobial activity of non-fruit trees extracts and purified PACs is shown in Table 5.

Table 4
Profile of PACs from non-fruit trees biomass identified by LC-DAD-ESI-MS/MS analysis.

PACs [M - H] (m/2) Fragments (m/z) Identified compounds
Alnus incana, Alnus glutinosa 289.2/287.1 245; 205; 179; 125 Catechin (procyanidin monomer)
577.0 559; 451; 425; 289 Procyanidin B-type dimer (catechin-catechin)
575.1 449; 423; 289 Procyanidin A-type dimer (catechin-catechin)
729.2 577; 407; 559 Galloylated procyanidin dimer
863.2 737;711; 591; 575 Procyanidin A-type trimer (catechin-catechin-catechin)
Salix Caprea 289.2/287.1 245; 205; 179; 125 Catechin
305.1 221; 219; 179 Gallocatechin
575.1 449; 423; 289 Procyanidin A-type dimer (catechin-catechin)
593.1 441; 467; 305 Catechin-gallocatechin
881.1 729; 407; 711 Catechin-catechin-gallocatechin
897.3 593; 305 Gallocatechin-gallocatechin-catechin

LC-DAD-ESI-MS/MS analysis showed that trimers and dimers were presented in the composition of all PACs. However, since Aronia melanocarpa has pentamers de-
tected, and Hippophae rhamnoides L. has tetramers confirmed by LC-DAD-ESI-MS/MS, it could be proposed that they will have the highest biological activity.
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Fig. 12. Antioxidant activity of the biomass extracts and purified PACs: SC-Salix caprea, AG-Alnus glutinosa, Al-Alnus incana, HR-Hippophae rhamnoides L., AM-Aronia
melanocarpa. The data is presented with CI for a mean at « = 0.05.
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Table 5
Antimicrobial activity of PACs-rich samples from non-fruit trees.

Microorganisms PACs from Alnus Extract from Alnus PACs from Alnus Extract from Alnus PACs from Salix Extract from Salix
incana incana glutinosa glutinosa caprea caprea

MIC/MBC or MFC, mg'mL~!

E. coli 0.08/0.31 0.39/0.78 0.08/0.31 0.39/0.39 0.04/0.16 0.10/0.20
P. aeruginosa 0.16/1.25 0.78/>50 0.16/1.25 3.13/3.13 0.08/0.31 0.39/0.39
S. aureus 0.04/0.16 0.20/0.20 0.04/0.16 0.20/0.78 0.04/0.16 0.20/0.20
B. cereus 0.04/0.16 0.78/>50 0.04/0.16 0.78/50 0.08/0.08 0.78/>50
C. albicans 0.63/1.25 6.25/>50 0.31/1.25 0.39/>50 0.31/1.25 3.13/3.13

The confidence interval for all the results did not exceed 0.05 mg-mL-'at a = 0.05.

It can be seen that the purified PACs worked better than extracts for all microorganisms under study. Extract of Salix caprea had
the highest or similar MIC activity for all bacteria, but as to for fungus C. albicans, Salix caprea started to inhibit its growth at a higher
concentration than Alnus glutinosa. But MBC/MFC activity of Salix caprea was the highest for almost all microorganisms, except for B.
cereus, where Alnus glutinosa was more active.

Since the content of PACs was the highest in fruit-trees, the evaluation of the antimicrobial activity of fruit-trees extracts and PACs
was performed against two groups of microbial strains: reference microbial strains from the Microbial Strain Collection of Latvia
(MSCL), University of Latvia (Pseudomonas aeruginosa MSCL 331, Staphylococcus aureus MSCL 334, Escherichia coli MSCL 332, Bacillus
cereus MSCL 330, and Candida albicans MSCL 378), and four clinical/human origin isolates (Staphylococcus aureus MRSA, Escherichia
coli ESBL, Pseudomonas aeruginosa and Candida albicans). Purified PACs of fruit trees biomass had the statistically the highest antimi-
crobial activity against clinical/human isolates and reference microbial strains. It was found that PACs were more effective against
reference microbial strains derived from the MSCL. The purified PACs inhibited MSCL bacteria growth at concentration of
0.04-0.78 mg mL-!, while clinical isolates' bacteria were inhibited by PACs at a higher concentration — 0.67—-5.99 mg mL-! (Table
6).

It was shown that, same as for non-fruit trees, the extracts of fruit trees Hippophae rhamnoides L. and Aronia melanocarpa, also had
less antibacterial activity compared to purified PACs samples. It corresponds to the literature data where PACs of Hippophae rham-
noides L. with B-type linkage have antimicrobial activity, although obtained by the other extraction procedure (R6zalska et al., 2018).
However, Aronia melanocarpa and Hippophae rhamnoides L. extracts tended to have higher fungicidal activity (MFC) for the clinical
isolates. This could be explained by presence of low-molecular polyphenolics compounds, such as quinic acid, catechin/epicatechin,
gallocatechin or its isomer epigallocatechin, and quercetin, in the extracts, which could work better in some conditions against fungi
than PACs. Further research is necessary. The data for the MICs of Hippophae rhamnoides L. extracts in relation to MSCL Candida albi-
cans were close to the literature data for Hippophae rhamnoides L. twigs extracts activity, with less activity against clinical isolates, al-
though the difference was no so significant. However, the extracts were obtained by a different procedure and the conditions for the
determination of MIC differed from the present article, so the results can't be compared directly (R6zalska et al., 2018).

The analysis with purified PACs showed that all purified PACs had high antimicrobial activity (Table 7).

3.4.3. Biofilm formation

The prevention and management of biofilm formation in chronic wounds is rapidly becoming a primary objective of wound care.
Microorganisms in biofilms are known to exhibit increased resistance to antibiotics and disinfectants, thereby often causing chronic
inflammatory processes. Over 90% of chronic wounds have a biofilm-containing bacteria and/or fungi living within biofilm con-
struct, and this becomes a major problem in wound healing (Attinger and Wolcott, 2012; Wolcott et al., 2010).

Table 6
Antimicrobial activity of PACs-rich samples from fruit trees.

Microorganisms PACs from Aronia melanocarpa  Extract from Aronia melanocarpa  PACs from Hippophae rhamnoides L.  Extract from Hippophae rhamnoides L.

MIC/MBC or MFC, mg'mL-!

Clinical isolates

E. coli 1.50/2.99 4.26/4.26 2.99/5.99 11.16/22.32

P. aeruginosa 2.38/4.75 1.99/3.98 5.99/5.99 5.58/11.76

S. aureus 0.67/0.67 1.64/3.28 0.74/0.74 2.79/2.79

C. albicans 12.75/>50 10.56/21.12 11.98/>50 5.58/44.65
Microbial strains from MSCL

E. coli 0.04/0.04 0.78/0.78 0.04/0.04 0.20/0.20

P. aeruginosa 0.08/0.16 0.78/0.78 0.08/0.16 0.39/0.78

S. aureus 0.08/0.16 0.39/0.39 0.08/0.16 0.20/0.39

B. cereus 0.63/1.25 0.78/0.78 0.63/1.25 0.39/50

C. albicans 0.63/1.25 1.56/3.13 1.25/2.50 0.20/>50

The confidence interval for all the results did not exceed 0.05 mg'mL-'at a = 0.05.
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Table 7
Antimicrobial activity of purified PACs samples.

Purified proanthocyanidins

Microorganisms Hippophae rhamnoides L. Aronia Melanocarpa Alnus glutinosa Alnus incana Salix caprea

MIC/MBC or MFC, mg:mL-!

E. coli 0.04/0.04 0.04/0.04 0.04/0.16 0.08/0.31 0.04/0.16
P. aeruginosa 0.08/0.16 0.08/0.16 0.08/0.31 0.16/1.25 0.08/0.31
S. aureus 0.08/0.16 0.08/0.16 0.04/0.16 0.04/0.16 0.04/0.16
B. cereus 0.63/1.25 0.63/1.25 0.08/0.31 0.04/0.16 0.08/0.08
C. albicans 1.25/2.50 0.63/1.25 0.31/1.25 0.31/1.25 0.31/1.25

The confidence interval for all the results did not exceed 0.05 mg:mL-! at & = 0.05.

Since there are practically no means of combating bacterial films, the study of the effect of preparations on the destruction of these
biofilms is one of the most relevant areas of research in pharmacology. Extracts with the highest PAC content and PACs from Aronia
melanocarpa and Hippophae rhamnoides L. were chosen as inhibitors of biofilm formation. The following bacteria were studied as
biofilm formers: MRSA, ESBL, and P. aeruginosa. Comparing with the control (100% formed film based on bacteria), the percentage
formation of films of MRSA, ESBL and P. aeruginosa was 2 times lower in the presence of PACs. The effect of the Hippophae rhamnoides
L. extract was similar within the CI, with the exception of the biofilm based on MRSA, the percentage formation of which decreased
by 5 times (Fig. 13).

The study showed that PACs also have the potential to inhibit bacterial growth in the biofilms.

These results can be used for the creation of supportive therapy in wound healing, where PACs that have no toxicity and side ef-
fects in the range of anti-microbial effect (EFSA Panel on Additives and Products or Substances used in Animal Feed (FEEDAP) et al.,
2022), could complement antibiotics in the fight against biofilms, especially in between the healing windows, and for keeping the sur-
rounding tissue healthy. It was reported that Hippophae rhamnoides L. extracts obtained by the other extraction procedure had a signif-
icant inhibiting effect on biofilm formation even at slightly lower concentration (Rézalska et al., 2018). Cathechins, catechin gallates
and epigallocatechin gallate which are monomers of PACs were reported to be able even to reverse several antibiotics resistance
(Slobodnikova et al., 2016). Extracts containing polyphenols were reported to increase the efficacy of the antibiotics that led to lower-
ing of antibiotics dose (Daglia, 2012). Since it was proven that PACs also high anti-inflammatory properties (Andersone et al., 202.3;
Zhang et al., 2020), PACs have the potential to become a solution in wound progress to the proliferative and remodelling phase of
healing. Thanks to their adhesive properties, it is possible for PACs to interfere and compete with biofilms bacteria fimbriae adhesins,
as well as to produce antiadhesive actions against bacteria in urinary tract and dental infections (De La Iglesia et al., 2010). This state-
ment needs further experimental research. In the literature, as one of the additional or alternative ways of fighting the pathogens, is
disarming of the bacteria, targeting their virulence instead of killing them completely, in order to prevent antibiotic resistance (Heras
et al., 2015). Adhesion factor of PACs could be used in these anti-virulence therapies.

It could be also said that although the bactericidal concentration of the extracts and PACs is bigger than for chemically synthesized
antibiotics (usually the antibiotics are necessary in pg-mL-! (Upadhyay et al., 2010; Zuchowski, 2023), the natural extracts studied
are able to reduce the viability of the initial microorganism inoculation by >99.9%. Considering that the most often they do not have
toxicity in their activity diapason (Sadowska et al., 2017; Janceva et al., 2022a,b), they could be used without side effects characteris-
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Fig. 13. Effect of extract and purified PACs from Hippophae rhaimnoides and Aronia melanocarpa on biofilm formation of MRSA, P. aeruginosa and ESBL at concentrations
of 5 mg/mL. The error bars represent the Cl at « < 0.05. Data are presented as the percentage of biofilm formation compared to the control containing none of the ex-
tracts (100% biofilm).
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tic for the allopathic medicine, or in the combined therapy for multidrug-resistant pathogens (Sadowska et al., 2017). Moreover, nat-
ural extracts could be taken for a long time, e.g., 3-6 months, whereas synthetic antibiotics at such prolonged treatment interfere with
the physiological processes of human or animal organisms, and their cumulative negative effect increases with the time they are taken
(Kiss et al., 2022). Proven excellent antioxidant properties of the Aronia melanocarpa and Hippophae rhamnoides L. extracts and PACs,
derived from all the plants under study, will allow to make preparations with both antioxidant and anti-microbial properties.

Wastewater from antibiotic production, municipalities and hospitals are the biggest source of antibiotic resistance genes and envi-
ronmental pollution (Pereira et al., 2015; “The costs and risks of AMR water pollution,” n.d.). Therefore, partial replacement of an-
tibiotics by plant-derived antimicrobials would contribute to greener and more sustainable approach.

4. Conclusions

The first comparative analysis of fruit and non-fruit trees lignocellulosic biomass-derived PACs was done and showed that the fruit
trees Aronia melanocarpa and Hippophae rhamnoides L. had higher content of PACs on the extract (71.0% and 42.4%, respectively) and
yield from the biomass (12.2% and 8.4%, respectively). Fruit trees-derived purified PACs, which contained structures with higher
polymerization degree, had slightly higher antioxidant activity. However, all PACs and Aronia melanocarpa extract were more active
than Trolox.

All the PACs had high activity against microbials. One can say that both: fruit and non-fruit trees PACs have the potential to be
successfully used in antimicrobial preparations and as antioxidants, and could be interchangeable in the compositions of the pharma-
ceutical preparations, especially against E. coli, P. aeruginosa and S. aureus. Depending on the availability of biomass at the moment,
PACs of one or another tree could be chosen in a mixture of working PACs. PACs of Salix caprea, which contained wider range of gallo-
catechin subunits, and Alnus spp., which contained diarylheptanoids, had shown better anti-microbial activity against B. cereus; thus,
they are preferable in anti-microbial composition against this bacterium. Non-fruit trees PACs are desirable in the preparations
against C. albicans. PACs from Hippophae rhamnoides L. and Aronia melanocarpa inhibited biofilm formation.

High content of PACs in Aronia melanocarpa and Hippophae rhamnoides L. tree biomass extracts widens possibilities for Aronia
melanocarpa and Hippophae rhamnoides L. plantations cultivation, which will complement berries production with another type of
value-added product; thereby, contributing to the development of a sustainable horticulture.

Extraction of PACs from non-fruit forest and agricultural field cleaning biomass will allow its cascading use with obtainment of
value-added products before biomass final application as a fuel.

Medicinal preparations on the basis of natural compounds will contribute to sustainable pharmacy since their application will al-
low to diminish the use of antibiotics and contribute to less toxic side effects both: for humans and the environment.
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Abstract: The twigs of sea buckthorn, blackcurrant, gooseberries, quince, and grapes were evaluated
as a promising source of biologically active compounds—proanthocyanidins (PACs). Sea buckthorn
twigs had the highest content of PACs (9.2% on dry biomass). Preliminary pretreatment of biomass
with freon R134a did not allow an increase in PACs content in the composition of hydrophilic extract
but confirmed the value of freon extract as an antibacterial agent against P. aeruginosa and B. cereus.
The content of PACs was used as an indicator for assessment of the influence of hydrophilic extracts
on pancreatic lipase activity. Under normal physiological conditions, in the presence of bile, the
extract, which contained 42.4% of PACs was more effective compared to the extract which contained
17.5% of PACs. At all concentrations (0.2-40 mg of sample/g of pancreatic lipase), it inhibited lipase
activity by 33%. Purified PACs were the most effective in inhibiting lipase activity (by 36%). However,
in pathological physiological conditions (without bile), the opposite effect on lipase activity was
observed. Thus, PACs and extracts can be used as inhibitors of pancreatic lipase only under normal
physiological conditions.

Keywords: obesity; sea buckthorn; freon R134a; blackcurrant; gooseberries; quince; grapes; polyphenols;
proanthocyanidins; lipase inhibitors

1. Introduction

It was recently proven, based on the example of sea buckthorn, that lignocellulosic
biomass of fruit trees/shrubs can be as valuable as fruits in terms of bioactive compounds.
Moreover, the content of some of the secondary metabolites is even bigger in their ligno-
cellulosic biomass than in fruits [1]. As all fruit shrubs undergo pruning to a bigger or
lesser extent, the volume of waste biomass increases along with increase in berry industrial
production volume. Today, this biomass is mostly burned or incorporated into soil directly
or through composting. Such a method of biomass application has a small added-value
and, additionally, causes greenhouse gas (GHG) emission, since soil microflora induced
by such biomass stimulates the production and emission of NO and N,O, which have
significantly bigger GWP than CO; [2]. Following the authors’ research on sea buckthorn
waste biomass, innovative research and comparison of other fruit shrubs” biomasses is
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necessary as this opens possibilities for their future applications as a source for separate
compounds or extracts complex. Regarding the underutilized lignocellulosic biomass of
the range of fruit shrubs cultivated in Europe, berries, which are highly nutritional and
reported to have anti-diabetic and weight-reduction properties, were chosen for this study:
blackcurrant [3,4], cultivated on a large scale, especially in Poland [5]; gooseberry [6,7],
grape [8], and quince [9]. The fruits, pomace, and leaves of the above-mentioned fruit
shrubs are used in folk medicine, but only a few publications are available on the phenolic
compounds and lipophilic extracts of these types of biomass. Preliminary studies have
shown that proanthocyanidins (PACs) are the dominant polyphenols in lignocellulosic
biomass [10,11], which are reported to have anti-diabetic, anti-inflammatory, anticancer,
antioxidant, cardio-protective, antimicrobial and other health-related properties [11,12].
Previously published data on PACs of the above-mentioned fruit shrub lignocellulosic
waste are scarce, so the comparative research of this lignocellulosic biomass was a novelty
of this work.

The target PAC properties studied in this research were connected with the anti-
diabetic and anti-obesity properties of PACs, since obesity is one of the most influential
diseases today. This is mainly caused by excessive consumption of sugar and high fat foods
when all consumed energy is not used through physical activity and is stored by the body
as fat. According to the World Health Organisation, around 2 billion adults currently are
overweight, of whom 650 million are affected by obesity (BMI > 30 kg/m?) [13,14] with
side-effects of coronary heart disease, type 2 diabetes, cancers, atherosclerosis, hypertension,
hyperlipidemia, dyslipidemia, stroke, and other health problems [15-21].

A symptomatic solution to prevent obesity could be the action of digestive
enzymes [22,23]. Pancreatic lipase is a key enzyme for triglyceride absorption in the
small intestine [24]. This enzyme is secreted from the pancreas and hydrolyses triglyceride
into glycerol and fatty acids. The suppression of triglyceride absorption by lipase inhibi-
tion is one of the additional approaches for preventing obesity [25]. Many people choose
medications for effective withdrawal of symptoms and rapid results [26,27]. Currently, in
clinical practice, many synthetic drugs are used, characterized by various combinations of
components and enzymatic activity. However, the risk of side effects and the cost of these
synthetic drugs is high compared to herbal examples [27,28]. Among the commercially
available drugs that inhibit the absorption of intestinal fat due to the inhibitory activity
of lipase are orlistat (Xenical®), lorcaserin (Belviq®), phentermine/topiramate (stmia®),
naltrexone /bupropion (Contrave®) and liraglutide (Saxenda and Victoza®). All these drugs
are not safe, as they have such side effects as oily discharge from the rectum, gas, imperative
urge to defecate, steatorrhea, increased defecation, and fecal incontinence. In addition,
increased blood pressure, high pulse rate, palpitation, dry mouth, headache, insomnia,
memory impairment, and paraesthesia have been reported [29].

It was proven that PACs can inhibit digestive enzymes (pancreatic lipase, «-amylase,
and trypsin), with different inhibitory potency [27,30]. Since obesity is often accompanied
by prolonged infectious deceases and inflammation [31], our hypothesis is that the complex
properties of waste-biomass-derived extracts and PACs could be a solution to the com-
plex problems of obesity; therefore, the anti-oxidant and anti-microbial properties of the
lipophilic and hydrophilic extracts were also studied. It was shown in our previous research
that agro-waste from fruit trees could serve as a raw material for a range of biologically
active molecules [12,32].

Sequential extraction allows the obtaining of both non-polar and polar compounds.
Lately, extraction by liquified gases, such as supercritical CO,, butane, and freons, has
started to be developed extensively, mostly for plant material with a high content of
lipophilic compounds (orange peels, carrots, sunflower seeds, lavender flowers, etc.) [33,34].
Gas extraction with liquefied hydrocarbons (butane and propane) also reported less de-
composition or modification of the compounds [35]. The liquified gases CO, and freon
R134a were reported to be efficient for the extraction of cannabis, as the safest and highest-
capacity processing methods [36]. It was shown that using a mixture of CO; and R134a
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solvents can reduce the amount of supercritical fluid necessary [37]. Extraction with R134a
does not demand such a high pressure as with supercritical CO, and is generally much
cheaper. As an advantage of extraction by fluoro-hydrocarbons, the possibility of changing
the yield of extractable compounds by the addition of a co-solvent is also mentioned [38].
Both CO, and freon are approved by the FDA as safe solvents and can replace hexane
solvent, which is highly toxic and is banned for use in Europe. Using a closed loop in
a freon extractor prevents the R134a global warming effect. The disadvantage of R134a
freon extraction is the production stage of the freon from trichloroethylene. Therefore,
supercritical CO, extraction seems to be much “greener”. However, CO; extraction de-
mands much more electricity for heating, pressure, cooling, and intensive ventilation to
prevent suffocation [39]. CO, capturing increases the fuel needs of an electricity plant by
25-40% [40], and demands amine absorbents [41] which in vivo may form nitrosamines and
nitramines, affecting health and the environment; it was found that several of the amines
can be highly carcinogenic [41]. Thus, further study would be necessary for the comparison
of both extraction methods, which is planned in the future. The innovative freon extraction
technology has still undergone very limited research with regard to lignocellulosic biomass,
and in this study this was evaluated. The influence of freon extraction conditions on further
extraction of hydrophilic compounds by water and ethanol /water solutions was studied.

Based on the analysis performed, the present study aimed to obtain the lipophilic
and hydrophilic extracts and PACs from the twigs of five types of fruit trees/shrubs (sea
buckthorn, blackcurrant, gooseberries, quince, and grapes), widespread in the Baltic States
and Europe, the chemical characterization of the obtained extracts, and the study of the
effect of extracts and isolated PACs on the activity of the pancreatic lipase in normal and
pathological patient conditions. The anti-microbial properties of lipophilic compounds
obtained by hexane and freon were tested for preliminary validation of the concept of
natural materials-based complex solutions for obesity patients. To the best of the authors’
knowledge, this is the first comparative study of the above-mentioned lignocellulosic
biomass. Thus, the novelties of the present study are the usage of the above-mentioned
lignocellulosic agro-waste as a source of extracts and PACs; evaluation of freon extraction
as a method to obtain polar and semi-polar compounds from lignocellulosic biomass; study
of the effect of co-solvent; anti-microbial properties of lipophilic extracts; and analysis of
the influence of hydrophilic extracts and PACs on lipase activity.

2. Materials and Methods
2.1. Collection of Plant Material

The twigs of sea buckthorn (Hippopae rhamnoides L.), cultivar ‘Maria Bruvele’, Institute
of Wood Chemistry (IWC) sample storage No. 91/03-20/146-22, were collected from the
sea buckthorn plantation area in Seme parish, Tukums county of Latvia (DD: 57.1444093,
23.108156); blackcurrant (Ribes nigrum L.), cultivar ‘Selechenskaja’, IWC No. 97/03-20/146-
22; gooseberries (Grossulariaceae family), cultivar ‘Kur$u Dzintars’, INC No. 98/03-20/146-
22; quince (Chaenomeles japonica), cultivar ‘Rasa’, IWC No. 99/03-20/146-22; and grapes
(Vitis vinifera), cultivar “Zilga’, IWC No. 100/03-20/146-22, were collected from the fruit-
tree/shrub plantation area of Baldone parish, Kekava county of Latvia (Decimal degrees
(DD): 56.82065, 24.27653). Twigs were cut in September 2022. All biomass samples are
deposited in the Institute of Wood Chemistry (IWC), room 239, at the freezer, and available
for analyses. The twigs were dried at 20-25 °C temperature, leaves were removed, and the
twigs were grounded with a mill (Retsch SM100, RETSCH, Haan, Germany). The grounded
twigs biomass (further in the text—biomass) was stored at —8 °C.

2.2. Reagents

The solvents (high purity), DPPH® (2,2-diphenyl-1-picrylhydrazyl), ABTS*® (2,2"-azinobis
(3-ethylbenzothiazoline-6-sulfonic acid), the reference antioxidants Trolox (6-hydroxy-
2,5,7 8-tetramethylchroman-2-carboxylic acid), as well as analytical standards gallic acid
(purity > 97.5%) and procyanidin B2 (purity > 90%) were purchased from Sigma-Aldrich
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(St. Louis, MO, USA). Reference microbial strains: S. aureus MSCL 3340, P. aeruginosa
MSCL 3314, E. coli MSCL 332, B. cereus MSCL 330 were received from the Microbial Strain
Collection of Latvia (MSCL, Riga, Latvia).

2.3. Isolation of the Extracts from Biomass

The scheme of extracts’ isolation from dry biomass (DB) is shown in Figure 1.

Sea buckthorn Blackcurrant Gooseberies " ’ .
. . X Quince twigs Grapes twigs
twigs twigs twigs

Extraction with hexane or freon R134a

] () (o) () )

Twigs residue* extraction by water or ethanol-water solution (1:1, v/v)

( WE1 and ET1 ] ( WE2 and ET2 ( WE3 and ET3 ( WE4 and ET4 ] [ WES and ET5

Chemical composition / biological activity

Figure 1. Principal schema of extracts isolation from biomass: * biomass residue after extraction with
hexane; H-hexane extract; WE-water extract; ET-50% EtOH extract.

2.3.1. Lipophilic Extract

Lipophilic extracts (HE 1-HE 5, Figure 1) from biomass were isolated by extraction
at 50-60 °C for 40 min using n-hexane as a solvent. The extracts after hexane evaporation
were dried at 40 °C to yield a dry extract (DE). The yield of the extracts is presented as a
percentage based on DB. The confidence interval (CI) for the results did not exceed 3% at
o = 0.05).

2.3.2. Semipolar Extracts

Semipolar extract (FRE 1, Figure 1) from DB of sea buckthorn (with/without co-solvent
(ethanol) was isolated by ozone-friendly 1,1,1,2-tetrafluoroethane (freon R134a) in a closed
system under a pressure of 4.0-4.3 Bar and a temperature of 17-19 °C. The yield of the
extracts is presented as a percentage based on DB. The ClI for the results did not exceed 3%
at oc = 0.05).

