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ABSTRACT: Photopolymerization of protein-derived polymers
functionalized with methacryloyl groups has been increasingly used
to fabricate three-dimensional tissue constructs for biomedical
applications because photocurable protein-based polymers (e.g.,
gelatin and collagen methacryloyl) feature spatial-temporal controll-
ability of engineering complex constructs as well as inherent
biological properties. Herein, we report photocurable albumin-
based hydrogels. First, photocurable bovine serum albumin
methacryloyl (BSA-MA) with different degrees of substitution
(DM) was successfully synthesized in a precise manner, without substantially altering BSA native secondary structure. Resultant
photocurable BSA-MA hydrogels exhibited tunable physio-biochemical properties over the swelling, degradation, and mechanical
properties. Moreover, photo-cross-linked BSA-MA hydrogels provided a permissible environment to support cell viability and
functionality both in two- and three-dimensional culture systems. Photocurable BSA-MA hydrogels may be used as a versatile
platform for various bioapplications including tissue engineering and 3D bioprinting.

KEYWORDS: bovine serum albumin, bovine serum albumin methacryloyl, photocurable hydrogels, tunable properties, tissue engineering,
three-dimensional scaffolds

■ INTRODUCTION

Hydrogels, due to their high water content and a broad range
of physicochemical properties, have been increasingly explored
for tissue engineering applications.1−3 Both synthetic and
natural polymers have been utilized to fabricate biocompatible
water-swollen polymer networks that mimic the in vivo
microenvironment.4,5 Synthetic polymer-based hydrogels can
be reproducibly manufactured on a large scale at low cost and
possess mechanical properties that can be easily controlled but
lack cell-recognition sites, even though these can be provided
through the incorporation of biological molecules. Natural
polymer-based hydrogels, instead, bear specific cell interaction
sites crucial for biocompatibility and biodegradability but
usually possess poor mechanical properties even though these
can be improved through chemical cross-linking strategies.6,7

The formation of intermolecular covalent bonds between the
polymer chains can be achieved by means of radical
photopolymerization or addition/condensation polymeriza-
tion; however, photoinitiated radical polymerization has been
preferentially used to fabricate hydrogels for biomedical
applications due to the spatial-temporal precision of the
cross-linking process, the possibility of manufacturing complex
structures in a fast and facile manner, and the easily tunable
properties of the resulting hydrogels.7 Functional polymers
have been fabricated with photocurable moieties (e.g., acryloyl
or methacryloyl groups) upon ultraviolet (UV) or visible light

in the presence of a photoinitiator creating covalent bonds,
resulting in a cross-linked polymer network.7,8 Methacryloyla-
tion of natural polymers such as collagen,9 gelatin,10−13

hyaluronic acid,13,14 chitosan,15 alginate,16 dextran,17,18 chon-
droitin sulfate,13 silk,19 and tropoelastin20 has been reported as
a promising strategy to fabricate hydrogel constructs for a
variety of biomedical applications.
Albumin is one of the most abundant proteins in blood

plasma (35−50 mg mL−1 in humans), plays a crucial role in
regulating the plasma oncotic pressure, acts as a carrier of
metal ions and various endogenous and exogenous molecules,
and possesses antioxidant properties.21,22 In addition, albumin
primary sequence and heart shape folded tertiary structure are
well-known, facilitating the design of albumin-based applica-
tions such as scaffolds for cell culture or systems for drug
delivery.22−25 For instance, by knowing the exact 3D
arrangement of various amino acids, simulations to determine
the interactions between albumin and therapeutic substances
can be performed, and prediction of albumin ligand-binding
abilities can be achieved,26 which can be advantageous in the
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development of drug delivery systems. As a result, human
serum albumin (HSA) has been successfully employed as a
drug carrier in a few FDA approved medicines for the
treatment of diabetes and various types of cancer.22,23

Furthermore, over the past 15 years, albumin has also been
explored for various tissue engineering applications.24,25

Among these, the ones focusing on the use of bovine serum
albumin (BSA) demonstrated the potential of this protein as a
scaffold biomaterial for in vivo implants27 and for in vitro
culture of human mesenchymal stem cells,28 human induced
pluripotent stem cells,29 fibroblasts,30 muscle cells,30 endothe-
lial cells,30 and cardiomyocytes.31,32

In these studies, BSA was chosen as a valid alternative to
human serum albumin (HSA) due to its vast availability, low
cost, and molecular structure similarity to HSA. However, the
fabrication of BSA scaffolds mainly relied on the denaturation
or unfolding of BSA molecules, which might result in altered
protein functionality. Specifically, via the use of low pH
solutions27,31 or reducing agents (e.g., β-mercaptoetha-
nol,29,30,32 dithiothreitol28), which respectively caused intra-
molecular static charge repulsions and disulfide bonds
reduction, BSA molecules passed from a native protein
globular structure to an unfolded conformation. In this
extended form, BSA molecules were assembled and refolded
in a non-native structure, via self-assembly of exposed
hydrophobic domains,27 spontaneous formation of new intra-
and intermolecular disulfide bonds,29,30,32 or formation of new
intra- and intermolecular bonds in the presence of cross-linking
agents (e.g., microbial transglutaminase28), leading to the
fabrication of non-native BSA-based scaffolds. However,
passing from a native globular conformation to a non-native
refolded structure resulted in altered protein binding affinities,
with a reduced number of sites available for the binding of all-
trans retinoic acid molecules.27 Moreover, receptors (e.g.,
albondin, calreticulin, and heterogeneous nuclear ribonucleo-
proteins) binding albumin in its native conformation have
been identified in various types of cells.21 Therefore, changes
in the native BSA heart-shape folded tertiary structure might
impact the innate BSA capacity to ligate cell-membrane
receptors and chemical compounds. Thus, fabrication of
constructs where the native BSA heart-shape conformation is
maintained might be advantageous for drug delivery or tissue
engineering applications. On the other hand, Iemma et al.
reported the fabrication of BSA-based spherical microparticles
for oral drug delivery via reverse-phase suspension radical
copolymerization of methacrylated BSA and either N,N-
dymethylacrylamide or methacrylic acid sodium salt or N-
isopropylacrylamide. Methacrylated BSA was obtained by
reacting BSA with methacrylic anhydride at controlled pH
and temperature, thus to maintain the water solubility and
folded structure of native BSA molecules, and the BSA-based
microspheres showed pH-dependent swelling behavior and
ability to encapsulate and differentially release various types of

drugs.33−36 Abbate et al., instead, fabricated BSA-based
hydrogels via photopolymerization of methacrylated BSA and
the cross-linking agent N,N′-methylenebis(acrylamide) and
reported that it was not possible to obtain hydrogels in the
absence of the cross-linking agent, most probably due to the
low degree of functionalization of the synthesized methacry-
lated BSA.37 Nonetheless, their BSA-based hydrogels partially
retained the esterolytic activity of native BSA, demonstrating
potential for protein-based biomimetic catalysts. However,
their reports of methacrylated BSA seem preliminary, and until
now, photocurable BSA methacryloyl has not been thoroughly
scrutinized for tissue engineering applications.
Therefore, the aim of the present study is to systematically

investigate photocurable BSA methacryloyl hydrogels as a new
platform for tissue engineering applications. BSA methacryloyl
samples with different degrees of substitution were successfully
prepared via a one-pot method.38 BSA-MA secondary structure
was analyzed, and BSA-MA hydrogel features such as swelling,
mechanical properties, and enzymatic degradation were
examined in terms of physical tunability. Moreover, cell
viability and functionality of BSA-MA hydrogels were also
evaluated using a model cell both in two- and three-
dimensional culture systems. Our report would spark interest
in photocurable BSA-MA hydrogels for potential use in
biomedical applications including cell culture, tissue engineer-
ing, and 3D bioprinting.

