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ABSTRACT: We report the use of phenolic functional groups of o \ o

. . .. . T il oz SH - 4

lignosulfonate to impart antioxidant properties and the cell binding HO™ " sH 4 S /A? s’ 4
HCI/H,0

domains of gelatin to enhance cell adhesion for poly(ethylene High scarring  Low scarring

glycol) (PEG)-based scaffolds. Chemoselective thiol—ene chem- -~ - dermal FB dermal FB
istry was utilized to form composites with thiolated lignosulfonate sLS TLS g ol s
(TLS) and methacrylated fish gelatin (fGelMA). Antioxidant Thiolation of > CE
properties of TLS were not altered after thiolation and the levels of lignosulfonate 4GRS SRS .
antioxidation were comparable to those of L-ascorbic acid. PEG- (TLS) Antioxidation

fGelMA-TLS composites significantly reduced the difference in conferred by TLS

COL1Al1, ACTA2, TGFBI1, and HIFIA genes between high-
scarring and low-scarring hdFBs, providing the potential utility of TLS to attenuate fibrotic responses.

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

Reactive oxygen species (ROS) are generated in aerobic resulting in a decrease in mechanical properties, altering the
cells either as byproducts during mitochondrial electron sol—gel transition temperature allowing fish gelatin to remain
transport or by oxidation of metabolites." Although ROS are liquid at room temperature.'” "’ Methacrylation and thiol—
considered toxic agents to disrupt cell division and induce ene chemoselective reaction offer a controllable cross-linking
apoptosis, ROS serves as signaling molecules when tightly methodology to confer enhanced stiffness, whereas gelatin still
regulated and then are taken up by the cell”™* Thus, the provides integrin binding sites for tissue scaffolds.”” Thus,
critical balance of intracellular ROS is of vital importance for employing both lignosulfonate and fish gelatin provides a
cell survival with the increase in extracellular ROS most likely sustainable feedstock while valorizing currently underutilized
leading to cellular apoptosis, unwanted intracellular signaling, biological materials.
and/or genotypic changes that can manifest as phenotypic Of several routes of integrating the biomaterials into a
changes. scaffold, we functionalize lignosulfonate with 3-mercaptopro-
Because of the naturally occurring polyphenolic structures in pionic acid (MPA) to form thiolated lignosulfonate (TLS)

lignin, the OH functional groups possess the ability to allowing conjugation of the lignosulfonate to diag};lzated‘PEG
neutralize radicals, including those present at a wound site.”® (PEGDA) and fGeIMA via t}'nlol—ene chemistry, y WhIACh 18
Recently, the incorporation of lignosulfonate into the collagen one Qf the most Wldely utilized methods for hlgh' yields,
matrix was demonstrated to yield enhanced mechanical experimentally straightforward methods, and having no

23225 i .
properties while avoiding cytotoxic and immunogenic byproducts.. The reaction forms thlogther bonds that
responses for use as in vitro scaffolds or in vivo tissue repairs.” must use either base-catalyzed electron-deficient alkenes or by

To reduce the variation of biochemical and mechanical a radically initiated reaction with UV irradiation or
thermolysis.””>” Because neither PEGDA nor TLS provide
cell adhesion sites, we formed composites with fGelMA
(Figure S1) for cultures of patient-derived dermal fibroblasts.
We characterized the functionalization, antioxidant capacity

properties of lignin-based scaffolds, utilization of highly
efficient, covalent cross-linking chemistry was required to
form composites that support tissue engineering applications.
Here, we employed poly(ethylene glycol) (PEG)/methacry-
lated fish gelatin (fGelMA) composites to assess the
antioxidant capacity of lignosulfonate. Although lignosulfonate Received:  March 29, 2021
and fish gelatin have not been widely used in tissue engineering Accepted:  April 27, 2021 &
applications, their applications have been increasingly reported Published: May 3, 2021 /
as a sustainable and economic source of engineered
biomaterials.” '® A key difference between fish and mamma-
lian gelatins is a lower proline and hydroxyproline content
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Figure 1. Schematic and assessment of SLS thiolation. (a) Thiolation of SLS to form TLS. (b) 3P NMR (in CDCl) spectra of SLS or TLS via
TMDP (2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane) hydrolysis. (c) Thiol concentrations of TLS samples prepared with a varied
stoichiometry determined by Ellman’s assay. [MPA] is defined as the number of moles (mmol) of added MPA per 0.1 g of SLS; **p < 0.01,

ANOVA Dunnett’s post hoc test, mean + standard deviation (SD), n = 3.
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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. (c) TAC assays with the same samples. *p < 0.01, ANOVA Dunnett’s post hoc test, mean + SD, n = 3.

and mechanical properties of PEG-fGelMA-TLS composites
and the modulation of fibrotic gene (COLI1AI, ACTA2,
TGFB1, and HIF1A) expression.

