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ABSTRACT

Engineering composite biomaterials requires the successful integration of multiple feed-
stocks to formulate a final product for functional improvement. Here we engineered biomaterial
scaffolds to attenuate the fibrotic phenotype exhibited by high scarring (HS) patient-derived der-
mal fibroblasts (hdFBs) by valorizing lignosulfonate from waste feedstocks of lignin. We utilized
phenolic functional groups of lignosulfonate to impart antioxidant properties and the cell binding
domains of gelatin to enhance cell adhesion for poly(ethylene glycol)-based scaffolds. Highly ef-
ficient chemoselective thiol-ene chemistry was utilized for the formation of composites with thio-
lated lignosulfonate (TLS) and methacrylated fish gelatin (fGelMA) in the PEG(poly (ethylene gly-
col))-diacrylate matrix. Antioxidant properties of lignosulfonate was not altered after thiolation and
the levels of antioxidation were comparable to a well-known antioxidant, L-ascorbic acid, as evi-
denced by DPPH (2,2-diphenyl-1-picrylhydrazyl) and TAC (Total Antioxidant Capacity) assays.
Unlike porcine gelatin, f{GelMA remained liquid at room temperature and exhibited low viscosities,
resulting in no issues of miscibility when mixed with PEG. PEG-fGelMA-TLS composites signifi-
cantly reduced the differential of five different fibrotic markers (COL1A1, ACTA2, TGFB1 and
TGFB1) between HS and low scarring (LS) hdFBs, providing the potential utility of TLS in a bio-

material scaffold to attenuate fibrotic responses.

Keywords: antioxidation, fish gelatin, lignosulfonate, fibrosis, wound healing



INTRODUCTION

Reactive oxygen species (ROS) are generated in aerobic cells either as by-products dur-
ing mitochondrial electron transport or by oxidation of metabolites'. In mammalian cells, the most
common and of greatest concern are superoxide anion (O2"), hydrogen peroxide (H20-), and
hydroxyl radicals ("OH). Elevated levels of ROS, beyond normal physiological conditions, cause
cellular damage, oxidative stress, and DNA damage. While ROS is considered toxic agents to
disrupt cell division and induce apoptosis, ROS serves as signaling molecules when tightly regu-
lated and then are taken up by the cell**. Low levels of ROS have been shown to stimulate cell
proliferation in multiple cell types including fibroblast, macrophage, endothelial cells, and smooth
muscle cells®. In certain cases, the reduction of intracellular ROS levels leads to the decrease
in cellular proliferation and cell cycle arrest'"3. Thus, the critical balance of intracellular ROS is
of vital importance for cell survival with the increase in extracellular ROS most likely leading to
cellular apoptosis, unwanted intracellular signaling, and/or genotypic changes that can manifest
as phenotypic changes.

Lignin is one of the most abundant naturally occurring polyphenolic organic polymers,
ranging between 15 to 30% of cell wall content; while technical lignin is generated in vast quanti-
ties (approximately 45 and 2 million tons/year of kraft lignin and lignosulfonates, respectively) by
the paper industry with only ~2% being commercialized for dispersants, adhesives, surfactants,
or as an antioxidant in plastic and rubber''®. Due to the naturally occurring polyphenolic struc-
tures in lignin, the OH functional groups possess the ability to neutralize radicals, including those
present at a wound site’”'8. Increased interest into the antioxidant properties of lignin has spurred
a line of commodity products, such as sunscreen or biocomposites, all showing promising results
with very little interest into interactions with damaged tissue microenvironments. Recently, we
demonstrated the incorporation of lignosulfonate into the collagen matrix resulting in enhanced

mechanical properties while avoiding cytotoxic and immunogenic responses for use as in vitro



scaffolds or in vivo tissue repairs'®. To reduce the variation of biochemical and mechanical prop-
erties of lignin-based scaffolds, we attempted to utilize highly efficient, covalent crosslinking to
form composites that support tissue engineering applications. Here, we employed poly(ethylene
glycol) (PEG)/methacrylated fish gelatin (fGelMA) composites to assess the antioxidant capacity
of lignosulfonate. Although lignosulfonate and fish gelatin have not been widely used in tissue
engineering applications, their applications have been increasingly reported as a sustainable
source of engineered biomaterials?®2.

Utilization of fish gelatin is advantageous, compared to mammalian gelatin, due to public
health concerns (Bovine Spongiform Encephalopathy, foot-and-mouth disease, and swine influ-
enzas), religious conflictions (Muslim and Jewish communities), and the availability/underutiliza-
tion (about 50%-70% of freshwater processing are wasted)?**. A key difference between fish and
mammalian gelatins is a lower proline and hydroxyproline content resulting in a decrease in me-
chanical properties, altering the sol-gel transition temperature allowing fish gelatin to remain liquid
at room temperature®3'. Fish gelatin exhibits excellent film-forming properties and can form me-
chanically stable films that survive additional processing steps®**’. Methacrylation and thiol-ene
chemoselective chemistry offer a controllable crosslinking methodology to confer enhanced stiff-
ness, while gelatin still provides integrin binding sites for tissue scaffolds®. Thus, employing both
lignosulfonate and fish gelatin provides a sustainable feedstock while valorizing currently un-
derutilized waste products.