■ MATERIALS AND METHODS
Synthesis of Bovine Serum Albumin Methacryloyl (BSA-

MA). BSA-MA was synthesized similarly according to a method
previously utilized for the synthesis of gelatin methacryloyl
(gelMA).39 BSA (V900933; Sigma-Aldrich) was dissolved at 10%
w/v into 200 mL of a 0.25 M carbonate-bicarbonate (CB) buffer
(14.65 g of sodium bicarbonate and 21.53 g of sodium carbonate
decahydrate in 1 L distilled water) under magnetic stirring (500 rpm)
at 37 °C. After the complete dissolution of the BSA, the pH of the
buffer solution was adjusted to 9 using a 5 M sodium hydroxide
solution (NaOH; Sigma-Aldrich). Different amounts of methacrylic
anhydride (MAA, 94%; Sigma-Aldrich), corresponding to different
molar ratios of MAA to lysine groups as indicated in Table 1, were
then sequentially added to the BSA solution. The reaction proceeded
for 1 h under magnetic stirring (500 rpm) at 37 °C and was
terminated by adjusting the pH of the solution to 7.4 using a 6 M
hydrochloric acid solution (HCl; Sigma-Aldrich) or a 5 M NaOH
solution. The solution was filtered using sequentially 70 mm filter
papers, and then dialyzed against distilled water for 4−6 h at room
temperature using a tangential flow filtration (TFF) system equipped
with a Pellicon 2 cassette containing a 10 kDa Biomax membrane
(Merck Millipore), to remove unreacted MAA and methacrylic acid
byproduct. At last, BSA-MA solutions were freeze-dried for 4−5 days
and stored at −20 °C until further use.

Degree of Methacryloylation. After the incorporation of
methacryloyl groups into BSA, the degree of methacryloylation
(DM) of the various BSA-MA samples was quantitatively determined
by 2,4,6-trinitrobenzenesulfonic acid (TNBS) assay and qualitatively
verified through nuclear magnetic resonance (NMR) spectroscopy.

Table 1. Experimental Parameters Used during Synthesis of BSA-MAa

samples synthesis methods
batch
(g)

MAA (94%,
mL)

mole ratio MAA/
lysine 0.25 M CB buffer (mL) T (°C)

time
(h)

initial
pH

yield
(%)

BSA-MA 1 sequential addition 20 1.558 0.55 200 37 1 9 87
BSA-MA 2 sequential addition 20 3.116 1.1 200 37 1 9 94
BSA-MA 3 sequential addition 20 6.233 2.2 200 37 1 9 93
BSA-MA 4 sequential addition 20 12.465 4.4 200 37 1 9 90

aMAA, methacrylic anhydride; CB, carbonate-bicarbonate; T, temperature.
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TNBS assay was performed similarly according to what was
previously described.40 BSA and BSA-MA samples were separately
dissolved at 0.2 mg mL−1 in a 0.1 M sodium bicarbonate (NaHCO3)
buffer (pH 8.5) at room temperature. Then 0.5 mL of a 0.01% w/v
TNBS (Sigma-Aldrich) solution (in 0.1 M NaHCO3 buffer) was
added to 0.5 mL of each sample solution, and the mixtures were
incubated at 37 °C for 2 h. To stop the reaction, 0.5 mL of 10% w/v
sodium dodecyl sulfate (SDS; Sigma-Aldrich) and 0.25 mL of 1 M
HCl were added, and the absorbance of each solution was measured
at 335 nm using a microplate reader (Infinite M200 Pro; Tecan AG).
Glycine standard solutions at 16, 8, 4 2, 1, and 0 μg mL−1, prepared
by serial dilutions in 0.1 M NaHCO3 buffer, were used to plot a
standard curve and determine the molar concentration of free primary
amino groups in each sample (Figure S1). The degree of
methacryloylation (DM) was calculated according to the following
formula

= − ×−M
M

DM % 1 100BSA MA

BSA

i
k
jjjjj

y
{
zzzzz

where MBSA‑MA and MBSA are the molarity of the free primary amino
groups in the BSA-MA and BSA samples, respectively.
For proton nuclear magnetic resonance (1H NMR) spectroscopy,

BSA and BSA-MA samples were dissolved at 75 mg mL−1 in
deuterium oxide (D2O; Merck) containing 0.1% w/v sodium-3-
(trimethylsilyl)propionate (TMSP, D 98%; Cambridge Isotope
Laboratories) as a chemical shift reference.41 1H NMR spectra were
collected at room temperature using an Avance I 400 MHz NMR
spectrometer (Bruker). Before analysis, the baseline and the phase of
all NMR spectra were corrected, and their chemical shift scale was
adjusted to the TMSP signal (δ(1H) = 0 ppm).
Secondary Structure of BSA and BSA-MA. The secondary

structure of BSA and BSA-MA samples was evaluated using circular
dichroism (CD) spectroscopy and attenuated total reflectance-Fourier
transform infrared (ATR-FTIR) spectroscopy.
CD spectra of BSA and BSA-MA samples (0.5 mg mL−1 in

deionized water) were acquired in triplicate with an AVIV model 420
spectrometer (AVIV Biomedical), from 180 to 260 nm at 25 °C, with
1 nm intervals, 1 s averaging time, and 1 nm bandwidth in a 0.1 mm
path length quartz cuvette (HellmaAnalytics). Acquired spectra were
smoothed (Savitsky-Golay smoothing, third order polynomial, 20
points smoothing window)42 and normalized by subtracting the
spectra of the blank (deionized water). The resulting spectra in
millidegrees of ellipticity were converted to mean residue ellipticity
(MRE; deg cm2 dmol−1) according to the following formula:42,43

θ= ×
*l c

MRE
MRW

where θ is the measured resulting ellipticity in mdeg, MRW is the
mean residue weight (calculated by dividing the BSA molecular mass
in Da by the number of BSA amino acids minus 143), l is the path
length in mm, and c is the protein concentration in mg mL−1. The
fractional helicity percentage of BSA and BSA-MA samples was
calculated based on the MRE value at 208 nm (θ208) according to the
following formula:44

