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Abstract
Hydrogels with tunable properties are highly desirable in tissue engineering applications as they
can serve as artificial extracellular matrix to control cellular fate processes, including
adhesion, migration, differentiation, and other phenotypic changes via matrix induced
mechanotransduction. Poly(γ-glutamic acid) (PGA) is an natural anionic polypeptide that has
excellent biocompatibility, biodegradability, and water solubility. Moreover, the abundant
carboxylic acids on PGA can be readily modified to introduce additional functionality or facilitate
chemical crosslinking. PGA and its derivatives have been widely used in tissue engineering
applications. However, no prior work has explored orthogonal crosslinking of PGA hydrogels by
thiol–norbornene (NB) chemistry. In this study, we report the synthesis and orthogonal
crosslinking of PGA-norbornene (PGANB) hydrogels. PGANB was synthesized by standard
carbodiimide chemistry and crosslinked into hydrogels via either photopolymerization or
enzymatic reaction. Moduli of PGA hydrogels were readily tuned by controlling thiol–NB
crosslinking conditions or stoichiometric ratio of functional groups. Orthogonally crosslinked
PGA hydrogels were used to evaluate the influence of mechanical cues of hydrogel substrate on the
phenotype of naïve human monocytes and M0 macrophages in 3D culture.

1. Introduction

Hydrogels are three-dimensional (3D) polymeric
matrix crosslinked by physical and/or chemical reac-
tions. The hydrophilic networks of hydrogels provide
high water content, tunable viscoelasticity, high per-
meability, and excellent biocompatibility that are
advantageous for various biomedical applications,
including tissue regeneration [1–4], drug delivery
[5–7], cell therapy [8, 9], and biosensing [10–12].
In particular, hydrogels are increasingly employed to
mimic the non-cellular components of the extracel-
lular matrix for studying 3D cell–cell and cell–matrix
interactions [13, 14]. For this purpose, hydrogels are
often decorated with bioactive molecules, including
collagen, laminin, fibronectin, cell-adhesive ligands,
proteoglycan (e.g. syndecan, perlecan, hyaluronan,
glycosaminoglycan), and protease sensitive motifs
for cell-mediated matrix remodeling [15]. Among

various hydrogel crosslinking mechanisms, thiol–
norbornene (NB) click chemistry is particularly
ideal for in situ cell encapsulation. These hydrogels
can be crosslinked through photopolymerizations or
enzymatic reactions between multi-functional NB-
functionalized macromer and thiol-containing cross-
linkers [16, 17]. In addition, the physiological and
biochemical properties of the thiol–NB hydrogels can
be readily controlled by adjusting stoichiometric ratio
of thiol/NB crosslinkers, by incorporating bioactive
peptides (e.g. arg-gly-asp or RGD, matrix metallo-
proteinase (MMP) sensitive peptides) [3], and by per-
forming post-gelation secondary crosslinking.Hence,
thiol–NBhydrogels have beenwidely used in biomed-
ical applications [18–23].

Poly(γ-glutamic acid) (PGA) is an anionic,
naturally occurring polypeptide consists of D-and
L-glutamic acid units linked by amide bond between
α-amino and γ-carboxylic acid groups. PGA has
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excellent biocompatibility, high water solubility, and
can be degraded in vivo by glutamyl transpeptidase
into glutamic acid, making it an attractive mater-
ial for in vivo transplantation [24]. The carboxylic
acid groups in the side chain of PGA permit facile
bioconjugation for introducing functional moieties
for network crosslinking and bioactive modification.
PGA and its derivatives have been widely used in
the fields of drug delivery [25, 26], wound dressing
[27], and tissue engineering [28–30]. For example,
Gao et al synthesized pH-responsive injectable PGA
via conjugating 3-glycidoxypropyl trimethoxysil-
ane (GPTMS) [25]. The sol–gel transition occurred
through forming Si–O–Si bond by a condensation
reaction between silanol groups of GPTMS and
TEOS in a biological environment. Yang et al syn-
thesized thiol- and glycidyl methacrylate-modified
PGA for gelation via thiol-Michael addition reac-
tion, which occurred rapidly under physiological
condition and the material was used for pro-
moting cartilage regeneration [31]. In a separ-
ate example, mussel-inspired catechol (Cat) was
introduced into the PGA side chains and the
macromer PGA-Cat was crosslinked into adhes-
ive hydrogels via horseradish peroxidase (HRP)
mediated oxidation [32]. Nonetheless, modular
crosslinking of PGA hydrogels with orthogonal
thiol–NB chemistry has not been reported in the
literature.