Here, we functionalize 3-mercaptopropionic acid to lignosulfonate to form thiolated ligno-
sulfonate (TLS) allowing conjugation of the lignosulfonate to diacrylated PEG (PEGDA) and

%940 is one of the most extensively utilized

fGelMA via thiol-ene chemistry. Thiol-ene chemistry
methods for high yields, experimentally straightforward methods, and having little to no byprod-
ucts*'**3. The reaction manipulates carbon-sulfur bonds that must use either base-catalyzed elec-
44-45

tron-deficient alkenes or by a radically initiated reaction with UV irradiation or thermolysis

Since neither PEGDA nor TLS provide cell adhesion sites, we formed composites with fGelMA



for cultures of patient-derived dermal fibroblasts. We characterized the functionalization, antioxi-
dant capacity and mechanical properties of PEG-fGelMA-TLS composites and the modulation of

fibrotic gene (COL1A1, ACTA2, TGFB1 and HIF1A) expression.

MATERIALS AND METHODS

Thiolation of sodium lignosulfonate

To produce thiolated lignosulfonate (TLS), sodium lignosulfonate (SLS, TCI Chemicals,
Cat#L0098, Lot#V5VJF-IC, >94% purity) was functionalized with thiol groups by acid-catalyzed
esterification (Figure 1). For thiolation, 1 g of SLS was dissolved in 10 mL of Milli-Q water in an
Erlenmeyer flask, then 1 mL of 3-mercaptopropionic acid (TCI Chemicals, Cat#M0061) and 0.1
mL of hydrochloric acid (Fisher scientific, 37% purity, Cat#A144S-500) were added to the solution.
The flask was purged with nitrogen gas and placed in an oil bath at 80°C. After 24 h, the flask
was removed and filled with 100 mL of isopropyl alcohol (IPA, VWR, Cat#700002-608) until the
TLS precipitated. The mixture was then transferred to 50 mL conical tubes, centrifuged at 4300
RCF for 10 min. The supernatant removed was removed and replaced with fresh IPA, which was
repeated two more times. After this washing step was completed, solid TLS was separated using

a Buchner funnel and vacuum dried for 24 h.

Ellman’s assay for quantification of thiolation

The degree of thiolation was determined using Ellman’s assay (5,5 -dithiobis(2-nitroben-
zoic acid) (Ellman’s reagent, Acros Organics, 99% purity, Cat#AC117540010), following the man-
ufacturer’s protocol. Briefly, the reaction buffer was made by dissolving 2.130 g of sodium phos-
phate (Acros Organics, Cat# AC204851000) and 43.5 mg of ethylenediaminetetraacetic acid
(EDTA, TCI Chemicals, Cat# E0084) in 150 mL of phosphate buffer saline (PBS, Fisher Scientific,
Cat# BP399-4). In an Eppendorf tube, Ellman’s reagent was dissolved in the reaction buffer to

create a 4 mg/mL solution. In separate Eppendorf tubes, TLS and SLS were also dissolved in the



reaction buffer. Using L-cysteine hydrochloride monohydrate (Alfa Aesar, 99% purity,
Cat#A10389-14) a serial dilution was prepared to create a standard curve. In separate Eppendorf
tubes, 125 L of either the standards or unknowns, 25 pL of the Ellman’s reagent, and 1.25 mL
of the reaction buffer were mixed. The solutions were then pipetted into a 96-well plate and incu-
bated at room temperature for 30 min. Absorbance was monitored at 412 nm and thiol concen-

trations were calculated using the standard curve.

Methacrylation of fish gelatin (fGelMA)

fGelMA was prepared by the reaction of primary amine in gelatin with glycidyl methacrylate
(GMA, Sigma, Cat# 151238)*. In 100 mL of DMSO (DMSO, TCI Chemicals, Cat# D0798), 10 g
of gelatin from cold water skin (fGel, Sigma, Cat# G7041) was added and stirred at 50°C for 30
min until the fGel is fully dissolved. Then, 4 mL of GMA and 0.6 g of 4-(dimethylamino)pyridine
(DMAP, Alfa Aesar, Cat# A13016) were slowly added to the fGel solution, followed by further
stirring at 50°C for 2 days. The reaction mixture was dialyzed against DI water at 40°C using
dialysis tubes (Spectra/Por 3, Spectrum™, 3500 Da molecular weight cut-off (MWCO)) for 5 days.

The dialyzed fGelMA solution was lyophilized over 4 days.

NMR spectroscopy of thiolation and methacrylation

The degree of functionalization of TLS was determined using quantitative nuclear mag-
netic resonance (NMR) spectroscopy with 'H and *'P NMR (JNMECZ400S 400 MHz, JEOL),
following the literature*’*®. Cyclohexanol was added as an internal standard for quantification
(145.0 ppm) for 3'P NMR. Comparing integrated peak area of the standard to areas of aliphatic
OH and phenolic OH, the degree of the functionalization was determined. '"H NMR spectrum of

fGelMA was acquired in deuterium oxide (D.O, Cambridge Isotope Laboratories, Inc., DLM-4-25).