θ θ
θ θ

=
−

− −
×

α
Fractional helicity % 100R

R

208

where θR is the MRE at 208 nm of a protein 100% in a random
conformation (−4000 deg cm2 dmol−1), and θα is the MRE at 208 nm
of a protein 100% α-helix (−33 000 deg cm2 dmol−1).
ATR-FTIR spectra of BSA and BSA-MA samples (30 μL),

dissolved in deionized water at 10 mg mL−1, were recorded in
triplicate using a Vertex 70 FTIR spectrometer (Bruker) equipped
with a mercury cadmium telluride photodetector (Bruker) and a
MIRacle ATR accessory module with a three-reflection ZnSe ATR
crystal (PIKE Technologies). Spectra were acquired from 4000 to
1000 cm−1 using a 4 cm−1 resolution and an average of 128 scans. To
remove the water and water vapor contribution from the collected

spectra, the spectra of the blank aqueous solvent and water vapor were
subtracted from those of each sample. The resulting spectra were
baseline-corrected and normalized. The spectra in the amide I band
region (1700−1600 cm−1) were then deconvoluted using a Gaussian
curve fitting to discern the relative contributions of the different
secondary structure motifs; the peak centers were determined using a
second-derivative analysis and were assigned according to the
literature (α-helix 1653−1654 cm−1; β-turn 1675−1680 cm−1;
extended chains 1622−1639 cm−1; intermolecular β-sheet 1612−
1618 cm−1).45−48 Data were processed using OPUS software
(Bruker), to subtract the water and water vapor contribution, and
Origin software (OriginLab) for the curve fitting analysis.

Fabrication of BSA-MA Hydrogels. Freeze-dried BSA-MA
(BSA-MA 1, BSA-MA 2, and BSA-MA 3) was dissolved at 10, 15,
and 20% w/v in phosphate-buffered saline (PBS; pH 7.4; Gibco, Life
Technologies). Photoinitiator 2-hydroxy-4′-(2-hydroxyethoxy)-2-
methylpropiophenone (Irgacure 2959; Sigma-Aldrich), dissolved at
20% w/v in ethanol (EtOH) 70% v/v, was added to the BSA-MA
solutions to a final concentration of 0.5% w/v. Hydrogel precursor
solutions were cast into molds prepared by gluing silicone tubes (6
mm inner diameter) onto glass slides and photo-cross-linked by UV
light irradiation (365 nm; 150 mW cm−2; Bluewave 200 3.0 light-
curing spot-lamp; Dymax) for 6 min.

For compression tests, 6 mL of each BSA-MA hydrogel precursor
solution was cast into a 55 mm Petri dish, and hydrogel specimens
(13 mm diameter, 2.4 mm height) were punched from the UV cured
hydrogels (365 nm, 150 mW cm−2, 6 min) and kept in PBS for 48 h
before use.

Swelling of BSA-MA Hydrogels. Immediately after photo-cross-
linking, BSA-MA bulk hydrogels were kept in PBS (pH 7.4) at 37 °C.
After 72 h of incubation, the wet weight (Wwet) of each bulk hydrogel
was measured. Hydrogels were then freeze-dried, and the dry weight
(Wdry) of each hydrogel was also measured. The mass swelling ratio
was calculated as the ratio between the hydrogel water uptake (Wwet −
Wdry) and its dry weight (Wdry).

Mechanical Properties of BSA-MA Hydrogels. The mechan-
ical properties of various BSA-MA hydrogels were studied using a
dynamic mechanical analyzer (DMA; Q800; TA Instrument) in a
controlled force mode. The hydrogels, in the equilibrium swollen state
after 48 h in PBS, were clamped between a parallel-plate compression
clamp, and a piece of Kimwipe (Kimtech Science; Kimberly-Clark
Professional) around the samples was used to increase the grip on the
hydrogels. BSA-MA scaffolds were compressed at a rate of 1 N min−1

from 0.01 N up to 12 N. The compressive modulus was calculated
from the slope of the linear region of the stress−strain curve between
10% and 15% strain.

In Vitro Enzymatic Degradation of BSA-MA Hydrogels.
Photo-cross-linked BSA-MA hydrogels were placed in PBS until
reaching the equilibrium swelling, and then the wet weight of each
sample was measured after its surface water was removed with a piece
of Kimwipe. Each BSA-MA scaffold was then incubated in 0.5 mL of a
0.25% trypsin-EDTA (TE; Gibco, Life Technologies) solution at 37
°C in 5% CO2. The enzyme solution was changed every 48 h. At
predetermined time points t, the BSA-MA hydrogels were frozen at
−80 °C overnight and lyophilized (FreeZone 4.5 L freeze-dryer;
Labconco) for 48 h, and then the dry weight (WDt) of each sample
was measured. The initial dry weight (WDi) of each BSA-MA hydrogel
was estimated from the ratio of the wet weight and the dry weight of
control untreated hydrogels. Mass loss percentage was calculated
according to the following formula:

= − ×
W
W

Mass loss % 1 100Dt

Di

In Vitro Drug Release. Doxorubicin hydrochloride (Tocris
Bioscience) was used for in vitro drug release studies. Photo-cross-
linked BSA-MA hydrogels were placed in PBS until they reached the
equilibrium swelling, and then they were incubated for 36 h at 4 °C in
1 mL doxorubicin solutions at molar ratios of 2:1 drug/BSA (180 μM,
271 μM, and 361 μM for BSA-MA hydrogels at 10%, 15%, and 20%
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w/v, respectively) to allow adequate diffusion of the drug into the
hydrogels. Afterward, the doxorubicin solution was replaced with 1
mL of PBS (pH 7.4; Gibco, Life Technologies), and its absorbance at
484 nm was measured with a microplate reader (Infinite M200 Pro;
Tecan AG) to determine the mass of the doxorubicin loaded into the
hydrogels (MDOX‑Enc). Encapsulation efficiency was calculated as
Encapsulation efficiency % = (MDOX‑added/MDOX‑Enc) × 100 and drug
loading as Drug loading = MDOX‑Enc/(MDOX‑Enc+ MBSA‑MA) × 100,
where MDOX‑added is the mass of doxorubicin added and MBSA‑MA is the
mass of BSA in the BSA-MA hydrogels. At determined time points,
PBS was collected and replaced with 1 mL of fresh PBS, and its
absorbance at 484 nm was measured using a microplate reader to
determine the drug concentration in the solution and consequently
the drug release profile over time. Doxorubicin solutions at different
molar concentrations were used to obtain the standard curve used for
calculating the cumulative drug release.
Cytocompatibility of BSA-MA Hydrogels. Cytocompatibility of