2.3.3. Hydrophilic Extracts

Hydrophilic extracts (WE 1-WE 5 and ET 1-ET 5, Figure 1) from the DB were isolated
by extraction at 60 °C for 40 min (20 min x 2 times) using distilled water and 50% EtOH
solution (ethanol: distilled water, 1:1, v/v). The extracts, after ethanol evaporation, were
freeze-dried to yield a DE. The yield of the DE is presented as a percentage based on ODB.
The CI for the results did not exceed 3% at « = 0.05.

2.4. Determination of Total Phenol Content in the Extracts

The total polyphenol (TP) content in the extracts (WE 1-WE 5 and ET 1-ET 5, Figure 1)
was quantified by the Folin—Ciocalteu method using gallic acid (GA) as a reference
compound. An aliquot (1 mL) of the extract was transferred into the test tube, 5 mL
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of Folin—Ciocalteu reagent and 4 mL 7% aqueous sodium carbonate solution were added;
the tube was vortexed and placed into a water bath at 30 °C for 1 h. The absorbance of the
mixture was then recorded at 760 nm with a UV /VIS spectrometer Lambda 650 (Perkin
Elmer, Inc., Waltham, MA, USA) against a blank containing 1 mL of extraction solvent.
The content of TP was calculated as a GA equivalent (GAE) from the standard curve and
expressed as g GAE-100 g~ DE. All measurements were carried out in triplicate. The CI
for the results did not exceed 3% at « = 0.05.

2.5. Determination of PACs Content in the Extracts

The content of PACs in extracts (WE 1-WE 5 and ET 1-ET 5) and purified PACs fraction
were measured by the butanol-HCl method using procyanidin dimer B2 as a reference
compound. An aliquot (1 mL) of the extract was transferred into the test tube, 6 mL of
acid butanol (5% (v/v) concentrated HCl in n-butanol) and 0.2 mL of iron reagent (w/v)
(FeNH4(504)2-12 H,O in 2 N HCI) were added; the tube was vortexed and placed into
water bath at 80 °C for 50 min. The absorbance of the mixture was then recorded at 550 nm
with a UV/VIS spectrometer Lambda 650 (Perkin Elmer, Inc., Waltham, MA, USA) against
a blank containing 1 mL of extraction solvent. Each sample was analyzed in triplicate, and
assay results were expressed as a percentage per DE. The CI for the results did not exceed
3% at o = 0.05).

2.6. Determination of Total Flavonoid Content in Extracts

Next, 5-10 mg of the DE was dissolved in 25 mL of 96% ethanol. Then 0.4 mL of
the extract solutions were added to a 10 mL test tube containing water (2 mL). After that,
5% sodium nitrite (NalNO,) solution (0.12 mL) was added and incubated for 5 min at
room temperature, after which 10% aluminium nitrate solution (0.24 mL) was added to the
mixture. After 6 min, 1 mol-L~! sodium hydroxide (0.8 mL) was added. The absorbance
was measured at 420 nm, and the result was expressed as mg of quercetin equivalents per
g of dry weight (DW).

2.7. Determination of Total Tannin Content in Extract

All extract aliquots were divided into two parts. To one part, phosphomolybdotungstic
reagent was added. After pH adjustment with sodium carbonate solution and 30 min reac-
tion time, absorbance was measured at 760 nm using a UV /VIS spectrometer Lambda 650
(Perkin Elmer, Inc., Waltham, MA, USA). The second part of the extract was shaken with
hide powder CRS and filtered. The phosphomolybdotungstic reagent was added to the
filtrate, and after pH adjustment and 30 min of reaction time, absorbance was measured
at 760 nm. As a standard substance, pyrogallol was used after a reaction with a phospho-
molybdotungstic reagent. Polyphenols adsorbed by hide powder (=tannin content) were
calculated by subtracting the unabsorbed polyphenols from the total polyphenols, each
referring to the absorption of the standard substance. The tannin content was expressed as
a percentage per DE. The CI for the results did not exceed 3% at « = 0.05).

2.8. Determination of PAC Composition by LC-UV-ESI-QTOF MS Analysis

Dry purified PAC fraction was dissolved in aqueous methanol (v/v; 2:8) with an
approximate concentration of 0.1 mg-mL~! after which it was filtered and then used for
TOF/MS experiments. The TOF-MS spectra of PACs were recorded with Waters Acquity
UPLC HClass with a PDA detector and Micromass QuattroMicro Mass spectrometer
(Waters Corp., Milford, MA, USA) using the Acquity UPLC BEH Amide column (1.7 pm,
3.0 x 100 mm).

2.9. Determination of Lipophilic Extract Composition by GC-MS Analysis

Lipophilic extracts (HE 1 and FRE 1) were analyzed by GC-MS chromatography using
Shimadzu GC/MS/FID-QP ULTRA 2010 apparatus (Shimadzu, Kyoto, Japan), a capillary
column RTX-1701 (Restec, Metairie, LA, USA) and a 60 m x 0.25 mm x 0.25 mm film
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(an injector temperature of 250 °C, an ion source with EI of 70 eV, carrier gas helium at
the flow rate of 1 mL min~! and a split ratio of 1:30). Dry extracts (residual moisture
content <1%) were dissolved in hexane (w/w 1:10) with an approximate concentration of
0.1 8/8 hexane and filtered (Nylon filter, 0.45 um pore size), after which they were used
for GC-MS experiments. The oven program: 1 min isothermal at 60 °C, followed by
6 °C min~! to 270 °C, and the final hold at 270 °C for 10 min. The mass spectrometer was
operated in electron impact mode using 70 eV electron energy. The identification of the
individual compounds was performed based on GC/MS using Library MS NIST 11 and
NIST 11s, whereas the relative area of the peak of individual compounds was calculated
using Shimadzu software based on GC/FID data. The summed molar areas of the relevant
peaks were normalized to 100%, and the data for four repetitive pyrolysis experiments was
averaged. The variation coefficient of measurement was <5%.

2.10. Determination of Radical Scavenging Activity
2.10.1. DPPH* (2,2-Diphenyl-1-picrylhydrazyl Radical) Assay

The dry extracts (HE 1L, FRE1, WE 1-WE 5 and ET 1-ET 5) and purified PAC fraction
were tested for their radical scavenging activity against the 2,2-diphenyl-1-picrylhydrazyl
(DPPH?®) using a UV /VIS spectrometer Lambda 650 (Perkin Elmer, Shelton, CT, USA). The
DPPH?® assay was measured according to the procedures described by Dizhbite et al. [42].
A range of different concentrations of the obtained DE in DMSO was prepared. The
absorbance at 515 nm was measured 15 min after the mixing of 30 uL of extract (or
antioxidant standard) with 3.0 mL DPPH® (1-10-4 mol-L~!) solution. DMSO was used as a
control and Trolox as a reference antioxidant standard. CI < 0.3 mg-L_l.

2.10.2. ABTS** (2,2’-Azinobis (3-Ethylbenzothiazoline-6-sulfonic Acid) Assay

The dry extracts (WE 1-WE 5 and ET 1-ET 5) and purified PAC fraction were tested
for their radical scavenging activity against the 2,2'-azinobis (3-ethylbenzothiazoline-6-
sulfonic acid (ABTS*®) using UV /VIS spectrometer Lambda 650 (Perkin Elmer, Shelton,
CT, USA). ABTS** was produced by the reaction of 2 mmol-L~! ABTS stock solution with
70 mmol-L~! potassium persulfate (K;S,0s), allowing the mixture to stand in the dark
at room temperature for 12-16 h before use. The ABTS* solution (stable for 2 days) was
diluted with phosphate-buffered saline (pH 7.4) to an absorbance of 0.80 & 0.02 at 734 nm.
The absorbance at 734 nm was investigated 10 min after the mixing of 30 uL of extract
(or purified PACs fraction and antioxidant standard—Trolox), diluted in DMSO of five
different concentrations with 3.0 mL ABTS** solution. DMSO was used as a control and
Trolox as the antioxidant standard. CI < 0.3 mg-L~!.

2.11. Antimicrobial Activity of Lipophilic Extracts

Minimum inhibitory concentration (MIC) determination by microtiter broth dilution
method was used. Stock solutions of the respective plant extracts were prepared in 10 mL
microcentrifuge tubes by dissolving dry plant extract in dimethyl-sulfoxide (DMSO) to
a final concentration of 100 mg-mL~!. The serial dilutions from the stock solution were
made, ranging from 50 mg-mL~! to 0.01 mg-mL~!, using Mueller-Hinton broth (Becton
Dickinson, Sparks, MD, USA) in 96-well microplates. The microbial suspension containing
approximately 5 x 10° colony-forming units (CFU)/mL was prepared from a 24 h culture
plate. From this suspension, 100 pL was inoculated into each well. The microtiter plates
were incubated at 37 °C, for 24 h. After incubation, 40 puL of a 0.4 rng-rnL’1 solution was
added to each well as an indicator of microbial growth. The plates were incubated for
30 min and the MIC values were determined.

Minimum bactericidal concentration (MBC) was recorded as the lowest concentra-
tion of an antimicrobial substance that reduces the viability of the initial microorganism
inoculation by >99.9% after 24 h incubation at 37 °C. MBC was evaluated for extracts and
purified PACs fraction. 10 uL were taken from the well obtained from the MIC experiment
(MIC value), as well as two wells above the MIC value well, and spread on Mueller-Hinton
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agar plates. The number of colonies was counted after 18-24 h of incubation at 37 °C.
The concentration of sample that produces <10 colonies was considered as MBC value.
CI<03mgL 1

2.12. Determination of the Influence of Extracts and Purified PACs on Lipase Activity

The test tubes were prepared composed of 4.0 mL milk (3.8% fat), 1 mL pancreatic
solution (pancreatin from porcine pancreas, Sigma-Aldrich), 1 mL bile (bile extract porcine,
Sigma-Aldrich), and 1 mL phenolphthalein. Orlistat (purity >98%, Sigma-Aldrich), a
known inhibitor of pancreatic lipase, was used as a reference compound. The first test
tube was used as a control tube without the investigated components (PACs, extracts, and
reference). To the following tubes, 100-2000 pL of the analyzed sample (PACs, extract
or Orlistat) at the concentrations of 2, 20, and 200 mg-L~! (0.2-400 mg of sample/g of
pancreatic lipase—further in the text—mg-g~! PL) were added. All tubes were put in
the incubator for 40 min at 38 °C. Afterwards, each solution from the tubes was titrated
with 0.1 N NaOH solution until the colour changed into yellowish-brown, and the needed
amount of NaOH was determined. CI < 0.3 mg- g~ ! PL.

2.13. Statistical Analysis

All measurements were conducted in triplicate and the results were presented as the
mean value. Statistical analyses were performed using Microsoft Excel 2016, version No.
16. CI for a mean using Student’s T distribution was calculated at a significance level of 5%
(o =0.05).

3. Results and Discussion
3.1. Lipophilic and Hydrophilic Extracts from Fruit-Tree Biomass

The yields of lipophilic extracts obtained with hexane from the entire studied biomass
were quite close, but statistically different, and varied from 0.92 to 1.44% per DB. The yields
of hydrophilic extracts from the same biomass, obtained using distilled water as the most
environmentally friendly solvent, differed statistically significantly and varied from 7.1 to
15.7% per DB. With 50% EtOH, the extracts yield increased significantly, suggesting that
the extractives are more soluble in the ethanol-water suspension. The yields of hydrophilic
extracts obtained with 50% EtOH from the entire biomass under study were: sea buckthorn
21.7% > quince 14.3% > grapes 13.9% > black currant 13.5% > gooseberry 7.5% (Table 1).
The biomass of sea buckthorn differs from the other studied tree species not only by the
highest total yield of hydrophilic extracts (21.7% per DB), but also by the high content of
polyphenols (48.6 g GAE-100 g~ ! DE).

Table 1. The yield of lipophilic and hydrophilic extracts from fruit trees biomass, %/DB.

Solvents Sea Buckthorn Blackcurrant Gooseberries Quince Grapes
Hexane 1.44 +£0.03 0.92 £ 0.01 1.18 £0.01 1.02 £0.03 1.16 = 0.02
50% EtOH (v/v) 21.71 £0.03 13.52 + 0.03 7.50 = 0.03 14.29 £+ 0.03 13.88 + 0.02
Water 15.73 £ 0.05 10.77 + 0.04 7.08 + 0.05 13.79 £ 0.03 11.71 + 0.03

Gooseberry biomass had the lowest yield of hydrophilic extracts (7.1% per DB by
distilled water and 7.5% per DB by 50% EtOH). Polyphenols played the main role in the bio-
logical activity of all hydrophilic extracts. The amount of them in the 50% EtOH hydrophilic
extracts was higher and varied from 30.3 to 48.6 g GAE-100 g~! DE. A comparative analysis
of the solvent dependence on the yield of polyphenols and between biomasses is shown in
Table 2.

The content of TP of sea buckthorn was very similar in years 2020 and 2022, considering
the CI (e.g., for 50% EtOH extract: 48.1 + 0.2 g GAE-100 g’l extract in 2020 [12] against
48.6 = 0.2 g GAE-100 g~ ! DE in 2022). The literature data on TP of twigs of the other
biomasses under study is very limited. Gooseberry berries were reported to contain TP in
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the amount of around 3 g GAE-100 g ! biomass [43], which correlates well with our data
calculated on biomass (around 2.9 g GAE-100 g~ ! biomass for 50% EtOH extract). Quince
berries were reported to be rich in PACs [44]. But information on lignocellulosic biomass
is absent.

Table 2. The composition of hydrophilic extracts obtained from fruit tree biomass.

Biomass TT Content in Extract, TP Content in Extract, PACs Content in TF Content in Extract,
% per DE g GAE-100 g~ 1 DE Extract, % per DE gRU-100 g~ 1 DE
Water extracts
Sea buckthorn 322403 38.4+04 175+ 0.1 2.7+0.1
Blackcurrant 14.8 £0.2 32.14+0.3 10.6 £0.3 4.6 +0.2
Gooseberries 10.7 £ 0.5 22.7 £ 0.3 9.0£0.2 22403
Quince 183 +£0.3 31.2+0.1 14.0£04 99 +0.1
Grapes 19.2+0.2 18.6 £ 0.5 10.6 £ 0.5 25403
50% EtOH extracts
Sea buckthorn 441 + 0.5 48.6 + 0.2 424 +0.3 49+0.1
Blackcurrant 38.24+0.2 33.6 £ 0.1 142 +0.2 5.1+0.1
Gooseberries 126 + 04 389 +0.2 102+ 0.3 42+0.1
Quince 225 +0.3 422 +0.2 18.7 +£0.2 12.6 £0.2
Grapes 169+ 0.4 30.3 £0.1 114 +£0.2 3.1+0.1

Tannins are the dominant polyphenols in all hydrophilic extract compositions. The
number of PACs, also known as condensed tannins, from the total amount of tannins ranged
from 54 to 83% per DE. The highest content of PACs was observed for sea buckthorn 50%
EtOH extracts (42.4% per DE). However, 50% EtOH extract from quince biomass was richer
than sea buckthorn (4.9 g RU-100 g~ ! per DE) in total flavonoid content (12.6 g RU-100 g~
DW). All these polyphenols are biologically active natural antioxidants and antimicrobial
agents, which can be used as ingredients in the formulation of different medications. The
synergistic effect of the polyphenolic mixtures additionally leads to the simultaneous action
on various disease pathways, which consequently contributes to a faster and more effective
treatment outcome.

It is known that polyphenols are predominantly present in glycosylated forms. This is
the main reason for their low absorption in the stomach, since only aglycones and some
glucosides can be absorbed in the small intestine, and the rest are absorbed in the large
intestine. The effectiveness of polyphenols absorbed in the colon reaches only 15-20%
of the total content of polyphenols absorbed in the intestine. Thus, glucosides in dietary
sources of polyphenols provide faster and more efficient absorption of polyphenols [45].

In order to reduce the number of polyphenolic glycosides and free sugars, fractionation
of the extract was carried out using Sephadex®LH-20 (Cytiva, Uppsala, Sweden). The
results were obtained in two fractions: a fraction consisting of low molecular polyphenols
and their glycosides and free sugar, and a fraction consisting of PACs. The composition of
PACs (Figure 2) was determined by LC-UV-ESI-QTOF MS analysis.

3.2. Sea Buckthorn Biomass Extraction by Freon R134a

Evaluation of pre-purification of biomass from impurities was carried out using
1,1,1,2-tetrafluoroethane (Freon R134a). Based on the highest content of PACs in the extract
(Table 2), the sea buckthorn was used for analysis. To compare with the extraction by
hexane, the extraction with freon was carried out in a closed system at 17-19 °C from 8 to
24 h. The yield of freon extract (1.6% per DB) was insignificantly higher, but the composition
of extracts obtained differed. When adding a co-solvent (ethanol) from 5 to 10% on dry
biomass and carrying out the extraction without freon circulation, but by maceration for
36 h at 17-19 °C, two extracts were separately obtained with a yield of 1.8 and 2.4% per
DB. Based on the GC analysis data, the freon extract was richer in total aliphatic and cyclic
monomers. The hexane extract was richer in total acid/ester content. The changes in
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chemical composition between hexane extract and freon extract of sea buckthorn is shown
in Table 3.
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Figure 2. LC-UV-ESI-QTOF-MS analysis of PACs from sea buckthorn biomass.

Table 3. Comparison between extracts obtained by hexane and freon.

Identified Compounds Group Freon Extract, % rel Hexane Extract, % rel
Total acid /ester 30.3 55.7
Total aliphatic and cyclic monomers 43.1 29.9

Since this is the first research on freon extraction from twigs, there were study limi-
tations consisting of seasonal and geographical changes in lipophilic compound content,
which have to be further studied. The other types of freon (e.g., R1234yf or R1234ze) also
have to be evaluated for the extraction. Although freon R134a is used in a close loop and
has 0 ozone depletion, it has a high GHP (1300 vs. 7 vs. of the R1234ze) and its production
and application could be banned after a while.

Sea buckthorn biomass residue, after freon extraction with/without co-solvent, was
extracted by 50% EtOH. The yield of hydrophilic extracts from all biomass residues slightly
decreased. Small changes were seen only in the reduced content of polyphenols in 50%
EtOH extract (Table 4).

Table 4. Influence of freon on hydrophilic extracts yield and composition.

. Yield of 50% EtOH Extract, TP Content in Extract, g PACs Content in Extract, %
Sea Buckthorn Biomass

% per DB GAE-100 g~1 DE per DE
Residue after hexane extraction 21.71 £0.03 48.6 £0.2 424 +£03
Residue 1 (without co-solvent) 20.36 + 0.02 472+ 0.3 422+ 0.3
Residue 2 (5% of co-solvent) 20.44 £ 0.02 46.8 £ 0.2 419+ 0.3

Residue 3 (10% of co-solvent) 19.98 + 0.03 46.2 £0.3 425+ 0.3
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3.3. LC-UV-ESI-QTOF-MS Analysis of Proanthocyanidins Fraction from Sea Buckthorn
Hydrophilic Extract

According to LC-UV-ESI-QTOF-MS analysis (Figure 2), the purified PAC fraction
consists of A-type of catechin/epicatechin dimer (m/z 575), B-type of catechin/epicatechin
trimer (m/z 865), gallo-catechin units (m/z 303), and catechin-epigallocatechin dimer
(m/z 593) (Figure 3).

B-type of catechin/epicatechin A-type of catechin/epicatechin Catechin-epigallocatechin
trimer dimer dimer

Figure 3. Chemical structures of identified compounds of PACs composition.

3.4. Radical Scavenging Activity of Extracts and Purified PACs

The radical scavenging activity of all biomass extracts was evaluated by ABTS* and
DPPH? assays. In comparison to Trolox as a reference, which is a water-soluble derivative
of vitamin E (IC5p = 4.0 mg L~! in ABTS** test and ICsy = 4.7 mg L~! in DPPH? test), the
50% EtOH extracts from sea buckthorn and quince biomass showed the highest radical
scavenging activity (ICsp = 3.2 and 3.5 mg L~! in ABTS** test and ICsy = 6.1 and 6.6 mg L~!
in DPPH? test, respectively) (Table 5).

Table 5. Radical scavenging activity of lipophilic and hydrophilic extracts.

i L1 L1
Solvent Biomass TP Content in Extract, ICsp, mg-L~1 by DPPH Test, 1Csp, mg-L~! by ABTS

g GAE-100 g~ 1 DE CI<03mgL-1 Test, CI < 0.3 mg-L1

Hexane Sea buckthorn n.d. >30 -
Freon Sea buckthorn n.d. >30 -

Sea buckthorn 384+04 9.8 5.6

Blackcurrant 321403 14.1 7.5

Water Gooseberries 227 +£0.3 16.6 8.2

Quince 31.2+0.1 14.4 7.9

Grapes 18.6 £ 0.5 221 10.6

Sea buckthorn 48.6 0.2 6.1 3.2

Blackcurrant 33.6 0.1 12.6 6.9

50% EtOH Gooseberries 389 +£0.2 94 5.2

Quince 422402 6.6 35

Grapes 30.3+0.1 15.2 8.6

PACs fraction from sea buckthorn extract 2.3 14

Trolox 4.7 4.0

Due to the low content of polyphenols in blackcurrant, gooseberries, and grape
extracts, the radical-scavenging activity was also low. Previous research has shown that
purified PACs are powerful antioxidants. The radical scavenging activity of PAC fraction
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with PACs content 92.1% on dry weight (by Buthanol-HCl assay), was 2.3-2.7 times higher
(ICs0 = 1.4 mg-L~! in ABTS** test and ICsp = 2.3 mg-L~! in DPPH® test) than 50% EtOH
extract from sea buckthorn (ICs = 3.2 mg-L~! in ABTS*® test and ICsg = 6.1 mg-L~! in
DPPH?® test). The results for sea buckthorn twigs-derived PACs correlated well with the
antioxidant activity of sea buckthorn twigs-derived PACs in year 2020: IC50 = 2.6 mg-L~!
in DPPH?® test, with CI = 0.1 at « = 0.05 [23]. Biomass of the other plant origin has not been
previously studied. Freon and hexane extract at a concentration of 30 mg-L.~! did not show
the ability to inhibit DPPH and ABTS radicals.

3.5. Antimicrobial Activity of Lipophilic Extracts from Sea Buckthorn Biomass

Since obesity has a risk of recurrent soft-tissue infections or prolonged hospitaliza-
tion [46], the antimicrobial activity of lipophilic extracts was tested with Gram-negative
and Gram-positive bacteria (Table 6). The results showed that the antimicrobial activity of
both extracts was different; for example, according to the MBC value, which showed the
complete inhibition of bacteria, the freon extract is more effective against P. aeruginosa and
B. cereus. The hexane extract was more effective against E. coli and S. aureus bacteria.

Table 6. Antimicrobial activity of lipophilic extracts.

E. coli P. aeruginosa S. aureus B. cereus
Sample mg-mL~1; CI < 0.3 mg-mL-1
MIC MBC MIC MBC MIC MBC MIC MBC
Hexane extract 6.25 6.25 >50 >50 1.56 3.13 6.25 >50
Freon extract 0.78 50 0.78 50 0.39 12.2 3.13 25

3.6. Inhibitory Effects of PACs and Other Polyphenol-Containing Samples on Pancreatic Lipase
Activity In Vitro

Our previous studies have shown that the bioactivity of PACs was strongly influenced
by the degree of purity of the isolated PACs. It was also pointed out that the biological
activity of PACs is higher than that of monomeric flavan-3-ols, because as the number
of monomeric units bound in oligomeric or polymeric PACs increases, the number of
hydroxyl groups also increases, which can donate electrons to neutralize free radicals [47].
The degree of polymerization (DP) appears to affect the ability of PACs to inhibit enzymes
in the same way. The relationship between PACs’ structure and function still remains a
controversial issue; although there is evidence to support that DP must be high to increase
their biological activity, other authors suggest that PACs must have a low DP range in
which their biological activity is highest. For example, oligomeric PACs from apples
with DP = 5 were good inhibitors of pancreatic lipase activity but their inhibitory activity
decreased as their DP increased to decamers [48]. Oligomeric PACs with DP = 2-10 isolated
from cocoa beans (Theobroma cacao) also had the highest inhibitory activity (compared to
polymeric fractions) over pancreatic amylase, lipase, and phospholipase A2 [49]. Similar
effects have been found for PACs from rowan (Sorbus aucuparia): it was found that PAC
fraction (containing oligomeric and polymeric PACs) was a better inhibitor of pancreatic
a-amylase than polymeric PAC-enriched fractions, although both were effective as enzyme
inhibitors [47]. This confimed our previous investigation of PACs from deciduous trees’
biomass as inhibitors of «-amylase [10].