Circulating in the blood, monocytes are recruited
to the site of injury/disease to regulate local inflam-
matory response. Once differentiated, monocytes-
derived macrophages are responsible for regulating
local inflammation induced by infections, injuries,
and other foreign objects (e.g. implants) via phago-
cytic activity and secretion of pro-inflammatory and
anti-inflammatory cytokines [33]. THP-1 is a human
leukemiamonocyte cell line that can be differentiated
intomacrophage-like cells when treated with phorbol
esters [34]. Differentiated THP-1 cells behave similar
to natural monocyte-derived macrophages and are
increasingly used as a cell model to study inflammat-
ory response [35]. Recent studies have investigated
the adaptation of macrophage cellular behavior in
responding to the changes of physicochemical prop-
erties of hydrogels. For example, the effect of substrate
stiffness on THP-1 cell polarization was evaluated
using collagen-coated polyacrylamide hydrogels [36].
It was demonstrated that cells cultured on the sur-
face of stiff gels (E ∼ 323 kPa) polarized into a
pro-inflammatory phenotype (M1) with impaired
phagocytic activity. On the other hand, THP-1 cells
cultured on lower stiffness hydrogels (E∼ 11–88 kPa)
were primed towards an anti-inflammatory phen-
otype (M2). In another example, Cha et al com-
pared different hydrogels on THP-1 cell polarization
in 3D. Specifically, THP-1 cells were encapsulated
in either gelatin-based or poly(ethylene glycol) diac-
rylate (PEGDA) hydrogels with shear moduli (G′)

of ∼25 kPa. Interestingly, THP-1 cells encapsu-
lated within PEGDA hydrogel lacking cell attachment
motif yielded pro-inflammatory M1 macrophages,
whereas gelatin-based hydrogels induced an anti-
inflammatory M2-like phenotype [37]. Other recent
studies have also shown that gelatin and hyaluronic
acid based 3D culture of THP-1 cells promoted their
differentiation into pro-inflammatory macrophages
[38, 39]. Nevertheless, the effect of matrix stiffness
on macrophage activity in 3D condition has not been
extensively studied.

In this study, we report the synthesis and char-
acterization of PGA-norbornene (PGANB) and
its orthogonal crosslinking into PGA hydrogels
via thiol–NB click chemistry. Carboxylic acids on
PGA was chemically modified with NB moieties
through standard carbodiimide chemistry using
5-norbornene-2-methylaime. Orthogonal cross-
linking of PGA hydrogels was achieved either
through light-initiated or enzyme-mediated thiol–
NB click chemistry [16, 40–42]. Similar to other
modularly crosslinked hydrogels, PGA hydrogel
crosslinking can be tuned by controlling thiol/NB
ratio, functionality thiol crosslinker, and polymer
contents. Furthermore, we exploited the unique
HRP-mediated thiol–NB gelation chemistry to
form enzymatically crosslinked PGA hydrogels.
Finally, we assessed the effect of matrix stiffness
on viability, polarization, and cytokine secretion
of THP-1 cells encapsulated in highly tunable PGA
hydrogels.

2. Experimental

2.1. Materials
High molecular weight poly(γ-glutamic acid) (γ-
PGA, Mw 1000 000 Da) was obtained from Vedan
Corp (Taiwan). Dithiothreitol (DTT) was pur-
chased from Fisher Scientific. Four-arm-PEG-SH
(PEG4SH) was purchased from Laysan Bio, Inc.
Lithium phenyl-2,4,6-trimethylbenzoylphosphinate
(LAP) was purchased from Sigma Aldrich. 1-(3-
Dimethylaminopropyl)-3-ethylcarbodiimide hydro-
chloride (EDC) was purchased from Accros
Organics and N-hydroxysuccinimide (NHS) and
5-norbornene-2-methylamine were purchased
from Tokyo Chemical Industry Co., Ltd. All
reagents were used as received without further
purification.

2.2. Synthesis of norbornene modified
poly(γ-glutamic acid) (PGANB)
PGANBwas synthesized bymodifying γ-PGAwith 5-
norbornene-2-methylamine using EDC/NHS chem-
istry. Briefly, 1 g of γ-PGA (7.7 mmol of –COOH)
was dissolved in 100mlMES buffer (pH 6.0) to obtain
1 wt% solution. EDC (5 mmol) and NHS (5 mmol)
were then added to the γ-PGA solution and stirred
for 1 h, after which 5-norbornene-2-methylamine
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(3.85 mmol) was added and the reaction was
allowed to continue for 24 h. PGANB was pur-
ified by dialysis against water for four days with
decreasing NaCl gradient from 150 mM to 0 mM
using cellulose dialysis membrane (cut-off 12 000–
13 000). The final product was lyophilized for four
days. The NB conjugated PGANB was character-
ized using proton nuclear magnetic resonance (1H
NMR, 500 MHz, ADVANCE III, Bruker, USA). 1H
NMR was used to confirm the structural change,
and the degree of catechol substitution (DS, %)
was defined as a number of substituents (sig-
nals at δ 6.0 ppm, NB proton) per 100 carboxyl
groups in γ-PGA backbone (δ 3.9–4.3, 1.8–2.7 ppm,
α-proton of γ-PGA) as calculated using the following
equation (1)

Degree of norbornene substitution (%)

=
Af/2

(Aa +Ab +Ac)/5
× 100. (1)

