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Abstract: A robust pathway to synthesize electrically conthkéchemicellulose hydrogels (ECHHS)
based orO-acetyl-galactoglucomannan (AcGGM) and conductivéiree tetramer (AT) is presented.
These ECHHs were obtained by functionalizing caytaied AcGGM with glycidyl methacrylate
(GMA) and subsequently covalently immobilizing Afito GMA. Hydrogel swelling ratios (SRs)
were regulated by the degree of substitution (CfShe carboxylated AcGGM, the maximum varied
as follows: SIBs=1.1£& SRys=06& SRys=024 The SR can also be tuned from 548 % to 228 % by
changing the AT contents from 10 % (w/w) to 40 %/wv while simultaneously altering
conductivities from 2.93x1bto 1.12x1¢. Free-standing ECHHs with tunable conductivity and

degree of swelling, as presented herein, haveadlpotential for biomedical applications.
Keywords: Hydrogels; Hemicellulose; Electrically Conducti&ayelling Behavior; Robust
1. Introduction

Polymeric hydrogels have defined a remarkable rekearea, mainly due to their wide range of
applications, such as matrix chemistry and biolddgythe removal of endocrine disruptors [2], media
for the delivery of substances in biomedicine [3nd scaffolds [4]. Hydrogels have potential in

biomedical applications due to their good bioconfpiély and ability to selectively mimic human
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tissues [1, 5]. Natural polymer-based hydrogelschswas those made from proteins and
polysaccharides, are widely used in injectable megying [6], controlled drug release [7, 8],
biosensors [9], and articular cartilage tissue megiing [10] because they are commonly
biocompatible, degradable, capable of promotingamiesion and proliferation, and immunologically
inert. Hemicellulose-based hydrogels are curreliyng acknowledged for their non-toxic and

renewable properties in addition to the advantagesitural polymers mentioned above [11-15].

The family of hemicelluloses is the second mostndlbint group of polysaccharides in the vegetal
world after cellulose, representing 15-35 % (w/v)hegher plants and wood [16]. The pendant
hydroxyl groups of the polysaccharide backboneroffenumber of possibilities for the chemical
modification of hemicelluloses and for the preparabf materials with new profiles that can increas
the utility of these biopolymers. The preparatidrbimmedical hemicellulose materials, such as bio-
sorbents and hydrogels, may be useful in key agpbics, such as heavy metal removal [17], drug
release systems, and tissue engineering [18, bBlgymnosperms, glucomannan is the major type of
hemicellulose in the secondary cell wall, wheris ialso believed to serve a structural functior].[20
Due to the abundance, the relatively high degreacetylation and the low molecular weightO-
acetyl-galactoglucomannan (AcGGM), in additiont®dolubility in water and in dimethyl sulfoxide
(DMSO) and dimethylformamide (DMF), it serves asatimactive renewable material candidate for
the design of hydrogels [13, 19]. AcGGM-derived togkls have recently been prepared by a
carbonyldiimidazole (CDIl)-assisted coupling reacticbetween AcGGM and hydroxyethyl
methacrylate (HEMA) followed by cross-linking of ethvinyl functional groups. Microspheres
prepared from AcGGM-based hydrogels and loaded wither a small hydrophilic substance
(caffeine) or a macromolecular model protein (beveerum albumin) showed controlled release in
vitro [14]. Furthermore, it was demonstrated thathithe pendant group composition and the enzyme
action are valuable tools in the tailoring of hygibrelease profiles for drug delivery [19]. A sariof
crosslinking chemistries for AcGGM-based hydrogeés also developed, and the resulting properties
of the AcGGM gels could be custom-built for a sfiegberformance [13, 21]. However, electrical

conductivity is rarely investigated in hemicelludederived materials, although conductivity features
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could promote polymer-cell interactions that woblkel useful in a wide range of applications in the
biomedical field. For instance, conductive promerthave been shown to support the attachment and
differentiation of neural-like cells with improvddteractions [22], and biomaterials with electrical

conductivity have the potential to be used in neegeneration [23].

The termconductive polymers (CPs)denotes organic polymers that exhibit similar props to those

