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Abstract

Problem definition and objectives: In the past two decades, integrating specialized or stem
cells with biodegradable three-dimensional scaffolds and a variety of biochemical, physical, and
mechanical cues has opened new avenues for reconstructing the structural and functional
properties of impaired tissues. These components exhibit their highest efficacy when incorporated
into a coordinated system that closely mimics the physiological microenvironment of native tissue.
Among the available fabrication technologies, three-dimensional printing particularly direct ink
writing (DIW) has gained significant attention due to its precise control over ink rheology, tunable
internal architecture, adjustable porosity and pore orientation, and the ability to combine multiple
biomaterials simultaneously. This technology enables the fabrication of scaffolds with complex
geometries analogous to native tissues, providing a conducive platform for cell adhesion,
proliferation, and differentiation. The selection of appropriate bio-ink constituents is therefore a
critical aspect of scaffold development. Nanocellulose, a natural and renewable polymer, offers
high mechanical strength, robust three-dimensional network formation, excellent biocompatibility,
and tunable surface chemistry, making it an attractive candidate for bio-ink formulation.
Complementarily, lignin, an abundant aromatic biopolymer, provides antioxidant activity,
moderate hydrophobicity, and reinforcing capability, thereby influencing the rheological behavior,
printability, and mechanical performance of printed scaffolds. Polyvinyl alcohol (PVA), with its
ability to form stable hydrogels, favorable flexibility, and coherent network structure, further
enhances the stability, uniformity, and integrity of the composite scaffold. Given the growing
demand for biodegradable and renewable biomaterials in scaffold fabrication, the present study
investigates the effect of varying lignin content within nanocellulose/PVA-based systems. The
objective is to elucidate how lignin concentration influences structural stability, chemical behavior,
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water absorption capacity, wettability, and ultimately the biodegradability of the resulting
scaffolds. This work aims to identify an optimized material composition capable of producing
high-performance scaffolds suitable for both clinical and research-based tissue engineering
applications.

Methodology: In this study, PVA/nanocellulose/lignin composite scaffolds containing 10%,
20%, and 30% lignin were fabricated via 3D bio-printing. Morphological features were assessed
by scanning electron microscopy (SEM), chemical interactions analyzed through Fourier-
transform infrared spectroscopy (FTIR), water absorption and long-term hydrophilicity evaluated,
and surface wettability measured via contact angle analysis. Biodegradability was monitored in
phosphate-buffered saline at 37 °C over three months.

Results: SEM images revealed that low lignin content maintained a uniform and stable
PV A/nanocellulose network, while 30% lignin induced phase separation and agglomeration,
reducing structural coherence. FTIR spectra indicated improved interfacial interactions through
hydrogen bonding and partial coating of nanocellulose by lignin. Water absorption decreased and
contact angles increased with higher lignin content, reflecting reduced hydrophilicity and enhanced
moisture resistance, largely due to lignin’s hydrophobicity and citric-acid-induced esterification.
Biodegradation results demonstrated that lignin’s aromatic structure slowed scaffold degradation.
Overall, moderate lignin incorporation enhanced matrix cohesion, controlled water affinity, and
preserved structural stability, whereas excessive lignin compromised scaffold integrity.

Conclusion: These findings highlight that optimizing lignin concentration is critical to
achieving desirable morphological, physicochemical, and biodegradation properties in
PV A/nanocellulose scaffolds, providing a promising approach for tissue engineering applications.
Based on the results, the formulation containing 20% lignin exhibited the best balance between
structural stability, water absorption, and biodegradability, and could be proposed as a suitable
candidate for the development of bio-scaffolds in tissue engineering.

Keywords: Lignin, Nanocellulose, PVA, 3D Printing, Citric Acid, Biodegradable.



— Research Article

gt s o i 1P

el il gy gl gy - ale w, S

Tranian Journal of Wood and Paper Industries
Iranian Journal of Wood and Paper Industries DOI: 10.22034/ijwp.2026.2080598.1749
Vol. 17, No. 1, Page 139 - 151 (2026)







VE) Voslods o) ale ool SIS 5 sz milio ezl aslilab

L ol diilon Ca) 530lS (5 i A3 ) 9 (sabaoscd (538 0ol 93 g3 33831 53 (guny 3

0353 9 Hols 93l Jsl Jada g by 5 uas d gl (A9,
Pogehe b pade T yan g3 olo waen Tl (o238 ) sana Mo 3en (a8 el s Ll (53¢

Ol @)S olprs Rl i mlio 0uSiily AelS 5 g mlio g psle 09)5 ¢(6 5S> (gemiiily =)

asblly ol oyt oSl connb i g (65,5l HEASED (b glie 1Sl JEE 5 o plio g psle 09,8 @bl ¢ Jstas ekimg Y
hamzeh@ut.ac.ir

Olrl el (ladol (S ple olSiily ( S pole (g8 slacsyghd 01Kl (Bl pwdine 5 (S3IESIHL Dlgases 09,5 bl ¥

Ol egledol ool (K pole oSl (K pole (g (slacsyslid 015l wbly (udine 5 G5lgSTgl lgage 09)5 bkl ¥