Under normal physiological conditions (in the presence of bile), all hydrophilic extracts
of sea buckthorn at all concentrations (0.2-40 mg-g~! PL) showed significant inhibition
of pancreatic lipase activity. Already at the amount of 0.2 mg of water extract containing
434 + 0.4 g GAE-100 g~ ! of polyphenols and 17.5 & 0.1% of PACs, the lipase activity
decreased by 22%. Further gradual increase of the amount of the water extract from
0.2 mg-g~! PL to 40 mg-g~! PL gave approximately the same lipase inhibition, within the
confidence interval. The dependence of lipase activity inhibition on the content of PACs
in the extract has also been established: the higher the content of PACs in the extract,



Metabolites 2023, 13, 922 12 of 16

the higher the percentage of inhibition. An extract containing 48.6 & 0.2 g GAE-100 g~
and 42.4 + 0.3% PACs at the amount of 0.2 mg-g~! PL to 40 mg-g~! PL inhibited lipase
activity by 33%. A PACs fraction (PACs content in extract 92.1% on dry weight) was
the best pancreatic lipase inhibitor; at a concentration 1 mg-g~! PL, pancreatic lipase
activity decreased by 36%. At the same concentration, Orlistat was 1.4 times more effective
(inhibited lipase activity by 52%). However, it has to be considered that Orlistat has side
effects, described above in the Introduction. At the concentrations of PACs until 20 mg-g~!
PL, lipase inhibition was similar in inhibited value taking into account confidence interval.
Therefore, in practical applications, the concentration 0.2-1 mg-g~! PL is sufficient for
lipase inhibition and there is no need to increase the concentration. When comparing all
tested samples, the fraction of the extract after PAC separation (admixture) was not effective
as a pancreatic lipase inhibitor, and at a concentration of 20 mg-g~! PL contributed to the
increase of lipase activity (by 6-11%) (Figure 4). This confirms that PACs are the main
active compounds inhibiting lipase activity in studied concentrations.
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Figure 4. Influence of samples on pancreatic lipase (PL) activity in the presence of bile (normal
physiological conditions). CI < 0.3 mg- g‘1 PL.

Under pathological conditions (without a bile), a similar tendency was observed for
lipase inhibition in the 50% EtOH extracts and purified PACs fraction at 0.2 and 1 mg-g !
PL; however, already at 2 mg-g~! PL, pancreatic lipase activity activation was observed
(Figure 5).

In the PAC-free extract (admixture), the lipase activity under pathological conditions
was higher (10-15%) compared to the results under normal conditions (6-11%). At the
amount of samples’ of 0.2 and 1 mg-g~! PL, PACs and extracts showed slight lipase
inhibition activity. However, at 2 mg-g~! PL almost all samples showed the neutral or
lipase activation effects.

The purified PACs were further tested at the amount of 0.2-400 mg-g~! PL. The
purified PAC sample at the amount of 2-400 mg-g~! PL had the activation tendency of
lipase activity in pathological conditions (Figure 6).



Metabolites 2023, 13, 922

13 of 16

NaOH (0.1 N), mL

NaOH (0.1 N), ml

78]

(93]

0 0.2 1 2 4 10 20 40
Sample, mg-g! PL
B Water extract ™ 50% EtOH extract W PACs 7 Admixture

Figure 5. Influence of samples on pancreatic lipase (PL) activity without bile (pathological conditions).
CI<03mgg ! PL.
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Figure 6. Influence of purified PACs on pancreatic lipase activity. CI < 0.3 mg-g~! PL.

Authors’ earlier studies showed that PACs are the main component in inhibiting the
activity of digestive enzymes in certain concentrations. Under normal conditions, PACs
were the most effective at the amount 0.2-20 mg-g ! PL, inhibiting lipase activity by 33-36%.
Under pathological conditions, PACs in all concentrations from 2 to 400 mg-g~! PL were

lipase action activators.
Future perspectives are the evaluation of the influence of the PACs’ composition on

the lipase activity (structure-activity relationship) and clinical studies, which are missing
for almost all discovered lipase inhibitors.
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4. Conclusions

Several fruit shrubs pruning plant material was evaluated and compared for the
first time. It was shown that the lignocellulosic biomass originating from agro-waste of
fruit shrubs is a source of valuable metabolites. Innovative freon extraction of non-polar
and semi-polar compounds, as well as the influence of EtOH as co-solvent on further
extraction of hydrophilic compounds, were tested. Lipophilic extracts obtained by freon
had a different composition than those obtained by hexane and had a low antioxidant
activity (ICsp > 30 mg~L_1), but showed anti-microbial activity. The freon extract was
more effective against P. aeruginosa and B. cereus, but the hexane extract was more effective
against E. coli and S. aureus bacteria.

The 50% EtOH extracts from sea buckthorn and quince biomass showed the highest
radical scavenging capability among all the extracts, but it was still lower than for purified
PACs. The sea buckthorn PACs and 50% EtOH extracts had the strongest inhibiting effect on
pancreatic lipase (33-36%) in normal physiological conditions. In pathological conditions,
both extracts, as well as PACs, tended to slightly increase lipase activity.

Lignocellulosic biomass-derived PACs” influence on pancreatic lipase proved in the
study, along with PACs” and the lipophilic extracts” anti-microbial activity, can be used
in complex treatments for obesity and its accompanying microbial infections. It has to be
pointed out that due to inhibition of lipase, absorption of fat-soluble vitamins and nutrients
is inhibited as well. Thus, lipase inhibition could be a temporary solution in fighting obesity,
when patient’s pathological molecular mechanisms already developed and it’s not easy to
change them just by transition to healthier lifestyle.
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t  The article authors from the Latvian State Institute of Wood Chemistry and Riga Strading University are
grateful to Professor, Dr. habil. chem. Galina Telysheva, who started the work with sea buckthorn in this
project and was our great leader until her passing in November 2021, for teaching and inspiring us to study a
unique material—lignocellulosic biomass.

Abstract: The industrial harvesting of sea buckthorn (SBT) berries with twigs and subsequent pruning
creates a large volume of lignocellulosic agro-waste. This study aimed to valorize this agro-waste
as a raw material for animal feed and fuel granules, for developing a sustainable cascading SBT
production scheme. Five SBT cultivars’ biomasses were characterized by analytical pyrolysis, mass
spectrometry, and GC analysis. Condensed tannins, which are undesirable components for animal
feed, were separated by extraction. The residue was analyzed for total protein, vitamins (A, C, and
E), ash, crude fat, wood fiber, and macroelements (P, K, Ca, and Na), and showed great potential.
The heavy metal (Cd, Hg, and Pb) content did not exceed the permitted EU maximum. Granulation
regimes were elaborated using a flat-die pelletizer, KAHL 14-175. The digestibility and the amount of
produced gas emissions were determined using in vitro systems that recreate the digestion of small
ruminants. The investigation proved that SBT leaves and stems are a unique underutilized source of
animal feed, used alone or in combination with others. Twigs, due to their thorns, were granulated
and valorized according to standards for application as fuel. The scheme offered in this study enables
SBT agro-waste utilization and sustainable SBT berry production.

Keywords: sea buckthorn; agro-waste; lignocellulosic biomass; condensed tannins; animal feed;
digestability; greenhouse gas emissions; small ruminants; granulated feed; granulated fuel

1. Introduction

The world population is rapidly increasing: it is expected that there will be nearly
10 billion people on Earth by 2050 [1]. Agricultural production grows accordingly [2], and
sustainability is the only way for mankind to survive, minimize negative effects on the
environment, and keep the planet’s population healthy [3].

Animal farming demands 70% of agricultural land and 30% of the earth’s land
surface [4-6]. An increase of 50% in animal feed is necessary by the year 2050; thus,
to prevent the expansion of pasture areas with more than 500 mIn hectares (hm?) [1] and
save the forests, it is extremely important to study the huge amount of agricultural waste
and use it in the best way possible. Agro-waste, as a source of animal feed and feed
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additives, could be one of the possible ways to sustainable agriculture. Feed accounts
for 60-70% of total expenses for livestock and poultry [7]. Insufficient amounts of raw
materials and growing costs have led to an imbalance in the animals’ diets and a decrease
in zootechnical indicators.

People’s growing interest in a vegetarian diet nevertheless supports the demand for
milk products. If everyone were vegan, the land use for agriculture would decrease by
75% [8]. However, it is highly unlikely to happen as vegans today comprise a mere 1-2% of
the world population [9,10]. The problem of waste-free production is real one in any case.

Hippophae rhamnoides L. (sea buckthorn, SBT) of the family Elaeagnaceae is a unique
fruiting shrub tree that can survive in extreme temperatures (from —43 °C to 55 °C) and
grows well under drought conditions. According to legend, people in ancient Greece
discovered the plant and its benefits in feeding racehorses [11]. Today, the industrial
economically viable harvesting of SBT berries is possible only by cutting the whole berried
branch. An SBT plantation can yield 25 tons of berries from 1 hm? bi-yearly, which is
12.5 tons per year and hm? [12]. Waste lignocellulosic biomass amounts to around 20-30%
of the berries’ mass. Foliage yield from the whole SBT tree could reach 16 tons/ha which
is more than from any shrubs and grasses [13]. Moreover, berry-producing trees must be
cut every four years, otherwise, berries will be difficult to harvest. SBT trees that are used
for land reclamation and the improvement of soil quality, thanks to their roots’ nitrogen-
fixing ability (an SBT plantation with 8-10-year-old trees is able to fix nitrogen in the
amount of 180 kg/ hm? in a year [14]), also have to be pruned. As a result, lignocellulosic
biomass, containing twigs, stems, leaves and even roots, is appearing as agro-waste in
large amounts. SBT grows in 52 countries, on a total area of 3 mIn hm?, according to a
2023 report [15]. The SBT berry has a high nutritional and pharmaceutical value [11,15-22];
however, its economic potential is still underdeveloped due to the high expenses of SBT
berry harvesting [23]. The human labor expenses for SBT harvesting were determined to
be 58% of the total production costs [24,25]. Therefore, the application of side streams is
necessary both for sustainability and economic feasibility. “Fodder trees” can be considered
as new multipurpose solutions since the side-product—agro-waste—grows in the same
cultivation area and does not demand new agricultural lands for producing feed [26,27].

Currently, SBT wood residues (twigs and stems) are mainly used as a renewable energy
source. A 6-year-old SBT orchard can provide tons of fuel wood, whereas, one ton of SBT
wood is equal to 0.68 tons of conventional coal [28]. Out of the total SBT biomass, leaves
are valorized for other applications in some countries. In China, Mongolia, Scandinavian
countries, Germany, the Czech Republic, Latvia, Russia, and Greece, SBT leaves are used
for the preparation of tea with antioxidant properties [11,29-31]. In India, leaves are used as
a feed additive for chicken and cattle [32], and in Mongolia—for the treatment of colitis and
enterocolitis in humans and animals [33]. It was found that SBT leaves are the richest source
of protein compared to other tree leaves [34], and SBT berries have a stimulating influence
on the growth, immunity, and production performance of poultry and livestock without
toxicity effects [17,35]. The body weight and egg production of chicken increased greatly
after being supplemented with SBT leaves, seeds, and fruit residues [13]; however, further
research is necessary in this area [36,37]. SBT pomace can be added successfully to the diet
of ram lambs as well [38]. No toxic or carcinogenic side effects of berry-based products
were reported [18]. There are some commercially available animal digestive supplements
based on berries [39,40]. However, the research on the SBT agro-waste biomass profile of
bioactive components and research on its influence on ruminants is still very limited [19,36].
There are no data available on small ruminant feed based on SBT lignocellulosic biomass,
and there is no commercial animal feed production based on SBT agro-waste biomass.

Condensed tannins (CTs), except when in small concentrations, could have a negative
effect on animals’ digestibility [41]. Moreover, animals may not like their bitter taste.
Therefore, they could be isolated and, as shown in previous studies, could find applications
in health care, cosmetics, and food industries due to their anti-inflammatory and anti-
bacterial properties [42].
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Measurements of gas production could help to find correct feed compositions to
minimize the negative greenhouse gas (GHG) impact on the environment. Digestive health
remains one of the key factors in the high productivity of farm animals. The leaves and
stems of SBT can be compared with grass in terms of a wide range of biologically active
compounds and nutrients; thus, they can be used as a valuable food source for animals
during winter. Twigs that have sharp thorns which are dangerous for animals even after
grinding could be investigated for granulated fuel production. The densification of SBT
biomass residues by granulation after CT extraction enables better transportation, dosing,
and storage properties.

The objective of this study was the evaluation of SBT agro-waste as a raw material
to obtain granulated animal feed and fuel granules for the development of a sustainable
cascading production scheme in SBT cultivation (Figure 1).

Scheme of sustainable sea buckthorn processing
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Figure 1. Scheme of sustainable sea buckthorn processing with the production of animal feed.

Such a scheme for cascading sustainable SBT processing, as well as experimental work
on nutritional values, digestibility, and feed/fuel granule compositions, are novelties of the
present research: all vegetative parts of the SBT tree (stem, leaves, twigs, and roots) were
evaluated for the production of granulated feed for small ruminants; twig extracts were
studied for the production of feed functional ingredients with antimicrobial properties; and
extraction residues were evaluated as granulated fuel.

The development of alternative feed and feed additives on the market is also necessary
to optimize livestock feeding costs and to provide a backup supply chain in times of
economic instability and fluctuating energy prices. Building berry-producing plantations
requires considerable investment [12]—and, thus, innovative agro-waste utilization turning
it into valuable products is necessary.

2. Materials and Methods
2.1. Collection of Agro-Waste Biomass

The stems (ST), twigs (TW), leaves (LV), and roots (R) comprising the agro-waste
biomass (further in the text—biomass) of SBT cultivars ‘Maria Bruvele’ (MB), ‘Botanich-
eskaya Lubitelskaya’ (BL), “Tatiana’ (TAT), “Tarmo’ (TM), and ‘Otto” (OT) were collected
from the four-year-old trees of an SBT plantation area in Latvia (80 trees of each cultivar)
during the summer of 2021. The trees grew on the same land, and they were treated the
same. The biomass was dried at room temperature. A knife mill, Retsch SM100 (Retsch,
Haan, Germany), was used for grinding, and the LV particle size after grinding was 1-2 mm,
and those of ST, TW, and R—2-4 mm.
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2.2. Isolation of the Condensed Tannins from the ST and TW Biomass

An ethanol-water solution (80:20 vol.% ethanol:water solution, further in the text—80%
EtOH) was used for the biomass extraction followed by CT isolation from the extract; the
temperature of the extraction solution was 60-70 °C, and the mass ratio of biomass sample
to 80% EtOH = 1:8, w/w. CT separation from the extract was carried out using a Sephadex
LH-20 as described in Janceva et al. [42]. Confidence interval: CI < 0.5% at o = 0.05.

2.3. Mechanochemical Treatment of SBT Biomass

The mechanochemical treatment of SBT initial ST biomass and ST biomass samples
after CT extraction was carried out for evaluation of its effect on digestibility. Mechanochem-
ical treatment was carried out separately for each sample in an original trituration-type
mill (original construction, Riga, Latvia). The trituration of ST was carried out for 20 min,
at 100 rpm.

2.4. Initial and Treated Biomass Characterization

All determinations are expressed on a dry matter (DM) basis (moisture content of
initial and treated biomass less than 1%).

2.4.1. Crude Fiber Content Determination

The content of crude fiber in SBT biomass samples was determined gravimetrically
by acid hydrolysis with HySO4 (1.25%, w/v), used for the extraction of sugars and starch,
followed by alkaline hydrolysis with NaOH (1.25%, w/v) which removes proteins, some
hemicellulose, and lignin, as described by Joslyn et al. [43]. The weight of the biomass
sample for one analysis was 20 g of DM. Each experiment was performed in triplicate.
CI <0.3% at o = 0.05.

2.4.2. Total Protein Content Determination

The Kjeldahl method was applied for the determination of the total protein content in
the SBT biomass [44]; a sample of 2 g was taken for analysis, and an appropriate nitrogen
factor (NF—6.25) was used for the estimation of the total protein content. Each experiment
was performed in triplicate. CI < 0.3% at & = 0.05.

2.4.3. Determination of Crude Fat, Crude Ash, Macro-Elements, and Heavy Metal Content

To ascertain the content of crude fat, the extraction of fat from the SBT biomass samples
by hexane was used. The weight of the obtained fat was measured, and the content of fat
was expressed in % of the weight of the biomass sample. A sample of 10 g was taken for
each analysis. The crude ash content (sample of 5 g for each experiment) was determined
after biomass sample ignition at 550 °C in a Carbolite ELF 11/6B furnace while measuring
the weight of the residue. The content of ash was expressed as % of the weight of the
biomass sample. Organic matter content was calculated as the difference between the dry
biomass content (taken as 100%) and the content of ash in %.

The contents of the macroelements and heavy metals were determined by ICP-MS
analysis using a Thermo Fisher Scientific iCAP TQe (Bremen, Germany) fitted with a
nebulizer, a quartz spray chamber, with a sampling cone made of nickel, and a skimmer
cone with platinum tip, as described in Naccarato et al. [45]. A peristaltic pump and an
autosampler ASX-560 (both from Thermo Fisher Scientific, GmbH, Bremen, Germany)
were used to pump the solutions from the tubes. Following a 20 to 30 min period of ICP-
MS stabilization, the working capacity was adjusted before the analyses to maximize the
signal and minimize interference effects by applying a tuning solution based on the torch’s
horizontal and vertical location, the extraction lens, and the CCT (collision cell technology)
focus lens. The highest purity argon and helium gas (99.99%) was employed as the carrier
gas at 0.8 mL/min in auxiliary flow, at 1.0 mL/min, and 5.3 mL/min in nebulizer flow.
Nitric acid (65%), Suprapur® for the trace analysis (Supelco), and hydrogen peroxide (30%)
were all used in the sample digestion process. Calibration curves for quantitative analysis
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were elaborated with the diluting of multielement solutions (10 mg/L); Cd, Ca, Pb, K, and
Na (10 mg/L, Merck, Germany); and Hg element solution (1000 mg/L, Merck, Germany).
The calibration standards, the procedure blanks, and the samples made up each batch of
analysis. The weight of each sample was 100 mg. The majority of the elements under
investigation were examined in kinetic energy discrimination mode (KED-mode) at the
operational helium gas collision cell. Each experiment was performed in triplicate.

ClI for crude fat: CI < 0.6% at « = 0.05; for ash and organic matter: CI < 0.9% at o« = 0.05.

CI for heavy metal content is given in the Results Section 3.5, under corresponsing Table.

2.4.4. Determination of The Total Amount of Carbohydrates

Gas chromatography (GC) analysis before and after hydrolysis, reduction, and acety-
lation was used to determine the total amount of carbohydrates in the extracts, as well
as their composition. For each experiment, a 10 mg sample was used. The analysis was
performed using a GC System of the Agilent 6850 Series (Agilent Technologies, Inc., Santa
Clara, CA, USA) as described in Blakeney et al. [46]. A DB-1701 column was used (the
length of the column: 30 m; internal diameter: 0.25 mm; layer thickness: 0.25 pm). The
analysis was repeated 3 times for each sample. CI < 0.8% at a = 0.05.

2.4.5. Determination of Vitamin Content

The content of vitamin C (ascorbic acid) in the SBT biomass was determined by
high-performance liquid chromatography (HPLC) as described in Ciulu et al. [47]. An
HPLC-UV-Vis/-RI system (high-performance liquid chromatograph with UV-vis and
RI detector) was used (Vanquish CORE, Dionex Softron GmbH, Part of Thermo Fisher
Scientific, Germering, Germany). The extracts were rapidly dissolved in a purified water
mixture of 2 M NaOH and 1 M phosphate buffer. Separation was performed on an Eclipse
XDB-C18 Zorbax column (5 pm, 150 cm x 0.46 cm i.d., Agilent); the column was heated to
35 °C, and as a mobile phase, trifluoroacetic acid aqueous solution (0.025%, v/v) (A) and
acetonitrile (B) were used. The gradient elution was applied (100% to 60% A in 20 min), ata
flow rate of 1 mL/min. The injection volume was 20 pL. The UV detector settings: 254 nm.

The content of vitamin E as «-tocopherols and vitamin A as retinol in the biomass
were determined by HPLC analysis, as described by Sibel Konyalioglu et al. [48] using
an HPLC-UV-Vis/-RI system (Dionex Softron GmbH, Part of Thermo Fisher Scientific,
Germering, Germany). A Hichrom 5 C18 column (25 cm X 4.6 mm i.d.) was used; methanol
was used at the mobile phase, and the flow rate was 2 mL/min. The column was heated to
40 °C. The dry extracts were dissolved in methanol. Ten microliters of each aliquot were
injected into the HPLC column. Detection was at 292 nm. Each experiment was performed
in triplicate. The Cl is given in the Results Section 3.5, under corresponsing Table.

2.4.6. Analytical Pyrolysis

The analytical pyrolysis (Py-GC/MC/FID) method was applied for the chemical char-
acterization of SBT biomass. The temperature of pyrolysis was 500 °C and the heating
rate was 600 °C/s. A Frontier Lab Micro Double-shot Pyrolyzer Py-3030D directly cou-
pled with a Shimadzu gas chromatograph GC/MS/FID-QP ULTRA 2010 (Fukushima,
Japan) was used. The capillary column was RTX-1701 (Restec, Metairie, Louisiana, USA),
60 m x 0.25 mm x 0.25 mm film. The injector temperature was 250 °C; ion source with
EI of 70 eV. The MS scan range was 15-350 m/z. Helium was used as a carrier gas, the
flow rate was 1 mL/min, and the split ratio was 1:30. A sample of 1.20 mg was taken for
each analysis. The individual compounds were identified by GC/MS with the help of
library MS NIST 11 and NIST 11s. On the basis of GC/FID data, the relative peak areas for
the individual compounds were calculated using Shimadzu software. The relevant peaks’
summed molar areas were normalized to 100%. The pyrolysis analysis was repeated four
times and the data were averaged. The variation coefficient of measurement was <5%.
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2.4.7. Elemental Analysis

The elemental composition (C, H, and N) of the SBT biomass samples was determined
using a Vario MACRO CHNS elemental analyzer with a heat conduction detector (Elemen-
tar Analysensysteme GmbH, Langenselbold, Germany). The dry sample was weighed in a
foil (weight of sample: 50 mg DM). The WO, powder was used as a combustion catalyst,
in a ratio of 1:1 (w/w). The obtained sample/catalyst mixture was pressed into a tablet
and placed in the automatic sample feeder (carousel). The equipment was controlled in a
computerized mode and VARIOEL V5.16.10 software was used for data processing. The
results were expressed as percentages of DM. Three repetitive analyses were performed for
each sample. CI < 0.2% at oc = 0.05.

2.5. Preparation of Animal Feed Compositions

Stem (ST) biomass in compositions of animal feed was used as the residual frac-
tion after extraction and CT separation and after mechanochemical pre-treatment (MT;
mechanochemically treated stems further in the text—ST/MT). Leaves (LV), roots (RT),
ST/MT, and mixes of LV with ST/MT were investigated as feed additives. The ratios of ST,
LV, and RT used for analysis were as follows: LV 100%, ST 100%, ST/MT 100%, LV:ST/MT
(1:1; w/w), and LV:ST (1:1; w/w). In addition, for the granulation experiment, the mix with
roots was used, LV: ST/MT (1:1, w/w) + 5% of roots.

2.6. Determination of Released Gas Emissions, In Vitro Analysis

The amount of the in vitro gas production (GP) was determined using an ANKOM RF
Gas Production System (AGPS; ANKOM Technology, Macedon, NY, USA), which is designed
for analysis of different feed sources and feed additives. The in vitro gas production method
is based on the relationship between the fermentation in the rumen and the gases formed and
can also be used to measure and quantify nutrient utilization. Rumen fluid was collected from
slaughterhouse animals (rams) following the protocol of Fortina et al. (2022) [49], with small
modifications. It was decided to use rumen fluid collected from slaughterhouse animals, first,
because a significant difference in in vitro digestibility has not been found when the fluid was
obtained from slaughtered or fistulated ruminants [50], and, second, because this was a more
ethically acceptable approach [51]. It was reported that it is possible to store the rumen fluid
without significant quality changes by putting it in thermic bottles wrapped in a thermic bag,
for a period of up to 300 min after collection [49]. The methodology and test conditions were
in accordance with the prescriptions provided by the manufacturer and following the protocol
of Videv [52]. In short, a feed sample in the amount of 0.500 £ 0.001 g, 25 mL of rumen fluid,
and 50 mL of incubation medium, made as described by Theodorou et al. [53], were placed
in each of the modules of the system. Each of the 50 modules of the ANKOM system has
pressure measuring sensors installed (the range is: —69 to 3.447 kPa; resolution: 0.27 kPa;
accuracy: % 0.1% of the measured value). Specialized software received the data from every
module through a wireless connection and recorded it every 30 s. GP was expressed as mL/g
incubated DM. The changes in gas pressure accumulated during 24 and 48 h of fermentation
(AP) were converted into volume units by applying the ideal gas law:

GP (mL/g DM) = (AP/Po) x Vo, (mL/g incubated DM), 1

where AP is the change in the accumulated pressure (expressed in kPa) at the top of the
module, Vo is the volume of the bottle at the top (235 mL), and Po is the atmospheric
pressure which was recorded by the apparatus before the beginning of the experiment.

For taking into account the final volume of released gas from the rumen fluid itself, a
blank module without a sample of the feed was used. The zero module, placed above the
incubator, took into account the atmospheric pressure in the room and corrected the data
according to atmospheric pressure. The samples were analyzed in triplicate.
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2.7. Determination of Digestibility of the SBT Biomass Samples

For the evaluation of digestibility, an Ankom Daisy incubator was used (Ankom
Technology, Macedon, NY, USA). The rumen fluid, used in this testing, was collected as
described in Section 2.6. The methodology and test conditions were in accordance with the
manufacturer’s prescriptions and followed the protocol of Kilig et al. [54]. Four rotating
digestion jars (or cylinders) were placed in the specially designed and controlled Daisy
incubator where a constant, uniform heat (=39 °C) was maintained and agitation was
provided. A buffer solution (1600 mL) and rumen fluid (400 mL) were used as inoculums
for each cylinder. The dry samples in the amount of approximately 500 mg were placed in
filter bags (25 pcs). Then, the filter bags were placed into the cylinders with the inoculum.
Aeration of the cylinder was performed for 30 s using CO;,, and then the cylinders were
tightly closed (immediately after aeration) and placed in the incubator for 48 h. After 48 h of
incubation, the filter bags were taken out from the incubator. Water was used for cleaning
the bags, and then the bags were dried at 105 °C, for 3 h. Analysis for neutral detergent
fiber (NDF) digestibility of the contents of the bags was performed with a fiber analyzer.
In vitro true digestibility was calculated according to the following equation:

IVTD, % = 100 — (W3 — (WIxC1)) x 100)/ W2 @)

where IVTD is the in vitro true digestibility of feed, W1 is the weight of the filter bag, W2 is
the weight of the sample put in the bag, W3 is the weight of the bag with the sample
after NDF analysis, and C1 is the correction coefficient for the weight of the bag without
a sample.