Formation of PEG-fGelMA composite




PEG composites were formed by weighing out PEG-diacrylate (PEGDA, Laysan bio, Cat#
ACRL-PEG-ACRL-10K-5g), lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP, Cat# LAP,
Allevi), and TLS. The final concentrations of PEG and LAP were 40 and 5 mg/mL, respectively.
TLS concentration was varied based on molar ratios between the acrylate groups on the PEGDA
and thiol groups on the lignin, fixed at 1:0.5 (ene:thiol). To enhance cellular adhesion, 200 mg/mL
fGelMA and 5 mg/mL LAP solutions were added to the PEG solution. The optimal ratio of PEG to
fGelMA was 80:20 (v/v). Solutions were pipetted into custom molds and UV crosslinked using a

UV floodlamp (Intelli-Ray 400, Uvitron international) for 120 s at 10 mW/cm?.

Oscillating rheometry

Using a TA Discovery HR-2 rheometer, viscosity was measured in a flow ramp setting
(shear rate from 1 to 100 (1/s)) and with a 25 mm parallel plate. Using an 8 mm parallel plate,
storage (G') and loss (G") moduli of composites were determined by frequency sweeping from
0.62 to 19.9 (rad/s) at 2% strain. In addition, instead of evaluating stiffness at an arbitrary storage
modulus (often storage moduli are altered by axial stress applied during measurement), we eval-
uated the slope of axial stress vs compression, similar to evaluating Young’s modulus from the
slope of a stress-strain curve*. Axial stresses at 0, 10 and 20% of compression were determined,

while composite samples were subject to 2% strain and 6.28 rad/s frequency.

DPPH assay

The antioxidant activity of SLS and TLS was evaluated using the 2,2-dipehnyl-1-picrylhy-
drazyl (DPPH, Alfa Aesar, Cat# 44150) radical scavenging assay. Briefly, a 0.2 mM DPPH solu-
tion was prepared in 1:1 mixture of ethanol (Fischer, Cat# BP2818-500, 200 proof) and water
(Fisher, Cat# W2-4) since SLS or TLS is not completely soluble in ethanol. DPPH solution without

sample was used as the control. After incubating samples in darkness at room temperature for



30 min and 24 h with mild agitation of 150 rpm, the decreases in solution absorbance was meas-
ured at 517 nm using a Cytation3 (Biotek) spectrophotometer. L-ascorbic acid (Sigma, Cat#
A4403-100MG) was used as a positive control. Absorbance of all samples without DPPH was
subtracted to correct the background absorbance at 517 nm. The DPPH radical scavenging ac-
tivity (%) was calculated using the following formula: DPPH radical scavenging activity (%) = (Ac

— As)/Ac x 100 (%), where A is absorbance of control and As is absorbance of samples.

TAC assay (antioxidant activity assay)

The total antioxidant capacity (TAC) of SLS and TLS was confirmed by evaluating the free
radical scavenging effect using the Oxiselect™ TAC assay kit (Cat# STA-360, Cell Biolabs).
Briefly, all reagents and a uric acid standard were prepared following the provided protocol. Sam-
ples were prepared with the reaction buffer and the copper ion solution and allowed to react at
room temperature for 5 min. After 5 min, the quenching reagent was added and 100 pL was then
transferred to a 96-well plate. The uric acid standard curve was prepared following the provided
protocol and 100 yL was pipetted into the 96-well plate. Absorbance at 490 nm was measured
using a Cytation 3 (Biotek) spectrophotometer. Absorbance of all samples in the reaction buffer
was subtracted to correct the background absorbance at 490 nm. Using the linear regression from

standard curve samples, uric acid equivalent (UAE)/mL for each sample was calculated.

Cultures of patient-derived dermal fibroblasts

Skin tissue was collected from abdominoplasty patients who provided written informed
consent as part of a protocol approved by the Institutional Review Board of Texas at Baylor Col-
lege of Medicine (Approval # H-38187) in accordance with the Declaration of Helsinki. A biobank
of scar and matched normal uninjured skin tissue was obtained from abdominoplasty patients
controlled for sex, age, ethnicity, surgery type, indication, wound site, and comorbidities. These

skin tissues were grouped into low scarring (LS) and high scarring (HS) phenotypes based on the



evaluation of their existing C-section scars using Vancouver Scar Scale (VSS). Skin obtained
from patients with 1-3 score on VSS were categorized as LS phenotype (N). For each group, n=3
skin tissues were pooled. Only LS- and HS-normal (N) fibroblasts were used for cell studies and
two donor cell lines were used for each hdFB phenotypes. Both LS-N and HS-N human dermal
fibroblasts (dFBs) were maintained in DMEM (Cat# 10567-014-500mL, Gibco) supplemented with
10% fetal bovine serum (FBS, Cat# 35-015-CV, Corning), Penicillin/Streptomycin (P/S, Cat#
15140-122, Gibco), and antibiotic/antimycotic (anti/anti, Cat#: 15240-062, Gibco). Only passages
8-10 were used for studies and cells were harvested at around 80% confluency with TrypLE Ex-
press (Cat#: 12604-021, Gibco) application and pelleted at 350 g for 5 min. Supernatant was
removed and hdFBs were gently resuspended in cell culture media and counted. Media was

changed every other day.