2.3. Synthesis and characterization of heparin
conjugated PGANB (PGANB_Hep)
PGANB_Hep was synthesized by clicking tetrazine
modified-heparin (Hep-Tz) to PGANB. Hep-Tz was
synthesized following a previously reported method
[43]. Tz:NB ratio was fixed at 0.05 and components
were mixed for 1 h. In order to determine the Tz-NB
clickable reaction, absorbance at 523 nm was meas-
ured using a microplate reader (Synergy HT, BioTek).
Dimethyl methylene blue (DMMB) assay was fur-
ther used to qualitatively detect the immobilization
of heparin within PGANB hydrogels. Briefly, DMMB
reagent was prepared by adding 16 mg DMMB zinc
chloride into 1 l of double distilled water containing
3.04 g glycine, 1.6 g sodium chloride, and 95 ml of
0.1 M acetic acid. PGANB hydrogels with or without
heparin modification were then immersed in 2 ml of
DMMB solutions and incubated at room temperature
for 24 h. After which, gels were transferred to PBS to
remove residual DMMB solution, and the gels were
washed to PBS for 1 h, followed by imaging with a
digital camera [19].

2.4. Hydrogel fabrication and characterization
The PGANB hydrogels were fabricated by react-
ing PGANB and DTT or PEG4SH via thiol–NB
click chemistry. Photo-crosslinked PGANB hydrogels
were crosslinked by mixing PGANB with sulfhydryl-
containing crosslinkers at a unity stoichiometric ratio
of thiol to NB along with photoinitiator LAP (1mM).
The precursor solution with pre-defined composi-
tions was injected between two glass slides separated
by 1 mm Teflon spacers, followed by exposure to
365 nm light (5mWcm−2) for 2min. In order to pre-
pare the enzyme-mediated PGANB hydrogel, 5 wt%
PGANB and thiol-crosslinkers (DTT or PEG4SH)
were mixed at a stoichiometric ratio of thiol to NB

along with HRP (50–400 U ml−1). Gelation was ini-
tiated by adding H2O2 (0.5–1.5 mM) to the precursor
solution.

In situ gelation studies were conducted using
an oscillatory rheometer (Bohlin CVO 100). Briefly,
PGA-NB solution containing thiol cross-linkers and
photoinitiator LAP (or HRP/H2O2 in enzymatic
crosslinking) were mixed and vortexed for 5 s. Imme-
diately after vortexing, 8 µl of the mixture was placed
on the lower plate and the geometry was lowered
to 90 µm and in situ rheometry was performed in
time sweep mode (0.5% strain at 1 Hz) at 25 ◦C.
To prevent gel from drying, the rim of the geometry
was sealed with mineral oil. For light-mediated gela-
tion, UV light was turned on 10 s after starting the
measurement. Hydrogel shear moduli weremeasured
using circular hydrogel discs fabricated between two
glass slides. Gel discs were punched out with an 8mm
biopsy punch after 24 h incubation in PBS at 37 ◦C.
The hydrogels were carefully transferred to the rheo-
meter prior to initiating the measurements and the
frequency-sweep test was conducted at 1% strain.

In order to study the swelling kinetics, PGA
hydrogels were crosslinked and dried, followed by
incubation in pH 7.4 PBS at room temperature.
At predetermined intervals, the swollen gels were
weighed after blotting to remove the adhering excess
water. The swelling ratio of PGANB hydrogels was
calculated using the following equation:

Swelling ratio (%) = (Wt −Wd)/Wd × 100 (2)

where Wd and Wt are the weights of dried hydrogel
and swollen gel at time t, respectively. The equilib-
rium swelling ratiowas determined at the pointwhich
no further weight change was detected.

2.5. Quantification of H2O2 and thiol levels
For enzymatic PGA hydrogel crosslinking using HRP,
hydrogen peroxide levels in the pre-gel solution were
quantified with a QuantiChrom TM Peroxide assay
kit (BioAssay Systems). Briefly, 40 µl of PGANB pre-
gel solution (5 wt% PGANB with DTT, R= 0.8) with
different HRP concentration was mixed with 200 µl
reagent and evaluated in 96 well plates using theman-
ufacturer’s protocol, and absorbance at 585 nm was
monitored.

The degree of thiol consumption in the presence
of NB/HRP solution were quantified using Ellman’s
assay. Briefly, predetermined DTT/HRP solution was
mixed with non-gelling macromer solution contain-
ing linear methoxyl-PEG-NB with DTT (6 wt%,
R= 0.8). Samples were taken at regular intervals and
the leftover thiol contents were determined using the
Ellman’s reagent.

2.6. Growth factor absorption test
Thermostable recombinant basic fibroblast growth
factor (bFGF-G3, acquired from the Recombinant
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Protein Production Core, Northwestern University)
was used for growth factor absorption study. PGANB
hydrogel were photo-polymerized and immersed in
buffer containing bFGF (3 ng ml−1) at 37 ◦C. The
vials were placed on an orbital shaker at 100 rpm
and sampled at pre-determined time intervals. The
collected samples were stored at −80 ◦C prior
to determining concentrations using human bFGF-
basic standard ABTS ELISA kits (Peprotech) accord-
ing to manufacturer’s protocol.