'"H NMR (nuclear magnetic resonance) and FT-IR (Fourier-
transform infrared) spectroscopies of SLS and TLS (Figures S2
and S3) were used to confirm the thiolation of SLS (Figure 1a,
note that the esterification sites and their number were
exemplified due to the structural complexity of lignosulfonate).
The appearance of a broad peak corresponding to the protons
of the —S—CH,— group were centered between 6 1.9-3.2
ppm. Furthermore, the intensity of the broad peak for
aliphatic—OH (8 2.8—4.3 ppm) was reduced when comparing
SLS to TLS. The emergence of the intense band at near 1700
cm™! in FT-IR spectra (Figure S3) assigned to stretch mode of
the C=0 in ester confirm the successful esterification reaction
between SLS and MPA.”® To further quantitatively confirm the
extent of thiolation with a higher degree of specificity, we
performed 3P NMR spectroscopy,”” resulting in peaks of
phenolic—OH and aliphatic—OH as evidenced in Figure 1b.
The chemical shifts at 132.2 ppm was assigned to the product
of TMDP (2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospho-
lane) hydrolysis and the lignin products™ since the lignin
products do not contain any phosphorus atom. The NMR

2213

spectra show peaks at 145.6—149.8 ppm (assigned to
aliphatic—OH) and at 137.6—144.4 ppm (assigned to
phenolic—OH). 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
intensity of phenolic—OH and aliphatic—OH before and after
thiolation were 0.62 and 0.35, respectively. These results
strongly suggest that aliphatic—OH groups were more actively
involved in the incorporation of thiol compared to phenolic—
OH groups, which would be advantageous to maintain
antioxidant capacity of lignosulfonate. Using Ellman’s assay,
the incorporated thiol groups were quantified, confirming that
the thiol concentration was precisely controlled by tuning
reaction stoichiometry as evidenced by the thiol concentration
of three different batches of TLS at different stoichiometric
ratios of SLS to MPA (Figure 1c). When compared to the SLS
control, concentrations of thiols were increased almost 10-fold
without compromising batch to batch replicability. In sum,
TLS functionalization is tunable and primarily occurs at
aliphatic OH groups.

To evaluate the antioxidant potential for SLS and TLS, we
utilized two common assays to assess antioxidation using

https://doi.org/10.1021/acsbiomaterials.1c00427
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Figure 3. Assessment of rheological properties. (a) Viscosity of fGel (before methacrylation) and f{GMA (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 S 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 S mg/mL) at compression
varying from 0 to 20%. All composites were cross-linked with S mg/mL LAP (lithium phenyl-2,4,6-trimethylbenzoylphosphinate). (c) Axial stresses
were plotted against compression varying from 0 to 20%. Details of trend lines are summarized in Table 1. (d) Loss tangent (5) of the PEG

composites from 0.62 to 19.9 rad/s. Mean + SD, n = 3.

DPPH (2,2-diphenyl-1-picrylhydrazyl) and the reduction of
Cu’" to Cu" (TAC, total antioxidant capacity). We tested the
extent of DPPH inhibition by SLS and TLS at multiple
concentrations, from 1 to S 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-ascorbic acid (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 concentrations (Figure 2a).
However, the variability disappeared after 24 h of incubation,
indicating that SLS is fully dissolved and radical scavenging
groups are more available. In Figure 2¢, TLS exhibited 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 because 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.

Methacrylation of fGelMA was assessed usin§ '"H NMR
spectroscopy with D,O as a solvent (Figure S4).””" Pristine
fGel shows a peak at 3.0 ppm, which is assigned to the proton
of the primary amine in lysine. Upon the reaction with GMA
(glycidyl methacrylate), the intensity of the peak significantly
decreased, indicating the disappearance of primary amines by
the reaction. Simultaneously, 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 0.77. 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), whereas those of fGelMA were 0.5 Pa s
(40 mg/mL) and 1.14 Pa s (200 mg/mL) at room
temperature. Because of such low viscosity at room temper-
ature, 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 SS, the viscosity
of porcine GelMA (pGelMA, 180 mg/mL) was several orders
of magnitude higher than that of fGelMA (200 mg/mL). The
reduced viscosity of fGeIMA compared to fGel observed at
high concentration of 200 mg/mL can be attributed to the
removal of impurities 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.

Composite hydrogels consisting of PEGDA, TLS, and/or
tGelMA were formed with photo-cross-linking as depicted in
Figure S1. The PEG-TLS composites were prepared at a 1:0.5
alkene:thiol ratio, with a PEGDA concentration set at 40 mg/
mL. We attempted higher alkene:thiol ratios, 1:1 for example,
however, had issues with cross-linking due to the ability of
lignin to absorb UV light, resulting in effective cross-linking 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-cross-linking of PEG composites,”*

2214 https://doi.org/10.1021/acsbiomaterials.1c00427
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we applied TLS at 5 mg/mL throughout the rest of 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 viscoelasticity 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.
Additionally, G’ and G”, as a function of compression, did not
show significant difference at different compression varying
from 0 to 0.2 (or 20%). When these data were put in axial
stress vs compression (Figure 3c), the slope yielded a modulus
of elasticity and those values are summarized in Table 1. The