Quantitative Reverse Transcriptase Polymerase Chain Reaction (QRT-PCR)

LS-N or HS-N hdFBs were seeded onto PEG-fGelMA-TLS composites at 50,000
cells/cm?. Cell culture supernatants were collected from all of the gels and control wells at 24 h
after culture initiation and stored in -80°C with protease inhibitor cocktail (Sigma). At specified
time points cell-seeded composites were removed and incubated with the application of TrypLE
Express (Cat#: 12604-021, Gibco) to generate a cell suspension. RNA was extracted following
the suggested procedure from the PureLink RNA MicroPrep kit (Cat#: 12183018A, ThermoFisher
Scientific). Extracted RNA was evaluated for quantity and purity using a Take3 Micro-Volume
plate (Biotek) and Cytation3 spectrophotometer (Biotek). cDNA was reverse-transcribed using a
High-Capacity RNA-to-cDNA kit (Cat#: 4387406, Applied Biosystems) following manufacturer’s
protocols. Primers for COL1A1, TGFB1 and GAPDH were purchased from Bio-Rad and those for
ACTA2 (ASMA, FOR: 5 ACCCACAATGTCCCCATCTA 3', REV: 5" GAAGGAATAGCCAC-
GCTCAG 3') and HIF1A (FOR: 5 GATGTAATGCTCCCCTCACC 3', REV: 5 CTTGATTGAGTG-

CAGGGTCA 3') were purchased from Millipore-Sigma. qRT-PCR was performed using Power



SYBR Green PCR Master Mix (Cat# 4367659, Applied Biosystem) in Bio-Rad CFX 384 Real-
Time system. Relative mRNA levels were calculated using the 2*2°T method and normalized to
GAPDH. The gene expression in 2D cultures was normalized to one of the two cell line and that

of 3D culture was normalized to PEG-fGelMA controls (without TLS).

RESULTS

Thiolation of lignosulfonate primarily functionalized aliphatic OH

The "H NMR spectroscopy of SLS and TLS (Figure S1, Supplementary Information) was
used to confirm the thiolation of SLS (Figure 1a). The appearance of a broad peaks corresponding
to the protons of the -S-CH»- group were centered between & 1.9-3.2 ppm. Furthermore, chemical
shifts for aliphatic-OH (& 2.8-4.3 ppm) were reduced when comparing SLS to TLS. To further
quantitatively confirm the extent of thiolation with a higher degree of specificity, we performed *'P
NMR spectroscopy.*’ Using *'P NMR, the chemical shifts of phenolic-OH and aliphatic-OH were
found as evidenced in Figure 1b. The chemical shifts at & 132.2 ppm was determined with the
product of TMDP (2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane) hydrolysis and the lignin
products as demonstrated in a previous report*’ since the lignin products do not contain any
phosphorous atom. The *'P NMR spectra show peaks at 145.6-149.8 ppm (assigned to phenolic-
OH) and at 144.4-137.6 ppm (assigned to aliphatic-OH) in Figure 1b. Quantitative analysis using
the internal standard (OH group of cyclohexanol) peak at 145.0 ppm with known concentration
allowed us to determine the degree of thiolation, where the changes of the integrated peak inten-
sity of phenolic-OH and aliphatic-OH before and after thiolation were 0.62 and 0.35, respectively.
These results further showed that aliphatic-OH groups were more actively involved in the incor-
poration of thiol than that of phenolic-OH groups, which would be advantageous to maintain anti-
oxidant capacity of lignosulfonate. Using Ellman’s assay, the incorporated thiol groups were quan-

tified, confirming that the thiol concentration was precisely controlled by tuning reaction stoichi-



ometry as evidenced by the thiol concentration of three different batches of TLS at different stoi-
chiometric ratios of SLS to MPA (Figure 1c). When compared to the SLS control, concentrations
of thiols were increased almost 20-fold without compromising batch to batch replicability. In sum,

TLS functionalization is tunable and primarily occurs at aliphatic OH groups.
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Figure 1. Schematic and assessment of SLS thiolation. (a) Thiolation of SLS to form TLS. (b)
¥IP NMR (in CDCl3) spectra of SLS or TLS via TMDP (2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxa-
phospholane) hydrolysis. (c) Thiol concentrations of TLS samples prepared under different stoi-
chiometry determined by Ellman’s assay. [MPA] is defined as the ratio of the mass of SLS to the
number of moles of MPA; **p<0.01, ANOVA Dunnett’s post hoc test, mean + standard deviation
(SD), n=3.