Ol ol ol e g ele lapimgy Glojle (aliend slais)glis oaSimghy il —0

V¥ o3 by )b V¥ 3Tl gu,l

ouS

G sy LS 1 ol sla Jolow jl odlaiul ()3l ans g5 > idlad] g Wl oyl
9 3L (g5lwjl (i i e ((SlKe g (58 (olowdgn oS e I lasgommo g plscw S
il S5 48wy e i |y bl i Sloj polie opl il 03,8 wal )3 ospdcwnl (slacél 5 Sles
il 35065 elancSuiSs ylae 5 IS sloyl Jsluw 45y b Laes il Ly g Wgd a3 Sitlon
Oleied S 5 GLSel Jds 0 Vb 85 s &y qditans po92 b Ola (jB9) 0594 9 (S Ola ()9l Cunn >
> an ndy o g ok b (dlosle lgicar Jol gl canl 03)5 Iy (o2 LB Cuenl (iuj olo (six
Ol g cwlio (6585w s lub gamaw el JoSiis cubls YU (SOl ploxin] gmmen (olb S
O LS 3 295 o0 gmime s Sl yngr dogi lp s 3S ciosllas il (S caberd g piigMel
=S ean U )l ¢ a1 T ol dlax il S 5l (npmg 08 b Slog] (onbo jory S sy
Sy (Sl 5, Slos 9 (s nidn Gl JLB) (K55I, Lo S iy = ol 2B ()l le usE K
5 oo gyl olaly slo 500 S5 U155 L 55 (PVA) JSH Jizg sy 23S0 fosine l exilys
Loyl gy jlis b (S )L 5 (81055« g)lil Do 0 ok (oS i85 umin (glaSiis slo) ol
sl PR W ‘jl.ba;»_uu)l.) calw PRV YRC gt )JAJw)DUw.‘.L) Jl}o )l Lf)"f°)'eﬁ Ciygpo & d> g3 b .LSL;O
U ey o Bad 5 3 S HIPVA Jols 6 s 1 (56K ciliseo i 51 385 oy 2 Shg o
le_.h.)){)lf 2 odlawl J._)‘.S 9 J._AT)K L;LQM)L) _\_.».]9) L;l).v A A.,uS).: U ..\.wl:go LQW)‘.) d):.\:wloowu)
D9 lolid Slidos g b

N ) oS e gladod U S Yol U/PVA imdw (slacian s wallas oyl ) :LQ,~39) 9 dlg0
FTIR L olberd oS5 SEM U oyl (65909890 505 dupd (ghmdus ) yuls 5l o3liunl b (Aoyd Yo o V-
adigad (6l SO 9 4 o oled dagly (S 01 b (b Canglio 5 Ol Ol (g0l b g, Sl
203,85 obj)l Gugedes ax 3 YV glod pd lawd (8L 3 obe aw (b 5

sy ola s (5o dshyse 1 (Slod S sl i (S Ao )y 45 iy e (Lt oelawddy s e U
il 381 L Lol eloss oS 5 uayile b (95 4 o yud g bilo o (3L Sl g c8lgss ol gU/PVA a8 ¢S
ol FTIR oo o ials' 1y (g)lidle  Siwgy o5 0 ol o5l (ilis 9 55 Olrood cuoyd Ve 4y 68



c Pl S b e

VFY

9k 9 SHB0m SISl 8l el sl bl i (idg 5 e (Sis)de Gakisn ml b (S &5 0l
OialS g O Gls cud )b gals 4 e (S doyd ialisl ol Gl 905l 0 98 e (o jauelS &8 (g5 lub
gl eomiomen 1590y (635 gl O Dok 5l gmnlSidy il Sl b Syt ol g 2, SO (30t 05 ead glesl &5
C,u)y.nlf g_ms.)ui uM!bl_f 9 u.’x.‘a_.w L.A_A9LQA Db DMJOLMAJ LY p«sl} uwl)sl ‘)AAKAJ uu)l)sl l) 124:94;) ual.o)
A3 o il |y G 55§ g Sailogyl Jlislo b (i 45 a8 o ST 35 (o iy S ol ol
)L g (St 2900 g sl GUPVA Cojonals’ )3 S (139380 s (s gulis 106 505 Ao
5518 plabin ceel YU elacdile o Ll g o g2 Sl il g ol Gl Sl g ol slacale )3 ey lo
- 5 )il ()l e Jols Jolw 9l 5 S diuny S5 00, 5 0 s)lB s (Siwgn Lials
&l gl ol i (S a0 3 Ve (gl oS 5l bl a8 o el 8 ) (g dicg B
Sy g sl clio gl 3 lsiedns Kl e g 0 (Lt ) pdice Focun g O Qi syl

g Dl CBL owdiges ) (i)

ey B a5 oSy Spnnl (g A Sy PVA oo 66 i 160l 6 3l

5 dobe 6,050 Bl g adls 1) (5t sla ol
I¥] oS o eal 3 1) 0t sl g5

Pl (SlSe g (G R3S o el e
aojls Gleziwl 8l aSgad glm o lo ]y 5g &
S o 5 il lie s g plS ]
Sl ol g oS s Ay By, a2
ety g Sl al b oo 5L lacgug 0
Tl og s ool cdly g5 Ly ceilitio aly el
b Slg—o Jolds oo jo oolazwl 5,5 dlgs
ely—3 algice Lagl S 5 g ol (s
(ol Gl oS sl pedlae Sl 5 (S
5 S Sy YU plSorinl s 4y ol 5
Y Jsb—o )l oS pls sl e (g mdgil s L3l
0=y 5l g Cmlany s (gl ot sloa 5 5l S0
g yiS g Cdbgiianl gl by Job—ws
sl Sy L s oS fo] ass e sl sy
e STy Jg—ib sLmog S 5 oS
Slad Cnj s 5 bt sl oLy