2.7. Cell culture and encapsulation
Human monocyte cell line THP-1 was generously
provided by Professor Heiko Konig (Indiana Univer-
sity School of Medicine). THP-1 cells were main-
tained in RPMI-1640 supplemented with 10% fetal
bovine serum and 1%penicillin-streptomycin.Media
was refreshed every two to three days. THP-1
cells were encapsulated in PGANB hydrogels at
2 × 106 cells ml−1. Alternatively, THP-1 cells were
differentiated toM0macrophages by treating the cells
in serum-freemedia containing Phorbol 12-myristate
13-acetate (PMA, 20 ngml−1) for 24 h. The cells were
mixed with sterile-filtered (0.22 µm) pre-polymer
solutions containing PGANB, DTT or PEG4SH, and
LAP (1 mM). The solution was mixed and pipet-
ted into a 1 ml syringe with cut-open tip. Cell-
laden gels were formed upon exposure to 365 nm
light (5 mW cm−2) for 2 min and were placed in a
non-treated 24-well plate with fresh media. At pre-
determined time periods (day 2, 4, 7 and 10), cell-
laden hydrogels were collected and characterized for
their viability and morphology. Cell-laden hydro-
gels were also stained with Live/Dead kit, as well
as antibodies for CCR7 (ThermoFisher Scientific)
and CD36 (Santa Cruz Biotechnology). Samples were
imaged by confocal microscopy (Olympus Fluoview
FV100).

2.8. Cytokine secretion
The cytokines secreted by THP-1 cells and M0 mac-
rophages were detected using Human Cytokine array
C3 kit (Raybiotech). THP-1 cells were encapsulated
and cultured in PGANB hydrogel with different stiff-
ness. Cells cultured in 24 well plates were used for
2D control. After incubation for four days, cell cul-
ture media were collected and added to the mem-
brane which was blocked by the blocking buffer
and incubated overnight at 4◦C. After washing, the
membranes were incubated with biotinylated anti-
body cocktail overnight at 4 ◦C, followed by incuba-
tion with diluted HRP-streptavidin overnight at 4◦C.
After further washing, 500 µl of detection buffer
mixture was added to each membrane, incubated
for 2 min at room temperature, and imaged. The
secretion of inflammatory cytokine interleukin (IL)-8
was furthered verified using a standard ELISA kit
(Peprotech).

2.9. Statistical analysis
All statistical analyses were performed using Graph-
Pad Prism 8 software. Significance comparison
between experimental groups was performed using
two-way ANOVA with Bonferroni’s post testing. All
experiments were conducted a minimum of three
times with data presentation as the mean ± stand-
ard error of the mean. One, two, or three asterisks
represent p < 0.05, 0.01, or 0.001, respectively.

3. Results and discussion

3.1. Synthesis of PGANB and light-mediated
gelation
PGANB was synthesized by grafting the carboxylate
groups of γ-PGA with 5-norbrnene-2-methylamine
using carbodiimide chemistry with EDC and NHS
as the coupling reagents (figure 1(A)). Successful
NB modification was determined using 1H NMR.
Unmodified γ-PGA has four major signals at 2.11,
2.25, 2.53 and 4.32 ppm, which represent the protons
of β-CH2, γ-CH2 and α-CH, respectively. Signals at
δ 5.8–6.3 ppm represent the unsaturated proton peak
on NB (figure S1 (available online at stacks.iop.org/
BMM/16/045027/mmedia)), indicating that the γ-
PGA was successfully modified. The DS was calcu-
lated to be about 5.4% relative to the total carboxylic
acid units. This degree of modification was sufficient
for crosslinking linear PGA into a hydrogel network
owing to its highmolecular weight (1000 000Da) and
water solubility.

Similar to other NB-modified polymers, PGANB
could be orthogonally cross-linked with various
thiol-bearing cross-linkers into hydrogels. In this
study, we used two different thiol crosslinkers (DTT
and PEG4SH) to prepare orthogonally crosslinked
PGANB hydrogels with different stiffness. Using
in situ photo-rheometry, we demonstrated a rapid
thiol–NB gelation kinetics of PGANB and DTT. Spe-
cifically, light-mediated sol–gel transition occurred
quickly (gel point ∼10 s) and reached completion
within 30 s, which was on par with other UV light
initiated thiol–NB gelation system (figure 1(B)) [3].
The gelation rate was not significantly affected by
stoichiometric ratio of thiol-to-NB ([SH]/[NB] or
Rthiol/NB) (figure S2(A)). However, adjusting Rthiol/NB

from 0.2 to 1.0 led to increased gel cross-linking dens-
ity and shear moduli (∼150–1300 Pa for [SH]/[NB]
of 0.2–1.0 figure 1(C)). At the same PGANB weight
content, gel moduli could also be controlled by using
thiol-bearing cross-linkers with different functional-
ity (e.g. two for DTT or four for PEG4SH) where the
use of DTT led to gels with G′ of ∼1 kPa (named as
soft) and the use of PEG4SH resulted in gels with G′