Antioxidant capacity of SLS was not altered after thiolation

To evaluate the antioxidant potential for SLS and TLS, we utilized two common assays to
assess antioxidation using DPPH (2,2-diphenyl-1-picrylhydrazyl) and the reduction of copper (Il)
to copper (I). We tested the extent of DPPH inhibition by SLS and TLS at multiple concentrations
from 1 to 5 mg/mL. As shown in Figure 2a, TLS showed significantly higher DPPH inhibition in
comparison to SLS and significantly lower DPPH inhibition in comparison to L-asc at all three
concentrations. In Figure 2b, similar trends were observed, but the difference between SLS and

TLS decreased. SLS also exhibited variability in the capacity of DPPH inhibition, which may be



due to incomplete dissolution in the mixture of ethanol and water up to 30 min at higher concen-
trations (Figure 2a). However, the variability is disappeared after 24 h incubation, indicating that
SLS is fully dissolved and radical scavenging groups are more available. In Figure 2c, TLS exhib-
ited higher TAC (reducing Cu®* to Cu") than that of SLS at 1 and 2 mg/mL. At 2 and 5 mg/mL,
TLS showed comparable TAC in comparison to L-asc. Apparently. TLS is a better scavenger than
SLS since thiols can also scavenge radicals. As evidenced in Figure 1b, thiolation occurred mainly
on aliphatic OH. These results support that TLS possesses a dual mode of radical scavenging

with phenolic groups of lignosulfonate and thiolated aliphatic chains of lignosulfonate.
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Figure 2. Independent antioxidant assays to assess radical scavenging capacity of TLS.
DPPH assay of SLS, TLS and L-ascorbic acid for (a) 30 min and (b) 24 h. TAC assays with the
same samples (c). *p<0.01, ANOVA Dunnett’s post hoc test, mean £ SD, n=3.

Methacrylation of fish gelatin yielded fGelMA with low viscosity at room temperature

Methacrylation of fGelMA was assessed using '"H NMR spectroscopy with D-O as a sol-
vent (Figure S2, Supplementary Information)**®'. Pristine fGel shows the peak at 3.0 ppm which
is assigned to proton of primary amine in lysine. Upon the reaction with GMA, the intensity of the
peak significantly decreased, indicating the disappearance of primary amine by the reaction. Sim-
ultaneously, the emergence of two peaks at 6.1-6.2 ppm and 5.7-5.8 ppm was observed, assigned
to protons of alkene in the methacrylate. The degree of the lysine functionalization was calculated
with integrated intensities of the peak of primary amine in lysine and the peak of phenylalanine at
7.2-7.5 ppm. The peak intensity of the phenylalanine was used as a reference to estimate the

degree of functionalization by comparing the peak intensities of lysine amine before and after the



reaction. In multiple performed reaction batches, the degree of functionalization was estimated at
least 77%. Using oscillating rheometry, we measured viscosity of fGelMA at 40 and 200 mg/mL.
As shown in Figure 3a, viscosities of fGel were 0.6 Pa-s (40 mg/mL) and 3.2 Pa-s (200 mg/mL),
while those of f{GelMA were 0.5 Pa-s (40 mg/mL) and 1.14 Pa-s (200 mg/mL) at room tempera-
tures. Due to such low viscosity at room temperature, we were able to form composites including
gelatin without adding acetic acid® or heating®® in the cases of applying porcine gelatin. As shown
in Figure S3 (Supplementary Information), the viscosity of porcine GelMA (180 mg/mL) was sev-
eral orders of magnitude higher than that of fGelMA (200 mg/mL). The reduced viscosity of
fGelMA observed at high concentration of 200 mg/mL can be attributed to the removal of impuri-
ties in fGel by dialysis after methacrylation or by the reduction of the amount primary amine group
which induces interchain interaction with carboxylic acid along the chains, instead of changes in

chemical nature of gelatin chains

The addition of TLS improved stiffness and compensated the reduction of stiffness by adding

fGelMA

PEG composites were prepared at a 1:0.5 ene:thiol ratio, with a PEGDA concentration set
at 40 mg/mL. We attempted higher ene:thiol ratios, 1:1 for example, but had issues with cross-
linking due to the ability of lignin to absorb UV light, which results in effective crosslinking of only
the surface region. With the maximal antioxidant capacity from TLS and the interference by higher
concentration of TLS (>5 mg/mL) during photo-crosslinking of PEG composites®, we applied TLS
at 5 mg/mL throughout our experiments.

To further delineate changes of mechanical properties upon incorporating TLS and/or
fGelMA, we measured G' (storage modulus, elasticity) and G" (loss modulus, viscosity) under
various conditions. Complete contact and certain axial force are required to measure viscoelas-
ticity using a rheometer. However, we often observed that altering axial force can result in different

G' and G”, thus we sought to extract a stress-strain curve from axial stress-compression data*.



As shown in Figure 3b, all G' were overlapped from around 0.3 to 0.5 kPa and G' and G" as a
function of compression did not show significant difference at different compression varying from
0to 0.2 (or 20%). When these data were put in axial stress vs compression (Figure 3d), the slope
yielded a modulus of elasticity and those values are summarized in Table 1. The incorporation of
TLS increased the elasticity from 5.5 to 7.3 kPa in the absence of f{GelMA, while the incorporation
of fGelMA decreased without TLS decreased the elasticity from 5.5 to 2.6 kPa. Once we added 5
mg/mL of TLS and 40 mg/mL of f{GelMA to 40 mg/mL of PEG, the stiffness of the composite was
increased to 4.2 kPa. This estimation is predictable, as evidenced by high R? values, and the
modulation of the stiffness of PEG composites is probably feasible by modulating the quantity of
TLS and/or f{GelMA incorporated. As shown in Figure 3c, loss tangent of all the PEG composites
varied in such a narrow range from 0.06, equivalent to 3.43 degree and indicative of covalently
crosslinked, highly elastic hydrogels when subject to angular frequency from 0.628 to 19.9 rad/s
at 2% strain. PEG exhibited highest loss tangent, while the incorporation of TLS conferred lowest
loss tangent and minimal changes throughout the range of frequencies we tested (PEG-TLS).
Incorporating fGelMA or fGelMA-TLS showed similar loss tangent and levels between those of

PEG and TLS.