Sgty g0 Holw ol LS o 50,01, lacus)ls
392y Loy [Pl oyt 0 Lz o) Slae 5 (53555,

ol ale e S aie 8l sl Sy
Sleslawl e sl Mol L 5 Sla, ST sl

el Lo a8l —waige slocayls o

2 Extracellular Matrix

doddo

IS gl 22 ams g0 (b Sl owsigs
ol Bam g oad polae (3Ll (S35 ol slo e
51 ool b ospdcuml glacdl peey b 3lasl
ools al3dl 1) sl IS slacw ls anwg Coenl dacl
(oo T b gilwand b lacayls ol
L sho nled g iS5 ( Stz slp colie 60
D sl o oal 3

‘b_m.:)5j.5.” sisle L_';’LQL)“ﬂ) ‘wa)‘é ool 6‘).)
@ gomdw ol gleil g (SIS e ()0 S Sas-slexd]
29> e Ol da by ol Gle o g0
sl ypez I eolatul Gl (sislss, Jys Jdo
SUl slos yo )15 5 oo slo izl adgs (o)
5700 1 I V- PR B £ § IS OO S AP P
Sbwl Gl gy sl yordy 9 Lo J3s,00 0nl S
FB e pilasil g sl L Jale glacus)l
ale obcdl gilusl sl g wiS oo ool)8 1) ooy

1 Direct Ink Writing (DIW)



VFY

o g g olge

loged Sy b sy0m SIS S gty (al o
A0 51 G ool b sdee 2 08 VY asls
g O TRVl BE N DX WURERPLIL S0 ] R W
Jsb 5 gl Vom0 Lugie ol b lala sl
ags el (st U il e85 s ) g Sl wus
WG AY) Lagio J5SIge 35 b IS Jeivsly s,
ey AN Sdgyuee wops 5 (Uge 2 e e
390 lond Olge plo b (glu,s Soe oS8
LS 5 5 g sy alaslesl 4,8 gl eslinul
e el Jsbre 445 sl WD g SIS ptas
5 o aiby, shie O il s Fo 0 PVA 55 )+
Ovgemds 4z 0 e glod o cwoblione (o) o2 Cow
ClgiSy 5 Blas Jgloe b 0ys,§ o cels ¥ oo 4y
Vo il Sy ) il polie ¢ s 055 Jol>
S (35 A Ce) (Si9 20 Ve g ao )0 Ve o)
9 w2y Vo Ol 4 ok gl g (Cujels S
a5 ab adlol bolse a4y (Lo j9elS Sis (59 4 o)
Ol ol il 0y e BU1 sles jo celu ¥ Gas o
5o @iz polie P wyp Bue b basye
@l Pl s s A Kl b Cojeels A
5 S g @bt (oler s B 5l Cojenls
Sl Jglowe ol )3 285 plonil (6 pdycy o
Jolo S5 o8 Aol vo,o Ve cbale L S i
g 98 byl (yje8 (59) p Sebo o e @ Lo
o5 S gaw de Sl Getile Sy 4

) Nl Sl iganan Gl 4y ¢l
A oolazwl (Biox -Cellink, Sweden) Jow (gosmdw
pyare oS o ead ell s slajegr
Sled 53 G <IYF 56 5l oslanal b g ool ais
S Slxio 3, JSub LS Ve b 5 L
Mole Sigoar glr ool wial Sl bl
28 b jiegSen 000 b ¥er Bl b ot
Voo gles b gl gy ool slacan s () US2)
b a3 18 cele YF o 4 ugeadu 4z
Slosasl ly G 05d plal Ol o giluastis
ad IS oyl lalys s o

\ Q)Lo.fb A AJ?su‘).:‘ .\.CISBUP &L».«a u.o.’ul dolilad

Sl s s S lag )] cale ol o, an
Lt il L (685l g sl e i)
9 u‘)o Z—od )._.la.> ‘YL_; )g'ol_.ﬁ.o L) ool gy —
= Sl e Eg—dge il Bls 029 L8 Llola >
eonl s o S i ,.;L_; Sl oSS
Jolws an slows gl (S dgn 9o o s
4 PVA) S Jg (b wsiim slo ok ol )

Al 5 ol Jia0ee JSi5 o6 5l Sy e
» s epln 5l (Scwle (SO
ceb Jolo 95U LPVA oS 5 V] cadl g5l can)lo
5 Ogdien Campyls JFZS g Jodw (plSouinl Cogds
Gy 5 eS| IT Gl Sy 565 oS o093
U Alaw cuS 5 woles jo e o Ll 1 T Jlad
sbul el )57 (651 sz s SO SIPVA/ Pl
e g )5l Can) pdicy Pl &5 WS (s
2 oSl 4 g lmle calis b oS 5 onl ol
(ST T e g canlin  SilSe olgs o Jobo
5 il (Ko slo )5 lp Gituaal slan S
3 PVA 5 ol gb 5l colanwl aiwe) o sasis
2 oS @i palie Sl g p Sy Sl
ol o Ses g gl Bl Gla S
S el 4B 1B d>g 0550 S ew)le
L 0938l Glereas piSd 5l oolaiwl & Lo o iwgh
Gloas,s il 4T eas wilais sy sanS s ol
5 by B, WSh Bl ol ol
alllas (ol 09 (2l aslr jsba (s pdycn PO
Cte S ol Sl S L
5 il sleonlS sl /PVA Sle glluisd
Q@ G opl e S plulid 5 b)) Slikdes
2 e gladug)ls adg anlp gile age sl
O Hlade BT ouigdasazs § pdy o B Cany Slge
IR oo 50 lawls (nl plss o s LS