Three repetitions of the in vitro experiment were performed. The confidence intervals
are given in the Results Section 3.7.

2.8. Antimicrobial Activity of the SBT Fraction

Analysis of the antimicrobial activity of the residual fraction after CT separation from the
extracts of both stems and twigs (MB/ST+TW) was performed at the University of Latvia,
Faculty of Biology. Several reference microbial strains were used, which were obtained
from the Latvian Microbial Strain Collection (MSCL), University of Latvia: Pseudomonas
aeruginosa MSCL 3314, Staphylococcus aureus MSCL 3340, Escherichia coli MSCL 332, Bacillus
cereus MSCL 330, and Candida albicans MSCL 378. Antimicrobial activity was analyzed in
96-well plates by the two-fold serial broth microdilution method [55]. As a result, the values
of the minimum inhibitory (MIC) and minimum bactericidal/ fungicidal concentrations were
ascertained (MBC/MFC). CI < 0.01 at o = 0.05.

2.9. SBT Biomass Granulation and Characterization of the Pellets
2.9.1. Biomass Granulation

For the simulation of the pelletizing in real production conditions, a laboratory pel-
letizer KAHL 14-175 (Amandus Kahl GmbH & Co. KG, Reinbek, Germany) equipped
with a flat die, analogous to the factory-scale KAHL granulators, was used for granulation.
The channel diameter was 6 mm, and the channel length-to-diameter ratio was 4:1. Each
experiment was performed in triplicate. Preliminary granulation of sawdust until the
equilibrium temperature in the pelletizer reached 50 °C was performed. The weight of the
studied biomass used for one granulation experiment was 2 kg.

2.9.2. Characterization of the Pellets

The measurement of the ash content was performed, expressed as a % of the weight of
the residue after the ignition of solid biomass samples at 550 °C in a muffle furnace to the
initial weight of the solid biomass sample, according to the EN ISO 18122:2023 standard [56].
Higher heating value (HHV) was determined experimentally by burning granules in a
calorific bomb of original construction (Li-104, Latvia), according to the standard ISO
18125:2017 (solid biofuels) [57] and calculated on a DM basis. A sieve with a 3.15 mm cell
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size was used for the separation of fines (ISO 3310) [58]. After the fines separation, the
determination of the durability (DU) and bulk density (BD) was performed based on the
European standards EN ISO 17831-1:2016 [59] and ISO 17828 [60], correspondingly. The CI
for the HHV and LHYV of the pellets: £0.6 M]/kg; the CI for durability: £0.7%; the CI for
bulk density: £11 kg/m?; the CI for ash content: +-0.6%; the CI for the average length of
pellets: £10 mm.

2.10. Statistical Analysis

All experiments were conducted in triplicate, except for analytical pyrolysis
(Py-GC/MS/FID) and gas chromatography (GC/MS/FID) analysis where four repeti-
tive experiments were performed. The results are expressed as means. Microsoft Excel
2016 was used for statistical analyses. Confidence intervals (CI) were calculated for a mean
using Student’s t-distribution, and a significance level of 5% was applied (o« = 0.05). For
the evaluation of the strength of the linear relationship between two different variables,
Pearson’s correlation coefficient was calculated. A significance level of p < 0.05 was applied.

3. Results and Discussion
3.1. Chemical Composition of SBT Biomass
3.1.1. Organic Matter in the Biomass

It was found that the biomass samples had a high content of organic matter
(95.5-98.1%/DM), which included such components as proteins, fats, fiber, and non-
structural carbohydrates (sugar and starch). The ash content of the SBT biomass samples
ranged from 1.9 to 5.2%/DM. The highest ash content was in leaves (4.8-5.2%/DM) and
roots (4.0-4.5%/DM).

3.1.2. Relative Composition of SBT Biomass by Py-GC/MS/FID

According to the results of analytical pyrolysis analysis, the main components of
organic volatile products of SBT biomass DM are carbohydrates, including low-molecular-
weight sugars, starch, and various non-starch polysaccharides, which are the most impor-
tant sources of energy for non-ruminants and ruminants. The total carbohydrates-derived
volatile contents in the SBT stems, leaves, and roots were 66.7-68.4% rel, 56.7-60.6% rel,
and 72.8-75.9% rel/ TVD, respectively (Figure 2).
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Figure 2. Py-GC/MS/FID data of organic volatile products of SBT biomass: TAT—Tatiana;
BL—Botanicheskaya Lubitelskaya; MB—Maria Bruvele; OT—Otto; TM—Tarmo; ST—stem;
LV—Ileaves; R—roots.

The carbohydrate concentration of the SBT roots was 1.1 and 1.3 times higher in
comparison to the stems and leaves biomasses, respectively.

3.1.3. Carbohydrate Composition by GC-MS

Based on the results of gas chromatography analysis, the main sugar monomer units
of roots’” carbohydrate composition were glucose (73.6-77.1%/total carbohydrate content
of root DM) and mannose (10.1-12.9%/total carbohydrate content of root DM). The total
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contents of galactose, xylose, and arabinose were 2.1-3.1%, 3.2-4.6%, and 6.5-6.8%/total
carbohydrate content of root DM, respectively (Figure 3).

OT/R TAT/ST

BL/ST

B Glu % ®Gal,% © Man,% ® Xyl,% ® Ara, %

Figure 3. The sugar composition in total carbohydrates of SBT biomass (GC data): TAT—Tatiana;
BL—Botanicheskaya Lubitelskaya; MB—Maria Bruvele; OT—Otto; TM—Tarmo; ST—stem;
LV—Ileaves; R—roots.

The amount of glucose in the composition of total identified sugars of the SBT stems,
roots, and leaves was close for each vegetative part between the five cultivars. The amount
of xylose was the highest for the stems of BL and TAT. Xylose is not a desirable compo-
nent in feed: it was proven that in high amounts it could reduce ruminal digestibility
of various animal feeds [61,62]. Therefore, for the subsequent first experiments, stem
samples of MB with comparatively smaller content of xylose were chosen. The structural
(free) carbohydrate (monosaccharide) content in SBT biomass did not exceed 1% /DM. To
make carbohydrates more available as an energy source, pretreatment was considered.
It was reported that it is possible to increase the surface area of cellulose up to 10° times
by decreasing its particle size [63], and thus improve the nonmotile cellulolytic microbe
penetration into the cell lumen [64].

3.1.4. Relative Composition of SBT Biomass Phenol/Lignin Part by Py-GC/MS/FID

The total phenol/lignin-derived volatile (Ph/L-DV) contents in the SBT stems, leaves,
and roots were 24.4-25.4% rel, 16.7-17.6% rel, and 12.8-15.3% rel/ TVD, respectively. The
phenol/lignin-derived pyrolysis products can be divided into phenyl (Ph) and benzyl (B),
guaiacyl (G), and syringyl (S) derivatives in SBT biomass. The Ph/L-DV of SBT stems
have the highest content of G derivative units (43.8-50.3% rel/Ph/L-DV), and fewer S
(32.0-35.0%/ rel Ph/L-DV) and Ph and B units (17.4-21.2% rel/Ph/L-DV). The Ph/L-DV
of leaves and roots presented more Ph and B derivative units, 40.8-44.9% and 69.7-71.9%,
respectively (Figure 4).
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Figure 4. Relative contents (%) of phenyl and benzyl, guaiacyl, and syringyl derivatives in the
Ph/L-DV released after Py-GC/MS of SBT biomass: TAT—Tatiana; BL—Botanicheskaya Lubitelskaya;
MB—Maria Bruvele; OT—Otto; TM—Tarmo; ST—stem; LV—leaves; R—roots.

The phenyl and benzyl derivatives came from polyphenolic compounds that have
antioxidant activity [65] and could serve for the oxidative stability of animal feed. Since
phenolic compounds will remain in the residual biomass fraction after the separation of
CTs, their antibacterial activity will be tested (Section 3.1.2). Lignin is a hardly digestible
source and its strong bonds in lignin—carbohydrate complexes are the main obstacle to
wood-containing part application in animal feed [66]. Therefore, mechanochemical pre-
treatment was further investigated in this study (Section 3.3) for the possibility of degrading
the cell wall.

3.2. CT Separation

According to the literature data, CTs, which are found among polyphenolic com-
pounds in SBT biomass, are also anti-nutritional since they bind proteins. However, CTs are
strong antioxidant and antimicrobial agents and can be used in cosmetics, the production
of adhesives, and other related industries [19,67]. Among the studied biomass samples
(stems, twigs, roots, and leaves) only SBT stems and twigs contained CTs in an amount of 6
to 11%/DM. Only the stems could be used for animal feed production since the twigs have
sharp thorns, and therefore twigs will be tested for granulated fuel production. However,
CT, as a valuable compound, was preliminarily isolated from both stems and twigs. The
correctly chosen extractant made it possible to completely remove CTs from the stem and
twig biomasses.

3.3. Mechanochemical Pre-Treatment for the Improvement of Digestibility

In animal nutrition, lignin cannot be readily fermented by rumen microbes. The
solution to this was the use of mechanochemical processing. The mechanochemical treat-
ment disrupts the cell wall of the plant, thereby facilitating the digestibility of valuable
components. The digestibility results of SBT stems after CT separation before and after
mechanochemical processing are shown in 3.7.

3.4. The Anti-Microbial Properties of the Residual Fraction after CT Separation

The residual fraction after CT separation contained serotonin, low-molecular-weight
polyphenolic compounds (quinic acid, catechin, etc.), and their glycosides [19]. In this
study, this residual fraction’s antimicrobial activity was evaluated against Gram-positive
and Gram-negative bacteria as well as pathogenic fungi. The lowest MIC/MBC values
for the fraction were the following: 0.78/0.78 mg/mL against E. coli, 1.56/3.13 mg/mL
against P. aeruginosa, 1.56/>50 mg/mL against B. cereus, and 0.78/1.56 mg/mL against
S. aureus. The lowest MIC/MEFC against C. albicans was 12.50/>50 mg/mL. This showed that
enriching the biomass with the above-mentioned low-molecular-weight components and
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Figure 5. SBT stems and twigs application scheme.

3.5. Macro-Nutrients and Vitamins in SBT Biomass

The physiological and functional processes of an animal are influenced not only by
organic matter but also by the inorganic components in the feed additive. The results of the
analyses are shown below in Table 1.

Table 1. Contents of macronutrients and heavy metals in SBT biomass.

Macronutrients and

Heavy Metals * MB/LV MB/ST BL/LV BL/ST TAT/LV TAT/ST

P, mg/100 g DM 225 + 22 220 £ 22 210 £ 21 199 £+ 20 212 + 18 217 £ 26
K, mg/100 g DM 1376 £ 113 1109 +£ 107 1209 £ 104 1037 £ 56 1216 £ 114 1119 £ 108
Na, mg/100 g DM 1.72 + 0.40 225+52 2.25+0.52 7.83 £1.80 1.88 +0.36 114+ 35
Ca, mg/100 g DM 989 + 237 281 £ 67 856 + 205 332 + 80 917 + 162 306 £ 46
Cd **, mg/kg DM 0.011 £ 0.003 0.027 +£ 0.006 0.011 £ 0.003 0.011 £ 0.002 0.014 £ 0.002 0.018 £ 0.004
Hg **, mg/kg DM 0.0069 £0.0012  0.0031 £ 0.0006  0.0067 +0.0012  0.0022 + 0.0004  0.0058 + 0.0004  0.0028 £ 0.0005
Pb **, mg/kg DM 0.086 +0.0022  0.086 £ 0.0022 0.10 £ 0.030 0.037 £ 0.010 0.0042 £ 0.0021  0.073 £ 0.0016

** Does not exceed the permitted maximum: Cd—1 mg/kg DM; Hg—2 mg/kg DM; Pb—10 mg/kg DM (the
values in Regulation No. 1275/2013). * The results are shown as mean + Cl at « = 0.05.

Determination of the content of heavy metals in the feed is necessary since heavy
metals have toxic effects on animal health. The analysis showed that heavy metal content
did not exceed the permissible norms mentioned in the Commission Regulation (EU)
No. 1275/2013 [68] (Table 1).

It was shown that SBT biomass contains fat-soluble and water-soluble vitamins. Vita-
min C content was much higher in the stems than it was in the roots and leaves. The leaves
of all three SBT cultivars are richer in vitamins E and C. The A vitamin was not found in
the SBT stems and roots (n.f.) (Table 2).
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Table 2. Contents of vitamins in SBT biomass.

Vitamin E (x-tocopherol),

Samples * Vitamin C, mg/100 g DM’ mg/100 g DM Vitamin A (Retinol), mg/100 g DM
MB/LV 15.6 =44 309 +4.3 1.29 £0.02
MB/ST 178.0 £ 50.0 173 +24 n.f.
BL/LV 120+ 3.0 443 £6.2 1.14 £ 0.03
BL/ST 92+3.6 147 £2.1 n.f
TAT/LV 13.3 £3.6 426 +22 0.86 + 0.07
TAT/ST 8.0£3.0 162+ 2.6 n.f.
TM/R n.d. n.d. n.f.
OT/R n.d. n.d. nf.

TAT—Tatiana; BL—Botanicheskaya Lubitelskaya; MB—Maria Bruvele; OT—Otto; TM—Tarmo; ST—stem;
LV—Ileaves; R—roots. * The results are shown as mean + CI at & = 0.05.

Moreover, it has been reported that SBT leaves contain thirteen different amino acids,
and wood and bark contain seventeen amino acids [69].

3.6. Main Compounds in SBT Biomass and Their Role in Rumen Digestion
In a complete diet, the amount of crude fiber, protein, and crude fat is of great im-
portance. The total protein content in the dry SBT biomass samples ranged from 18% to
24% /DM (Figure 6).
35
30
2

2
15
1

MB/LV MB/ST BL/LV  BL/ST TAT/LV TAT/ST TR/R OT/R
m Total protein ~ ® Crude fibre (ADF) ® Crude fat

%/DM
o un o S G

Figure 6. Percentage of total protein, crude fiber, and crude fat in dry SBT biomass (TAT—Tatiana;
BL—Botanicheskaya Lubitelskaya; MB—Maria Bruvele;, OT—Otto; TM—Tarmo; ST—stem;
LV—Ileaves; R—roots).

The highest content of total protein was in SBT stems ~23% /DM, followed by leaves
(18.4-19.4%/DM) and roots (17.5-20.7%/DM).

The content of total fat in SBT biomass was as follows: stems (0.7-1.2%/DM), leaves
(2.8-3.6%/DM), and roots (0.7-0.8%/DM). Dairy cows and sheep usually have a pasture-
based diet with a low fat content of 2-6% on a DM basis. However, the energy content in fat is
more than twice that of carbohydrates, calculated based on weight. Dietary fat contents over
8% can negatively impact rumen function, fiber digestion, and milk production [70]. Thus, it
can be said that the fat content in SBT stems and leaves is optimal for nutritional feed.

The crude fiber content in the biomass was 18-27%/DM. Crude fiber is usually indi-
gestible or barely digestible, but it stimulates the production of important gut bacteria. With
a deficiency of crude fiber in the diets of cows, an upset of pre-gastric digestion occurs, and
the productivity of milk production deteriorates [71]. The highest content of crude fiber in
biomass was in SBT roots (33.2-33.6%/DM), followed by stems (26.2-27.1%/DM) and leaves
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(18.1-19.1%/DM). Since the crude fiber concentration of SBT roots was ~2 times higher than
in leaves, roots could be used for the production of fiber-containing feed additives.

3.7. Determination of the in vitro Gas Production and Digestibility of SBT Biomass

For the evaluation of the feed, methods of measuring digestion by in vitro techniques
are ethically preferable, less expensive, and faster than in vivo methods [72]. In the in vitro
released gas measurements, the amount of gas that arises from the fermentation process is
measured. The high potential of a feed’s nutritional and biological value is realized through
proper digestion.

The testing was performed on samples from the MB cultivar because it shows better
overall composition of the main nutritive compounds. According to in vitro test data, the
extract showed the greatest digestibility after the separation of CT. The leaves have a much
higher digestibility than the stems. The stems after mechanochemical treatment had a
2.2 times greater digestibility in comparison to the stems before treatment (Table 3).

Table 3. In vitro true digestibility IVTD) of SBT biomass samples.

Sample * GP24, mL/g DM GP48, mL/g DM IVTD, %/DM
MB/LV 59.97 + 1.94 71.76 + 1.61 82.60 + 4.80
MB/ST/MT 72.38 + 3.46 83.18 +2.21 39.12 4+ 6.06
MB/ST 53.99 £ 8.19 65.33 £ 5.56 18.11 + 4.61
MB/LV: MB/ST/MT (w/w; 1:1) 76.29 +5.73 84.65 +7.18 58.11 £5.05
MB/LV: MB/ST (w/w; 1:1) 76.73 + 5.51 81.93 + 8.97 49.83 £ 5.16
MB residual fraction after CT separation 134.58 + 3.94 141.51 £ 4.10 98.69 + 4.44

ST—stems after CT separation; LV—leaves; R—roots; MB/ST/MT—mechanochemically treated Maria Bruvele
stems after CT separation; GP24—gas pressure of 24 h incubated DM; GP48—gas pressure of 24 h incubated DM;
IVTD—in vitro true digestibility of feed. * The results are shown as mean +CI at o = 0.05.

It can be seen that the digestibility of the leaves is a bit lower than that of the MB
residual fraction after CT separation, but at the same time, the gas emissions are much
lower for the leaves. Therefore, for a reduction in GHG emissions, the SBT leaves should
always be in the composition of the SBT-based animal feed. The leaves can be combined
with other types of biomasses.

The samples from the MB/LV (IVTD = 82.60%) and MB residual fraction after CT
separation (98.69%) showed higher digestibility than canola (64.15%), mustard (73.54%),
and turnip hays (61.2%), obtained under similar conditions [54], as well as Quercus robur L.
oak tree leaves (56.22%), alfalfa hay (71.60), giant fennel hey (70.47%) [73], corn silage
(61.95%), perennial ryegrass (71.67%), and common vetch/oat hay (66.04%) [74].

Under similar conditions to those in our experiments, the GP24 and GP48 in tradition-
ally used cereal grain forages were as follows: barley—289.5 mL/g DM and 405.8 mL/g DM;
wheat—339 mL/g DM and 448.1 mL/g DM; and maize—421.3 mL/g DM and 491.5mL/g
DM, for 24 h and 48 h, respectively. Meanwhile, in the SBT-based samples, the GP for both
24 and 48 h of incubation was several times lower, with only the MB residual fraction after
CT separation showing a slightly higher production of gasses (see Table 3); however, even
in that case, the gas production was at least two times lower than that of the cereal grain
forages [52].

The in vitro testing showed promising results with regard to the future use of SBT
biomass as animal feed since all samples had low GHG production accompanied by high
digestibility in the leaves and biomass residual fraction after CT separation. Future in vivo
experiments will be needed to prove the possibility of the sustainable use of these biomass
products as a substitute for some of the traditionally used plant feeds. Moreover, the use
of plant biomass with a lower GP will reduce the negative CO, imprint from livestock
breeding and, thus, will have a positive ecological effect.
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3.8. Caloric Value of SBT Biomass

The contents of carbohydrates, lipids, and proteins are stoichiometrically connected
with the contents of carbon, hydrogen, and nitrogen. Therefore, based on the results of
CHN elemental analyses of biomass, it is possible to calculate a caloric value [75]. The
carbon content in the SBT biomass samples varied from 40.5% to 50.9% (Table 4).

Table 4. Elemental analysis and caloric value data of SBT biomass.

Calorific Value, MJ/kg DM Caloric Value, kcal/g DM

C H N Organic Matter
SBT Biomass HCV LCV HCV LCV
%/DM; CI < 0.2% at o = 0.05 CI < 0.03% at ox = 0.05

MB/ST 50.6 5.6 3.8 97.2 20.47 19.34 4.89 4.62
BL/ST 499 5.6 3.7 98.1 20.21 19.07 4.83 4.55
TAT/ST 50.9 5.5 3.6 97.6 20.52 19.41 4.90 4.64
MB/LV 49.1 59 2.7 94.8 19.79 18.67 473 4.46
BL/LV 49.3 5.8 3.1 96.2 19.90 18.80 475 4.49
TAT/LV 49.5 5.9 3.0 94.8 20.02 18.89 478 451
TM/R 46.5 48 33 95.5 18.63 17.51 445 418
OT/R 40.5 5.0 2.8 96.0 16.60 15.48 3.96 3.70

TAT—Tatiana; BL—Botanicheskaya Lubitelskaya; MB—Maria Bruvele; OT—Otto; TM—Tarmo; ST—stem;
LV—Ileaves; R—roots.

The calorific values of the plant samples were all in the range of 16.6 MJ/kg to
20.52 MJ /kg. The data confirmed that the higher the carbon content, the higher the caloric
value, for all the SBT samples. Considering that 1 MJ is 238.85 kcal, the caloric value of the
studied biomass was in the range of 4-5 kcal/g DM. The relationship between the carbon
content and caloric value with a correlation coefficient of 0.99 is shown in Figure 7.
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Figure 7. Correlations between C (on the (left)) and N (on the (right)) element content and caloric
value (HCV and LCV).

It can be seen that the N content in the biomass samples does not correlate well with
the caloric values of the feed.

3.9. Granulation of SBT Biomass Samples

The granulation of biomass is an effective method for preserving stable quality indica-
tors during the storage of feed and for the improvement of technological characteristics.
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MB stems after MT and the separation of CTs and leaves were granulated as described in
Section 2.9. Granulation with the roots added (5% of total biomass, correspondingly) was
tested to improve the quality of the granules (Figure 8).

Figure 8. Feed pellets: (A)—MB/LV: MB/ST/MT (1:1, w/w) + 5% TM/R; (B)—MB/LV;

(C)—MB/ST/MT.

The characteristics of the obtained pellets are shown in Table 5. In the presence of roots,
the biomass became stickier, the durability of the pellets showed a tendency to improve
(although insignificantly), and the amount of fines in the pellets was diminished. The
roots were also provided to intercalate a sweet taste to the feed. The disintegration of the
granules in water was evaluated visually. The time of swelling for the granules made of
100% stems or leaves was 30-60 min.

Table 5. The characteristics of feed granules obtained on the basis of SBT biomass.

Samples b Pel.le.ts . Ifellets . !3ulk , Average
urability, % Moisture, % Density, kg/m Length, mm
MB/ST/MT 96.9 5.8 714.8 12
MB/LV 97.7 54 715.7 12
MB/LV: MB/ST/MT (1:1, w/w) 97.2 55 714.2 12
MB/LV: MB/ST/MT (1:1, w/w) + 5% TM/R 98.1 5.6 714.8 8

MB—Maria Bruvele; TM—Tarmo; ST—stem; LV—Ileaves; R—roots.

The twigs of BL, MB, and TAT, after CT separation, were granulated to obtain fuel
pellets. The HHVs of the pellets were 19.8-20.5 MJ /kg (LHV: 18.5-19.6 M] /kg); durability:
96.8-97.2%; bulk density: 713-715 kg/ m3; ash content: 3.5-3.9%; and the average length of
pellets: 12 mm. According to the specifications of the EN ISO 17225 standard [76], the twigs
after the separation of CTs can be used for the production of granulated fuel for district
heating and power stations. Adding some amount of sawdust would help to diminish the
ash content to the level of less than 2%, as required for pellets for non-industrial applications
(ISO 17225-2 standard, class B). This study confirmed that the residue of twigs after the
isolation of CTs can be used as a granular fuel.

4. Conclusions

This study confirmed that SBT agro-waste biomass, after the separation of condensed
tannins, could be a unique and valuable raw material for ruminant feed and feed additive
production. Agro-waste biomass, as a side-product of the SBT berry industry, demands no
additional agricultural land for the production of the animal feed that supports sustainable
agriculture. The high amount of protein, wood fiber, macronutrients, and vitamins in SBT
plant material can provide livestock with alternative feed options when other sources of feed
are limited. Feed on an SBT basis can also be valuable for animals during winter, and dry
seasons, or serve as a supplement to low-protein forage. The anti-microbial properties of the
residual fraction after CT separation are useful for particular animal health conditions and for
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safe feed storage. The twig fraction, after the separation of CT, is suitable for the production
of pellets for district heating and power stations. SBT biomass utilization for animal feed
additives and solid fuel allows the creation of a scheme for sustainable SBT berry production,
where each target product residual fraction has an added-value application.
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Abstract: It has now been proven that many pathogens that cause infections and inflammation
gradually mutate and become resistant to antibiotics. Chemically synthesized drugs treating inflam-
mation most often only affect symptoms, but side effects could lead to the failure of human organs’
functionality. On the other hand, plant-derived natural compounds have a long-term healing effect.
It was shown that sea buckthorn (SBT) twigs are a rich source of biologically active compounds,
including oligomeric proanthocyanidins (PACs). This study aimed to assess the anti-pathogenic and
anti-inflammatory activity of water/ethanol extracts and PACs obtained from the lignocellulosic
biomass of eight SBT cultivars. The anti-pathogenic activity of extracts and PACs was studied against
pathogenic bacteria Pseudomonas aeruginosa, Staphylococcus aureus, Escherichia coli, Bacillus cereus and
fungus Candida albicans in 96-well plates by the two-fold serial broth microdilution method. The
anti-bacterial activity of purified PACs was 4 and 10 times higher than for water and water/ethanol
extracts, respectively, but the extracts had higher anti-fungal activity. Purified PACs showed the abil-
ity to reduce IL-8 and IL-6 secretion from poly-I:C-stimulated peripheral blood mononuclear cells. For
the extracts and PACs of SBT cultivar ‘Maria Bruvele” in the concentration range 0.03134.0 mg/mL,
no toxic effect was observed.