of metals and inorganic semiconductors and areidered as the fourth generation of polymeric
materials [23, 24]. The explosive growth of reshama CPs is due to their interesting physical and
chemical properties, such as electrical condugtiglectroluminescence, and electrochromism, which
are useful in a number of practical applicationg}.,ephotovoltaic devices, light-emitting diodes,
electrochromic displays and biomedical devices P&, Polyaniline (PANi) and its derivatives are
the most commonly investigated CPs in biomedicajirerering. For example, porous tubular
scaffolds fabricated from blends of polycaprolaeto(PCL) and a hyperbranched conducting
copolymer show non-cytotoxicity with HaCaT keratigtes [26]. Guarino et al. demonstrated that
conductive PANI/PEGDA macroporous hydrogels imprdkie biological response of PC12 and
hMSC cells [23]. One drawback associated with theseductive composites is that the scaffold-
forming components (e.g., PCL and PEGDA) are noe@ble materials. In addition, PANi has poor
solubility in most solvents [27]. One approach temoming this predicament is to design aniline
oligomers with biodegradable and renewable ressi&®. Chen et al. developed new biodegradable
electroactive hydrogels with aniline pentamer g@ibnto gelatin [28], and aniline pentamer for sros
linking chitosan [29]. The preliminary study demstmated that these hydrogels have the potential to
be utilized in drug delivery and tissue engineerifie anticipate that electrically conductive
hemicellulose hydrogels (ECHHSs) could be obtaing@ddmbining a conductive aniline tetramer with
biodegradable and nontoxic hemicellulose. Therete@HHs provide a potential means to electrically
simulate cells and regulate specific cellular atigs to widely extend the applications of CPs in

biomedical fields, such as controlled drug relesse nerve regeneration.

Our aim is to develop a robust synthetic routeE@HHS by covalently attaching conductive aniline

tetramers to AcGGM-derived hydrogels. The introthrciof maleic anhydride, glycidyl methacrylate
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and conductive aniline tetramer into the polysaddeascaffold will alter the swelling ratio and é&ta
control over the hydrogel properties. Our aim igffer to regulate the conductivity by altering the

aniline tetramer content.
2. Experimental Section
2.1. Materials

Glycidyl methacrylate (GMA), triethylamine (TEA), ateic anhydride (MA), N-phenyl-p-
phenylenediamine, ammonium persulfate (INBOg), ammonium hydroxide (NJDH),
hydrochloric acid (HCI), dimethyl sulfoxide (DMSO)N,N-dimethylacetamide (DMAc) and
tetrahydrofuran (THF) were purchased from Sigmariéld and were used as received, unless
otherwise statedD-acetyl-galactoglucomannan (AcGGM) originating frapruce Picea abies) was
extracted from thermo-mechanical pulping (TMP) pssed water, purified and concentrated by
ultrafiltration (membrane cutoff 1 kDa), and lyomteld using a Lyolab 300 lyophilizer. The
carbohydrate composition of the AcGGM isolate wasriol % glucose, 65 mol % mannose, and 15
mol % galactose. AcGGM had a number average maleeubight (M) of approximately 7,500 g
mol* (DP ~ 40), a dispersity index®) of 1.3 and a degree of acetylation (g)Sof 30 %, as
determined by size exclusion chromatography (SEdliprated with MALDI-TOF according to a

published protocol [30].
2.2. Synthesis of Aniline Tetramer

Aniline tetramer (AT) was synthesized according foreviously described procedure [31]. Briefly, N-
phenyl-p-phenylenediamine (3.68 g, 0.02 mol) wasalved in a 150 mL mixture of acetone with 1
mol/L HCI (v/v 150:100) at 0 °C. Ammonium persuég®.12 g, 0.04 mol) in 100 mL of acetone/HCI
solution was then added dropwise to the solutiaer 80 min. A color change from green to dark blue
was observed, and the reaction was allowed to ptbéer another 2 h at 0 °C. The mixture was
subsequently filtered, and the filter cake was wdskith 1 M HCI and deionized water. The crude
AT was dedoped in 1 M N¥DH for 2 h and then filtered and washed with desediwater until the

filtrate was neutral. Finally, the AT (dark powdgigld 68.5 %) was lyophilized for 3 days.
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2.3. Synthesis of Carboxylated AcGGM (C-AcGGM)

C-AcGGM was prepared as previously reported [32Zhweome small modifications (Scheme 1). In
brief, 1 g of AcGGM (~ 5.7 mmol sugar units) wasstilved in 30 mL of pre-dried DMSO at 50 °C.
TEA (0.1 mL) and 0.14-0.58 g of MA (1.4-5.7 mmol25-1 eq) were added. The reaction mixture
was kept at 50 °C for 1 h. The reaction was queshtlyepouring the reaction mixture into 200 mL of
THF, and the solid residue was collected by cargefion. The product was washed with 300 mL of
THF and dried under reduced pressure. To investitia effect of the degree of substitution of MA
on the swelling ratio (SR) of the hemicellulose fogels, the precursor C-AcGGM polymers were
prepared with 0.25, 0.5 and 1.0 eq of MA and deahate C0.25-AcGGM, C0.5-AcGGM and C1.0-
AcGGM, respectively. The degree of substitution Y&s determined byH NMR spectroscopy.

Yield: 90-99 %.