-2l oS )

1YY

sl gadiged | G pgai g cSle Jolp -) o

lSiws ol sl eslaznl b g Gl oS 5 jo 5l diges duw
Ol w5l aw g aslal lacw s (55, o o,kd
L glle 059 G20 s 5 Sy w2 O3
S5 dged 4w b pleil ASTM-F1635 o il
b lapT (g 9 odep leSe slaolail b s oS 5
O il (85 i U Jlosus gg5l 5 SOl oolan]
5 odls I3 Wlflas glacs sleay) o baiges o
O & diged 059 il Voo Glies 4 Sland 3L ol
Gly vgmds az 5 YV glos 0 ladiges g ol adlal
(SlaaaSy gloy o3l jo wul jgabge ol S Lo
5aw gl 59 oa ol Jslowe J2Is 5l laaiges
Dl 3 5 985 @ Seiail items o JalS a K
Lwa)ls 51 Se 2wy Ol G ln ol
[a] as eolizl

(@l =Y S8 cnl conlive BB aii b ooy 45 2
PVA 4 Jolu ol a5 s oo olis Sen jlizle ol
S Sl jga> g Ailoads cuS B Kue b pr
Gk @ ooy o (lierd ladian Sbml b 5
dals ol sl 00,8 S o ple (ol plxadl g
5B e sl lailas g cenl porade (g el AUl
$b Sld 5l (Sal jlews ojlail 4y cadl gl ced 00
Al odslie 00,55 I8, Jlasl &3 PVA L jlsle

SUPVA glacs s (559058590 aalllas jslaie 4
9 S35 95y Sn sl 31 B 5 Sl
Thermo Fisher/Phenom-Wor, Phenom XL G2 Juw)
el cpl a4 ol eolawl wile ol (Desktop
)...JGL.A Vo by Cod g adl VY. Sow 4 bbaw)ls
VeV 5Ly ot G g MaD ooy idigy Wb L
sbied (izes D 60 ppgal aiges I CdgslS
ey slacan)ls oled (w)p g plulid
» FTIR) a8 has b 58090k (oiwcirb
290 Uy EF L g Sesile p FeeeoFee ongacs
A oolazwl ¢ el

<l iz geil daaigad (sugh) 68, D3l Gl
Sid byl o g Gl gles ;o baaiges laml .ol plxl
5 1) 2o blapT adgl oz g wiad (x5
5 Wb jgabst shaie O 1o leaisel e 00,5 oo
8- b 5l e Gloj bl po i anlyd
badiges o loj o3l 2 ;5 28,5 )8 2bj)) 9,50 Cucles
gl mhaw jn g Jletwo b wad g)lb ol
bz lag] by (g 5 a8 Sid wdle 500
i adil 5 el SlSel gyl b (s Sosl
b s Ysb |, badiges g lsle o lul 5 gLl abis
wyed s gl b

gl Glee p oS Sl )l pslatee;
Lol b ooles sl VA sl 5155 (slacan o
MSE  Jaw) (wled a3gly (6,5 03lsl ofws 5l oolal
3 (PRO Standard Contact Angle Meter/Goniometer
shiie ol & A peexs ASTM D5964 o uslios] ol



'Fo

ol e i Lol Gl 5l g5l ol Gl g
ol ezs b e eSSl ploedl 5 04 oo
ool g Sauss el el :YW oogs
robas dslie (IS jobay gd oo (b SIS
3O ehn LS S Q‘}.“uo aS B3 o oLSEM
3l Cojels sl 6919& o2y b Laas
Lol sailo co (3L sl 5 ohiie i3 lo cmly slacdile
5 S35iom S5 o B Sl Sl I3 L
Lol ) wSee g ool b Gl o,
) G j5elS 56 03k S92 g sale sla b )l5S
oS lade S Caenl g0l Ciillae K (g9l
a1y olhe ol 5 camlio Jlislo b olge alss o
dLb)mbla d,d») p.o.la.u s&‘yc s./.»S).’ » °9>L° ""“SLS"
Sy o J36 S8 @)y s aibe gaman Gl
EF 3 ot SR (5185 AY 8l 5 va oS >
Lol pb (nl il 0500 ok 9l g (S CS 9
plxadl g 03,5 5ol (rdge Slaezs | Wlg s
DS eonlple sams Gl | canls s ksl
Sy Gise Kl ol kulid g olge oS5 Glejen
Pt
O bt GlaiSery (oLl jskaies
FTIR b 5051 PVAs sl 5l copuifd
die (S35 woyd ez Jeld (5jeelS sladises
A JS8) ad alol (oys Yo g Yo e o) S
Las ol plas Feee-fer em™ o5b o o Julow
5 Do 5o (2 JB Oless (S e 8
oadslis AF W e 7, datin laail Cosdse
€8y mizer g (S ol ale (loeg S jpa>
w)}a.oL{ o».\.:)Lw 6‘).>‘ uLvQ L:L».Ou.u) QSLQLJ“'SM)J