of ∼5.8 kPa (named as stiff) (figure 1(D)). On the
other hand, as PGANB concentrationwas raised from
3 to 7wt%, the stiffness of the hydrogels was increased
from 0.25 kPa to∼3 kPa (figure S2(B)).
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Figure 1. Synthesis and crosslinking of PGANB hydrogels. (A) Schematic of PGANB synthesis. (B) In situ photorheometry of
PGANB hydrogel crosslinking (5 wt% PGANB with DTT, Rthiol/NB = 0.8, 1 mM LAP, 2 min light). Effects of (C) [SH]/[NB] (or
Rthiol/NB) and (D) thiol cross-linker on hydrogel stiffness. (E) Swelling behavior of PGANB hydrogels. (F) Photographs of dried
and swollen hydrogels crosslinked by PGANB (top) and PEG8NB (bottom). DTT (R= 0.8) was used as the crosslinker in both
groups. (G) Hydrolytic degradation of PGANB hydrogels (n⩾ 5).

The swelling property of PGANB hydrogels was
investigated by measuring changes in their weights
during 24 h of incubation (figure 1(E)). PGANB-
DTT hydrogels absorbed significant amount of water
and reached equilibrium states within 12 h (e.g.
5722% for soft hydrogel and 4574% for stiff hydro-
gel, respectively figures 1(E) and (F)). As a com-
parison, we fabricated similar hydrogels with 5 wt%
of eight-arm PEG-norbornene (PEG8NB) and found
that the swelling of PEG8NB-DTT hydrogels (swell-
ing ratio: 1666 ± 119%) was much lower than that
of PGANB-DTT hydrogels. The high water imbibing
nature of PGANB hydrogels rendered it an ideal mat-
rix to mimic wound exudate, a swollen inflammatory
site where macrophages would reside and function.
In addition to swelling, the degradation kinetics is
another critical parameter when designing hydrogels
for biomedical applications. We noted that PGANB
hydrogels degraded overtime even in the absence of
protease (i.e. in PBS, figure 1(G)). The stiffness of
PGANB hydrogels decreased ∼50% over seven days

of incubation regardless of cross-linker type. Since
NB was conjugated on PGA via a hydrolytically stable
amide bond, the hydrolytic degradation of PGANB
hydrogels likely occurred at the PGA backbone.

3.2. Heparinization and growth factor absorption
in PGANB hydrogels
In order to enhance the bioactive property of PGANB
hydrogel, we further modified PGANB with heparin,
a glycosaminoglycan that sequesters a wide range
of growth factors. Heparin was first modified with
tetrazine-amine (Tz-amine, Click Chemistry Tools)
following a published protocol [43], yielding heparin-
tetrazine (Hep-Tz). Hep-Tz was readily ‘clicked’ to
PGANB through an inverse electron-demand Diels-
Alder (iEDDA) reaction (figure 2(A)), which has been
increasingly used in functionalization of biomateri-
als owing to its rapid reaction kinetics, mild reaction
conditions, and non-toxic reaction by-product (i.e.,
N2 gas). Successful heparinization was confirmed
using DMMB, which complexes with heparin to
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Figure 2. Heparinization of PGANB hydrogels. (A) Schematic of iEDDA click reaction between Hep-Tz and PGANB. Inlet image
represents the DMMB qualitative assay to verify immobilization of heparin within the PGANB_Hep hydrogels. (B) UV–vis
spectra of PGANB_Hep before and after reaction with PGANB. (C) Stiffness of 5 wt% PGANB or PGANB_Hep hydrogels
crosslinked by different crosslinkers. PEG8NB was sued as control. (D) Effect of heparinization on growth factor absorption.

induce color change from blue to pink that occurred
only in the PGANB_Hep hydrogels (figure 2(A),
inlet image). The NB-Tz click reaction was mon-
itored via measuring absorbance at 523 nm using a
microplate reader. After 1 h of reaction, it was con-
firmed that the Tz absorbance peak disappeared and
the color of PGANB/Hep-Tz solution changed from
pink to yellow (figure 2(B)). Furthermore, heparin-
modification did not alter the degree of hydrogel
crosslinking regardless of the crosslinker used and
there was no significant difference in gel stiffness after
Hep modification for both sets of gels (G′ ∼ 1.2 kPa
and ∼4.4 kPa for DTT and PEG4SH, respectively,
figure 2(C)). Hydrogel crosslinked by PEG8NB and
DTT were used as control (G′ ∼ 0.7 kPa). How-
ever, heparinmodification did improve growth factor
sequestration in PGANB hydrogels. Using a thermal-
stable bFGF-G3, which can be detected using con-
ventional bFGF ELISA kit (figures S3 and S4), we
showed that significantly more bFGF (∼89%) was
adsorbed in the PGANB-Hep gel than PGANB gels
(∼50%) (figure 2(D)). Interestingly, even the non-
heparinized PGANB hydrogels showed significantly
higher growth factor absorption than the relatively
inert PEG-based hydrogels (3 wt% PEG8NB with
DTT, R = 1). This was likely due to electrostatic

interaction between the positively charged bFGF and
the carboxylic acid moieties in the PGA chain, as well
as the high level of swelling of PGANB hydrogels. It is
expected that this hydrogel formulation should have
broader impact on supporting cell fate processes in
3D due to the broad affinity of heparin to various
growth factors and cell-secreted cytokines.