Table 1. Elastic modulus estimated by the slope of axial stress vs compression.

Slope (Elastic modulus, kPa) Intercept (kPa) R?
PEG 55 0.2 0.9422
TLS (PEG-TLS) 7.3 0.4 0.9512
fGMA (PEG-fGelMA) 26 0.4 0.9585

fGMA-TLS (PEG-fGelMA-TLS) 4.2 0.4 0.9760
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Figure 3. Assessment of rheological properties. (a) Viscosity of fGel (before methacrylation)
and fGMA (fGelMA, after methacrylation) at 40 and 200 mg/mL. (b) Storage (G') and loss (G")
moduli of PEG (40 mg/mL), TLS (PEG 40 mg/mL and TLS 5 mg/mL), fGMA (PEG 40 mg/mL and
fGelMA 40 mg/mL, 4:1 (v/v)) and fGMA-TLS (PEG 40 mg/mL and fGelMA 40 mg/mL (4:1 (v/v))
with TLS 5 mg/mL) at compression varying from 0 to 20%. All composites were crosslinked with
5 mg/mL LAP. (c) Loss tangent (8) of the PEG composites from 0.62 to 19.9 rad/s.(d) Axial
stresses were plotted against compression varying from 0 to 20%. Details of trend lines are sum-
marized in Table 1. Mean + SD, n=3.

fGelMA conferred attachment of hdFBs to PEG composites

fGelMA was added to the PEG-TLS precursor solutions and cast prior to UV crosslinking
to synergistically enhance cell attachment of hdFBs. Stock solutions were prepared for PEG and
fGelMA at 50 and 200 mg/mL, respectively, and mixed at different volume ratios. The amount
added was varied (Figure 4a-d) to introduce the minimal amount of fGelMA not to interrupt the
antioxidation by TLS while maintaining the biophysical properties by PEG. As expected, PEG-
only composites showed minimal cell attachment (Figure 4a). Increasing fGelMA further resulted
in enhanced cell attachment with an 80:20 mixture exhibiting a hdFB monolayer across the sur-

face of the composite (Figure 4c). While a 50:50 (Figure 4d) provided more binding sites for cell



attachment, the distribution of hdFBs was less homogenous than that of the composite with 80:20

mixture.

PEG-fGelMA-TLS composites significantly altered the expression of fibrotic markers.

The goal of the current project was to test the antioxidant capacity of TLS in an engineered
scaffold for tissue repair. Thus, we tested the alteration of fibrotic gene expression (COL1A1,
ACTA2, TGFB1 and HIF1A) by the PEG-fGelMA-TLS composites after 24 h. As shown in Figure
4e, all the fibrotic markers showed that the expression of each marker from HS hdFB was signif-
icantly higher than that of LS hdFB. When hdFBs were maintained on PEG-fGelMA-TLS scaffolds,
the difference between two different hdFB cell lines was largely reduced. The expression of
TGFB1in HS by PEG-fGelMA-TLS composites was significantly different from that of LS in normal
tissue culture while the difference between LS and HS by PEG-fGelMA-TLS composites were not
statistically significant. These results elucidate that PEG-fGelMA-TLS composites were able to
remove the differential of hdFB responses associated with fibrosis over 24 h, which could be

beneficial to enhance the proliferation of HS hdFBs for regenerative medicine applications.

LS s Hs %" Is Hs Ls Hs * S Ls Hs [S HS
TLS TLS TLS TLS TLS TLS TLS TLS

Figure 4. Attachment of hdFB to PEG composites and the modulation of fibrotic markers
by TLS composites. Different ratios of PEG:fGelMA (v/v) composites (a) 100:0, (b) 90:10, (c)
80:20 and (d) 50:50, seeded with hdFBs for 48 h. Scale bar, 1000 ym. (e) LS and HS hdFBs were
maintained in normal 2D cultures, while TLS denotes LS and HS hdFBs were cultured on top of
PEG-fGelMA-TLS composites. Each hdFB phenotype contains two different donor hdFB cell



lines. LS or HS, n=2, meantSD; LS TLS or HS TLS, n=3, meantSD. ANOVA Dunnett's post hoc
test, *p<0.05 and **p<0.01.