Scheme 1. Proposed synthesis route of electrically condudtiemicellulose hydrogels (ECHHS).
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2.4. Preparation of ECHHs

ECHHs were prepared by a two-step reaction (ScHgméth varying feed compositions (Table 1). In
brief, 200 mg of C1.0-AcGGM was dissolved in 0.8 ofLDMSO followed by the addition of 60 mg
of APS and 100 mg of GMA. The mixture was degagsedr to the reaction. The cross-linking
reaction was conducted at 70 °C for 40 min. Subesetlyy the formed gel was purified in DMSO to

remove the unreacted residues. The gel was immeirsed DMSO solution with different



1 concentrations of AT and kept at 70 °C for 12 tofeed by washing in DMSO for 48 h. DMSO was

2 changed frequently (every 2 h in the beginninggrieure complete removal of unreacted AT. Then, a
3  H,O/THF mixture (v/v 1:1) was used to remove DMSQhdtly, the ECHHs were dried under vacuum
4  for 3 days.

5 The ECHHSs with 10, 20, 30 and 40 % (w/w) AT wer@@tated according to their equivalent of MA,

6 the addition of GMA and the % (w/w) of AT. As anaemple, C1.0-AcGGM/GMA/10%AT contained

7 200 mg of C1.0-AcGGM, 100 mg of GMA and 10 % (wi). A gel without AT was synthesized as
8 a reference sample and denoted C1.0-AcGGM/GMA. gdie prepared from C0.25-AcGGM, CO0.5-
9 AcGGM and C1.0-AcGGM polymers were used to invedgghe effect of the degree of substitution

10 of MA on the swelling ratio (SR) of the hemicellathydrogels.

11 Tablel. Feed compositions of ECHHSs.

Sample codes mol% of MA C-AcGGM (mg) GMA (mg) DMSO (mL) AT’ (mg)
C1.0-AcGGM 100 200 0.8
C0.5-AcGGM 50 200 0.8
C0.25-AcGGM 25 200 0.8
C1.0-AcGGM/GMA 100 200 100 0.8
C1.0-AcGGM/GMA/10%AT 100 200 100 0.8 33
C1.0-AcGGM/GMA/20%AT 100 200 100 0.8 75
C1.0-AcGGM/GMA/30%AT 100 200 100 0.8 130
C1.0-AcGGM/GMA/40%AT 100 200 100 0.8 200

12 * The amount of AT in 4 mL of DMSO.

13 2.5. Characterization
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'H NMR (400 MHz) spectra of AT, AcGGM and C-AcGGM Ipmers and*C NMR (400 MHz)
spectra of AcGGM and C-AcGGM polymers were obtainsohg a Bruker Avance 400 MHz NMR
instrument at room temperature with DM$8gas the solvent and the residual DMSO as the iatern

standardd=2.50).

Matrix-assisted laser desorption/ionization time flight (MALDI-TOF) was used to verify the
successful synthesis of AT. MALDI-TOF analyses wpesformed on a Bruker Ultraflex MALDI-
TOF mass spectrometer with a SCOUT-MTP lon SouBcakier Daltonics, Bremen) equipped with a
N, laser (337 nm), a grid-less ion source, and &ctdt design. The positive ion spectra depicted are
representations of the sums of 1000 laser shots.ifidtrument operated at an acceleration voltage of
25 kV and a reflector voltage of 26.3 kV, and tle¢edtor mass range was set to 60-1000 Da. Samples
were prepared by dropping 1t of samples (1 mg/mL DMSO solution) onto a steebrdinate

plate. MALDI data were collected and analyzed lbxAnalysis software (Bruker Daltonics).

FTIR spectra were recorded using a Perkin ElmerctBpa 2000 spectrometer (Perkin-Elmer
Instrument, Inc.) equipped with a single reflectiatienuated total reflectance (ATR) accessory
(golden gate) from Graseby Specac (Kent, UK). Fivik& used to verify the molecular structures of
AT, the AcGGM and C-AcGGM polymers. FTIR was aldtized to verify the successful coupling of
AT to the hemicellulose hydrogels. Each spectruns wecorded as the average of 16 scans at a

resolution of 4 cm in the range between 4000 and 600'cm

The water contact angle measurements of C1.0-AcGGB4,0-AcGGM/GMA and C1.0-

AcGGM/GMA/10%AT hydrogels films were measured usiagcontact angle and surface tension
meter (KSV instruments Ltd.). A drop of Milli-Q wext(5uL) was placed on the surface of the sample
and images of the water menisci were recorded digital camera. The contact angle of each sample

was taken as the average of four measurement8eredt points.