BSA-MA hydrogels was evaluated by culturing human hepatocellular
carcinoma cells (Huh-7.5; Apath) as a model cell in a 2D BSA-MA
environment. BSA-MA 1, 2, and 3 were dissolved at 15% w/v in PBS,
with 0.5% w/v photoinitiator Irgacure 2959 (a stock solution
dissolved at 20% w/v in EtOH 75% v/v). BSA-MA solutions were
then cast in 48-well plates (0.2 mL/well) and photo-cross-linked via
UV light (365 nm; 100 mW cm−2; 6 min), and the obtained gels were
washed with PBS. Huh-7.5 cells were cultured in high glucose
Dulbecco’s modified Eagle’s medium (DMEM; Gibco, Life
Technologies) containing sodium pyruvate and L-glutamine and
supplemented with 10% fetal bovine serum (FBS; Gibco, Life
Technologies) and 1% antibiotic-antimycotic (Gibco, Life Tech-
nologies) in a humified atmosphere at 37 °C in 5% CO2. Huh-7.5
cells of 3 × 104 were seeded on top of each BSA-MA gel and cultured
for 5 days. Media were changed every 2 days. Cells seeded on a 2D
48-well tissue culture plate (TCP) were used as control. Cell viability
was assessed every other day using a Live/Dead Cell Viability/
Cytotoxicity kit (Life Technologies) according to manufacturer’s
instructions. Briefly, 4 μM calcein-acetomethoxy (calcein-AM) and 8
μM ethidium homodimer-1 (EthD-1) in 0.5 mL of culture media
were added to each well and incubated at 37 °C in 5% CO2 for 1 h.
Live and dead cells, stained green and red, respectively, were imaged
using an LSM710 confocal microscope equipped with an Axio
Observer Z1 inverted microscope. Images were processed using
ImageJ software. Cell viability was also assessed using the Cell
Counting Kit-8 (CCK-8; Dojindo Molecular Technologies) assay
according to the manufacturer’s instructions. Each well was incubated
with a CCK solution (350 μL; 1:10 CCK to culture medium) at 37
°C in 5% CO2 for 2 h, and the absorbance at 450 nm was measured
using an Infinite 200 PRO microplate reader (Tecan).
Encapsulation of Huh-7.5 Cells within BSA-MA Hydrogels

and Evaluation of Their Viability, Functionality, and
Morphology. BSA-MA 3 and poly(ethylene glycol)diacrylate

(PEGDA; MW 4600) were dissolved at 10%, 15%, and 20% w/v in
PBS, and the photoinitiator Irgacure 2959, predissolved at 20% w/v in
EtOH 75% v/v, was added to a final concentration of 0.1% w/v. The
hydrogel precursor solutions were filtered (0.2 μm) and added to the
cell suspensions. Then 50 μL of a hydrogel precursor solution
containing 2 × 105 Huh-7.5 cells was cast into sterile silicone tube
molds (6 mm inner diameter) and UV cured with UV light (365 nm;
20 mW cm−2; Bluewave 200 3.0 light-curing spot-lamp; Dymax) for 3
min. Cell-laden hydrogels were transferred from the molds into 48-
well plates and immediately incubated in 1 mL of complete media at
37 °C in 5% CO2. Media were changed every 3 days, and
encapsulated cells were cultured up to 1 week. Cells encapsulated
in PEGDA hydrogels were used as a control group. PEGDA was
synthesized as previously reported.49 Its degree of acrylation was
74.08% (Figure S2).

Encapsulation efficiency was calculated by counting the number of
cells released into the culture media 24 h after encapsulation. The
viability of encapsulated cells was assessed using the Cell Counting
Kit-8 (CCK-8; Dojindo Molecular Technologies) and the Live/Dead
Cell Viability/Cytotoxicity kit (Life Technologies), according to
manufacturers’ instructions. For CCK-8 measurements, each hydrogel
was incubated with 0.5 mL of a CCK solution (a 1:10 CCK-to-culture
medium) at 37 °C in 5% CO2 for 4 h, and the absorbance at 450 nm
was measured using an Infinite 200 PRO microplate reader (Tecan).
For Live/Dead analysis, each hydrogel was incubated with 0.5 mL of
culture media with 4 μM calcein-acetomethoxy (calcein-AM) and 8
μM ethidium homodimer-1 (EthD-1) at 37 °C in 5% CO2 for 1 h.
Hydrogels were washed with PBS before images of live cells (stained
green), and dead cells (stained red) were taken using an LSM710
confocal microscope equipped with an Axio Observer Z1 inverted
microscope. Images were processed using ImageJ software.

The functionality of encapsulated Huh-7.5 cells was evaluated by
determining the amount of albumin secreted into the culture media
within a 24 h period using a human albumin enzyme-linked
immunosorbent assay (ELISA) kit (Abcam).

Morphology of encapsulated cells was evaluated through scanning
electron microscopy (SEM). Hydrogels were fixed with paraformal-
dehyde (4% PFA; Alfa Aesar) for 30 min, washed twice with PBS,
longitudinally cut, sequentially dehydrated with a series of EtOH
(25%, 50%, 75%, 95%, and 100% v/v; 30 min each), frozen overnight
at −80 °C, and lyophilized for 48 h (FreeZone 4.5 L freeze-dryer;
Labconco). Before the images were aquired with a FESEM 7600F
(JEOL) at 5 kV and different magnifications, the surface of the freeze-
dried hydrogels was coated with a 10 nm platinum film in a JFC-1600
sputter coater (20 mA, 60 s; JEOL).

Statistical Analysis. Prism software (GraphPad version 7.0) was
utilized to analyze the data unless otherwise specified. Triplicate
samples for each condition, unless otherwise specified, were used, and
results are shown as mean ± standard deviation (SD). Statistical
differences between groups were evaluated using one-way analysis of

Figure 1. Synthesis of BSA-MA. Schematic illustration of the reaction between BSA and MAA. BSA, bovine serum albumin; MAA, methacrylic
anhydride; CB, carbonate-bicarbonate; BSA-MA, BSA methacryloyl.
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variance (ANOVA) followed by either Sidak’s or Tukey’s test for
multiple comparisons. Results with a p-value of 0.05 or below were
considered statistically significant.

■ RESULTS AND DISCUSSION

Synthesis of BSA-MA with Different Degrees of
Methacryloylation. BSA-MA was synthesized via the direct
reaction between MAA and the free lysine amino groups in the
BSA molecule (Figure 1). BSA was dissolved into a carbonate-
bicarbonate (CB) buffer, and the pH of the solution was kept
above the BSA isoelectric point (BSA IEP = 4.7),50 thus to
reduce the number of protonated free amino groups that
would not react with MAA.40 By varying the molar ratio of

MAA to lysine groups (0.55, 1.1, 2.2, and 4.4 for BSA-MA 1,
BSA-MA 2, BSA-MA 3, and BSA-MA 4, respectively), we
successfully synthesized four BSA-MA with different degrees of
methacryloylation (DM% ≈ 73.3% (BSA-MA 1), DM% ≈
92.2% (BSA-MA 2) and DM% ≈ 100% for (BSA-MA 3) and
(BSA-MA 4)), as calculated by TNBS assay (Figure 2A and
Figure S1), and with yields above 87% under the reaction
conditions used (Table 1). In particular, by increasing the
amount of MAA used, BSA-MA samples with increasing DM%
values were achieved until saturation of the free amino groups
available for the reaction was reached (e.g., BSA-MA 3 and
BSA-MA 4).