DISCUSSION

The novel nature of our presented composite comes from the utilization of lignin. Lignin is
produced as a waste byproduct from the pulping industry and has been underutilized given its
high aromatic density®>°. Of several routes of integrating biomaterials into a scaffold, we used
thiol-ene chemoselective chemistry®**° to functionalize nanometer-sized SLS, which is exten-
sively used for experimental simplicity with essentially no byproducts*'*3. Our previous work
showed that SLS contributed to stabilize mechanical properties of collagen type | matrix via phys-
ical mixing'®. To further enhance stability of incorporated SLS in a matrix, we thiolated SLS tar-
geting aliphatic OH for chemoselective crosslinking while preserving phenolic OH for its antioxi-
dant capacity (Figure 1). Then, TLS was easily conjugated to acrylated PEG and fGelMA via thiol-
ene click chemistry. The resulting composites provided a platform for presenting antioxidation
without the concern for burst release that plagues current technologies such as nano- or micro-
particles or antioxidant solutions. There are numerous different methods and assays to evaluate
the antioxidant capacity of different biomaterials. The antioxidant capacity of lignin has been ex-
tensively researched using different assays'/, including DPPH, ABTS (2,2-azinobis-(3-
ethylbenzthiazolin-6-sulfonic acid)), total phenolics content (TPC) and trolox equivalent antioxi-
dant capacity (TEAC)'""®. In our work we chose the DPPH and TAC assays as they evaluate
antioxidant capacity in different ways and are widely used in literature. Using both assays, we
confirmed the notion that TLS provides a dual mode of scavenging via preserved phenolic OH of
lignosulfonate and thiol that was preferentially functionalized on aliphatic OH of lignosulfonate
(Figure 2).

To confer cell attachment, we mixed fGelMA with PEG-TLS precursors. Compared to por-

cine GelMA (pGelMA), fGelMA was readily miscible in aqueous solutions without the need for



additives or temperature changes. Previous literature combined PEG with pGelMA but found sig-
nificant phase separation due to immiscibility. The addition of acetic acid mitigated the phase
separation issue® or heating to 40°C to prevent gelation®’. As evidenced by viscosity measure-
ment, no additives or heating is required to form PEG-fGelMA-TLS composites, otherwise which
would adversely impact cellular functions by damaging cell membrane or cytoplasm. Our investi-
gation supports the notion that TLS and fGelMA can be reliably integrated into widely used PEG
hydrogels to test cell behavior.

To delineate the changes of stiffness by incorporating functional units, TLS for antioxida-
tion and/or fGelMA for cell attachment, we plotted axial stress vs compression to extract stress-
strain curves. This method was employed to assess rheological properties of colon cancer tis-
sue*®. While oscillating rheometry is useful to evaluate rheological properties, assessing axial
stress and the controlled gap between the top geometry and the bottom plate allowed us to eval-
uate the modulus of elasticity in a different way.

In addition to the antioxidant capacity of TLS, we were able to verify the attenuation of
fibrotic markers (COL1A1, ACTA2, TGFB1 and HIF1A) by PEG-fGelMA-TLS composites (Figure
4e), where the levels of these markers are indicative of the extent of fibrosis. As a major compo-
nent in collagen type I, COL1A1 has been implicated in the overproduction of collagen and there-
fore increased fibrosis®®. Furthermore, the comparison of fetal wounds (low scar formation) to
adult wounds (high scar formation) shows an elevated ratio of collagen type | to type Ill for adults
while fetal patients have the opposite®*®. Elevated ACTA expression is due to differentiated my-
ofibroblasts which can be responsible for excess granulation tissues and fibrocontractive dis-
eases. The differentiation of fibroblasts to myofibroblasts is due to mechanical stressed but is
controlled by TGFB1 expression. During the wound healing process, both ACTA7 and ACTAZ2 act
by contraction of the surrounding environment. Chronic or excessive contraction ultimately leads
to deformation of the surrounding ECM network thus leading to further complications with the

wound healing process or contracture, the permanent deformation of tissue®'. Because the ACTA



promoters contain a TGFB1 receptor, elevated TGFB1 expression will lead to elevated expression
of both ACTA1 and ACTAZ2 leading to either a reduced healing or malformed healing process®*
8 The interaction of TGFB1 with fibroblasts is critical for wound healing process, particularly dur-
ing the proliferative phase®'. Overexpression of TGFB1 ultimately leads to excess scar formation
and reduced wound healing capacity. Additionally, adult wounds were found to contain higher
expression of TGFB1 when compared to fetal wounds, low scarring pheotype®°¢. HIF1 regulates
cell apoptosis and adapts to aid in cellular survival. The particular subunit, HIF1A, is regulated by
oxygen and therefore under normal conditions is readily degraded. With a wound site being under
hypoxia the expression of HIF1A will steadily increase until remediated®”. Furthermore, excessive
buildup of HIF1A can also be found in patients with keloids and scleroderma tissues, when com-
pared to the expression in normal skin®®.