Size exclusion chromatography (SEC) was used termiate the molecular weight and dispersity
index ) of AcGGM and C-AcGGM [33]. The samples were amaty using a Shimidzu RID-10A

SEC equipped with a refractive index detector dmde PLgel 2Qum Mixed-A (300 mm x 7.5 mm)
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columns with an injection volume of 2Q.. Dimethylacetamide (DMAc) with 0.05 % (w/w) LiCl
was used as the eluent (0.5 mL/min). The measurismegre performed at 80 °C. The SEC system
was calibrated with Pullulan standards with molacweights ranging from 342 to 800,000 g/mol.
The samples were dissolved in DMAc (0.05 % (w/wgliby vigorous stirring and filtered (0.48n,
Millipore) before injection. LC Solution softwareoin Shimatzu was used for data acquisition and

calculations.

The swelling ratio (SR) of the hydrogels was deteen by immersing pre-weighed dry hydrogels in
buffer solutions (prepared from M#PO, and NaHPO,, pH=7.4) at room temperature. The weight
gain of the hydrogels was monitored gravimetricallya function of time. The weights of the samples
in the swollen state at different timeém,) were measured after gently removing excess vesielg

filter paper. The SR was calculated using Eq. \{jere ng denotes the weight of the samples in the

dry state:

me—mg

SR (%) = X 100 (1)

mo

For the thermal stability of the hydrogels, thermaagmetric analysis (TGA) of the samples was
performed using a Mettler-Toledo TGA/SDTA 851e. Appmately 10 mg of each sample was put
into a 70uL ceramic cup without a lid. TGA tests were conédctinder a nitrogen atmosphere (flow
rate of 50 mL/min) with a heating rate of 10 °C/nfiam 30 to 800 °C. The data were collected and

analyzed by Mettler STARe software.

The cross-section morphology of the hydrogels wiasenred by Ultra-High Resolution FE-SEM
(Hitachi S-4800). The samples were lyophilized aigint in small vials, cross-sectioned, attached to

the sample supports and coated with a 3 nm gokt.lay

The electrical conductivity of the 1 mol/L HCI-dapéydrogels was determined by the standard Van
der Pauw four-probe method (two reference probes,aunter probe and one working probe) [31,
34]. After doping, the hydrogels were thoroughlyedrin a vacuum oven for 48 h. Therefore, the

conductivity of the hydrogel was noffected by water content. Hydrogel pellets, with amkter of 2
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cm and a thickness ranging from 0.035 to 0.050 ware made by compression molding using a

pressure of 30 kN/frat 70 °C for 10 min.
3. Results and Discussion

Hemicellulose-based hydrogels are being developextd their biocompatibility, nontoxicity and
abundantly renewability [14, 23]. Aniline oligomeexhibit similar conductivity with improved

process-ability compared to metals and inorganmisenductors [27]. Therefore, a new family of
electrically conductive hemicellulose hydrogels HE®) was developed in this work by combining
O-acetyl-galactoglucomannan (AcGGM) and anilineateter (AT). AcGGM was carboxylated with
varying amounts of MA (C-AcGGM) to regulate the Himg behavior of hydrogels. The reaction
pathway was tuned to be robust so that it can dedaout under ambient conditions without
requiring inert atmospheres or dry conditions. agyamounts of AT were immobilized into the

hydrogels to provide conductivity and further regalthe swelling behavior of hydrogels.
3.1. Synthesis of AT

The successful synthesis of AT was verified by Nkt MALDI-TOF mass spectrometry. The
NMR spectrum of AT is shown in the Supporting Imi@ation (Fig. S1). There is a single peak at 5.53
ppm and no peak at 4.69 ppm, indicating that onky isomer exists in the DMSO solution [35]. AT
appeared as a peak at 366.36 m/z in MALDI-TOF rspsstra, which matched its chemical structure.

These results agree with previous reports [31, 35].
3.2. Synthesis of C-AcGGM Polymers

To achieve a facile and robust gelation, the hetysaccharide AcGGM was madified with MA
under ambient conditions to covalently immobilizeutdle bonds for subsequemt situ gelation. A
series of C-AcGGM with varying degrees of substitutof MA were prepared to tune the swelling

behavior.

ATR-FTIR spectra confirmed the structural compositof pure AcGGM and C-AcGGM polymers,

Fig. 1. Pristine AcGGM displayed the anticipatedQCstretching at 1730 chstemming from the
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acetylated pendant groups, a H-O-H deformationatibn of absorbed water at approximately 1643
cm’*, some alkane vibrations in the 1350-1480"amgion, and a hydroxyl band at 3000-3600'cm
Fig. 1A. In contrast, AcGGM modified with MA (C-AcG® displayed an increase in band intensity
at 1721 crit, attributed to the C=0 functionality of the esliekage. The peaks emerging at 1638,
1581 cnt and 950 cm were due to the C=C stretching and deformatiomatitns, verifying the
presence of vinyl groups in the modified AcGGM. Freak emerging at 1165 &nwas attributed to
the vibration of the methylene group in each sulgstl C-6 position. All results agree with our
previous reports [13, 32]. The intensity of thekseat 1721 and 1581 chincreased with an increase
in the MA content (Fig. 1B), indicating the sucdassoupling of MA to AcGGM. The intensity of
the peaks in the 966-1133 ¢mmegion (-C-O-C- vibrations from the sugar unit§osld remain
constant since there was almost no change for G-0ends during the reaction. Therefore, the ratio
(R) of the area of the peaks in the 1674-17786 pegion Que74.1779 to the area of the peaks in the 966-
1133 cn region Qees.113) reflects the grafting density (GD) of MA, which defined in Eq. (2). The
GD increased with the increase of the mole rativéf as shown in Supporting Information (Table