3.3. Enzyme-mediated crosslinking of PGANB
hydrogels
Our group has recently shown that thiol–NB hydro-
gel crosslinking can be initiated not only by photo-
polymerization but also by enzymatic reaction, hence
permitting injectable delivery of thiol–NB hydrogels
[16]. We tested whether PGANB hydrogels could
also be crosslinked using the same enzymatic reac-
tion. Figure 3(A) shows that mixture of PGANB,
DTT, and HRP/H2O2 resulted in a viscous poly-
mer solution (blue dye added for visualization),
which could also be injected through a syringe.
Figure 3(B) further demonstrates in situ gelation kin-
etic of enzymatically crosslinked PGANB hydrogels
using DTT or PEG4SH as the crosslinker. Not sur-
prisingly, the use of tetra-functional PEG4SH led to
faster G′–G′′ crossover. However, the gelation rate
of enzyme-mediated PGANB hydrogel crosslinking
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Figure 3. Enzyme-mediated gelation of PGANB hydrogel. (A) Digital images on injected PGANB hydrogels using dual syringe
(5 wt% PGANB with PEG4SH, R= 0.8, 200 U ml−1 HRP and 1 mMH2O2). (B) In situ rheometry of HRP-mediated gelation of
PGANB (5 wt%) with DTT or PEG4SH (Rthiol/NB = 0.8, 200 Uml−1 HRP and 1 mMH2O2). (C) and (D) Effect of HRP (C) H2O2

(D) on gelation kinetics. (E) and (F) Shear moduli (E) and gel fraction (F) of PGANB hydrogels crosslinked by DTT or PEG4SH.

was slightly slower than that of light-mediated gela-
tion (218 s vs 32 s, respectively). The gelation kinet-
ics were also affected by HRP and H2O2 concentra-
tions (figures 3(C) and (D)). Specifically, gel point
was accelerated from203 s to 10 s as the concentration
of HRP was increased from 50 to 200 U ml−1. Inter-
estingly, the gelation was found to be slowed down as
the concentration of H2O2 increased from 0.5 mM to
2mM,most likely due to inhibition of the HRP activ-
ity at an elevated H2O2 content [44].

Similar to results shown in figure 1(D), the shear
moduli of the enzyme-crosslinked PGANB hydro-
gels were influenced by the type of thiol cross-
linkers (figure 3(E)). However, it appeared that the
shear moduli of enzyme-crosslinked PGANB hydro-
gels were lower than that formed by photopoly-
merization. To confirm that enzymatic crosslinking
led to lower crosslinking efficiency, we measured
the gel fraction of PGANB hydrogels crosslinked by
either enzymatic reaction or photopolymerization
(figure 3(F)). Clearly, the gel fractions of the pho-
topolymerized PGANB hydrogels were significantly
higher than that crosslinked by enzymatic reaction.

While moderate level of exogenous H2O2 acceler-
ated HRP-mediated gelation (figure 3(D)), we found
that PGANB hydrogel could slowly reach sol–gel
transition (∼21 min) even in the absence of H2O2

(figure 4(A)). We hypothesized that H2O2 was gen-
erated during the preparation of pre-gel solution due
to the self-oxidation between the thiol group on the

crosslinker and HRP [45]. To test this hypothesis, we
mixed all macromer components necessary for gela-
tion except H2O2. We then quantified the changes
in H2O2 concentration over time. The concentra-
tion of H2O2 in the solution containing no thiol
cross-linker (i.e. DTT) was relatively unchanged over
1 h regardless of HRP concentration (figure 4(B)).
However, notable H2O2 accumulation was detected
in the presence of DTT and in an HRP concentra-
tion dependent manner (figure 4(B)). We also eval-
uated oxygen and free sulfhydryl concentrations in
the reaction and found that both decreased with
time upon adding HRP (figures 4(C) and (D)). We
reasoned that self-crosslinking was achieved through
the self-oxidation of free sulfhydryl groups, which
was promoted by adding thiol crosslinker and/or
increasing HRP concentration (figure 4(E)). Oxy-
gen was consumed during the self-oxidation, lead-
ing to endogenous H2O2 production to activate HRP
for initiating the thiol–NB crosslinking. Our res-
ults were in agreement with studies by Gantumur
et al, where mixture of alginate derivative possess-
ing phenolic hydroxyl moieties and HRP yielded a
hydrogel without adding oxidation reagent such as
H2O2. This reason was explained as the generation
of H2O2 by self-oxidation of thiol present in HRP.
In our study, macroscopic PGANB hydrogels were
crosslinked slowly though HRP-mediated crosslink-
ing in the absence of exogenously added H2O2. The
lower gel fraction observed in the HRP-mediated
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Figure 4. Enzyme-mediated gelation of PGANB hydrogel free of exogenous addition of H2O2. (A) In situ rheometry of
PGANB-DTT hydrogels with 200 U ml−1 HRP and no exogenous H2O2. (B) H2O2 production in PGANB solution in the
presence or absence of DTT. (C) Oxygen consumption in PGANB solution. In (A)–(C): PGANB: 5 wt%, Rthiol/NB = 0.8.
(D) Thiol consumption in the presence of mono-functional PEGNB (6 wt%) and HRP (200–400 U ml−1) without exogenous
H2O2. (E) Potential mechanism of HRP-mediated thiol–norbornene cross-linking of PGANB hydrogel without exogenous H2O2.