Several studies showed that the application of biomaterials in the absence of antioxidation
resulted in significant increase in the fibrotic markers and tissue fibrosis. Injectable PEG-hyalu-
ronic acid (HA) biomaterials encapsulated adipose-derived stromal cells and were subsequently
delivered to a mouse model of diabetes (6-8 Week old Sprague Dawley) and showed significant
increase of TGFB1 at days 1 and 4 along with significantly higher levels of aSMA in hydrogel

1°°, while it is not clear if the PEG was re-

treated wounds after 21 days compared to the contro
sponsible for the increase in TGFB1 and aSMA or if it was the addition of HA to the composite or
both. In another study fibroblasts were encapsulated in a PEG-block-poly(L-alanine) composites
for enhanced wound healing applications’™, which elevated the expression of COL1A71 and
COL3A1, compared to Matrigel. When injected in vivo, the rate of wound closure was significantly
increased with improved epithelialization and the formation of epidermis, hair follicles, and seba-
ceous glands compared to saline control. When porcine valvular interstitial cells were encapsu-
lated in MMP-degradable PEG hydrogels, addition of TGFB1 significantly increased the expres-
sion of ACTA2 and COL1A1 by day 2”". A PEG/gelatin composite with covalently bound elastin

increased a 19-fold increase of COL1A17 but a significant reduction in the expression of ACTA2



over 9 days in culture’. While the rate of expression is not directly comparable, these data indi-
cate that the incorporation of TLS modulates the expression of COL1A7 and ACTA2 much faster

than biomaterial composites without antioxidant capacity.

CONCLUSIONS

We sought to develop a precise and targeted method to formulate consistent composites.
Thiol-ene click chemistry was utilized to synergistically form PEG-based TLS composites in an
attempt to address the previous concerns over long-term stability. Thiolation of SLS was tailorable
and resulted in an efficient method evaluated through NMR spectroscopy. When using two
uniquely different assays to observe the antioxidant capacity or scavenging potential, TLS exhib-
ited more scavenging potentials than SLS due to the preservation of phenolic component of SLS
and thiolated aliphatic chains of SLS. Due to the anti-adhesion nature of PEG, we introduced
fGelMA as a natural agent to enhance cell adhesion. Addition of fGelMA significantly increased
cell adhesion of hdFBs with no phase separation of precursors. When cultured with hdFBs for
24h, PEG-fGelMA-TLS composites were able to reduce the expression of key fibrotic genes in
HS cells to that of LS cells. Consequently, the engineered PEG composites can be utilized as a

cell culture platform utilizing lignosulfonate for enhance wound healing applications.
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SUPPLEMENTARY METHODS

Svynthesis of methacrylated porcine gelatin (pGelMA)

In a scintillation vial, 1.0 g of porcine skin gelatin (Type A, MP Biomedicals, Cat#901771)
is dissolved in 10 mL Phosphate Buffer Saline (PBS) at 50°C. Additional 0.1782 g of 1-Ethyl-3-
(3-dimethylaminopropyl) carbodiimide (EDC, TCI, Cat#¥D1601), 0.1070 g of N-Hydroxysuccin-
imide (NHS, TCI, Cat#H0623) were dissolved in 2.0 mL of dimethyl sulfoxide (DMSO, MP Bio-
medicals, Cat#196055). Next, 0.1 mL of methacrylic acid (MA, Acros Organics, Cat#1683-2500)
was added, dropwise, to the DMSO solution, a stir bar was added, and placed into an oil bath at
40°C for 30 min. After 30 min, MA solution was added, dropwise, to the gelatin solution with a stir
bar. The GelMA solution was placed into the oil bath at 50°C for 1.5 h. This reaction introduces
methacryloyl substitution on the amine of the amino acid residues of gelatin. Once the reaction
was completed, GelMA was placed into dialysis tubing (Spectra/Por 1 Dialysis Membrane, 6-8
kDa, Cat#132655T), then placed into a beaker with Milli-Q water (>18.2 Q-cm), and then onto a
hot plate at 40°C for 1 week. Water was exchanged twice a day for the entire duration. Dialysis
allowed for the complete removal of the low-molecular-weight impurities (including unreacted MA
and MA byproducts and DMSO), which are potentially cytotoxic. Finally, the dialyzed solution was
lyophilized (Freezone Model 77530, Labconco) for 3 days and stored at 4°C until use. The degree

of substitution was calculated using "H nuclear magnetic resonance (NMR), yielding about 87%.



SUPPLEMENTARY FIGURES
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Figure S1. 'H NMR spectra of SLS and TLS. 'H NMR spectra were normalized with the peak of
& 5.6-8.2 ppm, which is for aromatic proton. In comparison with the SLS, '"H NMR spectrum of
TLS roughly confirmed the functionalization by the appearance of a broad peaks that corre-
sponded to protons of CH, groups adjacent to thiol (& 1.9-3.2 ppm). The chemical shifts for pro-
tons in aliphatic groups (6 2.8-4.3 ppm) reduced after the functionalization.
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Figure S2. Assessment of the methacrylation of fGel. '"H NMR spectra of pristine fGel and
fGelMA in D>O. The incorporation of methacrylate was confirmed by the decrease in the signal
from the primary amine of lysine and the emergence of the signal from alkene in the methacrylate.
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Figure S3. Comparison of viscosity of fGelMA to that of pGelMA. The viscosity of pGelMA at
180 mg/mL and fGelMA at 200 mg/mL was measured by oscillating rheometry. pGelMA at 180
mg/mL is the highest concentration that can be prepared in liquid.