Keywords: anti-inflammatory; anti-microbial activity; anti-pathogenic activity; anti-fungal;
proanthocyanidins; extracts; lignocellulosic biomass; sea buckthorn

1. Introduction

Following the global response to SARS-CoV-2, emerging antibiotic resistances were
evaluated as a “silent pandemic”, putting the ability to effectively combat prevalent in-
fectious diseases at risk [1]. Estimates from the European Union/European Economic
Area (EU/EEA) alone show that each year, more than 670,000 infections occur due to
bacteria being resistant to antibiotics, and approximately 33,000 people die as a direct
consequence [2]. Infections caused by bacteria forming biofilms are much less susceptible
to antibiotics [3,4]. Bacterial infections are a common complication after primary infection
with respiratory viruses such as influenza viruses, rhinoviruses, and coronaviruses and are
often characterized by severe disease and high mortality [5]. New powerful anti-microbial
agents are necessary, but stronger antibiotics of synthetic origin cause more severe side
effects and “sweep away” both pathogenic and beneficial microorganisms.

Moreover, one of the side effects of antibiotics overuse is the development of resistant
fungal infections. The polymorphic fungus Candida albicans is a member of the normal
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human microbiome, but under certain circumstances, especially among immunocompro-
mised populations, it causes infections that range from superficial infections of the skin
to life-threatening systemic infections in the bloodstream or internal organs [6]. Candida
is the fourth most common cause of hospital-acquired systemic infections in the United
States, with crude mortality rates of up to 50% [7]. Treatment for these fungal infections has
adverse effects and is slowly becoming obsolete due to varying mutation rates and rising
resistance in multiple species. For example, about 7% of all Candida blood samples tested at
the CDC are resistant to the most common anti-fungal drug fluconazole [8].

Finding natural compounds that would effectively act on bacterial and fungal infec-
tions, independently or synergistically with anti-bacterial or anti-fungal treatments, and
increasing the body’s own ability to overcome the infection without exerting toxicity on
internal organs are challenging emerging tasks today.

Infections can become more dangerous if there is an excessive inflammatory response.
Many kinds of cells and active ingredients (cytokines, chemokines, and bioactive amines)
participate in inflammation [9]. The accompanying SARS-CoV-2 cytokine storm—a group
of related medical conditions in which the immune system produces too many inflamma-
tory signals—can lead to organ failure and death. Inflammation has a protective function,
but excess inflammation can induce host tissue damage, chronic diseases, and even can-
cer [10,11]. Currently, anti-inflammatory drugs are mainly steroidal and non-steroidal
drugs, but they have frequent clinical side effects. The development of safer alternatives
has attracted widespread attention.

One of the possible solutions is the use of natural molecules with anti-bacterial, anti-
fungal, and anti-inflammatory activity. Plant extracts are complex mixtures containing
a wide variety of primary and secondary metabolites, and their action may be the result
of the synergy of different chemical components. Plant preparations have a number of
advantages in particular due to the absence of side effects and a decrease in toxic effects for
the body, while they cause complex pharmacological effects.

Plant-derived compounds, including alkaloids, phenolic acids, flavonoids, carotenoids,
coumarins, terpenes, proanthocyanidins (PACs), and some primary metabolites (amino acids,
peptides, organic acids) exhibit anti-microbial and anti-inflammatory properties [4,5,12-14].
Dietary polyphenols such as flavonoids, phenolic acids, and PACs in large quantities in
foods of plant origin exhibit many beneficial effects and play an important role in the
prevention of chronic and degenerative diseases. These dietary polyphenols are also found
in lignocellulosic biomass (twigs, bark) in both deciduous and fruit trees/bush species.

PACs in plants represent the first biochemical defense against external injuries and
infections [15,16]. Chemically, PACs are oligomers (degree of polymerization (DP) = 2-5)
and polymers (DP > 5) or polymers of monomeric flavan-3-ols produced as an end product
of the flavonoid biosynthetic pathway. Studies have demonstrated the biological activities
of PACs [17-21].

The most widely studied PACs of grape seeds have been reported to exhibit anti-
inflammatory activity by reducing the accumulation of pro-inflammatory cytokines [22],
reducing aerobic and anaerobic microorganisms’ colonies in plaque [23] and preventing
gastrointestinal bacterial infections [24]. The latest studies showed that cranberry PACs pre-
vent the evolution of resistance to tetracycline in Escherichia coli and Pseudomonas aeruginosa,
rescue antibiotic efficacy against antibiotic-exposed cells, and inhibit biofilm formation [25].
PAC oligomers isolated from peanut skin (Arachis hypogaea L., Fabaceae) were reported
to have the potential to reduce inflammation and melanogenesis [26]. PACs” properties
are related to their chemical structure, as they have phenolic rings that can bind to a wide
range of molecules and act as electron scavengers by capturing ions and radicals [24].

Our preliminary studies of the chemical composition of extracts isolated from the waste
biomass of sea buckthorn (SBT) and other wood species (grey alder, black alder, willow,
pine) by water and aqueous ethanol solutions showed that the PACs are the dominant
polyphenolic compounds in the extracts [27]. In previous research, it was shown that
SBT twigs are a valuable and cheap source of PACs, and they have higher anti-microbial
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activity than extracts by themselves [28]. In a range of European countries such as Latvia,
Estonia, Romania, and Germany, as well as in Canada and China where SBT is cultivated
on plantations, a large volume of underutilized lignocellulosic biomass waste forms as a
result of agrotechnical measures carried out for SBT twice per year, at yearly industrial
harvesting of the berries, which includes cutting the whole branch (20% of the berries’
mass) and pruning (90% of SBT plantation biomass every fourth year, almost a full cut of
the whole shrub tree) [28].

It is known that PACs can prevent bacteria from attaching to cell or biomaterial
surfaces [3,4,29,30] by impairing bacterial motility [5,9-11,13,14]. It is also suggested
that PACs may inhibit biofilm formation and enhance the effect of gentamicin against
P. aeruginosa. There is evidence that in the presence of PACs, the acquisition of resistance in
E. coli and P. aeruginosa after treatment with tetracycline is completely stopped. Thus, PACs
have the ability to interfere with the mechanisms of intrinsic resistance, thus suppressing
the typically inevitable long-term evolution of acquired antibiotic resistance [15]. Due
to their antioxidant and anti-inflammatory properties, PACs reduce inflammation in an
animal model of gastric and colonic inflammation [31].

Herbal products were discarded from conventional medical use in the mid-20th cen-
tury, not necessarily because they were ineffective but because they were not as economi-
cally profitable as the newer synthetic drugs. In spite of this, the global herbal medicine market
was valued at USD 151.91 billion in 2021 and projected to grow from USD 165.66 billion in
2022 to USD 347.50 billion by 2029 [32].

The aim of this study was the assessment the role of PACs in the anti-inflammatory
and anti-microbial activity of the ethanol/water extracts obtained from lignocellulosic agri-
cultural waste of eight SBT cultivars: ‘Maria Bruvele’, “Tarmo’, “Tatiana’, ‘Duet’, ‘Leikora’,
‘Clara’, ‘Otto’, and ‘Botanicheskaya Lubitelskaya’. The anti-inflammatory effect was eval-
uated by the reduction in IL-8 and IL-6 secretion, one of the major mediators of the
inflammatory response, an early-phase biomarker, in the presence of extracts and PACs.

The anti-bacterial activity was tested toward Gram-positive bacteria, Staphylococcus
aureus and Bacillus cereus, as well as Gram-negative bacteria, Pseudomonas aeruginosa and
Escherichia coli, and fungus Candida albicans. S. aureus is a leading pathogen associated with
a number of diseases, including osteomyelitis, pneumonia, endocarditis, and septicemia.
B. cereus produces toxins, causing two types of gastrointestinal illness: emetic (vomiting)
syndrome and diarrheal syndrome. Multidrug-resistant P. aeruginosa is the one that most
often causes infections in humans and causes infections and deaths among hospitalized
patients [33]. Several strains of E. coli are enteric pathogens associated with hemorrhagic
colitis and the development of the life-threatening condition hemolytic uremic syndrome
(HUS) [34].

2. Results and Discussion
2.1. Chemical Composition

The results of extraction by 50% ethanol (50% EtOH) and water show that the yields
of hydrophilic extract substances of all SBT twigs’ biomass under study varied from 19% to
29%. UHPLC-ESI-MS/MS profile of twigs” extracts from all SBT cultivars contained the
complex phenolic fingerprint with different phenolic compounds identified, comprising
oligomeric and monomeric flavonoids. Oligomeric flavonoids—PACs (mainly B-type
PACs)—were the dominant polyphenols in the extract’s composition. The PAC content in
50% EtOH extracts was higher than that found in water extracts and ranged from 34.8 to
42.9% in 50% EtOH extracts and from 23.8 to 29.6% in water extracts of the cultivars tested
(Figure 1).
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Figure 1. PAC content in extract isolated by 50% EtOH or water from eight SBT cultivars’ twigs.
For the extracts obtained using the same solvent, the PAC values were close to each
other for all SBT cultivars growing on the same plantation, which indicates the similarity of
their ability to synthesize secondary metabolites. SBT extracts contain not only oligomeric
PACs, but also other polyphenolic compounds such as quercetin (16), quinic acid (2), and
gallocatechin or its isomer epigallocatechin (4), which have excellent documented anti-
bacterial activity against Staphylococcus aureus, Bacillus subtilis, and Escherichia coli [35,36].
Polar triterpenoids are also present in the composition of the extracts, which for the
extracts from the other plants, have shown strong anti-inflammatory effects [37]. The list
of identified components is shown in Table 1, and the structures of some of the identified
components in Figure 2.
Table 1. Tentatively identified components in tested SBT extracts.
Peak No. tr (min) [M—HI~ (m/z) Fragments Identification
1 0.41 341.1124 ﬁgi ﬁéﬁ iﬁ’ Sucrose, fructose, glucose
2 0.47 191.0239 111;173; 127; 85 Quinic acid
3 0.98 175.0778 159; 147 Serotonin
4 1.84 305.0706 179; 125 Gallocafechin or its ‘isorner
epigallocatechin
5 1.89 593.1289 407; 425; 305; 467; 289 (epi)catechin-(epi)gallocatechin
6 1.97 1185.2393 881; 593; 305; 289; 245 Procyanidin tetramer
7 2.06 1055.2609 881; 593; 305; 289 Procyanidin tetramer
8 2.30 865.1929 577; 289; 245 Procyanidin trimer
9 2.38 289.0754 245; 125 Catechin/Epicatechin
10 2.50 1153.2501 865; 577; 289; 245 Procyanidin tetramer
11 3.28 609.4297 301; 271 Quercetin-3-O-rutinoside
12 3.33 301.0027 286; 109 Quercetin
13 7.14 487.3439 293; 117 Triterpenoid
14 7.79 471.3486 452; 265; 117 Triterpenoid
15 7.86 471.3490 265; 117 Triterpenoid
16 8.07 455.3535 277,117 Triterpenoid
17 8.01 617.3828 255; 117 Acylated triterpenoid
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Figure 2. Some of the identified components of the extracts.

When comparing the chemical composition of 50% EtOH and water extracts of eight
varieties of SBT, the following changes were noted: the decrease in the content of monomeric
and oligomeric flavonoids (Figures 1, 3, and 4) and triterpenoids in water extracts (Figure 4),
as well as the increase in the content of carbohydrates (in free and glycosidic form), which
can adversely affect biological activity. The most abundant monosaccharides in the water
extract of all cultivars were sucrose, fructose, and glucose.
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Figure 3. Comparison of the chemical composition of the sea buckthorn 50% EtOH extracts by
UHPLC-TOF/MS chromatograms.
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Figure 4. Comparison of the chemical composition of the sea buckthorn water extracts by UHPLC-
TOF/MS chromatograms.
2.2. Anti-Bacterial and Anti-Fungal Activity
The anti-microbial activity of extracts obtained by extraction with water and 50%
EtOH from eight SBT cultivars’ twigs is shown in Table 2.
Table 2. Anti-bacterial and ant—fungal activity of the extracts from SBT samples.
E.coli P. aeruginosa S. aureus B. cereus C. albicans
SBT Cultivars MIC/MBC, MIC/MBC, MIC/MBC, MIC/MBC, MIC/MEFC,
mg/mL mg/mL mg/mL mg/mL mg/mL
50% EtOH extracts
Maria Bruvele 0.2/0.2 0.39/0.78 0.2/0.39 0.39/50 0.2/>50
Bot. Lub. 0.39/0.39 0.78/1.56 0.39/0.78 0.78/50 0.2/>50
Tatiana 0.39/0.39 3.13/3.13 0.2/0.78 0.78/50 0.39/>50
Leikora 0.39/0.39 0.78/1.56 0.39/0.78 0.39/12.5 12.5/25
Duet 0.2/0.2 0.78/0.78 0.39/0.78 0.39/12.5 12.5/25
Otto 0.2/0.2 0.78 /1.56 0.39/0.78 0.39/12.5 6.25/25
Clara 0.2/0.2 0.78/1.56 1.56/3.13 0.39/12.5 12.5/25
Tarmo 0.78/0.78 0.78/1.56 0.78/0.78 0.39/12.5 6.25/12.5
Water extracts
Maria Bruvele 0.39/0.39 0.39/3.13 0.39/0.78 0.78/>50 0.39/>50
Bot. Lub. 0.78/50 0.78/50 0.39/12.2 0.78/>50 0.39/>50
Tatiana 0.39/0.39 0.78/1.56 0.39/0.78 0.78/>50 0.39/>50
Leikora 0.39/0.39 1.56/1.56 1.56/1.56 0.78/25 12.5/12.5
Duet 0.39/>50 1.56/>50 12.5/12.5 1.56/25 12.5/25
Otto 0.78/>50 6.25/50 6.25/12.5 0.78/25 12.5/25
Clara 0.39/0.39 1.56/1.56 0.78/0.78 0.78/25 12.5/25
Tarmo 0.39/0.39 0.78/1.56 0.78/1.56 0.78/25 12.5/12.5

The results showed that all the extracts inhibit the growth of Gram-positive and Gram-
negative bacteria as well as pathogenic fungus. Moreover, the inhibitory activity of almost
all the extracts against S. aureus and E. coli is higher than the data found in the literature for
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well-known natural anti-bacterial extracts of Echinacea purpurea and Arctium lappa (MIC:
2.93 mg/mL, MBC: 5.86 mg/mL, for both plants), and for some of the extracts (‘Otto” and
‘Tarmo’), the anti-fungal activity against Candida albicans is similar to the mentioned plant
extracts (MIC: 5.86 mg/mL, MFC: 11.72 mg/mL, for both Echinacea purpurea and Arctium
lappa) [38]. The MIC of the extracts under study was also lower than that of garlic (MIC of
hybrid garlic against S. aureus started at a concentration of 5.0 mg/mL for water extracts
and at 10 mg/mL for ethanol extract) [39].

For most of the extracts, MICs/MBCs against E. coli, P. aeruginosa, and S. aureus are less
than 2 mg/mL, which accounts for a high anti-bacterial activity for the natural compounds
in the literature [40]. This allows the consideration of the SBT extracts’ prospective for
natural anti-bacterial preparations.

The extracts isolated with 50% EtOH were more effective than water extracts; this
could be due to the higher content of PACs in the extracts (Figure 4). In relation to E. coli,
extracts isolated from SBT twigs of cultivars ‘Duet’, ‘Otto’, ‘Clara’, and ‘Maria Bruvele’
were more active than those from other cultivars. However, 50% EtOH extract from ‘Clara’
twigs showed weaker activity against S. aureus bacteria (MIC: 1.56 mg/mL). The MIC
concentration in relation to P. aeruginosa was the same for all extracts (0.78 mg/mL), except
for the extract from “Tatyana’ twigs (4 times weaker—3.13 mg/mL) and ‘Maria Bruvele’
twigs (2 times more effective—0.39 mg/mL). In the inhibition of B. cereus, the extract from
‘Bot. Lub.” twigs by 50% EtOH was two times weaker (0.78 mg/mL) than other 50% EtOH
extracts. In relation to C. albicans, extracts from ‘Maria Bruvele’, ‘Bot. Lub.’, and ‘Tatiana’
were more effective compared to other SBT cultivars.

The lowest MIC values were found for water extracts isolated from the twigs of ‘Duet’
(12.5 mg/mL against E. coli; 12.5 mg/mL against S. aureus), ‘Leikora’” (12.5 mg/mL to
C. albicans), and ‘Otto’ (6.25 mg/mL against P. aeruginosa and S. aureus). ‘Clara” and “Tarmo’
water extracts were also less effective in inhibiting C.albicans. Among all extracts, 50% EtOH
extract isolated from ‘Maria Bruvele’ twigs showed the highest biological effect on all types of
pathogenic bacteria (MIC: 0.2-0.39 mg/mL). The following tendency of microbial sensitivity
was observed: E. coli = S. aureus > P. aeruginosa = B. cereus. For a water extract, the tendency of
bacteria sensitivity was very similar: E. coli = S. aureus = P. aeruginosa > B. cereus (Table 2).

The minimum bactericidal/fungicidal concentration (MBC/MFC) is the lowest con-
centration of an anti-bacterial/anti-fungal sample required to kill bacteria/fungi over a
fixed period under a specific set of conditions. The MFC determination could be useful in
severe fungal infections in immunocompromised patients. According to the summarized
results presented in Table 2, the extracts isolated by 50% EtOH from all SBT cultivars were
the most active against such strains as E. coli, P. aeruginosa, and S. aureus.

Comparing the MBC value of 50% EtOH extracts with water extracts, water extracts
were weaker, especially those of cultivars ‘Bot.Lub.’, ‘Duet’, and ‘Otto’. Quantitative
analysis of water extracts showed the highest content of sugars (sucrose, glucose, fructose)
and polyphenolic glycosides (quercetin-3-O-rutinoside), which could be the reason for the
higher MBC of the aforementioned cultivars. The MBC of water extract from the ‘Maria
Bruvele’ cultivar in relation to E. coli was 2 times higher, in relation to P. aeruginosa it was
4 times higher, and in relation to S. aureus it was 2 times higher than for 50% EtOH extract;
the MBC against B. cereus and MFC against C. albicans were >50 mg/mL for both water
and 50% EtOH extract, which indicates that a higher concentration is probably needed.

As is shown in Figure 1, PACs are the dominant polyphenolic compounds in all the
extracts. PACs were isolated and further tested on pathogenic bacteria under study (E. coli,
P. aeruginosa, S. aureus, and B. cereus). The purity of PACs from the “Maria Bruvele” 50%
EtOH extract was 92% (determined by the butanol-acid method). In relation to E. coli, the
isolated PACs were 5 times more effective than the 50% EtOH extract and nearly 10 times
more effective than the aqueous extract (Figure 5).
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Figure 5. PACs’ role in anti-bacterial activity against E. coli and P. aeruginosa.

Similar results were observed for P. aeruginosa, S. aureus, and B. cereus (Figure 6).
Impurities were also tested and showed lower anti-bacterial activity potency, suggesting
that PACs have a key role in inhibiting pathogenic bacteria.
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Figure 6. PACs’ role in anti-bacterial activity against S. aureus.

Oral candidiasis is a common fungal disease caused mainly by C. albicans. When
comparing the anti-fungal activity of three samples (50% EtOH, water extract, and PACs of
‘Maria Bruvele’), isolated PACs were weaker at the initial stage. The following MIC tendency
was observed: 50% ethanol extract (0.20 mg/mL) > water extract (0.39 mg/mL) > PACs
(1.25 mg/mL) (Table 3).
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Table 3. PACs’ role in anti-microbial activity against B. cereus and C.albicans.

Samples B. cereus C.albicans
MIC/MBC, mg/mL MIC/MFC, mg/mL
Maria Bruvele 50% EtOH 0.39/50 0.20/>50
extract
Maria Bruvele water extract 0.78/>50 0.39/>50
PACs 0.63/1.25 1.25/>2.5
Impurities 1.56/>50 12.5/>50

It is assumed that at the initial stage of anti-fungal activity, the low-molecular-weight
polyphenolic compounds listed in Table 1 have a synergistic effect with PACs, thereby improving
the MIC value. However, only purified PACs have fungicidal activity (MBC = 1.25 mg/mL).
The complex chemical structure of PACs and their composition, which includes a dimer, a
trimer, a tetramer, etc., have a synergistic anti-microbial effect and will not allow the fungus
to develop resistance to them.

2.3. Cytotoxicity Assessment

The cytotoxicity was evaluated to determine the toxic concentration of the extracts
and PACs and compared with the anti-microbial concentration observed (MIC) for further
analysis of their application in anti-microbial therapy [28,41]. Cytotoxicity of all SBT
extracts was tested at a concentration range of 0.0313-4.0 mg/mL. Water extracts were
slightly more cytotoxic than ethanol extracts. An extract at a specific concentration was
considered to be cytotoxic if the cell viability was reduced by more than 20%. Cytotoxic
concentrations of 50% EtOH and water extracts from ‘Maria Bruvele’, as well as isolated
PACs from ‘Maria Bruvele’ extract, did not exceed the concentrations needed to inhibit
the growth of the tested microorganisms. Samples tested in the concentration range of
0.0313-4.0 mg/mL did not have cytotoxicity except the PAC sample that, at a concentration
of 1 mg/mL, reduced cell viability by 29.56% (Figure 7).

150

100

-# PACs
50— —+— 50% EtOH extract
-¥- Water extract

Viability (%, compared to control)

0 1 1 1
0.01 0.1 1 10

Log Concentration (mg/ml)
Figure 7. Cytotoxicity of SBT extracts evaluated as viability changes in neutral red uptake test in
Balb/c 3T3 cell culture (n = 3). The dotted line corresponds to the control level.
2.4. Hemolysis

All extracts were tested for their hemolytic activity at a concentration of 0.5 mg/mL.
None of the extracts induced hemolysis after 1 h or 8 h incubation, indicating the high
biocompatibility and safety of the extracts (Figures 8 and 9).
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Figure 8. Hemolytic ratio (%) of ‘Maria Bruvele’ twigs” samples in fresh human blood hemolysis test
after 1 h incubation. Control—deionized water, n = 3.
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Figure 9. Hemolytic ratio (%) of ‘Maria Bruvele’ twigs” samples in fresh human blood hemolysis test
after 8 h incubation. Control—deionized water, n = 3.

2.5. Immunomodulating Activity

IL-6 and IL-8 secretion in human peripheral blood mononuclear cells (PBMNCs) after
24 hincubation with SBT samples was investigated. Although the mouse blood macrophage
RAW264.7 cell model is popular for screening immunomodulating activities, we chose
human PBMNCs as a more relevant model. There have been studies with known im-
munomodulators that showed differences in how RAW264.7 and human PBMNCs respond.
Compounds and extracts that might have immunomodulatory activity in humans might
be missed in rodent cell models as they may not always mimic the responses of human
immune cells [42]. It should be noted that PBMNCs are a heterogenous cell population
that, in the case of immunomodulation studies, provides additional benefits in assessing
overall effects on immune cells. According to the data obtained, 50% EtOH and water
extracts from ‘Maria Bruvele’ increased the IL-8 secretion at both tested concentrations.
PACs at a concentration of 0.5 mg/mL reduced IL-8 secretion in unstimulated PBMNCs
and significantly reduced IL-8 secretion in poly-I:C-stimulated PBMNCs (Figure 10).
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Figure 10. Changes in IL-8 secretion from unstimulated (A) and poly-1:C-stimulated (B) human
peripheral blood mononuclear cells after 24 h incubation with SBT samples: 1—PACs, 2—50% EtOH

extract, 3—water extract. * p < 0.05, ** p < 0.01 one-way ANOVA, n = 3. The dotted line corresponds
to the control level.

Polyinosinic:polycytidylic acid (poly I:C) mimics viral double-stranded RNA and
binds TRL3 receptors of human cells, thus mimicking inflammation related to viral infec-
tions. All ‘Maria Bruvele” samples (PACs, 50% EtOH extract, and water extract) reduced
secretion of IL-8 in the presence of poly I:C. Results indicate the ability of plant PACs and
PACs containing extracts to reduce inflammation related to viral infections (Figure 10). The
best results were observed for isolated PACs from ‘Maria Bruvele’ 50% EtOH extract.

Without poly I:C stimulation, no increase in IL-6 secretion was observed after incuba-
tion with the samples. When samples and poly I:C were added to PBMNCs simultaneously,

it was observed that PACs and ethanolic extracts significantly reduced secretion of IL-6
(Figure 11).

Stimulated with Poly I:C

+Poly I:C

Figure 11. Changes in IL-6 secretion in stimulated peripheral blood mononuclear cells after 24 h
incubations: 1—PACs, 2—50% EtOH extract, 3—water extract. ** p < 0.01 one-way ANOVA, n = 3.
The dotted line corresponds to the control level.
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In presence of PACs, IL-6 secretion was reduced to an unstimulated control level; fur-
thermore, no differences were observed between both tested concentrations. For 50% EtOH
extracts, the inhibitory effect was concentration-dependent—0.5 mg/mL reduced IL-6
secretion by 95.43%, whereas 0.25 mg/mL reduced it by 63.75%. Water extracts did not
reduce poly-1:C-induced IL-6 secretion. Overall, our findings are consistent with other
biomass studies where the effects of PACs on IL-6 and IL-8 secretion have been described
in inflammation models [43-45].

To our knowledge, there are just a few studies describing the effects of PACs on poly-
I:C-induced inflammation in vitro and no previous studies on PACs specifically isolated
from SBT.

3. Materials and Methods
3.1. Materials
3.1.1. SBT Biomass

The twigs of eight sea buckthorn cultivars (Hippopae rhamnoides ‘Leikora’, ‘Otto’,
‘Clara’, ‘Duet’, “Tamo’, ‘Tatiana’, ‘Maria Bruvele’, and ‘Botanisheskaya Lubitelskaya’) and
leaves of ‘Maria Bruvere” were collected from the sea buckthorn (SBT) plantation area in
Latvia in the late summer of 2020. The twigs and leaves were dried at room temperature
and ground with a knife mill (Cutting Mill SM100, Retsch, Haan, Germany). The particle
size of the grounded SBT twigs was between 1 and 4 mm, and the leaves were between 0.5
and 1 mm.