\ Q)Lo.fb A AJ?su‘).:‘ .\.CISBUP &L».«a u.o.’ul dolilad

35 (VYY) o,Kea g Panicker .(\-Y S ,o o yuld)
Oy &S Wled ST AIS 055 g S lan; saowp 5
Sype 4 oS g S al PVA 0 s
ko b SU gl p dtwgn 5 SS16SH by
Shwz g 502 zie8 () ] Qa2 oo JuSis
WS gSEM plai o a8 bl o el
3 oot LB S oasline B ilas sl glailas
20 (55900l e le (S LSe g ploes! il

Yo B sgam) i) | gt Jake o3l L
oV USS) al easlive digel mlaw jo (Slyass (as)o
5 o0 Jpy (o5 ghe deaises cnl 0 (&Y s
4 3900 0 FpSlie b b, el b ala i
Jolo 0 &) Sof Dlrexd 0gzg odimslis
Do ped 0 g 0l SO [Coo Gyl K
S > JAS j5be PVA 5 sl s aiile o
S ol 5l st alnle wsd i e
aS 05 o0 ol diged JHo b mhaw o So5 slaosys
gYang 5,155 b oes e lid 1) 51 il sled
bogie polie o K 0938 (Y-V+) ), Ken
Sl 5 ey (>l b 5 e (S ) e
B ol i gladiges 4 Caed SEM polas (o
9%@4940&_)&@&1“)1@45%‘0;&“
Conle o @ oy opl el 5B iolas el
3 g 1ot 455 o] Sl 5 i) (530,50
D] ses o £, PVA [ sk

Sl oo Ve 4y K Jaie a5 Sladiges o
Sy 5,801 5 i e Seal ol sl
S5 5 FSon sbedg uglal cnl o (Y S
ax b SG oga o] ojlasl a5 0 o canlive asile
OS] oy ez oaimolis osss cpl el 9,5



Pl oS S o

L

sty Ay TwoE £

Gy Ve b oo

V¥5

£ 1) w500 F108.0[um)

W5905 9 (Z) (Sl w050 Yo by glrdiges (@) (uiSad w030 10 b (slrdigos (W) (uiSd (y9uy (GLraiges -V JSLl

(9) (S

ol o S aal3l b aS o oomlie VYESVVY
b by alb cnl boe IR (g BB JSS 4
L sa> 5 cul (C=0) Jnn S 05,5 (o2iS il
Sl 5 JeSaS slaog)S o5y Sk ol s
e glaiiSly gy JuWia) 5, LuK
$U L PVA slooyezn 5 i ploe Ol
S5 s walsd (Ko e ol Bbios Sk
RO IRCHETNONT g CEY ISR TLE NSt RVEP Pl S per
Saslog,] loail> ool cdSul b L e slaail
cm? sga> g VY10 emt oasl o K
3l US54 S asps Gl L s 10
5B jeas daadlh ool ol aileads cuews
oaile 5 Ol B @ s oS Sl
o 4 aes ce lis g wiS oo a1 gy Bl L

GRS i aSeD b g9 Wam JeSis (e Soibeg)|
T I R SR PR TSR e S
5 $ai5elS CO-C laill wus s Juals
30 VbV Ye em! asl o GO clils)l
Sl aoys Yo g Ve ohigdy) iSd lilo sloaises
b S s ok b g o Sl o
GHsSelS sloog S LAl S e g sl

Sk @ baye b s Gifeee 9 oS
ol YFeo-YYe e em™ 4l 0 O-H iS00 oS
G by g Sad wil Gl (R W3 digas o
3o Sadign (28 DLaS 5 vgzg Kl a5 30
Lol PVA sl 5l JouS 5,000 sloog S (L
5wl rals Wb cpl ol (XS sy il
aS o e Hlid ey (pl 005 o Fogase ol slge
Sloign Sbml o (5 My Jsd slaey 5
5 03,5 &S Lie PVA 5 ol ol L wsoz S55,000
GalS 35290 i1 (laenSg 00 5l (Lisu i)
& il A O olgee e )l b
ol ces oS Gl Gmle e (el
Sl (V-V+) LKen o Yang sloasl L gillas
59938 el ol oamlice O—H o0 3 Wil o olie
Sedier Wb (nl (S 55y Cad Glels cel S
Ghals g wax Siguee sladigy S Silo oS
ColPVA [Pshs gl oSt 3 oliT (sla oSy s
Il
Cushi czge Geizes S aes Gl
om 4>l o SlaT C-H ol )| b s o claail
Jpa> & axgi b geoge opl .ul ool YAV --YAQ-
S «_i,';La”—l ozl & laie ‘_,,J.“.SJT LY PECH

emt 4l o ab psd o Fege bl oo plidizg



\FY

\ Q)Lo.f.'.v Al Al>‘u‘)al .\.CISBUP GL».@ u.o.’ul dolilad

Algndyd o 80 oy

5 A =K T
5 e leg T sl
>y \ =0 C-H O-H
C-0 |ebl - |
C-H,
o
1
Il
f '\
."II
4 TN . e yifh
. - =t | Ll s N e .\,.-"u‘,‘.‘ ."I“'|IIJ’
&
Ao ! Wee  Mee Mes (TP Y. oo ¥her  Ples FAee Teer fYer Thee Pl PAes