Ss1).

GD (%) = Rc—accem—Raccem % 100 2)

Raccem

AcGGM

CLO-AcGGM
C0,5-AcGGM
C0,25-AcGGM

C0,25-AcGGM

C0.5-AcGGM

3376

2883

_//\JR(_GG

T v v v ; v T T v v T T T T T T
4000 3600 3200 2800 2400 2000 1800 1600 1400 1200 1000 800 6 1800 1700 el 1500
Wavenumbers(cm ) Wavenumbers(cm ™)

Fig. 1. ATR-FTIR spectra of pure and carboxylated AcGGplitspectra (A) and overlay spectra (B)

of C-AcGGM normalized at 1816 ¢m

10
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'H and™C NMR were further used to confirm the successfuipting of AcGGM with MA and to
determine the degree of substitution (DS) achienele reaction (Fig. 2 and Fig. S2). Upon coupling
additional peaks originating from the double bootiMA appeared at 6.07 and 6.41 ppm, and a peak
corresponding to the protons from the C-6 positbnarboxylated AcGGM appeared at 3.10 ppm. In
the®C NMR, alkene signals were observed at 128.61 8248 ppm, while the carbonyls originating
from the ester and carboxyl groups were observed6at52 and 167.05 ppm, respectively. As
expected, a clear relationship between the DS haadimount of MA was found. As the degree of
acetylation for the AcGGM used was determined t60.8d30], the DS (the degree of carboxyl group
substitution) can be calculated by setting thetikedaintegral of the response of the alkene protons
(6.41 and 6.07 ppm) in relation to the integralhaf response of the acetyl protons (2.0 pphhe DS

increased with increased feed ratios of MA (Table 2

Table 2. Yield, number average molecular weight.}, dispersity index#)) and degree of substitution

(DS) of C-AcGGM polymers.

Sample codes Feed ratio of MA  Yield M, > M, °DS °M, °P
(FR) (%) (g/mol) (g/mol) (g/mol)

AcGGM 4 400 3.07

C0.25-AcGGM 0.25 99 8 444 7927 0.24 5 300 2.92

C0.5-AcGGM 0.5 90 8 669 8 364 0.60 6 050 2.67

C1.0-AcGGM 1.0 99 11 575 10 249 1.18.000 2.22

a

Calculated from feed ratio, taking the vyield int@onsideration, M= 7500x

(1+0.57xFRx98.06)¥ield. ° Determined byH NMR. ¢ Determined by DMAc-SEC.

11
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Fig. 2. '"H NMR (A) and**C NMR (B) spectra of pristine AcGGM and C-AcGGMDMMSO-ds.
3.3. Preparation of ECHHs

AT is a free radical inhibitor [36]; therefore, ngifree radical chemistry to incorporate AT into
polymers is not a viable option unless the NH-gimpAT are protected [37]. There is also a need to
deprotect the tert-butoxycarbonyl group in the pwdy by heating or by acidic hydrolysis, methods
that may cause an onset of the degradation of potymrides. To address this, we developed an
alternative route involving the introduction of GM&to the hydrogel network. This was followed by
chemical coupling of the AT segments to the networform ECHHs by reacting the amino group in
AT and the epoxy group in GMA. The hydrogels werepared in two steps: (1) using ammonium
persulfate to initiate polymerization of a mixtuweC1.0-AcGGM and GMA, and (2) immersing the
formed hydrogels in a DMSO solution containing wagy amounts of AT. Compared to the
functionalization of polymers with aniline oligonserusing N,N’-dicyclohexyl carbodiimide/4-
dimethylaminopyridine (DCC/DMAP) [38] or 1-ethyl{3-dimethylaminopropyl)carbodiimide
(EDC)/DMAP [39], the pathway presented here is motmust as there is no need to run the reactions

under an inert atmosphere or to perform tediouschrdhical-consuming purification procedures.