Figure 2. Degree of methacryloylation (DM) of BSA-MA. (A) Degree of methacryloylation (DM) of the four BSA-MA samples synthesized (right)
and the relationship between the feed molar ratio of MAA/Lysine groups and the resulting DM% of the synthesized BSA-MA (left). DM% was
quantified using the TNBS assay. Data are reported as mean ± SD (n = 3). By increasing the amount of MAA used, BSA-MA samples with
increasing DM% values until complete functionalization of all the sterically available lysine groups. The point corresponding to unfunctionalized
BSA (BSA, DM% ≈ 0%, molar ratio MAA/Lys = 0) is not reflected in the graph on the left to better discern the points corresponding to the
different BSA-MA samples. (B) 1H NMR spectra of BSA and BSA-MA samples with different degrees of methacryloylation. (a, b) Acrylic protons
of methacrylamide grafts (5.4 and 5.7 ppm); (c) methylene protons of unreacted lysine groups (at around 3.0 ppm); (d) methyl protons of
methacrylamide grafts (at around 1.9 ppm). The peak at 0 ppm corresponds to the internal standard TMSP.
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Although the TNBS assay allows for precise quantification of
the free primary amines in proteins and in turn, accurately
quantified methacrylamide groups, it does not provide visible
information about the presence of impurities (e.g., methacrylic
acid byproduct) or the presence of methacrylate functions.
Therefore, we also evaluated the methacryloylation of each
sample through 1H NMR. Compared to the BSA spectrum,
BSA-MA spectra contain specific peaks at around 5.4 and 5.7
ppm, corresponding to the acrylic protons of the methacry-
lamide grafts, and at approximately 1.9 ppm, corresponding to
the methyl protons of the methacrylamide grafts. The presence
and different intensities of these peaks (Figure 2B) indicate the
successful conjugation of different amounts of MAA to the
BSA amino groups. Conversely, the intensity of the peak at
around 3.0 ppm, corresponding to the methylene protons of
unreacted lysine residues, decreases with increasing DM, up to
complete disappearance in the spectra of BSA-MA with DM ≈
100% (BSA-MA 3 and BSA-MA 4), indicating complete
reaction of MAA with the available free amino groups in BSA.
The peak of the methylene protons of lysine was shifted from
around 3.0 ppm to 3.2 ppm as the degree of methacryloylation
increased. Also, impurities were marginally visible only in the
BSA-MA 4 sample spectrum, as indicated by peaks

corresponding to the methacrylic acid byproduct (at around
5.3 and 1.8 ppm).
MAA could react with both amine groups (mainly from the

lysine and hydroxylysine residues) and hydroxyl groups (from
hydroxyproline, threonine, serine, tyrosine, and hydroxylysine
residues), resulting in the formation of both methacrylamide
and methacrylate functions, respectively, though the former
was the dominant form in methacrylated proteins such as
gelMA or methacrylated tropoelastin (MeTro).41,51,52 Addi-
tionally, Claaßen et al., when analyzing the 1H−13C
heteronuclear single quantum coherence (HSQC) NMR
spectra of gelMA containing both methacrylate and meth-
acrylamide groups, found that among all the amino acids
bearing a reactive hydroxyl group in the side chain, only the
signals of hydroxyproline and hydroxylysine presented a shift
in the spectra upon methacryloylation, indicating that only
these residues reacted with MAA.41 Also, it has been
highlighted that methacrylate functionalization occurred only
when a higher molar ratio of MAA to lysine groups (e.g., 4.4:1,
5:1, and 10:1) was adopted.41,51 In our study, BSA-MA 3 and
BSA-MA 4 possess a similar DM based on TNBS results,
though a double feed molar ratio of MAA was used for the
synthesis of BSA-MA 4. Therefore, the exceeding molar ratio
of MAA used for BSA-MA 4 might result in the formation of a

Table 2. Content of BSA Amino Acids with Side Groups of Particular Interest for Functionalizationa

amino acid (AA) reactive group content (AA/molecule BSA) content (%)b molar mass (g/mol) mmol/g BSAc mmol/g BSA in literature

lysine −NH2 5950,54 10.1% 146.19 0.888 0.8455

hydroxylysine −NH2; −OH NP54 0% 162.187 NA NA
hydroxyproline −OH NP54,56 0% 131.13 NA NA
threonine −OH 3354 5.6% 119.12 0.495 0.50357

tyrosine −OH 2050,54 3.4% 181.19 0.301 0.154;57 0.2655

serine −OH 2850,54 4.8% 87 0.421 0.45057

cysteine −SH 35#,50,54 6% 121.16 0.527 0.171;57 0.0755

aNP: Not present. NA: Not available. bBased on BSA containing 583 AA. cBased on BSA MW = 66.4 kDa. dThirty-four of these cysteines are
involved in the formation of 17 disulfide bridges.50

Figure 3. Secondary structure of BSA and BSA-MA samples. (A) CD spectra of BSA and BSA-MA in DI H2O. (B) Fractional helicity percentage of
BSA and BSA-MA samples, as calculated from the CD spectra shown in (A). Data reported are mean values (n = 3). (C) Secondary structure
fractions (%) of BSA and BSA-MA samples calculated from the deconvoluted ATR-FTIR spectra shown in D−G. Data are reported as mean values
(n = 3). (D−G) Normalized ATR-FTIR spectra of (D) native BSA, (E) BSA-MA 1, (F) BSA-MA 2, and (G) BSA-MA 3. The contribution of α-
helix (dark red), β-turn (blue), extended chains (green), and intermolecular β-sheets (purple) were assigned on the basis of previously reported
values.45−48 Black lines represent the experimentally obtained spectra. Yellow dashed lines represent the cumulative fit of the component curves.

ACS Applied Bio Materials www.acsabm.org Article

https://dx.doi.org/10.1021/acsabm.9b00984
ACS Appl. Bio Mater. 2020, 3, 920−934

925

https://pubs.acs.org/doi/10.1021/acsabm.9b00984?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.9b00984?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.9b00984?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.9b00984?fig=fig3&ref=pdf
www.acsabm.org?ref=pdf
https://dx.doi.org/10.1021/acsabm.9b00984?ref=pdf


few methacrylate groups. In the 1H NMR spectra of gelMA,
the peaks of the methacrylate groups (around at 1.9, 5.7, and
6.1 ppm) are reported to appear very close to those belonging
to the methacrylamide groups.41,52,53 The specific peak of the
methacrtylate groups at 6.1 ppm seemed little visible in the 1H
NMR spectra of all the BSA-MA samples synthesized, although
the broad peaks of BSA make it difficult to differentiate the
resonance peaks corresponding to the methacrylamide and
methacrylate functions. The lack of methacrylate functions in
the highly substituted BSA-MA samples (BSA-MA 3 and BSA-
MA 4), as well as in the BSA-MA 1 and 2 samples, might be
closely related to the amino acid content of BSA (Table 2),
which does not possess any hydroxyproline or hydroxylysine
groups.
Of note, although the TNBS assay provides precise

information about the free primary amino groups, the molar
content of lysine groups of BSA molecules as calculated from
the TNBS data was almost half of the molar content reported
in the literature.50,55 The native globular conformation of BSA
might account for this discrepancy, as in the other studies;50,55

the molar content was calculated based on cDNA, mass
spectrometry, and amino acid sequence data.
Because of the slight presence of impurities in the BSA-MA