(em™®) ganons

cilisio oo )0 b g (Sl (9 9 PVA/ (Sl 9l slace j90ols FTIR (i Cinb - ¥ JSCo

Ol iz ol jtoy (S L pladised ogd e o
Ol saimo o s g el el ¢35 Somly
Olyeds SG i dpul l ool g (S weys S8
e ln el Slalpl OgalSe il Jele
g oo )5 o () slatejels (Susb,
ool e Sl e ganaie 5 4
owlgl (VYY) o) o Phansamarng slaassl
e 25 a4 PVA Cojqals o S ot
Sslr &5 pleaisal lply b e ol iz
9 S ol i Jola e ites (5 (S

DY sl g paanal O slsl £ 5

9.:L: ooy axsLus GLQg,JSJ»‘ ui u..\? 6[.@05.@)1 BN

Cubyl S g0 sloog,S Jlgld s 4 jlale
) oy iz St Ypane 5 o)l 2V Of i
Glsle &5 o8] jeax (F JSD) amo e olis
ol wd o Shee )18 (Sasdg s Lons 5 Seslag)]
Sl e oo i 1) Jols by 5 weo e SalS
Yol v 5h oeSd sy Sl b ol Gie cod )l
Shdg,on slaog 5 slass 2als 5l 56 Baes (2o)e
Syl W hSiS 5 JenSg)0en sloog,S Brae b

(T L g4

.

Tf.

T

Y r5

T The fTe fBe FAs BN

(erlu)gyg abat

PVA/ iyiSb= 3ok il (sl jopols’ O der s yo —F IS



c Pl S b e

2 Cenglie Sgrge g 4Bl alidl Geled gl (S jeelS
D] 58 oo vanline T G il

5 e Fske 56 b il Gogsil Jlo ol b
asly ol 3585 obld alS g (b (6551 et Gy
aS s e lid b iegh s ulidl |y el
3 hagte Gl Yaene caiipdol (S o958l
ULy odaas Mol S Ll i o sl ubad aus;
ORIP 0 5P G Wl ge eabogdg e ke
Jdo 4y plasl aslo PVA glacy ja.elS uled asgl;
Sl31 slaog 5 slaas rals ci s mlaw Ll is
GRIFl s (Giged Wem B BB JeSgyue
5 g 551 el 4 yomie a5 Sl (s (5 lgenls
2 Ssdiee Cugb; ply 5 (SauScuiles pls> Seute
oS 50538 b (YY) o), Kan 5 Tian asdllae o
gl &5 0 4 (SujeelS slapld PVA G 5ile o
Sl ooles gl 5 ad S0l 2g BB jsba g
ol mbs ol VI ws 5158 asje - 5l i
Qg oo celin polie ;o (uSd o> oS was
IB Ty pos s ol 3sai uly 50 Iy jamals Cusglie
lple iy g 1) gl (xhaw (el g e
5 Sl GmlBl Gl 65 ISl (eSS oyl
P50 wgmine PVA (glacy j5pals 5 Shos 0504

B .
-

- LT -
EAl ~
5
3
E N -
&
-
= g

V.

-]

[ ]

YFA

S Olgie 4 a5 adiged uled 4l O S 50

SrSell sl Gliee e 605 slagasls
5 S Sl [, S o s B il
oddlie .Cuwl ol &l Wl (geads (slacy jeelS
diged (wled aygly ¢S Jlade igli8l b a5 0gd o
o) en g Akshaya .0yl oo (ialS w9 yial38l Loz
s & wsilsh 5 olge s wis S S (FTD)
Losmd Ll 5 daaie JuSgpun slaog S 3529
b Ye 3502) mly Ysene oled argly Vb ohg o
Cdo o wal bl geasmoslii oS Canl (az )0 £
Sladsslse b 00,08 59,000 lavisn hS25 5 o
(Y-Y0) ol 5w 5 Guo slaslhas o VY] cudl O
g ol Cemgoo| SIS jsbas PVA ol a5 aidl o
Ivel Al oo a0 B0 3l S Yj,o.u ol ooled augl;
Gloail> oo 5 Sileg)l Cunle (S 3550 50
A b amlie o josdy s s 13, coge Jod
wsly slls oS @l V0] sgs 0 PVA 4 3ol
Sroeh omdle @ ol ol 5 cel st los
Gl 1) ol Qi ) CujealS (rbaw bl Wlgi oo
ailosls lzs (V- VF) o, Ko s Mobredi clalas oo

slcug)ls o i&J as iy smbEl Loas

{cuerya) ozt

PVA/ il ol iU (o jguols (polod gl -0 S



V¥4

@ depe @ abge Opgen Bold oSS
5 ol oy S5 Culed o g lawy LSl
2 e oS @Vl oS g5 Yaere il
L bl (Soleg,l el lyls S (blie
ey ogy00) 5l sl C-O-C 4 C-C polin slaign
@ aw PVA col jass’ g jsbay 0] o 55
Slgie wooye Gladisn Olie 5 gy 4z
axg JB gylul b e B4 bl e ool
ey 5B aw Gl eSS bl Gl b s
Ol Jolss (qwaigee it (UGl (el LSLe
o8 1) o e 5 9 Sl ol b
s g Hele gl Gl aS glaigSay o5l o
9 00,8 SaS Ll S8 4 S 0938 e
Ceoglin ;o 0diiS ynd (i PVA ol olaSls qodaws
-V Ler g Cao o,ls cojemals (gl oloj g
PVA 2559008 slacaus lo a5 wis S oaalin zasg 4
O Sladised b avslie )38 g5l Sk 9L L
wdboge ol Gpddss olys g ol d5i5 (S