The hydrogel color changed from yellow to opaaqiter adding GMA and then to black after the

reaction with AT due to the color of AT (Fig. 3ntérestingly, the volume of hydrogels decreased in

12
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each step as a consequence of the hydrophobicenafUGMA and AT. The hydrophilicity of the
hydrogels was systematically investigated and ssudised in the next section. The formed ECHHs
were free-standing, indicating sufficient mechahiogegrity for soft tissue scaffold applicatiorisid.

3D).

Fig. 3. Hydrogels based on C1.0-AcGGM (A), C1.0-AcGGM/GMAB), and C1.0-

AcGGM/GMA/L10%AT (C), and free-standing C1.0-AcGGMIB/10% AT hydrogel (D).

ATR-FTIR was used to follow the formation of thds€HHs. The ATR-FTIR spectra of AT, C1.0-
AcGGM, C1.0-AcGGM hydrogel, C1.0-AcGGM/GMA hydrogahd C1.0-AcGGM/GMA/10%AT
hydrogel are shown in Fig. 4. The disappearandbepeak at 950 cicorresponding to the double
bonds (C=C) in the C-AcGGM polymer correlated vk crosslinking via radical polymerization. A
new peak at 903 cfmassigned to the epoxy group in GMA is evidentimve C. The epoxy peak
significantly diminished in curve D, while new peait 1580 cim and 1500 ci corresponding to the
benzene and quinoid rings in AT, appeared. All bése results demonstrated that the C-

AcGGM/GMA/AT hydrogels were successfully synthesize
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Fig. 4. ATR-FTIR spectra of C1.0-AcGGM (A), cross-linkedl.8-AcGGM hydrogel (B), C1.0-

AcGGM/GMA hydrogel (C), C1.0-AcGGM/GMA/10%AT hydret)(D), and AT (E).

To verify that AT was covalently attached throughthe bulk of the hydrogels, the composition of
C1.0-AcGGM/10%AT was assessed at different positidime ATR-FTIR spectra of the cross-section
of C1.0-AcGGM/GMA/10%AT hydrogels indicated thatetlcovalently attached AT-containing

hydrogel, C1.0-AcGGM/GMA/10%AT, had equivalent ATténsities (characteristic peaks at
approximately 1580 and 1500 ¢jnfrom the surface to the center and is therefammdygeneously

modified (Fig. 5).

AT
b
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Fig 5. ATR-FTIR spectra for the hydrogel with AT covalgnt attached, C1.0-

AcGGM/GMA/10%AT, at different positions through thgdrogels.
3.4. Thermal Properties of ECHHs

As the thermal properties of AcGGM and AT are dif, their thermal behavior yields information
about the composition of ECHHs. Therefore, therravignetric analysis (TGA) was utilized to
characterize thermal behavior (Fig. 6). For thedootive hydrogels, the degradation was a two-step
process. The largest weight losses for these hgtbamrcurred between 210 °C and 400 °C and was
dependent on the AT contents. This was attributethé decomposition of AcGGM and GMA. The
weight loss in the temperature range from 30 to Z1@vas due to desorption of incorporated water
and other low molecular weight species [40]. Althlowall samples were freeze-dried in the same
manner before the measurement, the water contentfaumd to be between 2 % and 10 % for all
hydrogels. The second mass loss occurred fromet60Q °C and is assigned to the degradation of the
AT segments linked to the hydrogel network, aftehich the weight loss of the C1.0-
AcGGM/GMA/AT hydrogels leveled off at temperaturefsapproximately 600 °C. As expected, the
thermal stability of the hydrogels increased witbreasing AT content in the hydrogel, which is most
likely due to the greater thermal stability of th& segments [40, 41]. According to the TGA curve,
the weight loss percentages of the C1.0-AcGGM/GMArhgel and ECHHs in the range of 210 to
600 °C are W and W;, respectively. The grafting amount of AT segmeits%) is defined by Eq.
(3), where Wy is the weight loss percentage of pure AT in thegeaof 210 to 600 °C, and W %

represents the weight percentage of the AT segommtected to the hydrogel:

W6 = “E2H x 100 3)

H

The theoretical and measured grafting amounts offésTeach hydrogel are listed in Table 3. As
anticipated, the AT contents calculated from TGAeavgightly lower than the theoretical calculations
due to the incomplete reaction of AT with the epgxgups in the hydrogel networks in the DMSO

solution.
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Fig. 6. TGA thermograms of AT and ECHHs.

Table 3. Conductivity and composition of ECHHSs.