crosslinking could be due to the partial self-oxidation
of the thiol groups. Nonetheless, the results reported
here established the potential of using enzymatic reac-
tion to fabricate injectable andmodularly crosslinked
PGA hydrogels.

3.4. 3D cell culture and polarization
The highly swollen PGA hydrogels were used as a 3D
culture matrix to study how matrix stiffness would
affect phenotype of naïve human monocytes THP-
1 cells and M0 macrophages primed by treating the
cells with PMA for 24 h. Cells were encapsulated
and cultured in PGANB hydrogel crosslinked with
MMP-degradable peptide linker supplemented with
DTT (soft gels) or PEG4SH (stiff gels) and immob-
ilized with integrin ligand RGD. Figure 5 shows that
the majority of the encapsulated THP-1 cells and M0
macrophages were viable post-encapsulation, regard-
less of hydrogel stiffness. Upon detailed examination
of cell viability using confocal microscopy, we found
that both THP-1 cells and M0 macrophages encap-
sulated in the softer PGANB hydrogels proliferated
into small clusters over the seven day culture period.
However, this was not observed in the stiff gels, where
dead cells were visible (figure S3). The high cell viab-
ility of THP-1 cells in soft hydrogels was attributed
to the compliant and low crosslinking density of the
network, which exerted lower constrain and stress to
the encapsulated cells.

Immunostaining for macrophage subtype mark-
ers revealed qualitative differences of the encap-
sulated cells depending on the hydrogel stiffness
(figure 6(A)). Results showed that both native THP-1
cells and PMA-primed M0 macrophage were stained
positive for both M1 and M2 polarization mark-
ers (i.e. CCR7 as an M1 marker and CD36 as an
M2 marker). However, 3D encapsulation in stiff
PGANB hydrogels led to higher level of CCR7 pos-
itive cells and less for the M2 marker, CD36. In
contrast, in soft hydrogel, encapsulated cells showed
enhanced positive staining for CD36 and less pos-
itive staining for CCR7. In order to further evalu-
ate the effect of matrix stiffness on secretory pro-
files from THP-1 cells, we collected the conditioned
media and detected the secretion of 42 inflammat-
ory cytokines using an antibody array kit. No signi-
ficance difference was found in 22 of the 42 cytokines
(figure S4). The remaining 20 proteins were clas-
sified into M1 (pro-inflammatory) and M2 (anti-
inflammatory) related cytokines [46]. The levels of
cytokines secreted from 2D culture were also assayed
as controls. As shown in figure 6(B), the secretion
of M1-related cytokines in 3D cultured THP-1 cells
were mostly increased compare to 2D culture despite
the excellent protein absorption ability of PGANB
hydrogels (figure 2(D)). However, compared with
2D culture, the secretions of some cytokines from
THP-1 cells were reduced in 3D culture, including
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Figure 5. Representative live/dead staining of the encapsulated THP-1 cells and M0 macrophages in PGANB hydrogels with
difference stiffness.

IL-1α, IL-1β, IL-15, interferon-γ (IFN-γ), granulo-
cyte colony stimulating factor, RANTES, and vascu-
lar endothelial growth factor (VEGF). Interestingly,
the secretions of some key cytokines fromTHP-1 cells
were significantly upregulated in both soft and stiff
hydrogels than in 2D culture, including IL-8, MCP-
1, MCP-3, tumor necrosis factor α (TNFα), and
TNFβ. In the encapsulated THP-1 cells, the secretions
of M2-related cytokines were slightly upregulated in
3D hydrogel culture, but the levels were relatively
lower when compared withM1 related cytokines. For
both THP-1 cells and M0 macrophages, expression
of M2 associated cytokines (e.g. IL-4, IL-12p40, IL-
13 and EGF) were slightly higher in softer gels than
in stiffer matrix (figure 6(B)). For the encapsulated
M0 macrophages, cytokine secretions were mostly
increased in 3D hydrogel culture, except for RANTES.
Antibody-based cytokine array is a Western blot-like
qualitative assay that permits rapid identification of
cytokines that were differentially secreted when the
cells were cultured in different microenvironments.
To quantitatively verify the results, we used ELISA,
a more sensitive and quantitative assay, to detect

the secretion of IL-8, which was highly expressed in
stiff hydrogels. Figure 6(C) shows that, when com-
pared with 2D culture, pro-inflammatory IL-8 levels
increased rapidly from 3D culture over time, espe-
cially in stiffer PGANB hydrogels. Of note, both the
cytokine array and the ELISA results shown in figure 6
were performed without taking into account the vari-
ation of cell viability in 3D hydrogels (figure 5). This
means that the differences in IL-8 secretion would
have beenmore drastic on a per-cell basis between the
three culture conditions.