DAL wols las 1) (O plp 5o s Saeglie i)

v < > .o

(1) oaddadly 5539

“ 4 4

3 ligno-nanocellulose

¥.
Gay) ol
S294bge 595 A+ 3l ur PVA/ Sl ok 9l (slac jgu0ls suilondly (459 oo —F S

Voslad o) ala oyl 2 5 gz aulio ezl aslilas

| 35 Sy islshe oo s @ sl 5l
Seslagyl il by oS a5 Il o was e Lial5d
Cxge g w3 oe Rl 1) e B 5 s pglie
039 4 W PVA 0900 uple (o )l
L oS g o e bliie VLAl a4z o 5 (J9Sse
el bis g @y oS e SOl g S Jass
Ol el (oS 5 a5 W e L b ules ol
FB o ol b placaaeels Wilgige oole au
(7 JS2) w8 g5 S
olpied 4w 2 PVA 5 (S g3l o g
L b bame o s colllb o) slosek
el Sglite )] a5 ety 5 meilSe el e o
A SPVA 5 (oS (sileke g (e b dlge
Sl g5 g @ Gl (S piyce Plen) kS,
(Se) Sy ady) S92y Lol (ol
et 3 Fhb e 5 Wb sk ol
5 e Sy o oolital 3500 glatajenlS
Foko 96 ol Cuotl Pl jamacans jlazms sbos )18
Glasisn o925 5 b gu,blel Jlsle s «




c Pl S b e

s oo lis s cpl ol Gl a8 S e
P SR M Sheldige peiS p odle (S &S
il s (Sisd 5 5, 5 oo 55 pelis
G aS sas e plid laasl (S jeba A
QL‘” JQLU da YoV (509 9Ana JJO&J@%
sk, L3> S el oleonds Ol sl
(hlie y3 oS pald 1) (e Sl Shy dse 5
wgly RIEl cage 4z ST (aoys Yoy VL polis
o Uy asis ploradl calBlas 50 olol o X
$U e Gy Slaemls (b o 1) S
64&&9.\ 6‘1.: L;WJL&JQ ey ob; J.».ti.: PVA/}JBLG
3> 2 Al 5 weis B Ll ey s
0delCewsds ol 4 axgi b ams oo &l C8L waige
A SHL 93 Lngu‘:;iLeﬂ oo | lalllae 50 Ogd o Slgiioy
9 2SS (St oy Jol) (So5eden sla o)
LUl G 0,8 plxl (aeaw)ls 55, » sl ples
ol ey o Ses 5 Bl b Shy le
e n e Ssd et oS jsba by joelS
Jeer 1) odb sboo IS 5o olaiwl el 4 5V

5k

&l
[1] Abdelaziz, A.G., Nageh, H., Abdo, S.M., Abdalla,
M.S., Amer, A.A., Abdal-Hay, A. and Barhoum, A.,
2023. A review of 3D polymeric scaffolds for bone
tissue engineering: principles, fabrication techniques,
immunomodulatory roles, and challenges.
Bioengineering, 10(2), p.204.
Baniasadi, H., Abidnejad, R., Fazeli, M., Lipponen,
J., Niskanen, J., Kontturi, E., Seppil4, J. and Rojas,
O.J., 2024. Innovations in hydrogel-based
manufacturing: A comprehensive review of direct ink

[2

—

writing technique for biomedical applications.
Advances in Colloid and Interface Science, 324,
p-103095.

Rossi, A., Pescara, T., Gambelli, A.M., Gaggia, F.,
Asthana, A., Perrier, Q., Basta, G., Moretti, M.,
Senin, N., Rossi, F. and Orlando, G., 2024.
Biomaterials for extrusion-based bioprinting and

13

[

biomedical applications. Frontiers in Bioengineering
and Biotechnology, 12, p.1393641.

=

O 58 lade oS ol las ety ol @l

Pl oberd L8, «(sigletise 10 (SloaiiS
FUPVA (lacejonsls (baw slaShs 9 usb)
)O aS O; W SEM J;9LAJ wr .0)‘0 /le.w
P Sueals L (S ol slaclale
9 ol Gl 5% sk 4 PVA 5 sl 5L 5 009
Q8L slrdiges o 1Syl a0 JSis (Sen
095 b oYL 5o S o) Vs gl b S
VeV oogaome ay X lade ioli8l b csls 1,3
S5 RIPl g (mdge gexd Sladilis (st o)
oo Jaas uL?m.:b ii,...: ‘nlzm.:l Lol 0l oomline c.la..)
axgi B sboosgs (oo Ye) pYL glacdale o oy
5 6B Ll gonmolis a5 wl LSas uKd
oliad s FTIR s el (5,5l S LS als
s S b LS| S By (oS 0330 a5 ol
sC=0 O-H slosil ;o jlo gme Slpesd 4 jonie aSly
9 O-H .)JL) LgL.e‘J u».:alf .)9.“‘54 s_iuLo9)—‘ L;Lboj)f
Otal8l goaimalis Silogyl 5 Jeise,S (slasils i
ol 5 G Ol o Sisyeee slavisn L
Yo g Ve hls ladiges jo Slyss ol ocewl (6 ey
bt 5L [Nl g 0o At (K] w0
ol ol Gdz seil @l el oogaza ol o yissd
3 b eoye Ylasl g PVA (gl il 0529 a5 olo
Sl iz Gl 5l ssbar GRS ol U
5 Sileg,l ople 5l Lol zals ol sals o laaiges
) Bpae izmen 5 oS p SOl L
el glaSes oSy 0 JeaSg s slaog S
sl S5 @lpl wlsiee S Jlade it (nlpln
O GosRl Wl Ce)s usb, L8, S
A as ol Al il 8 4 e peiored
Gl ) 5l s a4y C—L‘-‘-" Jila aals Gokdd L
ol polie b sladiges ;5 ol (s Cun g yra
Sl b Lol gy dgasme wled dygly s (S
sgbar wled apgly oy Yo g Ve 4 (S sy
ol Cis gleazil LSS a5 cly zalS ugese
5ol o s Gl g e Sles, T sl