Sample codes

Conductivity (S/cm)

AT content from TGA (theoretical)

C1.0-AcGGM/GMA

C1.0-AcGGM/GMA/10%AT

C1.0-AcGGM/GMA/20%AT

C1.0-AcGGM/GMA/30%AT

< 101C
(2.93+0.32)x106
(8.49+0.45)x10

(1.30£0.21)x1d

(0%)

5.2 % (10 %)

9.4 % (20 %)

18.7 % (30 %)

3.5. Conductivity of ECHHs

The electrical conductivities of the ECHHs withfdient contents of covalently attached AT were

determined after doping with an equal amount of dl/lmHCI via a four-probe method. The

conductivity of the hydrogel without AT was beloWwet detector limit of the instrument (< 10

S/cm),which indicated the hydrogel without AT hadtremely low or no conductivity. The

conductivities of the hydrogels with AT content®rfr 10 % (w/w) to 40 % (w/w) range from
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(2.93+0.32)x10 to (1.12+0.14)x186, respectively (Table 3). These conductivities iaréhe range of
what has previously been achieved [35, 42] ancdeguate for the transfer of bioelectrical sigmals
vivo due to the low micro-current in the body [35, 4B]is clear that the conductivities of the
hydrogels increased with an increase in AT contmd, therefore, the conductivities could be adfiste
by changing the amount of AT when formulating tlyelfogels. Conventional high molecular weight
conductive polymers have many practical problemtisisue engineering applications, such as poor
polymer-cell interactions, the absence of cellrat&on sites, hydrophobicity and poor solubiligb[
44]. Coupling electrically conductive AT with hyghailic, non-toxic, degradable and soluble
hemicellulose is a promising solution to overcorhe &forementioned drawbacks of previously
utilized conductive polymers.

3.6. Swelling Behavior of ECHHs

The swelling behavior is a key feature of hydrodedsause their applications typically rely on their
ability to absorb large amounts of water in a rdpaible fashion. The swelling ratio (SR) of the
hydrogels depends on the DS of C-AcGGM and the éitent (Fig. 7). Therefore, the SR could be
tuned to meet the requirements of specific apptioat The DS of MA proved to have a large effect
on the swelling properties of the hydrogels (Fig).7An increase in the amount of introduced MA to
AcGGM led to a decrease in hydrogel swelling. Treximum SR of the hydrogels varied as follows:
C1.0-AcGGM (DS=1.14) < C0.5-AcGGM (DS=0.60) < CORSGGM (DS=0.24). This is due to a

higher degree of cross-linking for the C1.0-AcGGMdiogels compared to the CO0.5-AcGGM

(DS=0.60) and CO0.25-AcGGM (DS=0.24) hydrogels. Tdresslinking density calculated from

swelling ratio is an important network parametar domposite hydrogels. The crosslinking density

(M,) was calculated according to Peppas et al. [44](8:

12 (19/‘,1)[ln(1—02_5)+192_5—;(1192,5] 4
A PEVERCER )
2,8 2

HereM,, is the number-average molecular weight of the mely chain (substituted acetyl-
galactoglucomannany;is the specific volume of the polymer, which isyéar with that of dialdehyde

konjac glucomannan [46], ~0.7 dfg; V; is the molar volume of the swelling medium (18dd6/mol
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for water); the Flory-Huggins interaction paramdsetween polymer and watgr, whichis similar
with that of guar gum [47]x;=0.4940; and the, is relative with swelling ratio (SR [46]. The
crosslinking densitiesM,., g/mol) of C0.25-AcGGM, C0.5-AcGGM and C1.0-AcGGMdrogels
were 346, 335 and 273, respectively. The resultsoistrated that the crosslinking density decreased
with the increase of the DS of MA. The decreaserisslinking density means less space for the
accommodation of water in the network of these bgdls, and decreases the flexibility of the
uncrosslinked polymer chain, further leading toeardase of the SR. The C0.5-AcGGM and C0.25-
AcGGM hydrogels became softer after 48 h of swelind did not retain their mechanical integrity as
well as the C1.0-AcGGM hydrogels. Therefore, thgetawere chosen for further investigations. A
remarkable difference is seen when comparing Ct@@M/GMA with C1.0-AcGGM hydrogels.
The SR of the former (758 %) is less than halthef 8R of the latter (1613 %) after 48 h of swelling
Additionally, the swelling of C1.0-AcGGM/GMA hydrets is much slower than that of C1.0-
AcGGM hydrogels. To clarify the effect of the hyghilicity of the hydrogels on SR, contact angles
were measured [48]. The contact angles of C1.0-AdGd C1.0-AcGGM/GMA hydrogels films
were 28° and 63° (Fig. 7B). It indicated that theaduction of GMA increased the hydrophobicity of
the hydrogels, which makes difficult to adsorb wa#dter coupling with 10 wt. % of AT, the contact
angle of the ECHH (C1.0-AcGGM/GMA/10%AT) increasaglto 75° because of the hydrophobicity
of AT, which resulted in a decrease in SR. The SR@hydrogels containing covalently attached AT
decreased with increasing AT content due to therdpftbbicity of AT. The C1.0-AcGGM/GMA
hydrogel swelled most rapidly and had the highdst(Big. 7C). Compared to previous reports on
other conductive hydrogels, the SR of ECHHSs ingfesent study with the same weight percentage of
AT are higher [31, 39]. This is most likely duette superior hydrophilicity of AcGGM compared
with chitosan [31] and GMA-polygtcaprolactone)-PEG-pol§(-caprolactone) [39]. Fig. 7D shows
photographs of cut pieces of C1.0-AcGGM, C1.0-AcGGMA and C1.0-AcGGM/GMA/10%AT
hydrogels in dried and swollen states demonstratitey volume increase following 48 hours of