3.1.2. Chemicals

Procyanidin B2 (>90% HPLC) analytical standards were purchased from Sigma-
Aldrich (Merck KGaA, Darmstadt, Germany), LC-MS hyper grade acetonitrile from Merck
(LiChrosolv®, Merck KGaA, Darmstadt, Germany), and formic acid (HiperSOLV Chro-
manorm) from VWR Chemicals (Radnor, PA, USA). Milli-Q Type 1 ultrapure water (suitable
for chromatography and other advanced analytical techniques) was used for sample prepa-
ration as well as the mobile phase.

Reagents including FeNH4(SO4),-12 H,O, n-butanol (purity > 99.4%), and crosslinked
dextran-based resin Sephadex LH-20 were purchased from Aldrich Sigma (Merck KGaA,
Darmstadt, Germany).

3.2. Methods
3.2.1. PAC-Rich Extract Isolation from SBT Biomass

Extracts were isolated by the convective extraction of SBT biomass at 60 °C for 30 min
using the following solvents: distilled water or aqueous ethanol (1:1, v/v). The extracts were
freeze-dried to yield a brown solid. The yield of the extracts is presented as a percentage
based on the oven-dried (0.d.) biomass.

3.2.2. Determination of PAC Content in the Extract

PAC content in the extracts was measured by the butanol-HCI method [46] using
procyanidin dimer B2 as a reference compound. Amounts of 6 mL of acid butanol (5% (v/v)
concentrated HCI in n-butanol) and 0.2 mL of iron reagent (w/v) (FeNH4(504);-12 H,O
in 2 N HCI) were added to 1 mL of the extract aliquots whilst stirring the tube without
heating and allowing it to be heated in a water bath at 80 °C for 50 min. After 50 min,
the absorbance of the mixture was measured against a blank solution at 550 nm using a
UV /VIS spectrometer Lambda 650 (Perkin Elmer, Inc., Waltham, MA, USA). Each extract
was analyzed in triplicate, and assay results were expressed as a percentage per oven-dried
(0.d.) extract. The confidence interval (CI) for the results did not exceed 3% at « = 0.05.

3.2.3. UHPLC-ESI-MS/MS Qualitative Analysis

The identification of compounds was performed by an Acquity UPLC system (Waters
Corp., Milford, MA, USA) coupled with a quadrupole-time of flight (Q-TOF) MS instrument
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(UPLC/Synapt Q-TOF MS, Waters, Milford, MA, USA) with an electrospray ionization
(ESI) source. The UHPLC separation was carried out using a Waters Acquity BEHC18
(21 mm x 50 mm i.d., 1.7 pum). The mobile phase consisted of 0.1% formic acid, water (A),
and acetonitrile (B), with a flow rate of 0.35 mL/min under the gradient program of 5-20%
(B) for an initial 1 min, 20-25% (B); 5-6 min, 25-75% (B), 6-7 min, 75-80% (B), 7-8 min,
80-5% (B), 8-10 min, 5% (B); the injection volume was 2.0 uL.

Mass spectrometric analysis was conducted in negative and positive ion mode, and
the full scan mass spectral data were collected over a range from m/z 50 to 1200. The
optimum source parameters were as follows: capillary voltage, 2.5 kV (—); cone voltage,
60 V; cone gas flow, 50 L/h; collision energy, 6 eV; source temperature, 120 °C; desolvation
temperature, 350 °C; collision gas, argon; desolvation gas, nitrogen; flow rate, 500 L/h.

3.2.4. Purification of PACs

The purification of PACs from non-tannin and sugar was carried out using a solvent-
resistant (SR) column packed with Sephadex LH-20 with 96% EtOH and 70% (v/v) acetone
as the respective purification solvents. In the purification process, low-molecular-weight
phenolics were eluted with 96% EtOH until the absorbance at 280 nm started to approach
zero, and the PACs were eluted with 70% (v/v) acetone. Purified CTs were evaporated
using a rotary evaporator (Heidolph Instruments, Schwabach, Germany) prior to being
freeze-dried and stored at —8 °C.

3.2.5. Determination of the Anti-Microbial Activity

The anti-microbial activity tests of the extracts from the twigs of 8 cultivars of SBT,
purified PACs from 50% EtOH extract of ‘Maria Bruvele’ twigs, and admixture after PAC
purification were performed at the Faculty of Biology, University of Latvia. To determine
anti-microbial activity, several reference microbial strains, received from the Microbial
Strain Collection of Latvia (MSCL), University of Latvia, were used: Pseudomonas aeruginosa
MSCL 334, Staphylococcus aureus MSCL 330, Escherichia coli MSCL 332, Bacillus cereus MSCL
330, and Candida albicans MSCL 378. The evaluation of the anti-microbial activity of the
samples against the test cultures of microorganisms was carried out according to the
method for determining the sensitivity of microorganisms to anti-microbial drugs. Anti-
microbial activity was studied in 96-well plates by the two-fold serial broth microdilution
method, which allowed the determination of the minimum inhibitory (MIC) and minimum
bactericidal /fungicidal concentrations (MBC/MEFC) (Figure 12).

(b)

Figure 12. (a) Minimum inhibitory concentration (MIC) of ‘Maria Bruvele’ extract against C. albicans
in 96-well plates by the two-fold serial broth microdilution method; (b) Minimum bactericidal concen-
tration (MBC) of ‘Maria Bruvele’ extract against P. aeruginosa and minimum fungicidal concentration
(MFC) against C. albicans.
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The MIC was determined as the lowest concentration of the studied material, which
showed no visible growth.

3.2.6. Cell Lines and Cultivation

The BALB/c 3T3 murine fibroblast cell line was obtained from ATCC (American Type
Culture Collection, Manassas, VA, USA). Cells were propagated in DMEM medium (Sigma,
Irvine, UK) supplemented with 1% penicillin (100 U/mL)-streptomycin (100 ug/mL)
and 10% calf serum (Sigma, St. Louis, MO, USA). All cultivations were performed in a
humidified 5% CO, atmosphere at 37 °C.

3.2.7. Hemolysis Assay

A hemolysis test was performed to assess the hemocompatibility of the extracts. Blood
from healthy donors was collected in Monovette vacutainers containing Ethylenediamine
tetra-acetic acid (EDTA). Blood was diluted with 0.9% sodium chloride solution (4:5 ratio by
volume). Extracts were added to 15 mL tubes containing fresh 9.8 mL PBS and incubated
at 37 °C and 5% CO, for 30 min, and 0.2 mL of diluted blood was added to each tube
and incubated at 37 °C and 5% CO, for 1 h and 8 h. PBS was used as a negative control
and deionized water as a positive control. After incubation tubes were centrifuged at
2000 rpm for 5 min, the supernatants were collected, and the absorbance was measured at
a wavelength of 545 nm in a microplate reader Tecan Infinite® 200 PRO (Tecan Group Ltd.,
Mannedorf, Switzerland).

The hemolytic ratio (HR) was calculated by the following equation:

HR (%) — (Abs.(s‘ample)—Abs(negatlve cqntrol)) « 100
(Abs (positive control) — Abs (negative control))

3.2.8. Cytotoxicity Assay

The cytotoxicity of the extracts was tested for the BALB/c3T3 cell line by the neutral red
(NR) uptake assay. Cells were seeded in 96-well plates at a density of 5 x 103 cells per well.
After 24 h of incubation, extracts in a concentration range of 0.125 to 4 mg/mL were added.
Dilutions were made in a cell cultivation medium. Cultivation in the presence of extracts
was performed for 48 h. Afterward, the plates were washed with phosphate-buffered saline
(PBS) (Sigma, D8537, Irvine, UK), and a 25 pg/mL NR solution (Sigma, N2889, Irvine,
UK) diluted in 5%-fetal-calf-serum-containing-media was added. After 3 h incubation in
a humidified 5% CO; atmosphere at 37 °C, the plate was washed with PBS, and the NR
taken up by viable cells was extracted using desorbing fixative (50% ethanol/1% acetic
acid/49% water). Absorbance at 540 nm was measured using a microplate reader Tecan
Infinite® 200 PRO (Tecan Group Ltd., Mannedorf, Switzerland). Cytotoxicity was expressed
as a concentration-dependent reduction in the uptake of NR, compared to the untreated
controls.

3.2.9. Quantification of IL-8 and IL-6 Release from Human Peripheral Blood Mononuclear
Cells (PBMNCs)

The effect of the extracts was evaluated in human peripheral blood mononuclear cells
(PBMNCs). Blood from healthy donors was collected in Monovette vacutainers containing
EDTA. Blood was collected in accordance with the approval of the Committee of Research
Ethics of the Institute of Cardiology and Regenerative Medicine, University of Latvia.
Blood was diluted (1:2 ratio by volume) with 0.9% sodium chloride solution supplemented
with 10 U/mL heparin and mononuclear cell fraction isolated by gradient centrifugation.
Diluted blood samples were layered on Ficoll-Paque solution (GE Healthcare, Chicago, IL,
USA), and density gradient centrifugation was performed at 800 x g for 20 min at room tem-
perature in a swing-out centrifuge. Mononuclear cells containing buffy coats were aspirated
and washed twice with phosphate-buffered saline and centrifuged at 600x g for 20 min
at room temperature. The cell pellet was suspended in DMEM medium (Sigma, D6046,
Irvine, UK) supplemented with 1% penicillin (100 U/mL)-streptomycin (100 pg/mL) and
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10% fetal bovine serum (Sigma, St. Louis, MO, USA), and cells were seeded on 24-well
plates at a density of 3 x 10° cells per well and incubated at 37 °C, 5% CO,. Cells were
allowed to adhere overnight prior to the addition of extracts at concentrations 0.5 and
0.25 mg/mlL, 10 pg/mL poly I:C (Sigma, St. Louis, MO, USA), or a combination of both.
Cells were incubated for 4 or 24 h at 37 °C, 5% CO,, and incubation media were collected
and stored at —80 °C for further analysis.

Concentrations of IL-8 or IL-6 secreted in cultivation media by PBMNCs were deter-
mined using enzyme-linked immunosorbent assay (ELISA). Human IL-8 DuoSet ELISA
kits (RnD Systems®, Minneapolis, MN, USA) were used according to the manufacturer’s
recommendations.

3.3. Statistical Analysis

All measurements were conducted in triplicate, and the results are presented as the
mean value + standard deviation (SD). Statistical analyses were performed using Microsoft
Excel 2016. Confidence intervals for a mean using Student’s T distribution were calculated
at a significance level « = 0.05. A significance level of p < 0.05 was used.

For quantification of IL-8 and IL-6 release from human PBMNCs, the data were
analyzed and graphs were generated using GraphPad Prism 5.0 software (San Diego, CA,
USA). One-way ANOVA test was used. Differences were considered statistically significant
if p < 0.01 and p < 0.05 (corresponding level was marked on the Figures).

4. Conclusions

The study showed that lignocellulosic biomass after harvesting, particularly, SBT
twigs, could be a potential source of anti-inflammatory, anti-bacterial, and anti-fungal
treatments. The 50% EtOH extracts have higher anti-bacterial and anti-fungal properties
and between all the cultivar extracts, ‘Maria Bruvele’ is one of the most prospective sources
for anti-bacterial treatments, while the extracts from “Tarmo’ are the most prospective for
anti-fungal treatments. PACs isolated from SBT twigs have much higher anti-bacterial
and anti-fungal properties, and in addition, they have high anti-inflammatory activity.
Therefore, PACs having all these valuable properties in complex, not only inhibiting the
pathogen by itself but also suppressing the inflammation that it provokes, are show very
good prospects as a new therapeutic agent in prophylaxis and treatment of bacterial and
fungal infections. Due to the low cytotoxicity in the bacteria/fungi inhibition diapason,
PACs could also be studied for the treatment of internal organ infections. It should be noted
that to align with 3R principles (replacement, reductions, refinement), in vitro testing is
crucial—it allows the selection of the most prospective samples and provides information
about the starting doses, resulting in a reduced number of animals needed for such studies.
This study has produced a valuable volume of data for the later follow-up with in vivo
testing.
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ABSTRACT

The aim of this work was to evaluate the effect of low rates (20-40 kg ha™') of silicon-
containing organo-mineral complex (LignoCel-Si) application on potatoes "I/manta" and
summer wheat “Vinjet” productivity and quality, under conditions of organic farming.
The LignoCel-Si organo-mineral complex was obtained on the basis of the residues of
hydrolysis lignin and sea buckthorn (Hippophae rhamnoides L.) agro-waste
lignocellulosic biomass after water-ethanol extraction, and enriched with silicon (Si)-
containing inorganic oligomer. The field experiments were carried out at a certified
biological field intended for scientific purposes. It was shown that LignoCel-Si has a
favorable influence on the harvest volume and product quality at low application rates
of 20-40 kg ha''. In comparison with the control, the additional yield of wheat achieved
on the background of LignoCel-Si (20 and 40 kg ha') was from 10 to 27 %, and for
potatoes from 8 to 21%, correspondingly. The application of 40 kg ha! of LignoCel-Si
complex also contributed to an increase in the quality of potatoes, which was reflected
as an increase in the yield of ware potatoes (potato tubers > 75 mm in diameter). The
results confirm the value of the LignoCel-Si complex as a soil biologically active
additive and the possibility of its application in biological agriculture.

Keywords: sea buckthorn, lignin, silicon, lignocellulosic biomass, organomineral
fertilizer

INTRODUCTION

The soil is a living organism and in recent decades it has been experiencing huge stress
due to intensive agriculture. If previously only mechanical stress was considered the
main problem, now experts note the mineralization of humus, which inevitably leads to
a decrease in soil fertility. Soil also loses its ability to absorb and store nutrients; the
general physical properties of the soil are getting worse as well. Humid climates typical
also for the Baltic States favors the podzolization and lessivation of automorphic soils,
and the content of humus, in this case, is 2.5 — 4% which is less than the optimal 6%



and much less than for black earth type of soil. Humus content in sandy soils is even
less — around 0.5 — 1.5 [1-4]. Sandy soil occupies a big part of the Baltic States and
Northern Europe and occurs extensively in the USA, in Florida, Nebraska, Michigan,
Texas, Georgia, Wisconsin, and Minnesota [5].

One of the ways to increase soil fertility is to increase the amount of organic matter by
introducing organic fertilizers into it. Unlike inorganic fertilizers, natural organic
fertilizers nourish the soil, the soil becomes loose and saturated with air, absorbs more
moisture and nutrients, and promotes the growth of soil microorganisms, at the same
time it nourishes the plants, contributing to the development of a healthy plant root
system. The humus accumulation process is slow. It is estimated that to increase its
content by 1%, it will be necessary to apply 5-6 kg/m? of humus or compost within 5
years [6, 7].

Traditional organic fertilizers, such as manure, have certain limitations in their use, such
as heating during decomposition, high nitrate content in fresh feces, the presence of
pathogens, and others.

Lignin and lignocellulosic biomass are valuable sources of organic matter. The
development of organo-mineral fertilizers based on lignin and lignocellulosic biomass
makes it possible to return to nature the organic part taken from it, which is necessary
for the normal operation of the soil-biotic complex. It was shown in authors’ previous
studies [8] that organomineral fertilizer on the basis of lignin and silicon (Si) has a
prolonged influence on plants’ growth and development; and after a year, soil was
enriched with organic substances and nitrogen. SBT lignocellulose biomass contains
macro and microelements (nitrogen, calcium, magnesium, iron, boron, etc.) [9] which
are necessary for successful plant growth and development. A combination of
previously studied lignin and SBT biomass could be an effective soil additive. Its
effectivity can be further improved by adding inorganic components, particularly, Si.

It is known that lignocellulosic biomass, including sea buckthorn (SBT), contains a
fairly large amount of valuable water-soluble polyphenolic compounds [9,10], but they
negatively affect plant growth when introduced to the soil. Therefore, it is advisable to
carry out the preliminary removal of polyphenols from the SBT biomass before its
application as a soil additive. In addition, preliminary biomass extraction removes
spores of fungi, bacteria, and other harmful plant growth residues from it. It has been
shown that extracted polyphenolic compounds, including proanthocyanidins, can be
successfully used as food additives, antioxidants, and anti-inflammatory agents in health
care, food, and cosmetic industries [10-12]. The biomass residues after extraction are
characterized by high porosity and moisture content, which ensures their efficiency
when used as structuring additives and can be tested for obtaining fertilizers. This
approach is promising from a circular bioeconomy point of view, for the cascading use
of biomass, obtaining the maximum number of added-value products from the
production cycle.

Under natural conditions, lignin in lignocellulosic biomass serves as a soil precursor in
situ and is able to perform the functions of all humic substances (accumulative,
transport, regulatory, protective, and physiological) due to the structural and functional
properties of lignin. Due to the presence of lignin functional groups and high particle
surface activity, it has an excellent ability to absorb minerals and organic components,
reducing nutrient leaching and prolonging the action of fertilizers.
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Si is one of the most abundant macronutrients (the eighth most abundant element in
nature and the second most abundant element in the soil after oxygen), which plays an
important role in plant resistance to environmental stress, diseases, and pathogens. In
addition, Si can improve the health of soils that contain toxic levels of heavy metals. It
is mentioned that Si minimizes the toxicity of Fe, Al, and Mn, increases the availability
of P, and increases plant resistance to drought, salt, high temperatures, and frost due to
the formation of sililated tissues in plants [13—15]. The role of Si can be compared to
the role of organic secondary metabolites, which play a protective role in plants.
Deficiency in Si causes growth, developmental and reproductive disorders in many
plants.

Currently, the search for ecologically friendly products that promote plant productivity,
quality, and resistance to biological and abiotic diseases without harming the
environment is a very actual task. More care is needed to grow organic products, but the
investment pays off with healthier and better-quality produce.

The previous studies showed that Si-containing lignin-based fertilizers promote a strong
root system with a large number of root buds and side roots, increasing plant
productivity, quality, and disease resistance [8, 16]. Si-containing organic-mineral
complex on the basis of combination of hydrolysis lignin and the residue of
lignocellulosic biomass after green extraction should be of scientific interest and have
not been studied yet.

The aim of this work was to evaluate the application effect of low rates of silicon-
containing organo-mineral complex on the basis of lignin and SBT biomass residues
after extraction (LignoCel-Si) on potatoes and summer wheat productivity and quality,
under conditions of organic farming.

MATERIALS AND METHODS

The LignoCel-Si complex was obtained on the basis of mixture of lignin and SBT
residues after extraction (SBT:hydrolysis lignin, 1:1 (w/w)) with Si. Acid hydrolysis
lignin that was previously tested with Si fertilizers [8] was obtained from the residues of
Kedainai hydrolysis factory (Kedainiai, Lithunaia). SBT twigs were collected from the
SBT plantation area near Engure, Latvia, in autumn 2020. SBT biomass after water-
ethanol extraction was mixed with lignin and enriched with Si. The Si content in the
organo-mineral complex was 5% on the dry lignocellulosic biomass. The Si content was
chosen on the basis of authors’ experience with lignin-based organomineral fertilizers
[16]. Testing was carried out with various LignoCel-Si application rates in soil.

The chemical characterization of the LignoCel-Si complex was carried out according to
the following European standards specified in Table 1. The content of lignin was
determined by analytical pyrolysis Py-GC/MS/FID method [17].

Table 1. Methods according to the standards.

Characteristics Testing method standard
Humidity, % LVS EN 13040:2008
Dry matter, % LVS EN 13040:2008




Organic matter content, % LVS EN 13039:2012

Humic acids, % T-261-33:2014 P.3.1

Total nitrogen (N), % LVS EN 13654-1:2003/NAC:2004
Total phosphorus (P20s), % LVS 398:2002

Total potassium (K20), % LVS ISO 11466:1995

Mercury, mg/kg LVS 346:2005

Cadmium, mg/kg LVS ISO 11047:1998A

Arsenic, mg/kg LVS ISO 110466:1995

Soil pH LVS ISO 10390:2006

The field experiments were carried out from 2021 to 2022 at a certified biological field
intended for scientific purposes. The test crops were the wheat "Vinjet" and potatoes
"Imanta" from self-grown organic seeds. The potato variety “/manta” was bred by the
Priekuli Plant Breeding Institute and has grown in Latvia since 2008. The variety
“Imanta” is suitable for organic farming. The variety is moderately late, suitable for
food and processing into starch, resistant to potato crayfish (Synchytrium endobioticum)
and nematodes (Globodera rostochiensis), moderately resistant to leaf rot
(Phytophthora infestans) [16]. The wheat variety "Vinjet" was bred by the Research
Institute of Agronomy. The "Vinjet" is a medium-intensive type variety, high yielding,
and shows good resistance to diseases.

Preliminary experiments in laboratory conditions (vegetation tests in pots, WinRHIZO
root scanner after 20 days of vegetation) were performed with the addition of LignoCel-
Si to the soil at a rate from 10 to 40 kg ha™'. Further field experiments with LignoCel-Si
were carried out in 3 options in 4 repetitions:

1. Reference plot (without LignoCel-Si);
2. LignoCel-Si—20 kg ha';
3. LignoCel-Si— 40 kg ha™’.

The agrochemical parameters of the soil were as follows: pH 6.0, organic matter content
2.7 %, amount of phosphorus available to plants 51 mg kg™ (low), and potassium 67 mg
kg (low). The precursor was red clover for seed production.

The field trials were arranged in four replicates. The size of the field was 25.2 m? (2.8 m
x 9 m). Four furrows with a distance of 70 cm were made in the field, the feeding area
of one plant was 0.21 m?. In 2021, the potatoes were planted on May 14, and harvested
on September 17. In 2022, the potatoes were planted on May 17 and harvested on
September 29.

In 2021, the wheat sowing was carried out on April 29, and wheat threshing was carried
out on September 8. In 2022, wheat sowing was carried out on April 20, wheat
threshing was carried out on September 8. The seeding rate was 240 kg ha'! (self-grown
seeds).
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For summer wheat, the following characteristics were determined: yield difference
between test variants; yield quality indicators: crude protein, gluten, and starch content,
Zeleny index, and bulk density. Grain quality analyses (formation of crop structural
elements (number of productive stalks, weight of one spike, number of grains per spike,
a mass of 1000 grains) were performed using the analyser Infratec™ NOVA (Foss,
Hilleroed, Denmark). Samples were taken in each iteration with a 0.1 m? frame. In turn,
the mass of 1000 grains was determined by the standard method (LVS EN ISO 520).

For potatoes, the following characteristics were determined: yield difference
between variants; yield quality (starch content); yield of the products, distribution of
tubers by fractions, and weight of one tuber.

The least significant difference (LSD) method at the probability level of 0.05 was
used to separate the mean differences in crop yield.

RESULTS

The chemical characterization of the LignoCel-Si complex was shown in Table 2.

Table 2. Chemical characterization of LignoCel-Si complex

Indicator of sample Value Indicator of sample ~ Value
Humidity, % 6.4+0.1 Total phosphorus, %  0.06+0.01
Dry matter, % 94.0+0.1 Total potassium, % 0.04+0.01
Organic matter content, % 97.8+1.4 Mercury, mg/kg <0.2
Lignin, % 38.5+0.5 Cadmium, mg/kg 1.13 +0.09
Humic acids, % 4.3+0.1 Arsenic, mg/kg 0.17+0.02
Total nitrogen (N), % 1.35+0.02 pH 8.7+0.1

Appropriate potato growth conditions during the vegetation period, as well as the
necessary agronomic works performed, ensured a good potato yield in 2021 (11.2 —
13.8% at 20 kg ha' and 40 kg ha' correspondingly). In 2022, the growth and
development of potatoes were significantly affected by the dry and hot weather during
the summer months. Nevertheless, a significant increase in yield has been observed with
the LignoCel-Si application. Using LignoCel-Si in the rate of 20 kg ha™!, the increase of
potato yield was 1.3 t ha! or 8.4 % compared to the control variant. By increasing the
LignoCel-Si application rate to 40 kg ha!, the yield increase was 3.3 t ha'! or 21.4 % in
comparison with the control (Table 3).

Table 3. Influence of the LignoCel-Si on the food crop yield and its structure for the
potato variety “Imanta”

Rate of LignoCel- Total yield, t Yield structure




Si (kg ha'!) ha’! Tubers, <35 Tubers, 35-75mm  Tubers, > 75
mm in diameter in diameter mm in diameter

Field experiment in 2021

0 (reference

38.5 1.3 6.6 30.6
sample)
20 42.8 1.8 4.1 37.0
40 43.8 1.8 4.6 37.4
LSDo.0s 4.8 1.2 1.7 5.5

Field experiment in 2022

0 (reference

15.4 3.4 6.7 52
sample)
20 16.7 3.4 7.5 5.8
40 18.7 3.6 8.3 6.9
LSDo.0s 0.8 0.4 0.6 0.7

The analysis of the summer wheat yield in 2021 has shown a 9.5 % and 11.7% increase
at LignoCel-Si rates of 20 kg ha™! and 40 kg ha!, correspondingly (Table 4). In 2022,
the yield of the summer wheat was slightly lower (2.49-3.15 t ha'!) than in 2021, but a
comparative analysis showed a more significant increase in wheat yield (16.5 —26.5 %)
in the presence of LignoCel-Si.

Table 4. Influence of the LignoCel-Si on the yield and crop quality of the summer wheat
variety “Vinjet”

A t of Starch Bulk
.m ounto . Yield, Protein Gluten are Zeleny Y .
LignoCel-Si tha’! content, % content, % content, index, mL density,

(kg ha!) » 0 0o, ’ gL!