Recent studies have shown that the 3D microen-
vironment could induce M1 polarization of macro-
phages [38, 47]. Our results showed that both THP-
1 cells and M0 macrophages polarized with PMA
exhibited similar cytokine secretion behavior and
that 3D hydrogel culture increased the production of
pro-inflammatory cytokines. Our study also showed
that M1-like macrophages were induced by stiffer
3D microenvironment, which is consistent with the
literature [38, 47]. Interestingly, pre-differentiation of
THP-1 cells into M0 macrophages changed the secre-
tion profiles when the cells were cultured on 2D but it
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Figure 6. Cytokine secretion from THP-1 cells and M0 macrophages cultured in 2D, soft, and stiff PGANB hydrogels.
(A) Immunostaining for polarization markers expressed in THP-1 cells and M0 macrophages at day 7. (B) Heat-map of M1 and
associated cytokines measured by human cytokine array C3 kit using conditioned media collected on day 4 of culture. Results
were shown as adjusted mean volume (OD×mm2)± SD of two repeats on the antibody membranes. The average intensity of
the pixels in background volume was calculated and subtracted from each pixel in all standard and samples using ImageJ.
(C) ELISA measurement of secreted IL-8.

did not prime the cells to produce different secretion
profiles in 3D hydrogels, suggesting that 3D hydrogels
may be more effective in priming the monocytes into
different phenotypes.

In general, IFN-γ/LPS treated pro-inflammatory
M1 macrophages upregulate expression of TNF-
α, IL-1β, IL-6, IL-8, MCP-1, LOX, and Leptin. In
anti-inflammatory M2 macrophages polarized by
IL-4/IL-13, secretion of MCP-1 was shown to be
decreased, which was accompanied with increased
expression of anti-inflammatory cytokine (e.g. IL-
12p40, IL-23) and CD36 [48–50]. Furthermore,
unlike IL-8, the detected levels ofM1-related cytokine
secretion, including TNF-α, IL-1β, and IL-6 were rel-
atively low. It was possible that these cytokines were
retained in the PGA hydrogels owing to their excel-
lent protein absorption property [51]. IL-8, MCP-1,
IL-12p40 are upregulated when NF-κB signaling is

activated in THP-1 cells. On the other hand, IL-12p40
acts as a chemoattractant for macrophages and pro-
mote the migration of dendritic cells [51–53]. There-
fore, we hypothesized that matrix stiffness could
modulate the immune response through the toll-
like receptor 4 (TLR4) signal transduction path-
way, which leads to the activation of NF-κB. In stiff
matrix, TLR pathway activates the transcription of
genes encoding inflammatory cytokines such as IL-
8, MCP-1, and GRO by inducing nuclear transloca-
tion of NF-κB [33, 54, 55]. Furthermore, recent study
has shown that IL-8 secretion was increased in TLR-
2 and TLR-4 stimulated undifferentiated THP-1cells
[56]. We hypothesize that human monocyte and
M0 macrophages encapsulated in stiff hydrogel were
activated towardM1macrophage. On the other hand,
in softmatrix, TLR signaling induces expression of IL-
12p40 through the activation of another transcription
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factor, interferon-regulatory factor 3 and led to M2
macrophage-like behavior [52]. Future work will
focus on using this hydrogel platform for macro-
phage/fibroblast co-culture model to investigate the
effect of cytokine stimulation by matrix stiffness on
regulation of inflammatory response.

4. Conclusions

In summary, natural polypeptide-based hydrogels
consisting of NB functionalized PGA were fabric-
ated via orthogonal thiol–NB chemistry. By using
crosslinking reaction between NB and variety of
thiol crosslinkers with different initiation methods
(i.e. photopolymerization and enzymatic reaction),
physical/biochemical properties of the PGA hydro-
gels could be readily controlled. Furthermore, bioact-
ive property of the hydrogel was enhanced through
Tz-NB clickable reaction. PGANB hydrogels exhib-
ited excellent swelling properties and high protein
absorption ability compared to PEG-based hydrogel.
PGANB hydrogels also displayed excellent cytocom-
patibility for human monocyte cells encapsulation
but higher gel stiffness may lead to gradual loss of cell
viability death while promotingM1 polarization. The
tunable physicochemical properties of orthogonally
crosslinked PGANB hydrogels may serve as a prom-
ising biomaterial platform for 3D cell culture.
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