swelling.
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Fig. 7. Swelling ratios as a function of time of the difat hydrogels (A and C); the water contact
angle of C1.0-AcGGM, C1.0-AcGGM/GMA and C1.0-AcGGBMA/10%AT hydrogels films (B),
and images of C1.0-AcGGM, C1.0-AcGGM/GMA and C1.6GGM/GMA/10%AT hydrogels (D) in

the dried and swollen state (48 h of swelling).
3.7. Morphology of The Hydrogels by Scanning Electron Microscopy (SEM)

The morphological changes of the hydrogels befatkadter swelling also provide information on the
swelling behavior of the hydrogels. SEM images afr@ss-section of the C1.0-AcGGM (A), C1.0-
AcGGM/GMA (B) and C1.0-AcGGM/GMA/20%AT (C) hydrogein the dried state (A-1, B-1 and C-
1) and the swollen state (48 h) after lyophilizati@g\-2, B-2 and C-2) are shown in Fig. 8. Before
swelling, all hydrogels had a compact structureileva homogenous macro-porous structure appeared
after 48 h of swelling, indicating that these hygils swelled in a homogenous manner. Interestingly,
the C1.0-AcGGM hydrogels had larger pores withriemwalls, which could absorb a larger amount

of water compared to the other hydrogels (C1.0-AMBGMA and C1.0-AcGGM/GMA/20%AT).
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This confirms and explains the findings concerrtimg SR where the C1.0-AcGGM hydrogels had a
high SR of 1613 %, while the SR dropped to 758 %Gt.0-AcGGM/GMA and to 468 % for the
C1.0-AcGGM/GMA/20%AT hydrogels. It becomes increagdy difficult for the water molecules to
penetrate through the thicker walls in the hydregehd an increased hydrophobicity also decreases
the SR. Therefore, the swelling rate of C1.0-AcGGydrogels is higher than those of C1.0-

AcGGM/GMA and C1.0-AcGGM/GMA/20%AT hydrogels.

Fig. 8. SEM images of the cross-section of C1.0-AcGGM (B),.0-AcGGM/GMA (B) and C1.0-
AcGGM/GMA/20%AT (C) hydrogels in the dry state (A-B-1 and C-1) and lyophilized from the

swollen state at 48 h (A-2, B-2 and C-2). Magnifima: x500.
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4. Conclusions

Electrically conductive hemicellulose hydrogels H4s) have been successfully synthesized by a
straight-forward and robust approach by introducthg conductive aniline tetramer (AT) into
hydrophilic, non-toxic, and biocompatible hemictdke networks. The ECHHs were prepared in two
steps: first, carboxylated AcGGM (C-AcGGM) was dised with GMA followed by a
polymerization initiated by ammonium persulfatecaad, the formed hydrogels were covalently
coupled with varying amounts of AT, which was homogously distributed throughout the network.
C-AcGGM hydrogels were synthesized with 0.25, Orfel 4.0 eq of maleic anhydride and had
swelling ratios (SR) of 2300 %, 2180 % and 1613réspectively. By increasing of the AT content,
the SRs were tuned from 548 % to 228 %, while siam@lously altering the conductivities by two
orders of magnitude. The ability to control botheflimg behavior and conductivity provides a wide

range of material properties able to meet the netdsny specific applications.
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1) A hydrogel materia based on hemicellulose with electrically conductive features was
synthesized and produced;

2) Renewable and functional materias for added-val ue were prepared by a macromolecular
synthetic technique by a straight-forward route;

3) Thesefree-standing hydrogels with tunable conductivity and controllable swelling behavior

have a broad potential for biomedical applications.
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A Robust Pathway to Electrically Conductive Hemicellulose Hydrogels with
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Fig. S1. The structural characterization of aniline tetraimeDMSO-d6 by *H NMR.
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Table S1. The grafting density of MA calculatedfrédTR-FTIR spectrum.

Samples mol% of MA As674-1776 Aoges-1133 R GD (%)

AcGGM 0 7.1879 74.3301 0.10 0
C0.25-AcGGM 25 10.5531 69.4246 0.15 50
C0.5-AcGGM 50 15.6706 66.0416 0.24 140
C1.0-AcGGM 100 21.2987 61.1921 0.35 250