4 sample, only BSA-MA 1, BSA-MA 2, and BSA-MA 3 were
selected for subsequent experiments and analyses.
Secondary Structure of BSA-MA. To evaluate the effect

of the methacryloyl functionalization on the structural
conformation of the BSA molecules, the secondary structure
of the BSA-MA samples was investigated. The CD spectra of
native BSA possess two negative bands at 208 and 222 nm
typical of proteins with an α-helical structure (Figure 3A).42

The CD spectra of BSA-MA resemble that of native BSA,
though the insertion of methacryloyl groups led to a slight
change in the intensity of the two negative bands, suggesting a
marginal reduction in the α-helix content of the BSA molecules
upon methacryloylation, especially in the sample with the
highest degree of functionalization (BSA-MA 3). Indeed, CD
measurements show that the fractional helicity value of BSA-
MA 3 (49.5%) is slightly lower than those of native BSA
(52.7%) and BSA-MA with a lower degree of functionalization
(54% and 51.2% for BSA-MA 1 and BSA-MA 2, respectively)
(Figure 3B).
FTIR deconvoluted absorbance spectra of BSA (Figure 3D)

and BSA-MA (Figure 3E−G) samples were consistent with the
CD results. These spectra show a progressive reduction in the
intensity of the band around 1653−1654 cm−1, representative
of the α-helix content (62.6% for BSA and 58.1%, 56.6%, and
53.5% for BSA-MA 1, 2, and 3, respectively; Figure 3C), and a
simultaneous increase in the intensity of the bands around
1622 and 1639 cm−1, representative of the extended chain
content (21% for BSA; 25.8%, 24.3%, and 26.8% for BSA-MA
1, 2 and 3, respectively; Figure 3C), with the increase of
protein methacryloylation. Indeed, since the majority (73%) of
the lysine amino groups reside in the α-helical region of the
BSA protein,58 the incorporation of methacrylamide groups
might sterically interfere with the helix backbone as well as
alter the hydrogen bonding patterns between the carbonyl
oxygen and the amide hydrogen of the protein main chain,
resulting in partial unfolding of the α-helical secondary
structure, primarily when a higher degree of methacryloylation
were employed. However, the fact that the overall shape of the
amide I band remains unchanged despite the different DM

Figure 4. Physicochemical properties of BSA-MA bulk hydrogels. (A) Gross images of BSA-MA hydrogels. (B) Mass swelling of BSA-MA
hydrogels in PBS. Data are reported as mean ± SD (n = 3). ∗: p < 0.05, ∗∗: p < 0.01, as compared to BSA-MA 1 same w/v%. #: p < 0.05, ##: p <
0.01, between the samples at the extremities of the line. (C) Compression modulus of BSA-MA hydrogels. Data are reported as mean ± SD (n = 4).
∗∗: p < 0.01, as compared to BSA-MA 1 same w/v %. ○○: p < 0.01, as compared to BSA-MA 3 same w/v %. ##: p < 0.01, between the samples at
the extremities of the line.
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suggests that all the methacryloylated samples maintain the α-
helix secondary structure similar to BSA. The percentage of β-
turns and intermolecular β-sheets, instead, seems to be less
affected by the functionalization process, compared to that of
α-helix (Figure 3C).
Physicochemical Properties of BSA-MA Bulk Hydro-

gels. BSA-MA (BSA-MA 1, BSA-MA 2, and BSA-MA 3)
solutions at different concentrations (10%, 15%, and 20% w/v)
were successfully photo-cross-linked (with an intensity of 150
mW cm2 and for 6 min at 365 nm). Obtained transparent
hydrogels disks (with 6 mm in diameter and 2 mm in thickness
in Figure 4A) were subsequently characterized including
swelling behavior, mechanical properties, and degradation
rate, respectively.
All the BSA-MA hydrogels reached equilibrium swelling

within 1 to 4 h, irrespective of the protein concentration and
the DM. The mass swelling of BSA-MA hydrogels in PBS
(Figure 4B), defined as the ratio between the hydrogel water
uptake and its dry weight, decreased with the increase of BSA-

MA concentration and the degree of methacryloylation, which
is in agreement with what was previously reported with other
UV photo-cross-linked polymer-based hydrogels.53,59−61 In-
deed, a higher number of cross-linkable groups resulted in a
higher cross-linking density, and thus in a tighter less-flexible
network that was less able to take up water molecules.
Additionally, a higher degree of methacryloylation reduced the
number of free polar amino groups, which represent the main
sites of water−protein interactions, thus decreasing the water-
binding capacity of BSA molecules.59

The mechanical properties of BSA-MA hydrogels were
evaluated through compression analysis. The compression
modulus (Figure 4C) of BSA-MA hydrogels ranged from a few
kPa to 60 kPa, depending on the protein concentration and the
degree of methacryloylation. In particular, the compression
modulus increased with increasing the BSA-MA content and
DM, indicating the presence of a tighter network under these
conditions, which is inversely related to what was observed for
the swelling. BSA-MA samples showed nonlinear stress−strain

Figure 5. Enzymatic degradation of BSA-MA hydrogel disks. (A−C) Mass loss of (A) BSA-MA 1, (B) BSA-MA 2, and (C) BSA-MA 3 hydrogels.
Data are reported as mean ± SD (n = 3). (D) Overall morphology of BSA-MA hydrogels (scale bar = 5 mm). The degradation rate was dependent
on the DM and mass concentration.
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curves (Figure S3), with a strain stiffening behavior typical of
cross-linked natural-polymer based hydrogels.62,63

The capability of tuning a wide range of mechanical
properties by merely modifying few parameters, such as the
polymer concentration and the degree of modification, makes
BSA-MA a photocurable protein-based material of particular
interest to generate functional tissues or cancer models in vitro,
as many studies have shown that cell behavior is highly
dependent on the scaffold stiffness.64−66 For instance, human
mesenchymal stem cells (hMSC) cultured on collagen type I-
coated polyacrylamide gels of various stiffnesses (0.1, 1, 11,
and 34 kPa) committed to the lineage dictated by the substrate
elasticity toward either neurons, myoblasts, or osteoblasts.64

Also, various carcinoma cells, when encapsulated in PEGDA
hydrogels of different stiffness (2−70 kPa), exhibited
proliferation, cell aggregation, and gene expression patterns
that were strongly correlated to the hydrogel compressive
modulus.65