Field experiment in 2021

0 (reference

2.83 12.53 23.63 69.34 41.68 729.7
sample)
20 3.10 12.57 24.39 67.73 41.96 726.6
40 3.16 12.67 25.17 66.70 42.03 719.2
LSD ¢.05 0.31 X X X X X

Field experiment in 2022

0 (reference

2.49 13.15 27.84 66.17 40.57 679.6
sample)
20 2.90 13.39 27.93 65.72 40.66 682.6
40 3.15 13.35 27.61 65.89 41.26 689.7
LSD ¢.05 0.46 X X X X X

The yield of grain crops is a complex indicator of all conditions prevailing during the
period of growth and development of plants. First of all, it mainly depends on the
number of productive stalks and the number of grains in the ear, 1000 grain mass, and
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the grain mass of one ear. The analysis of the harvest constituent elements in 2021 and
2022 (number of productive stalks; number of grains per ear of wheat; 1000 grain mass;
grain mass of one ear of wheat of the wheat), showed a slight increase or no significant
differences between the options (Table 5). The grains obtained in the experiment had a
low bulk density (<700 g L'!) and a weight of 1000 grains (27.2 - 28.2 g).

Table 5. Harvest constituent elements

Amount of Number of Number of . Grain mass
. . . . . 1000 grain
LignoCel-Si (kg ha~  productive grains per ear of one ear of
| ) mass, g
) stalks, pcs./m of wheat, pcs. wheat, g

Field experiment in 2021

0 (reference sample) 565 24.7 36.3 0.67

20 567 25.1 36.5 0.69

40 573 24.8 36.4 0.67
Field experiment in 2022

0 (reference sample) 560 20.4 27.2 0.52

20 561 20.3 27.6 0.54

40 567 21.2 28.2 0.56

When evaluating grain quality according to the baking quality requirements, they
meet the requirements of group 3. Also, in 2022, dry and hot weather significantly
affected the grain quality.

DISCUSSION

The porous structure and the presence of active functional groups of different nature
make lignin and lignocellulosic biomass processing residues a valuable material for
creating organo-mineral complex with prolonged action. The chemical characterization
of LignoCel-Si complex shows that it is a great source of organic matter. Based on the
results of analytical pyrolysis, the content of lignin in the lignocellulosic complex was
28.5 %. LignoCel-Si in small quantities contains all the elements (N, K, P) necessary for
the successful growth and development of plants, as well as substances that stimulate
the processes of plant growth. The content of humic acids was 4.3% on the oven-dry
sample. The introduction of 5% Si into the lignocellulosic biomass compensates for the
low content of elements responsible for plant growth and development. The obtained
product characteristics comply with the Cabinet of Ministers Regulation No. 506
“Regulations for the Identification, Conformity Assessment and Marketing of
Fertilizers” [17], the maximum permissible concentration of undesirable impurities in
the fertilizer is not exceeded. No Pb content was detected. LignoCel-Si complex has a
basic environment (pH 8.7) and can serve as a neutralizer of soil acidity.



For the summer wheat “Vinjer”, a significant increase in harvesting amount was
observed at LignoCel-Si application in the dosage of 40 kg ha™! (average yield increase
per 2 years: +19,1%). Unfortunately, dry and hot weather influenced grain ripening.
They formed of small size (weight of 1000 grains 27.2 — 28.2 g, and bulk density <700
g L") and didn’t correspond to the quality requirements of food wheat. Under organic
farming conditions, it can be considered relatively high. It should be noted that in the
first two decades of August, when the grains ripened, there was very little rainfall
(16.0% of the long-term norm), and this could be the reason for the low weight and
volume weight of 1000 grains (36.3-36.5 g L™).

A noticeable increase in potato “/manta” yield was obtained already at the LignoCel-Si
dose of 20 kg ha'! (average yield increase per 2 years: 9.8%), while at increasing of the
LignoCel-Si dose to 40 t ha'!, significant yield increase was observed (average yield
increase per 2 years: 17.6 %) comparing to the control. The application of LignoCel-Si
reduced the proportion of seed potatoes (tubers, < 35 mm in diameter) and increased the
proportion of ware potatoes (tubers, > 75 mm in diameter) in the crop.

CONCLUSION

Despite unfavorable weather conditions, a noticeable increase in yield both for the
summer wheat variety “Vinjet” and potatoes variety “Imanta” was observed with the
application of lignocellulosic organomineral complex LignoCel-Si. At the same time,
the quality parameters of both crops improved insignificantly. In spite of this, the
efficiency rate of LignoCel-Si organomineral complex comply with the Cabinet of
Ministers Regulation No. 506 “Regulations for the Identification, Conformity
Assessment and Marketing of Fertilizers” (based on Annex I to European Commission
Regulation (EC) No 889/2008 of 5 September 2008) for registration and application of
his preparation as a plant growth promoter for biological farming, since one of the
parameters (crops yield or their quality parameters) has to be at least 10%. However,
taking into account organic farming’s need for possibly less amount of different
additives, we consider further testing of the influence of LignoCel-Si with a bigger than
5% amount of Si in the complex.

Since the literature and our previous research showed that the quality of soil can be
changed not earlier than after 5 years of the organomineral complex application, such
additional studies will allow also investigating the soil quality parameters after
LignoCel-Si complex continuous application.
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Abstract: For sustainable sea buckthorn (Hippophae rhamnoides) berry production, the task at hand is to
find an application for the large amount of biomass waste arising at harvesting. Sea buckthorn (SBT)
vegetation is currently poorly studied. The purpose of this research was to assess the composition
and potential of SBT twigs as a source of valuable biologically active substances. Water and 50%
EtOH extracts of twigs of three Latvian SBT cultivars with a high berry yield and quality, popular for
cultivation in many countries (H. rhamnoides ‘Maria Bruvele’, ‘Tatiana’, ‘Botanicheskaya Lubitelskaya’),
were investigated for the first time. The phytochemical composition (UHPLC-ESI-MS/MS analysis)
and biological activity of the obtained hydrophilic extracts were determined. The highest yield of
polyphenolic compounds and serotonin was observed for ‘Maria Bruvele’. Hydrophilic extracts were
investigated for radical scavenging activity (DPPH" test), antibacterial /antifungal activity against
five pathogenic bacteria/yeast, cytotoxicity, and the enzymatic activity of alpha-amylase (via in vitro
testing), which is extremely important for the treatment of people with underweight, wasting, and
malabsorption. The results showed a high potential of sea buckthorn biomass as a source of valuable
biologically active compounds for the creation of preparations for the food industry, nutraceuticals,
and cosmetics.

Keywords: sea buckthorn twigs; plant secondary metabolites; polyphenols; proanthocyanidins;
serotonin; biological activity; antioxidant; antibacterial activity; cytotoxicity; alpha-amylase

1. Introduction

SBT (Hippophae rhamnoides L.) is a nitrogen-fixing and pest-resistant deciduous shrub
tree which grows widely in Europe and high-altitude cold regions of Asia, and North
and South America. Surviving the extreme temperatures (from —40 to +40 °C) [1,2]
forces the plant to develop adaptogenic qualities. The plant has evolved a diversified
chemical portfolio, and every part of the plant is nutritious, including its leaves, twigs, and
even bark [3/4].
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The global SBT berries export market is valued at USD 2 billion. The top exporter in
2020 was Canada, with USD 0.417 billion and a yearly increase of 13.9% [5]. On an industrial
scale, SBT is cultivated in Russia, China, Canada, Finland, Germany, Latvia, Romania, and
Estonia [6]. The overall market of SBT products is ~17 times bigger than just for berries
and is constantly growing [7]. The industry uses fruits, but there are almost no applications
for the green part of SBT [5], which comprises ~12-15% of the harvested mass [8,9].

Varietal characteristics have a significant impact on the quality indicators of raw mate-
rial [10-12]. The advantages of Latvian SBT varieties are frost resistance, high-quality (large
and sweet) fruits, and winter hardiness. Among the varieties exported to different countries,
the largest-fruited (0.5-1 g) are H. rhamnoides ‘Botanicheskaya Lubitelskaja’, ‘Prozrachnaya’,
‘Maria Bruvele’, ‘“Tatiana’, ‘Avgustinka’, ‘Perchik’, and “Trofimovskaya’ [13-15] (hence-
forth to be identified as the cultivars ‘Botanicheskaya Lubitelskaja’, ‘Prozrachnaya’, ‘Maria
Bruvele’, ‘Tatiana’, ‘Avgustinka’, ‘Perchik’, and ‘“Trofimovskaya’).

SBT fruits are quite well studied in terms of phytochemical composition and applica-
tion [16-20]. The application of SBT fruit oil and leaf has no side effects [21]. The demand
for natural biologically active substances, including antioxidant, antibacterial, and biostim-
ulating substances, replacing harmful chemically synthesized ones, is constantly growing.
Plant secondary metabolites possess enormous potential for further uses [22].

Upon harvesting at the production scale, a large amount of SBT biomass waste is
produced, as the berries are collected by cutting the whole branch, freezing it, and shaking
off the frozen berries. When the plant rests from growing berries, pruning is carried out to
rejuvenate the bushes. Finding applications for the SBT biomass waste is necessary for the
sustainable use of resources, which is the task of the European Green Deal [1], and for the
creation of additional income for SBT growers and workers in rural area.

Sea buckthorn (SBT) is one of the most ancient plants on Earth (older than 2 billion years),
and its fruits are mentioned among the most valuable in the world [8,23,24]. In recent
studies, it was found that the biomass of all parts of the SBT tree also contains practically
all biologically active groups of organic compounds currently known and 18 important
microelements [1,25]. This is why in Latvia SBT is called the Latvian Gold. This makes the
biomass of SBT a promising raw material for different branches of the economy [26].

SBT accumulates significant amounts of polyphenolic substances, including flavonols,
flavones, phenolic acids, proanthocyanidins (PACs), and hydrolysable tannins, which are
reported as the major contributors to antioxidant activities of SBT berries and leaves [17,27],
and could be used both for the creation of pharmaceuticals and in the food industry to slow
down oxidative processes in raw materials and finished products.

SBT bark contains another valuable secondary metabolite, serotonin [28], which is
one of the most interesting and expensive components of SBT extractives. The research on
obtaining serotonin from SBT is very limited worldwide.

The chemical structures of serotonin and B-type procyanidin are shown in Figure 1.

NH2

HO

(A) (B)

Figure 1. Chemical structure of serotonin (A) and B-type procyanidin (B), represented by 4-8
epicatechin dimer.
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The levels of serotonin vary in different plant parts [29]. Serotonin has been implicated
in diverse physiological functions in plants such as growth regulation, flowering, xylem
sap exudation, ion permeability, plant morphogenesis, and the regulation of abiotic stress
tolerance [30]. It also defends plants against fungi [31]. In mammals, serotonin acts as a
neurotransmitter in the central nervous system and affects motor activity and the function-
ing of the gastrointestinal tract. It can be beneficial for treating cancer, HIV, Parkinson-like
symptoms, obesity, depression, insomnia, alcohol abuse, schizophrenia, and several chronic
diseases [28,32]. The content of serotonin in the bark of SBT is one-thousand times higher
than in bananas or chocolate [28]. The antioxidant activity of serotonin far exceeds that
of tryptophan, tryptamine, and serotonin derivatives [33]. Furthermore, 95% of serotonin
is produced in the peripheral organs, and serotonin in the digestive system may work
independently of serotonin in the brain [34]. In addition to its application in human diets,
serotonin could be used as a natural biostimulant for plant rooting [30].

Another important urgent task is the search for natural substances with antibacterial
properties and low toxicity to the human body since the resistance to synthetic antibiotics
among Gram-positive and Gram-negative bacterial pathogens is growing tremendously.
Each year, approximately 25,000 patients in the EU die from infections due to multidrug-
resistant bacteria [35]. Escherichia coli and Staphylococcus aureus are pathogens that are
responsible for the most primary and secondary skin and blood infections. S. aureus also
constitutes 30% of burn wounds. Non-healing wounds are a huge problem for diabetic
and older patients [36]. Extracts of the vegetative part of SBT have not yet been studied as
antimicrobial agents, although studies on the effect of PACs and quinic acid on the activity
of E. coli in cells indicate the possibility of creating antimicrobial agents based on them [37].
Quinic acid inhibits the growth of most microorganisms [38].

An equally important problem is metabolic disorders in the body. There is evidence of
the effect of PACs on the activity of the hydrolytic cleavage of carbohydrates to monosac-
charides, under the action of x-amylase in saliva [39,40]. It has been proven that the initial
processes of human macro-metabolism are extremely important, and saliva plays a major
physiologic role in food digestion [41]. Studies have linked higher amylase levels to better
glucose tolerance after eating starch-rich meals [42,43]. PAC-containing extracts, based
on the concentration of the active substance, can both activate and inhibit the activity of
amylase in the initial breakdown of carbohydrates. Therefore, the possibility of using SBT
twig extracts for the normalization of the enzymatic activity of saliva can be studied.

Taking into account the relevance of the topic of the complex and rational use of plant
raw materials, and the insufficient amount of knowledge about SBT biomass, the aim of
this study was to assess the potential of pruned SBT twigs, as waste after SBT berries
harvesting, of three the most prospective cultivars of SBT (‘Maria Bruvele’, ‘Tatiana’, and
‘Botanicheskaya Lubitelskaya’) as a source of valuable biologically active substances, mainly
polyphenols and serotonin, with the establishment of the phytochemical composition and
biological activity (antioxidant, antibacterial, and enzymatic) of the obtained hydrophilic
extracts to determine their practical significance.

2. Results and Discussion
2.1. Yield and Chemical Composition of Hydrophilic Extracts

A review of the published literature data [44] and our preliminary experiments [45,46]
showed that ethanol (EtOH) and its aqueous solutions are the most suitable extraction
solvents for the isolation of biologically active polyphenolic compounds from plant biomass,
including SBT biomass. For the study of three SBT cultivars (‘Maria Bruvele’; “Tatiana’;
and ‘Botanicheskaya Lubitelskaya’—'Bot. Lub.”), 50% EtOH and distilled water were used
as extractants for hydrophilic extract isolation, based on their selectivity for polyphenolic
compounds, chemical inertness, low toxicity, and low cost. The quantitative analysis of
the total polyphenolic compounds was performed for the obtained extracts, determining
the effect of extractant concentration on the efficiency of polyphenolic compound release
(Figure 1). The yield of hydrophilic extracts was determined by the gravimetric method
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after the freeze-drying of the samples. The yield of hydrophilic extracts (hereinafter extracts)
from twigs of three SBT cultivars varied from 15% to 30% in terms of dry SBT biomass
(Figure 1). The obtained extracts were rich in polyphenolic compounds that are known
to be responsible for free radical scavenging activity. The ‘Maria Bruvele’ biomass had
the highest yield of 50% EtOH extract (30% from o.d. biomass) and the highest content of
phenolic compounds in the extracts (48.1 GAE g/100 g extract or 14.4% on o.d. biomass with
confidence interval CI = 0.2 at o« = 0.05). Despite the high content of the total polyphenols
in 50% EtOH and water extracts of ‘“Tatiana’ (41.3 and 35.1 GAE g/100 g extract, CI = 0.2 at
o = 0.05), the yield of the extracts themselves, compared to ‘Maria Bruvele’, was 2 times
less (15 and 16% on o.d. extract, with CI = 0.4 at o« = 0.05), which reduced the yield
of polyphenols from SBT biomass (6.2% and 5.6% on o.d. biomass). Based on these
observations, ‘Maria Bruvele’ is the raw material with the most potential between the
3 investigated popular cultivars for obtaining polyphenol-rich extracts, which has also been
confirmed by other authors by examining the chemical composition of sea buckthorn twigs
grown in Poland [16]. The contents of total polyphenolic compounds of all the extracts are
40

given in Figure 2.
30
20

0

Maria Bruvele Bot. Lub. Tatiana

50

o

Diiiiisissssvi

M Yield of 50% EtOH extract, % on o.d. biomass

Yield of water extract, % on o.d. biomass
& Total polyphenols content in 50% EtOH extract, GAE g/100 g extract
W Total polyphenols content in water extract, GAE g/100 g extract

Figure 2. Effect of the extractants on the extract yield from twigs of SBT and selectivity for polyphe-
nolic compounds (single-step extraction, 30 min, 60 °C, biomass and extractant weight ratio 1:8).
Data represented as mean £ SD (n = 3).

The freeze-dried 50% EtOH and water extracts were analyzed by UHPLC-ESI-MS/MS
for the identification of biologically active compounds, including polyphenolic compounds,
representing a significant part of the extract. UHPLC-ELS chromatograms of extracts are
shown in Figures 3 and 4.

The compounds identified are listed in Table 1, with the most abundant ones being
quinic acid, catechin/epicatechin, gallocatechin, procyanidin trimer, procyanidin tetramer,
(epi)catechin-(epi)gallocatechin, quercetin, quercetin-3-O-rutinoside, triterpenoids, and
acylated triterpenoids. Part of the polyphenolic compounds in the extracts is in the form of
O-glycosides, which consist of a residue of aglycone and carbohydrates consisting mainly
of glucose. At the same time, the compositional similarity of the composition of the 50%
EtOH and water extracts of the branches of all three varieties of sea buckthorn was found.
All these compounds are biologically active natural antioxidants and antimicrobial agents,
which can be used as ingredients in the formulation of different medications.
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Figure 3. UHPLC-TOF/MS chromatograms of 50% EtOH extracts of SBT samples.
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Figure 4. UHPLC-TOF/MS chromatograms of the water extracts of SBT samples.

Among the identified polyphenolics compounds, quinic acid, quercetin, and triter-
penoids have documented excellent antibacterial activity against Staphylococcus aureus,
which is a leading Gram-positive pathogen associated with a number of diseases, including
osteomyelitis, pneumonia, endocarditis, and septicemia. This bacterium is also frequently
found in many food products such as dairy, eggs, seafood, and meat, and can cause food
poisoning, which is a major concern for the international community and the food industry.
Additionally, they show antibacterial activity toward Staphylococcus epidermidis, Bacillus
subtilis, and Escherichia coli [37].
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Table 1. Dominant compounds in the chromatograms of SBT twigs.

Relative Abundance, %

Tatiana Maria Bruvele Bot. Lub.
. [M-
Peak No.  tR (min) - Fragments Identification ! 50% 50% 50%
H]~ (m/z) ° ° o
Water EtOH Water EtOH Water EtOH
179; 161; 143; Sucrose, fructose,
1 0.41 341 119; 113: 101 glucose 9.7 9.0 10.7 8.2 10.9 9.3
111;173; . .
2 0.47 191 127: 85 Quinic acid 5.7 44 6.1 5.0 5.6 42
3 0.98 175 159; 147 Serotonin 2 0.1 0.1 0.1 0.1 0.1 0.1
4 1.84 305 179; 125 _ Gallocatechin orits 0.7 18 2.6 17 32 15
isomer epigallocatechin
407; 425; 305; (epi)catechin-
5 1.89 593 467289 (epi)gallocatechin 2.2 0.5 0.9 1.1 1.3 0.4
881; 593; 305; s
6 1.97 1185 289; 245 Procyanidin tetramer 4.1 22 2.6 1.0 2.8 1.7
881; 593; -
7 2.06 1055 305; 289 Procyanidin tetramer 44 1.8 4.6 2.7 4.4 2.3
8 2.30 865 577; 289; 245 Procyanidin trimer 4.1 4.5 5.2 4.9 4.2 3.4
9 2.38 289 245; 125 Catechin/Epicatechin 6.9 53 6.7 8.1 7.0 4.2
10 250 1153 o Procyanidin tetramer 135 13.0 96 122 172 70

Contaminant from
11 3.51 610 - solvent—ethanol, 0.1 14 1.7 0.7 0.1 1.1
nylon filter

Contaminant from
12 4.28 723 - solvent—ethanol, 0.6 5.2 7.2 13 1.0 5.6
nylon filter

Contaminant from
13 5.04 836 - solvent—ethanol, 0.6 4.6 6.5 1.8 1.4 5.2
nylon filter

Contaminant from

14 5.77 949 - solvent—ethanol, 0.3 1.1 1.8 0.6 0.4 1.3
nylon filter

15 328 609 301;271 Quercetin-3-O- - - - 0.01 - -
rutinoside

16 3.33 301 286; 109 Quercetin 0.1 0.1 0.2 0.4 0.1 0.1

17 7.14 487 293; 117 Triterpenoid - 2.8 3.0 2.5 - 3.0

18 7.79 471 452;265; 117 Triterpenoid - 1.8 - 3.1 - 2.1

19 7.86 471 265; 117 Triterpenoid - 1.9 - 1.8 - 24

20 8.07 455 277,117 Triterpenoid 32 34 72 43 - -

21 8.01 617 255; 117 Acylated triterpenoid - - - - - 2.8

1 Serotonin showed weak signal in negative ion ESI LC-MS, which was quantified in MRM positive ionization
mode. 2 Compounds were tentatively identified compared with those reported in the literature and confirmed
through databases, specifically the Dictionary of Natural Products and ChemSpider, focusing on MS/MS frag-
mentation patterns and accurate mass.

A comparison of the relative peak areas of the dominant biologically active compounds
calculated for mg/mg extract is shown in Table 2.
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Table 2. The comparison of relative peak areas of dominant biologically active compounds calculated
on mg/mg extract.

Relative Peak Area (Relative Units)

No. Tentative Identification Cultivar
50% EtOH H,O
25,954 31,176 Tatiana
1 Quinic acid 43,608 53,949 Maria Bruvele
38,504 44,680 Bot. Lub.
Gallocatechin or its isomer 14,917 11,890 Maria Bruvele
2 epigallocatechin 2369 4476 Tatiana
P8 5291 8424 Bot. Lub.
(epi)catechin- 6283 2855 Maria Bruvele
3 " i)P  oestechin 4782 5539 Tatiana
PUg 5314 6759 Bot. Lub.
8054 3230 Maria Bruvele
4 Procyanidin tetramer 1674 4395 Tatiana
5335 5841 Bot. Lub.
8879 2397 Maria Bruvele
5 Procyanidin tetramer - 4665 Tatiana
- 7803 Bot. Lub.
37,952 31,036 Maria Bruvele
6 Procyanidin trimer 15,879 26,104 Tatiana
19,967 33,381 Bot. Lub.
51,282 56,089 Maria Bruvele
7 Catechin/Epicatehin 24,115 34,058 Tatiana
35,098 46,065 Bot. Lub.
3004 1739 Maria Bruvele
8 Procyanidin tetramer 916 3500 Tatiana
1864 3656 Bot. Lub.
9768 5576 Maria Bruvele
9 Procyanidin tetramer 2897 6506 Tatiana
4632 7877 Bot. Lub.
635 2850 Maria Bruvele
10 Procyanidin tetramer 236 619 Tatiana
382 751 Bot. Lub.
1348 973 Maria Bruvele
11 Procyanidin tetramer 1893 1023 Tatiana
2946 3040 Bot. Lub.
334 - Maria Bruvele
12 Quercetin-3-O-rutinoside - - Tatiana
- - Bot. Lub.
2759 677 Maria Bruvele
13 Quercetin 933 1003 Tatiana
1287 3105 Bot. Lub.
3218 - Maria Bruvele
14 Triterpenoid 3750 - Tatiana
4561 - Bot. Lub.
7631 - Maria Bruvele
15 Triterpenoid 5000 - Tatiana
6950 - Bot. Lub.
7273 - Maria Bruvele
16 Triterpenoid 5860 - Tatiana
8651 - Bot. Lub.
4923 14,713 Maria Bruvele
17 Triterpenoid 8978 6910 Tatiana
_ - Bot. Lub.
- - Maria Bruvele
18 Acylated triterpenoid - Tatiana

6808 - Bot. Lub.
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2.2. Evaluation of the Antimicrobial Activity of SBT Extracts

The evaluation of the antimicrobial activity of the plant extracts against test cultures
of microorganisms was carried out according to the method for determining the sensitivity
of microorganisms to antimicrobial drugs. Antimicrobial activity was studied in 96-well
plates by the two-fold serial broth microdilution method, which allowed the determination
of the minimum inhibitory (MIC) and minimum bactericidal/ fungicidal concentrations
(MBC/MEC) [47].

The comparison of the results of the chemical composition and antimicrobial activity
of 50% EtOH extracts showed that among the three varieties of SBT, ‘Maria Bruvele’ was
the most active in suppressing pathogenic bacteria. This could be explained by the in-
creased content of such biologically active compounds as quinic acid, gallocatechin, isomer
epigallocatechin, (epi)catechin-(epi)gallocatechin, and procyanidins.

The results show that all extracts have high antimicrobial activity against both Gram-
positive and Gram-negative bacteria (see Table 3).

Table 3. Antimicrobial activity of the extracts from SBT samples.

Maria Bruvele Bot. Lub. Tatiana Maria Bruvele Bot. Lub. Tatiana

50% EtOH Extract, mg/mL Water Extract, mg/mL

E. coli
MIC/MBC

0.20/0.20 0.39/0.39 0.39/0.39 0.39/0.39 0.78/50 0.39/0.39

P. aeruginosa
MIC/MBC

0.39/0.78 0.78/1.56 3.13/3.13 0.39/3.13 0.78/50 0.78/1.56

S. aureus
MIC/MBC

0.20/0.39 0.39/0.78 0.20/0.78 0.39/0.78 0.39/12.2 0.39/0.78

B. cereus
MIC/MBC

0.78/>50 0.78/50 0.78/>50 0.78/>50 0.78/50

C. albicans
MIC/MFC

0.20/>50

0.20/>50 0.39/>50 0.20/>50 0.39/>50 0.39/>50

Antibiotics

Gentamicin (Reference), ng/mL Fluconazole (Reference), pg/mL

Tetracycline Hydrochloride [32],
mg/mL

E. coli
MIC/MBC

1.00/4.00 ND 0.76

P. aeruginosa
MIC/MBC

0.25/4.00 ND ND

S. aureus
MIC/MBC

0.25/4.00 ND 1.52

B. cereus
MIC/MBC

ND ND 0.76

C. albicans
MIC/MEFC

ND 32/>256 ND

MIC—minimum inhibitory concentration; MBC—minimum bactericidal concentration. MFC—minimum fungici-
dal concentration; ND—not determined. MIC tests were performed in triplicate for each strain and antimicrobial
compound. Confidence interval is +0.01 at « = 0.05.