VO

nanoparticles on mechanical, antioxidant and water
vapour barrier properties of glutaraldehyde
crosslinked PVA films. Polymers, 12(6), p.1364.

[12] Phansamarng, P., Bacchus, A., Pour, F.H.,
Kongvarhodom, C. and Fatehi, P., 2024. Cationic
lignin incorporated polyvinyl alcohol films for
packaging applications. Industrial Crops and
Products, 221, p.119217.

[13] Akshaya, S. and Nathanael, A.J., 2025. Influence of
amino silane-modified nanocellulose on the physico-
chemical and mechanical properties of alginate films.
Materials Advances.

[14] Guo, Z., Ma, Z. and Wang, D., 2025. Quantitative
rationalization of the unexpectedly moderate water
wettability of poly (vinyl alcohol) surfaces:
thermodynamic evaluation and prediction of surface
hydrogen bonding. Soft Matter, 21(13), pp.2548-
2557.

[15] Jiang, B., Jiao, H., Guo, X., Chen, G., Guo, J., Wu,
W, Jin, Y., Cao, G. and Liang, Z. 2023.
Lignin-based materials for additive manufacturing:
chemistry, processing, structures, properties, and
applications. Advanced Science, 10(9), p.2206055.

[16] Mobredi, K., Miranda-Valdez, 1.Y., Mékinen, T.,
Koivisto, J. and Alava, M.J.,, 2024. A simple
approach to produce hydrophobic biobased coatings
using methylcellulose and organosolv lignin. Soft
Matter, 20(28), pp.5607-5615.

[17] Tian, R., Liu, Y., Wang, C., Jiang, W., Janaswamy,
S., Yang, G., Ji, X. and Lyu, G., 2024. Strong, UV-
blocking, and hydrophobic PVA composite films
containing tunable lignin nanoparticles. Industrial
Crops and Products, 208, p.117842.

[18] Cao, X., Li, X., Wu, R,, Liu, B. and Lin, W., 2024.
Enhancing the performance of biodegradable lignin
nanoparticle/PVA composite films via phenolation
pretreatment of lignin using a novel ternary deep
eutectic solvent. Coatings, 14(12), p.1544.

\ Q)La..i) A &}Lu‘)—ll ~.\$l59u3> élLa..o u.a.?ul aolilad

[4] Norouzi, S., Shemshaki, N.S., Norouzi, E., Latifi, M.,
Azimi, B., Danti, S., Qiao, X., Miao, Y., Yang, S.,
Gorji, M. and Petrovic, V., 2024. Recent advances in
biomaterials  for tissue-engineered  constructs:
Essential factors and engineering techniques.
Materials Today Chemistry, 37, p.102016.

[5] Ajdary, R., Reyes, G., Kuula, J., Raussi-Lehto, E.,
Mikkola, T.S., Kankuri, E. and Rojas, O.J., 2021.
Direct ink writing of biocompatible nanocellulose
and chitosan hydrogels for implant mesh matrices.
ACS polymers Au, 2(2), pp.97-107.

[6] Yang, J., An, X., Yin, L., Lu, B., Lyu, X., Cheng, Z.,

Pan, G., Liu, H. and Ni, Y., 2024. 3D printing of

lignin-based supramolecular topological shape-

morphing architectures with high strength, toughness,
resolution, and fatigue resistance. Additive

Manufacturing, 95, p.104519.

Aitchison, A.H., Allen, N.B., Mitra, K., Abar, B.,

O’Neill, CN., Bagheri, K., Anastasio, A.T. and

Adams, S.B., 2024. Tunable alginate-polyvinyl

alcohol bioinks for 3D printing in cartilage tissue

engineering. Gels, 10(12), p.829.

[8] ASTM International (2021) Standard Practice for
Rubber IRM 901, IRM 902, and IRM 903
Replacement Oils for ASTM No. 1, ASTM No. 2, ASTM
No. 3 Oils, and ASTM No. 5 Oilc ASTM D5964-XX.
West Conshohocken, PA: ASTM International.

[9] ASTM International (2016) Standard Test Method
for Wear Testing of Polymeric Materials Used in
Total Joint Prostheses¢ ASTM F1635-16. West
Conshohocken, PA: ASTM International.

[10] Panicker, P.S., Agumba, D.O. and Kim, J., 2022.
High-strength, multifunctional, and long
nanocellulose hybrid fibers coated with esterified
poly (vinyl alcohol)—citric acid-lignin resin. ACS

[7

—

Sustainable Chemistry & Engineering, 10(30),
pp.10024-10033.

[11] Yang, W., Qi, G., Kenny, J.M., Puglia, D. and Ma,
P., 2020. Effect of cellulose nanocrystals and lignin