Hydrogel biodegradation is an essential feature of bio-
medical applications that requires complete resorption or
dissolution in vivo.67 Albumin molecules are proteolytically
degraded in ubiquitous tissues inside the body, and trypsin and
pepsin among the various proteases have been reported to be
the most effective enzymes in cleaving BSA molecules in
vitro.50 Therefore, the enzymatic degradation of BSA-MA
hydrogels was evaluated using trypsin (0.25%). The degrada-
tion rate of BSA-MA hydrogels appears to be strongly
dependent on the BSA-MA concentration and DM (Figure
5). In particular, the higher the DM or the protein
concentration, the slower the degradation, with BSA-MA 1
hydrogels being completely disintegrated within 12 h (Figure
5A,D) and BSA-MA 3 hydrogels at 15% and 20% w/v losing

less than 10% of their mass after 96 h (Figure 5C). In all the
BSA-MA hydrogels, except BSA-MA 3 15% and 20% w/v,
overall changes in the gel shape (size reduction) in a time- and
concentration-dependent manner were observable (Figure
5D), suggesting a combinatorial surface and bulk erosion
degradation mechanism. BSA-MA 3 15% and 20% w/v,
instead, maintained almost entirely their integrity for 1 week,
suggesting that tightly cross-linked network of these gels could
restrict the enzyme diffusion within the constructs and that
BSA MA hydrogels with more cross-linking bridges made of
C−C bonds owing to a higher DM and higher concentration
could be less reactive to enzymes.
Since the degradation of scaffolds used in tissue engineering

should match the cells’ time to remodel their surroundings,
BSA-MA hydrogels with controllable degradation can be
utilized for the fabrication of constructs for a wide array of
regenerative medicine applications, although it should be kept
in mind that the in vitro degradation rates reported in this
study are not representative of the actual in vivo degradation
rates since the latter ones depend on the in vivo local
microenvironments.

In Vitro Drug Release. Doxorubicin, an anthracycline
antibiotic widely used for the treatment of various types of
cancers, was chosen as a model drug. Doxorubicin was loaded
into swollen BSA-MA hydrogels with efficiencies above 84%
for all the hydrogels, except for BSA-MA 1 hydrogels at 10%
w/v, of which the encapsulation efficiency was around 71%,
probably due to the loose polymeric network less able to retain
the drug (Figure 6A). For all the hydrogels, the drug release
rate was initially rapid, with the majority of drug released
within 8 h, and then slowly reached a plateau (Figure 6C−E),
with the time necessary to reach this steady state correlated to

Figure 6. Loading and release profiles of doxorubicin from BSA-MA 1, 2, and 3 hydrogels prepared at different protein concentrations. (A) Drug
loading and encapsulation efficiency percentage of doxorubicin into BSA-MA hydrogels. (B) Gross images of BSA-MA hydrogels loaded with
doxorubicin after 196 h in PBS. (C−E) Cumulative drug release percentage of doxorubicin from BSA-MA hydrogels at (C) 10% w/v, (D) 15% w/
v, and (E) 20% w/v. Data are reported as mean ± SD (n = 3).
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the BSA-MA concentration (∼24 h for hydrogels at 10% w/v,
∼48 h for hydrogels at 15% w/v, and ∼72 h for hydrogels at
20% w/v). As previous works reported that doxorubicin
strongly binds to albumin molecules via hydrophobic and
hydrophilic interactions stabilized by H-bonds and involving
several amino acids,68 this initial rapid release might be mainly
due to the diffusion of the unbound drug. For all the hydrogels
prepared at the same protein concentration, drug release was
the higher as the lower was the degree of methacryloylation,
probably as a result of the drug binding abilities of BSA and the
higher cross-linking density associated with a higher degree of
methacryloylation. The complexation of doxorubicin to BSA

molecules in a tighter polymeric network (e.g., BSA-MA 3)
might block the diffusion of unbound drug molecules in the
solution diffused into the hydrogel core. However, in none of
the hydrogels was the loaded doxorubicin completely released
(Figure 6B), and between ∼40% (for BSA-MA 1) and ∼60%
(for BSA-MA 3) of the drug remained inside the hydrogels,
most probably due to strong interactions between doxorubicin
and BSA. Additionally, as visible from the red colored BSA-MA
hydrogels in Figure 6B, doxorubicin penetrated throughout all
the hydrogel matrices, and, as doxorubicin (MW ≈ 579.99 g/
mol) is larger than glucose (∼180 g/mol) and oxygen,
diffusion of small molecules and gas molecules within the

Figure 7. Cytocompatibility of BSA-MA hydrogels. Human hepatocellular carcinoma (Huh-7.5) cells were seeded on top of preformed BSA-MA
gels with different degrees of methacryloylation and cultured in such a 2D environment for 5 days. (A) Schematic illustration. (B) Cell proliferation
was determined using the CCK-8 assay. Absorbance values of each group were normalized to day 1 values of the same group. Results are reported
as mean ± SD (n = 3). (C) Cell viability was qualitatively assessed using the Live/Dead assay kit. Live cells were stained green using calcein-AM,
and dead cells were stained red using EthD-1. Images were taken using a confocal microscope with a 20× lens. Scale bar is 50 μm. TCP, tissue
culture plates.
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polymeric network should not be hampered in any of the BSA-
MA hydrogels.
Cytocompatibility of BSA-MA Hydrogels and Encap-

sulation of Huh-7.5 Cells within BSA-MA Hydrogels.
Although albumin does not possess the cell-adhesion
sequences found in collagen, laminin, or fibrinogen (e.g.,
RGD sequence), various cell types have shown to bind
albumin molecules, either in their native or refolded
conformation.21 For instance, the presence of the albondin
60 kDa glycoprotein (gp60) on the plasma membrane of
continuous endothelium and alveolar epithelium22 empowered
electrospun albumin scaffolds to support the adhesion and
growth of endothelial cells.30 Protein receptors for albumin
molecules (e.g., heterogeneous nuclear ribonucleoproteins and
calreticulin) have also been found in the plasma membrane of
various human cancer cell lines.21 On the other hand,
attachment of cardiomyocytes to electrospun albumin scaffolds
has been hypothesized to be favored by the binding of serum
adhesive proteins such as laminin.32