When comparing the 50% EtOH and water extract of SBT "‘Maria Bruvele’, we found
that despite the fact that the content of quinic acid in the water extract was 1.24 times
higher, the 50% EtOH extract was more active; this could be attributed to the synergetic
activity with the other antimicrobial agents, namely, an increased amount of such polyphe-
nolic compounds as gallocatechin or isomer epigallocatechin (1.25 times higher in the
50% EtOH extract), (epi)catechin-(epi)gallocatechin (1.13 times higher) and procyanidins
(2.5 times higher).
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The minimum bactericidal concentration of the extracts showed that the extracts
were able to completely neutralize the bacteria under study, and their MICs were even
comparable with those of weaker antibiotics.

2.3. Evaluation of the Cytotoxicity of Extracts

The graphs below show the results of the cytotoxicity tests, by changes in cell viability
and ICsq values. It was reasonable to evaluate the cytotoxicity around the range of the
antimicrobial activity of the extracts. The testing started from lower concentrations of
0.078 mg/mL up to 10 mg/mL (Figure 5). The use of higher concentrations made it difficult
to read the results objectively as the intensive coloring influenced the absorbance.

A
e —o- 1 1Cg,1.137 mg/mL
2 1004 -#- 2 ICg,2.050 mg/mL
g —+ 31Cq4, 1.197 mg/mL
]
S 50
0 T . |
0.1 1 10
Log,, concentration, mg/mL
B
7 0 4 1C5,1.1773 mg/mL
3 1004 ~ 5 1Cy,2.002 mg/mL
g < 6 1Cy; 1.362 mg/mL
%
S 50
0

Log,, concentration, mg/mL

Figure 5. Cytotoxicity of extracts in Balb/c 3T3 cell line. Results expressed as a relative change
compared to untreated control. (A)—50% EtOH extracts: 1—Maria Bruvele; 2—Tatiana; 3—Bot. Lub.;
(B)—water extracts: 4—Tatiana; 5—Bot. Lub.; 6—Maria Bruvele. Data represented as mean + SD
(n = 3). Dotted line represents the control level (100%).

In most cases, at concentrations similar to the MIC values observed in antimicrobial
activity tests, no toxic effect was observed. Water extracts were slightly more cytotoxic
than ethanol extracts. An extract at a specific concentration was considered to be cytotoxic
if the cell viability was reduced by more than 20%. Cytotoxic concentrations of ethanol
extracts (‘Maria Bruvele’, “Tatiana’) did not exceed the concentrations needed to inhibit the
growth of the tested microorganisms. Some variations in the effects of water extracts on
cell viability were observed, with the ‘'Tatiana’ extract being less cytotoxic than the other
two water extracts. Compared to other studies, extracts tested here have low cytotoxicity.
Triterpenoid-rich SBT extracts have been reported to be cytotoxic to cancerous and normal
human cell lines at lower concentrations than in our study, with ICsy values ranging
between 14.58-74.58 pug/mL [48]. SBT extract within concentration range 0.62-62 ug/mL
was shown to have no negative effects on NIH 3T3 cell line but reduced viability of glioma
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cells in vitro. This emphasizes the variations of the effects in different cell lines [49]. At
the same time, in a study by Rozalska et al., IC5 values above 1 mg/mL for phenolic SBT
fractions have been reported [50]. The effects on cell lines depend on the extract production
methods and chemical composition. Varying cytotoxicity data among studies might be
explained mainly by the variations in chemical composition on SBT extracts.

The low concentrations needed to inhibit the growth of specific microorganisms, espe-
cially C. albicans and S. aureus, along with the absence of cytotoxicity at low concentrations,
indicate on the potential of the tested extracts to be further developed for various an-
timicrobial applications. The low concentrations needed to inhibit the growth of specific
microorganisms, especially C. albicans and S. aureus, along with the absence of cytotoxicity
at low concentrations, indicate to the potential of the tested extracts to be further developed
for various antimicrobial applications.

Interestingly, at low concentrations, ethanol extracts of ‘Maria Bruvele” and ‘Tatiana’
slightly increased cell viability and proliferation (increases of 24.13 and 22.59%, respec-
tively). This phenomenon could be further researched in future studies.

2.4. The Radical Scavenging Activity of SBT Extracts

The radical scavenging activity of SBT extracts was evaluated by DPPH’ tests, ex-
pressed as the ICsg value, the concentration required for the 50% inhibition of free radi-
cals [51]. The results of the radical scavenging activity assays are shown in Figure 6. Among
the SBT samples under study, the 50% EtOH extracts of ‘Maria Bruvele’ and ‘Bot. Lub.’
twigs manifested the highest radical scavenging activity (ICsyp = 6.8 mg/L and 6.6 mg/L)
compared to the other extracts.

10
8 T

IC5,, mg/L
s~ o

N

Maria Bruvele Bot. Lub. Tatiana Trolox

B 50 % EtOH extracts Water extracts

Figure 6. Radical scavenging activity of SBT biomass extracts by DPPH' test. Data represented as
mean + SD (n = 3).

As shown in Figure 7, such high activity of these extracts is associated with a high
content of polyphenolic compounds (48 and 43 GAE g/100 g extract), including PACs (13
and 11% on the o.d. extract, CI = 0.2 at o = 0.05).

When comparing the radical scavenging activity of the extracts from SBT twigs, a
correlation between the content of carbohydrates as unwanted compounds in the extracts
and their radical scavenging activity could be observed (Figure 8). With the increase
in carbohydrate content in the extracts, their radical scavenging activity decreased in
the DPPH" test. The water extract of Tatjana twigs had a weaker ability to deactivate
radicals due to the high content of carbohydrate impurities (23% on o.d. extract, CI = 0.03
at o« = 0.05) and low content of PACs (7% on o.d. extract) in the extract. The polar
groups of carbohydrate impurities can form hydrogen bonds with the hydroxyl groups of
polyphenolic compounds, thus reducing their radical scavenging activity. The carbohydrate
content in the 50% EtOH and water extracts of SBT biomass is shown in Figure 8.
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Figure 7. Chemical composition of extracts from SBT biomass. Data represented as mean + SD

(n=23).
9 Tatiana water
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S e '
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Carbohydrate content, % on o.d. extract

Figure 8. Effect of carbohydrate content on radical scavenging activity. Confidence intervals for
antioxidant activity: CI < 0.1 at « = 0.05, for carbohydrate content: CI < 0.03 at o« = 0.05.

One way to increase antioxidant activity is to remove impurities from the dominant
components with strong antioxidant properties. Our preliminary research indicates that
proanthocyanidins are powerful antioxidants. Based on this, it was decided to purify
proanthocyanidins by Sephadex LH-20. As a result, two fractions were obtained, which
were also characterized by UHPLC-ELS (Figure 9).

In comparison to the synthetic antioxidant Trolox as a reference, which is a water-
soluble derivative of vitamin E (IC59 = 5 mg/L in DPPH’ test), the 50% EtOH extract of ‘Bot.
Lub.” and ‘Maria Bruvele’ showed the most promising results (ICsg = 7.1 mg/L in DPPH’
test, CI = 0.1 at o = 0.05). The antioxidant activity of purified procyanidin was significantly
higher (ICsg = 2.6 mg/L in DPPH" test, CI = 0.1 at « = 0.05).
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Figure 9. UHPLC-ELS chromatograms: (a)—50% EtOH extract of ‘Maria Bruvele’ biomass; (b)—low
molecular compound rich fraction; (c)—procyanidin trimer rich fraction.

2.5. The Content of Serotonin in SBT Extracts

Of the alkaloid compounds, SBT lignocellulosic biomass contains serotonin, which
is a powerful antidepressant and stimulant of psychological and physical activity. The
analysis of liquid chromatography (UHPLC-ELS) proved its presence in the composition of
hydrophilic extracts. The serotonin content in the SBT extracts (Figure 10) varied from 3.6
to 7.5% per dry extract, and, starting from the highest content, decreased in the following
order: water extracts of ‘Maria Bruvele” and ‘“Tatiana’ >50% EtOH extract of ‘Bot. Lub.” >50%
EtOH extract of ‘Maria Bruvele” > water extract of ‘Bot. Lub.”.

. 10
Q
£ £ 8
ok :
2 g
§¢< ,
£ 5 =
EX 2
I<hs}
gE 0
b Maria Bruvele Bot. Lub. Tatiana
H 50% EtOH Water

Figure 10. Content of serotonin in extracts from SBT biomass. Data presented as mean + SD (n = 3).
CI <0.04 at « = 0.05.

When using extracts as biologically active food additives or as an additional compo-
nent of activators of food enzymes, serotonin will only increase the value of this biologically

active product.
To prove the potential of the extract’s biological activity, in the following stage, in vitro

experiments were performed.
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2.6. Evaluation of the Influence of the Extracts on Amylase Activity

In vitro tests were also carried out for the evaluation of the influence of the extracts on
the initial processes of human macro-metabolism, which is relevant for the extract usage
for health care and disease prevention. Earlier tests in collaboration with Riga Stradins
University in this regard have revealed the beneficial effects of PACs-containing extracts
on amylase activity, resulting in the acceleration of starch degradation to glucose, which
could be useful for the treatment of persons with underweight, malnutrition, and malab-
sorption [52,53]. Under normal physiological conditions, all extracts at dosages of 100 uL,
500 pL, and 1000 pL at an extract concentration of 2 mg/L showed a significant activation
(two times) of amyloclastic force (AF). With the increase in the extract concentration from
2 mg/L to 20 mg/L, at dosages of 100 puL and 500 pL of the extracts, the same activation
was observed. Increased x-amylase activation can accelerate the degradation of starch to
glucose, which may be useful in the treatment of people with underweight, malnutrition,
and malabsorption.

3. Materials and Methods
3.1. Materials

The twigs (without leaves) of three sea buckthorn cultivars—H. rhamnoides ‘Maria Bru-
vele’, ‘Botanicheskaya Lubitelskaya’, and ‘Tatiana’—were collected from the sea buckthorn
plantation area in Latvia under the same growing conditions in summer of 2020. Varieties
suitable for commercial growth in the NE of Europe and Canada, larger and more juicy
fruits with better taste, and fruits with significantly less troublesome stellate hairs were
chosen. The twigs were dried at room temperature, ground with a knife mill (Cutting Mill
SM100, Retsch, Haan, Germany) and sieved to select the particles between 1 and 4 mm.
These fractions were stored at —8 °C.

3.2. Isolation of the Hydrophilic Extracts from Twigs of Sea Buckthorn Biomass

Hydrophilic extracts were isolated by the convective extraction of SBT biomass at
60 °C for 30 min using the following solvents: distilled water or aqueous ethanol (1:1, v/v).
The extracts were freeze-dried to yield a brown solid. The yield of the extracts is presented
as a percentage based on the oven-dried (o.d.) biomass.

3.3. Total Polyphenols Content in the Extracts

The total polyphenols (TP) content of the extracts was determined using the Folin—
Chicolteu method using gallic acid as the standard. Amounts of 5 mL of 10% Folin—
Ciocalteu reagent and 4 mL of 7.5% sodium carbonate solution were added to 1 mL of the
extract. Distilled water was used instead of gallic acid as a reference solution. After 30 min,
the absorbance of the mixture was measured against a blank solution at 765 nm using a
UV/VIS spectrometer Lambda 650 (Perkin Elmer, Shelton, CT, USA). Gallic acid was used
to calibrate the standard curve. Each extract was analyzed in triplicate, and the results were
expressed in grams of gallic acid per 100 g of extract sample (g GAE/100 g extract) [54].

3.4. Proanthocyanidins Content in the Extracts

The PACs content of the extracts was determined by oxidative depolymerization to
anthocyanidins in acid butanol [55] using procyanidin dimer B2 as a reference compound.
Amounts of 6 mL of acid butanol (5% (v/v) concentrated HCI in n-butanol) and 0.2 mL of
iron reagent (w/v) (FeNH4(SO4),-12 H,O in 2 M HCI) were added to 1 mL of the extract
aliquots while stirring the tube without heating and allowing it to be heated in a water bath
at 80 °C for 50 min. After 50 min, the absorbance of the mixture was measured against a
blank solution at 550 nm using UV / VIS spectrometer Lambda 650 (Perkin Elmer, Shelton,
CT, USA). Each extract was analyzed in triplicate, and assay results were expressed as a
percentage per o.d. extract.
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3.5. Purification of PACs

The purification of PACs from non-tannin phenolics and sugar was carried out using
a Sephadex LH-20 with 96% EtOH and 70% (v/v) acetone as the respective purification
solvents. In the purification process, low-molecular-weight phenolics were eluted with 96%
EtOH, and the PACs were eluted with 70% (v/v) acetone. Purified PACs were evaporated
using a rotary evaporator prior to being freeze-dried and stored at —8 °C.

3.6. Carbohydrate Content in the Extract

The total amounts of the carbohydrate in the extracts were determined using GC
analysis after hydrolysis, reduction, and acetylation [56]. Extract hydrolysis: 0.125 mL of
sulfuric acid was added to 10 mg of the extract; after 45 min, it was diluted with 3.5 mL
of water and placed into a thermostat for 1 h at 121 °C. After hydrolysis, the sample
was neutralized with 0.32 mL of ammonium hydroxide solution and 0.1 mL of analytical
standard methyl x-D-glucose. Reduction and acetylation: 1 mL of borohydride solution was
added to 0.2 mL of neutralized solution and heated for 90 min at 40 °C. The excess reagent
was partitioned with 0.1 mL of concentrated acetic acid. After reduction, 2 mL of acetic
anhydride and 0.3 mL of 1-methylimidazole were added. After 10 min (30 °C), the excess
acetic anhydride was partitioned with 5 mL of distilled water. The cooled solution was
extracted once with 1 mL of CH,Cl,. The lower layer was transferred to the chromatography
flask with a Pasteur pipette and stored at —20 °C until gas chromatographic analysis. Gas
chromatographic analysis was performed using an Agilent 6850 Series GS System (Agilent
Technologies, Santa Clara, CA, USA): column—DB-1701; length—30 m; internal diameter—
0.25 mm; layer thickness—0.25 pm.

3.7. UHPLC-ESI-MS/MS Analysis

Extract analysis was performed on an Acquity UPLC system (Waters Corp., Singa-
pore) coupled with a quadrupole-time of flight (Q-TOF) MS instrument (UPLC/SYNAPT
G251 HDMS Q-TOF Mass Spectrometer, Waters, Milford, MA, USA) with an electrospray
ionization (ESI) source.

The separation was carried out on a U-HPLC column (2.1 mm x 50 mmi.d., 1.7 um,
BEHC18) (Waters Acquity) at a flow rate 0.35 mL/min. The eluent was 0.1% formic acid,
water (A), and acetonitrile (B). A gradient solvent system was used: 0-1 min, 5-20% (B);
1-5 min, 20-25% (B); 5-6 min, 25-75% (B), 6-7 min, 75-80% (B), 7-8 min, 80-5% (B),
8-10 min, 5% (B). The injection volume was 2.0 L.

The major operating parameters for the Q-TOF MS were set as follows: capillary
voltage, 2.5 kV (-); cone voltage, 60 V; cone gas flow, 50 L/h; collision energy, 6 eV; source
temperature, 120 °C; desolvation temperature, 350 °C; collision gas, argon; desolvation
gas, nitrogen; flow rate, 500 L/h; data acquisition range, m/z 50-1.200 Da; ionization
mode negative.

3.8. Determination of the Antimicrobial Activity

The antimicrobial activity tests of the hydrophilic extracts from the sea buckthorn
twigs were performed at the Faculty of Biology, University of Latvia. To determine an-
timicrobial activity, several reference microbial strains, received from the Microbial Strain
Collection of Latvia (MSCL), University of Latvia, were used: Pseudomonas aeruginosa MSCL
334, Staphylococcus aureus MSCL 330, Escherichia coli MSCL 332, Bacillus cereus MSCL 330,
and Candida albicans MSCL 378. The evaluation of the antimicrobial activity of the plant
extracts against the test cultures of microorganisms was carried out according to the method
for determining the sensitivity of microorganisms to antimicrobial drugs. Antimicrobial ac-
tivity was studied in 96-well plates by the two-fold serial broth microdilution method [49],
which allowed the determination of the minimum inhibitory (MIC) and minimum bacte-
ricidal/fungicidal concentrations (MBC/MFC). The MIC was determined as the lowest
concentration of the studied material, which showed no visible growth. From wells where
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growth was not detected, 4 pL of medium was seeded on an appropriate solidified medium
for MBC/MFC determination. The test was performed in triplicate.

3.9. Cell Line and Cultivation

The BALB/c 3T3 murine fibroblast cell line was obtained from ATCC (American Type
Culture Collection). Cells were propagated in DMEM medium (Sigma, D6046, Irvine, UK)
supplemented with 1% penicillin (100 U/mL)-streptomycin (100 ug/mL) and 10% calf
serum (Sigma, C8056, St Louis, MO, USA). All cultivations were performed in a humidified
5% CO;, atmosphere at 37 °C.

3.10. Cytotoxicity Assay

The cytotoxicity of the extracts was tested for the BALB/c3T3 cell line by the neutral
red (NR) uptake assay. Cells were seeded in 96-well plates at a density of 5 x 103 cells
per well. After 24 h of incubation, extracts in a concentration range of 0.078 to 10 mg/mL
were added. Dilutions were made in a cell cultivation medium. Cultivation in the presence
of extracts was performed for 48 h. Afterwards, the plates were washed with phosphate-
buffered saline (PBS) (Sigma, D8537, Irvine, UK), and 25 ng/mL NR solution (Sigma,
N2889, Irvine, UK) diluted in 5% fetal calf serum containing media was added. After
3 h incubation in a humidified 5% CO; atmosphere at 37 °C, the plate was washed with
PBS, and the NR taken up by viable cells was extracted using desorbing fixative (50%
ethanol /1% acetic acid /49% water). Absorbance at 540 nm was measured using a Tecan
M200 Infinite Pro microplate reader (Tecan, Switzerland). Cytotoxicity was expressed
as a concentration-dependent reduction in the uptake of NR, compared to the untreated
controls, and the ICs( value for each compound was calculated using GraphPad 9 software.
The cell line and test method complied with OECD guidelines [57].

3.11. Determination of the Radical Scavenging Activity

Hydrophilic extracts were tested for their radical scavenging activity against the
DPPH' assay [51] using UV /VIS spectrometer Lambda 650 (Perkin Elmer, Shelton, CT,
USA). The free radical scavenging activity is expressed as the concentration of antioxidant,
mg/L, required for a 50% inhibition of the free radicals (ICsg). The lower the ICs value,
the higher the radical scavenging activity of the compounds.

3.12. In Vitro Test of the Alpha-Amylase Activity

In vitro tests of the hydrophilic extracts from sea buckthorn samples were performed
at the Department of Human Physiology and Biochemistry of Riga Stradin$ University
based on the determination of amyloclastic force by starch-iodine color assay [53,54]. The
saliva used for research was donated on a volunteer basis by a group of students with
no record of chronic or acute illnesses. The students were non-smokers, as smoking can
increase amylase activity [58]. Any sporting or other serious physical activity was stopped
48 h before the experiment according to the protocol [59]. No chewing gum was allowed.
No alcohol or caffeine was taken 18 h before the experiment, and the last meals and soft
drinks with low pH were 2 h before the examination to obtain clean results.

The extracts were tested in the doses from 100 puL to 500 uL. at a concentration of
extracts from 2 mg/L to 20 mg/L. The influence of the extracts on salivary amylase was
measured by the breakdown of polysaccharides containing linear «-1,4 glucose bonds in
starch. The amylase activity was characterized by the amyloclastic force (AF), that is, the
volume of the 0.1% starch solution in milliliters that is hydrolyzed by 1 mL of saliva in the
test tubes at 38 °C for 30 min. Then, 1% iodine solution was added (as a marker for the
presence of starch by color changes). The amyloclastic force is denoted as D 30/3gc. The
average range of AF for a healthy person is from 320 to 1280. Saliva without extract was
used as a reference. The amyloclastic force of the reference sample was D 35,350 640.
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3.13. Statistical Analysis

All measurements were conducted in triplicate, and the results are presented as the
mean value + standard deviation (SD). Statistical analyses were performed using Microsoft
Excel 2016. Confidence intervals for a mean using a Student’s T distribution were calculated
at a significance level x = 0.05. The correlation is presented by the Pearson coefficient. A
significance level of p < 0.05 was used.

4. Conclusions

The chemical composition of the water and ethanol extracts from the SBT biomass of
three prospective cultivars, H. rhamnoides ‘Maria Bruvele’, “Tatiana’, and ‘Botanicheskaya
Lubitelskaya’, was determined for the first time. The results of UHPLC-ELS chromatograms
showed that the extracts of SBT are rich in polyphenolic compounds, such as quinic acid,
PAC monomers and oligomers, which predetermines their radical scavenging activity.
Maria Bruvele twigs biomass has the highest content of phenolic compounds in the 50%
EtOH extract (48 GAE g/100 g extract).

The 50% EtOH extracts of ‘Maria Bruvele” and ‘Botanicheskaya Lubitelskaya’ twigs
showed the most promising results for radical scavenging activity (IC5p = 6.8 mg/L and
6.6 mg/L, in the DPPH’ test) compared to the other extracts. This could be connected to
the higher content of polyphenolic compounds (48 and 43 GAE g/100 g extract), including
PACs (13 and 11% on the o.d. extract). These extract properties can be valuable not
only in the creation of pharmaceuticals on the basis of plant secondary metabolites, but
also in the food and cosmetics industries to slow down the oxidative processes occurring
in raw materials and finished products at different stages of the technological process
during storage.

Among the three varieties of SBT, ‘Maria Bruvele’ 50% EtOH extract’s antimicrobial
activity in suppressing the pathogenic bacteria and yeast is the highest, and its effectiveness
against bacteria is comparable with that of some of the synthetic antibiotics. This could
be explained by the high content of quinic acid, gallocatechin, isomer epigallocatechin,
(epi)catechin-(epi)gallocatechin, and proanthocyanidins in the ‘Maria Bruvele” extract and
their possible synergetic activity. These results provide the scope of further research on
the SBT extracts for applications in the prevention and treatment of infectious diseases. At
concentrations similar to the MIC values observed in antimicrobial activity tests, no toxic
effect was observed, thus confirming the potential for practical use of the extracts.

The serotonin content in the SBT extracts varied from 3.6 to 7.5% per dry extract, and,
starting from the highest content, decreased in the following order: water extracts of ‘Maria
Bruvele” and ‘Tatiana” >50% EtOH extract of ‘Bot. Lub.” >50% EtOH extract of ‘Maria
Bruvele’ > water extract of ‘Bot. Lub.”. As the serotonin content of 4-6% per dry extract is
already considered in the literature as high, these results are very promising for obtaining
serotonin preparations on the basis of SBT. The discovery of mammalian neurohormones
in plants provides new avenues for the investigation of medicinally active compounds.
There is a lack of research on the effects of serotonin. As SBT is a very stress-resistant
plant, it would be very interesting to explore if serotonin additives would help to improve
similar characteristics in the human body. Currently, the concept of the influence of the
gut microbiota on the central nervous system is gaining ground and building evidence. In
this case, serotonin in the digestive system could affect mood and brain health. Further
research on serotonin effects is planned.

In vitro tests carried out for the evaluation of the influence of the extracts on the initial
processes of human macro-metabolism, presented by saliva amylase activity, showed that
under normal physiological conditions, all extracts have a significant activation (two times
higher than the reference) of amyloclastic force (AF). These results are very promising for
the treatment of people with underweight, malnutrition, and malabsorption. The effect of
combined SBT extracts on amylase activation and serotonin anti-depression and physical
activity improvement could also be beneficial.
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The results of this research showed that the biomass of the cultivars under study has
high biological activity and nutraceutical and pharmaceutical potential, and the creation of
a wasteless biorefinery processing scheme for SBT sustainable production including both
berries and biomass applications is possible and prospective. SBT acreage is evaluated as
3 min ha in 2017 [8], and average crop productivity is ~4-5 t/ha [1,8,9], that is, potentially
13,5 min t annually. Considering that biomass volume, as mentioned above, comprises
~12-15% of berries, an average volume of biomass could be ~2 mIn t yearly. The potential
contribution of twigs to the market values will depend on the ways of application: as a raw
biomass, as an extract, as a group of compounds, or as purified compounds. On the example
of PACs, considering the average for all cultivars yield of extracts of 23%, average yield of
PACs 10% on o.d. biomass, and the very approximate price for raw material 10 EUR/kg [60],
the market value for PACs could be very roughly estimated as EUR 480 million annually.
However, if to calculate on the basis of the final product packed as biologically active
additives and sold, e.g., on iHerb [61] then the price could reach 5700 EUR/kg, and the
market value theoretically could increase up to EUR 260 billion annually. That would be a
hardly achievable figure considering the worldwide market value, the global health and
wellness market is forecast to be worth one-trillion dollars by 2026 [62]. The theoretical
figures would increase even more if we take, for example, analytical standard serotonin
as a basis for calculation. However, the demand for the product, possible market share,
possibilities of compounds purification, and other important market and technological
factors have to be considered. In addition, today not all wild plantations are used for
industrial berries collection, and the amount of SBT biomass could be approximately
4 times less [63], correspondingly. For more precise market value data, a separate, more
profound research is necessary which is not the aim of this article. However, even such
rough calculations show that SBT biomass contribution to the market is comparable with
berries market value.

The evaluation of the best harvesting time and possibilities for the use of SBT biomass
for the pruning of shrubs, as well as the comparison of seasonal changes in the phy-
tochemical profile and biological activity of hydrophilic extracts, will be performed in
further research.
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