Table 1. Elastic Modulus Estimated by the Slope of Axial
Stress vs Compression

slope (elastic intercept

modulus, kPa) (kPa) R?
PEG only S.S 0.2 0.9422
TLS (PEG-TLS) 7.3 0.4 0.9512
fGMA (PEG-fGelMA) 26 04 0.9585
fGMA-TLS (PEG- 4.2 0.4 0.9760

fGelMA-TLS)

incorporation of TLS increased the elasticity from 5.5 to 7.3
kPa in the absence of fGelMA, whereas the incorporation of
tGelMA decreased without TLS decreased the elasticity from
5.5 to 2.6 kPa. Once we added 5 mg/mL TLS and 40 mg/mL
tGelMA to 40 mg/mL 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 feasible by modulating the
quantity of TLS and/or fGelMA incorporated. As shown in
Figure 3d, loss tangent of all the PEG composites varied in
such a narrow range from 0.06, equivalent to 3.43° and
indicative of covalently cross-linked, highly elastic hydrogels
when subject to angular frequency from 0.628 to 19.9 rad/s at
2% strain. PEG exhibited the highest loss tangent, whereas the

incorporation of TLS conferred the 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.

fGelMA was added to the PEG-TLS precursor solutions and
cast prior to UV cross-linking to synergistically enhance cell
attachment of hdFBs (human dermal fibroblasts). 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 f{GeIMA not to interrupt the antioxidation
by TLS, whereas maintaining the biophysical properties by
PEG. As expected, PEG-only composites showed minimal cell
attachment (Figure 4a). Increasing f{GelMA further resulted in
enhanced cell attachment with an 80:20 mixture exhibiting a
hdFB monolayer across the surface of the composite (Figure
4c). Although a 50:50 (Figure 4d) provided more binding sites
for cell attachment, the distribution of hdFBs was less
homogeneous than that of the composite with 80:20 mixture.

The goal of the current work is 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, TGFBI 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 significantly higher than that of LS hdFB.
When cultures of hdFBs were maintained on PEG-fGelMA-
TLS scaffolds, the difference between two different hdFB cell
lines was largely reduced. The resulting phenotype change
induced by TLS composites is depicted in Figure 4f.

The expression of COL1AI on PEG-fGelMA-TLS compo-
sites was similar to LS FBs, which is the relatively proliferative
phenotype. As a major component in collagen type I, COL1Al
has been implicated in the overproduction of collagen and
therefore increased fibrosis.’® In Figure 4e, the expression of
ACTA2 was significantly reduced on PEG-fGelMA-TLS
composites and that of LS and HS FBs on PEG-fGelMA-
TLS composites was similar (p = 0.923 with Tukey’s post hoc
analysis). Elevated ACTA expression is attributed to differ-
entiated myofibroblasts, which can be responsible for excess
granulation tissues and fibrocontractive diseases. During the
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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 (low scarring) and HS (high
scarring) 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, mean & SD; LS TLS or HS TLS, n = 3, mean +
SD. ANOVA Dunnett’s post hoc test, *p < 0.05 and **p < 0.01. (f) A scheme showing the potential mechanism of the phenotype changes conferred
by TLS composites.
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wound healing process, the expression of ACTAI and ACTA2
is increased 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.’” The
expression of TGFBI in HS by PEG-fGelMA-TLS composites
was significantly different from that of LS in normal tissue
culture while the difference between LS and HS on PEG-
fGeIMA-TLS composites were not statistically significant.
Overexpression of TGFBI 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
phenotype.** ™ The expression of HIFIA was diminished
and comparable to that of LS. HIF1 regulates cell apoptosis
and adapts to aid in cellular survival. The particular subunit,
HIFI1A, is regulated by oxygen and therefore under normal
conditions is readily degraded.*" These results elucidate that
PEG-fGelMA-TLS composites were able to remove the
differential of hdFB responses associated with fibrosis over
24 h, which can be beneficial to enhancing the proliferation of
HS hdFBs for regenerative medicine applications.

We sought to develop a precise and targeted method to
formulate consistent composites with lignosulfonate. 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. When using two uniquely
different assays to observe the antioxidant capacity or
scavenging potential, TLS exhibited more scavenging poten-
tials than SLS due to the preservation of the phenolic
component of SLS and thiolated aliphatic chains of SLS.
Although these advantages are expected to attenuate fibrotic
responses, long-term cultures can degrade fGelMA by enzymes
and free TLS nanoparticles can be conjugated to cell
membrane or internalized to cytoplasm. Concerns of
cytotoxicity and immunogenicity from SLS were minimal as
shown in our previous publication.7 However, disulfide
formation between TLS and cell membrane or surrounding
tissue warrants further investigations for tissue engineering
applications. Because of the antiadhesion nature of PEG, we
introduced fGelMA as a natural agent to enhance cell
adhesion. The addition of fGelMA significantly increased cell
adhesion of hdFBs with no phase separation of precursors.
When cultured with hdFBs for 24 h, PEG-fGelMA-TLS
composites were able to reduce the expression of key fibrotic
genes in HS FBs to that of LS FBs. Consequently, the
engineered PEG-fGelMA-TLS composites can be utilized as a
cell culture platform exploiting sustainable materials of lignin
and gelatin for enhanced wound healing applications.
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