We further investigated cellular responses inside photoc-
urable BSA-MA hydrogel scaffolds using Huh-7.5 as model
cells. To first evaluate whether our BSA-MA hydrogels could
be cytocompatible for liver cells, Huh-7.5 cells were seeded on
top of preformed BSA-MA gels with different degrees of
methacryloylation and cultured in such a two-dimensional
(2D) environment for 5 days (Figure 7A). Interestingly, cells
were attached to and spread on the surface of all the BSA-MA
gels, remaining viable throughout the entire culture period, as
observed from the Live/Dead fluorescent images (Figure 7C)
and the CCK-8 data (Figure 7B). Cell proliferation increased
progressively from day 1 to day 5 when cells were cultured on
2D BSA-MA substrates, while it increased until day 3 and then
decreased slightly at day 5 when cells were cultured in standard
tissue culture plates, probably due to space limitation (Figure
7B). Indeed, cells cultured on TCP substrata seem to have
reached confluency at day 5, and more dead cells were visible
at day 5 when cells were cultured on TCP than on BSA-MA
hydrogels (Figure 7C). Moreover, at day 5, cells cultured on
BSA-MA coated substrates still maintained their polygonal
shape, while the contours of cells cultured on tissue culture
plates were less obvious, probably due to the lack of available
space. These results were consistent with previous observa-
tions.12,69 It has been reported that the stiffness of the culture
substrates influences the phenotype of hepatocarcinoma cells,
with cells maintaining a more differentiated phenotype (e.g.,
higher albumin synthesis) on soft substrates and cells
presenting a more proliferative phenotype when cultured on
stiffer 2D substrates.66 As the formazan dye generated during
the CCK-8 reaction is proportional to cell dehydrogenases
activity, the relatively higher values observed for cells cultured

onto 2D BSA-MA gels, compared to cells cultured on TCP,
might be resulting from a relatively increased cell proliferation
rate as well as an enhanced metabolic activity.
The adhesion of Huh-7.5 cells onto the 2D BSA gels most

probably resulted from the immobilization of adhesive proteins
(e.g., laminin, vitronectin) present in the FBS added to the
culture media, as reported by other studies with different cell
types.32

On the basis of these results, we then explored the potential
of BSA-MA hydrogels for regenerative medicine applications
by encapsulating Huh-7.5 cells within three-dimensional BSA-
MA hydrogels (Figure 8). BSA-MA (BSA-MA 3, DM ≈ 100%)
hydrogels with different concentrations (10%, 15%, and 20%
w/v) were employed to fabricate the cell-laden hydrogels, as
BSA-MA 3 gels showed to possess an ample range of physical
properties that might differently influence cell behavior. Cells
encapsulated in PEGDA hydrogels were used as a control
group, as PEGDA hydrogels are known to be relatively inert.5

Huh-7.5 cells were loaded within BSA-MA 3 and PEGDA
hydrogels with a high degree of cell encapsulation efficiency
(93.6%, 96.8%, and 93.6% for BSA-MA 3 10%, 15%, and 20%
w/v, respectively; 95.5%, 92.3%, and 97.3% for PEGDA 10%,
15%, and 20% w/v, respectively), and no statistical differences
were observed among the groups. Viability of the encapsulated
cells (Figure 9A) increased in all the hydrogels within the first
4 days, but from day 4 to day 7, it remained stable or increased
slightly in the BSA-MA hydrogels, while it decreased in all the
PEGDA hydrogels. A calibration curve of the cell number
against absorbance readings is provided in Figure S4. Live/
Dead fluorescent images of the encapsulated cells at day 1, 4,
and 7 supported the CCK-8 results, showing an increase in the
number of live cells (green) over time in all the BSA-MA
hydrogels and displaying increased dead cells at day 7 in
PEGDA hydrogels (Figure 9C). Additionally, independently of
the encapsulating scaffolds, Huh-7.5 formed spheroids growing
over time, as also observed from the SEM images (Figure 9D).
Some dead cells (red) were visible in all the constructs at day
1, indicating that the photo-cross-linking conditions used
might have been slightly cytotoxic (Figure 9C), as both UV
light and free radicals generated during the photopolymeriza-
tion process are known to be potentially harmful to cells and
tissues.7 After 7 days in culture, instead, more dead cells were
observed in the PEGDA hydrogels, whereas fewer dead cells
were found in the BSA-MA hydrogels. SEM images (Figure
9D) also show that Huh-7.5 cells were distributed throughout
the entire scaffolds and that they appeared as a round cell or
spheroids across all the hydrogel scaffolds, supporting the
results of microscopy images.
To evaluate the liver-specific functionality of encapsulated

Huh-7.5 cells, albumin secretion in the culture media during a

Figure 8. Schematic illustration of the cell encapsulation process.
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Figure 9. Culture of Huh-7.5 cells encapsulated within BSA-MA 3 and PEGDA hydrogels (10%, 15%, and 20% w/v). (A) Cell viability, as
determined by CCK-8 assay. Results are reported as mean ± SD (n = 3). (B) Albumin production within a 24 h period at day 1, 4, and 7. Results
are reported as mean ± SD (n = 3). (C) Live/dead staining of encapsulated cells. Fluorescent images were acquired using a confocal microscope
with a 20× lens. Live cells were stained green using calcein-AM, and dead cells were stained red using EthD-1. Scale bar is 50 μm. (D) SEM images
of the cross-section of cell-laden hydrogels at day 1 and day 7. Yellow arrows point to the encapsulated cells in the PEGDA hydrogels. Scale bars of
the images from top to bottom are 10 μm, 5 μm, 50 μm, and 5 μm, respectively.
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24 h period was measured. Albumin production increased over
time for all the constructs, with the highest increase observed
from day 1 to day 4 in all the hydrogels; the increase in
albumin production from day 4 to day 7 was more pronounced
only in the BSA-MA hydrogels (Figure 9B). Among the BSA-
MA hydrogels, those fabricated using lower protein concen-
trations (10% and 15% w/v) showed higher proliferation rates
and albumin secretion, compared to those fabricated with the
highest protein content (20% w/v), most probably owing to
facile transportation of oxygen and nutrients in hydrogels
prepared at a low concentration. These results are consistent
with what was previously reported by other studies
investigating the effect of various cross-linking densities on
cell viability.61,66,70 Considering the cell viability data (Figure
9A,C), the increase in albumin synthesis over time might be
due to both an increase in the cell number and an enhanced
cell functionality, though the latter might be the dominant
factor from day 4 to day 7, as cells aggregated and formed
spheroids. Though both BSA and PEGDA might not interact
directly with cells, as indicated by the formation of spheroids in
both constructs, BSA-MA hydrogels, due to the innate ability
of BSA to bind ECM proteins and other endogenous
molecules, might promote cell−cell interactions as well as
cell−matrix interactions and thus provide encapsulated cells
with a more favorable microenvironment for supporting their
proliferation and functionality.

■ CONCLUSIONS
Here, we systematically investigated, for the first time, the
synthesis and properties of photocurable bovine serum
albumin methacryloyl hydrogels for tissue engineering
applications. BSA-MA with different degrees of methacryloy-
lation was synthesized in a precise manner by controlling the
parameters of the reaction and the feed molar ratio of MAA to
lysine groups. Methacryloyl functionalization of BSA led to a
slight reduction of the BSA α-helical structures, without
considerably altering the native structural conformation of BSA
molecules. Swelling, mechanical properties, and degradation of
photo-cross-linked BSA-MA hydrogels could be easily tuned
by changing the degree of functionalization and the macromer
concentration, which could offer researchers photocurable
protein-based hydrogels with a wide range of properties that
can be required for various biomedical applications. Further,
BSA-MA hydrogels were cytocompatible and able to support
the adhesion and growth of hepatocarcinoma cells. Taken
together, this study may pave the way to use photocurable
albumin methacryloyl in regenerative medicine applications.
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