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ABSTRACT: Albumin-based hydrogels offer unique benefits such as biodegradability and
high binding affinity to various biomolecules, which make them suitable candidates for
biomedical applications. Here, we report a non-immunogenic photocurable human serum-
based (HSA) hydrogel synthesized by methacryloylation of human serum albumin by
methacrylic anhydride (MAA). We used matrix-assisted laser desorption ionization-time-of-
flight mass spectrometry, liquid chromatography-tandem mass spectrometry, as well as size
exclusion chromatography to evaluate the extent of modification, hydrolytic and enzymatic
degradation of methacrylated albumin macromer and its cross-linked hydrogels. The impacts
of methacryloylation and cross-linking on alteration of inflammatory response and toxicity
were evaluated in vitro using brain-derived HMC3 macrophages and Ex-Ovo chick
chorioallantoic membrane assay. Results revealed that the lysines in HSA were the primary
targets reacting with MAA, though modification of cysteine, threonine, serine, and tyrosine,
with MAA was also confirmed. Both methacrylated HSA and its derived hydrogels were
nontoxic and did not induce inflammatory pathways, while significantly reducing macrophage
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adhesion to the hydrogels; one of the key steps in the process of foreign body reaction to biomaterials. Cytokine and growth factor
analysis showed that albumin-based hydrogels demonstrated anti-inflammatory response modulating cellular events in HMC3
macrophages. Ex-Ovo results also confirmed the biocompatibility of HSA macromer and hydrogels along with slight angiogenesis-
modulating effects. Photocurable albumin hydrogels may be used as a non-immunogenic platform for various biomedical

applications including passivation coatings.
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Bl INTRODUCTION

Hydrogels have been extensively explored for various
biomedical applications including tissue engineering scaffolds,

ability.®

their inherent biocompatibility, bioactivity, and biodegrad-

Currently, many natural proteins (e.g, fibrin, collagen,

drug delivery systems, and medical devices. Due to their
biocompatibility, ability to hold high water content, and wide
range of physicochemical properties, hydrogels can function as
a biomimetic platform to reproduce in vivo microenvironment
features such as the extracellular matrix (ECM)." Hydrogels
can also support other essential biological features (e.g.,
facilitation of transport of nutrients and waste through their
interconnected pore architecture) while facilitating design or
functionalization to introduce bioactivity or smart features
responding to external stimuli.””> Although various types of
synthetic hydrogels have been developed to mimic the
physicochemical and mechanical properties of natural tissues,
their lack of robust cell adhesion properties has limited their
safe and eflicient application in tissue engineering and
regenerative medicine.”® In contrast, natural hydrogels,
which are often based on proteins, polysaccharides, or a
mixture of both, or are derived from decellularized tissue, have
frequently been used for various biomedical applications due to
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gelatin, silk, tropoelastin, and albumin) have been used for
natural hydrogel preparation.” Human serum albumin (HSA)
is a highly water-soluble small globular protein made of a single
chain of 585 amino acids, has a molecular weight of 66 348 Da,
and is the most abundant protein in blood, with an average
half-life of 19 days.” Produced by hepatocytes with a
concentration of around 35-50 g/L in blood, this non-
glycosylated endogenous protein plays a major role in the
maintenance of both intravascular and extravascular colloid
osmotic pressure.”” HSA is a well-known material for drug
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therapy with a long history of medical applications.'’™"* As a
versatile carrier protein with multiple ligand binding sites for
various endogenous and exogenous molecules, it has mainly
been used as (i) a carrier molecule for numerous compounds
such as fatty acids, metals, or drugs in drug delivery or
controlled release systems; or (i) a surgical adhesive/
sealant."*™'° Although many studies have explored the
potential of albumin as a molecular drug carrier, its use as a
hydrogel in biomedical research has received far less attention.
Nonetheless, since albumin hydrogels offer unique features
such as biodegradability, non-immunogenicity, and biocompat-
ibility, as well as the ability to bind to various biomolecules,
interest is steadily growing. For example, recent studies have
explored the application of albumin hydrogels as a biomaterial
for implants or three-dimensional (3D) scaffolds for several
tissue engineering applications including cardiac, orthopedic,
and neural tissue regeneration.”_21

Chemical cross-linking is the most common method for
synthesizing albumin-based hydrogels,”* though physical
methods are also used. Additions of multifunctional cross-
linker molecules containing amine-reactive groups (e.g.,
genipin and glutaraldehyde), disulfide cross-linkers, or thiol-
reactive groups to pristine albumin or its thiolated derivative
results in the formation of a 3D albumin network.””™*
Physical cross-linking approaches are mainly based on pH-
induced cross-linking and thermal cross-linking. Albumin is a
globular protein, and although it has good resistance to
thermal denaturation, heating eventually causes conformational
changes, which ultimately leads to the creation of network
structures by aggregation of heat-denatured albumin.”*™*°
Similarly, acidic or basic pHs also cause conformational
isomeric changes in the albumin molecule, resulting in self-
assembly into a hydrogel network by hydrophobic interactions
and counterion binding mechanisms.'”***"** However, the
resulting hydrogels are not ideal for medical applications, as
the cross-linking agents or non-neutral pH conditions are often
toxic to cells and require extraction or neutralization, limiting
cell encapsulations or other biomedical applications. Albumin
is known to attach to a number of proteins and receptors in
various tissues and cell lines, such as Albondin/gp60, SPARC,
and FcRn.” However, physical (and often chemical) cross-
linking not only alters the secondary and tertiary native heart-
shaped globular conformation of albumin but may also change
their active site, altering binding affinities or even inducing
immunogenicity.

Alternatively, albumin hydrogels can be prepared using a
photo-cross-linking reaction. This approach utilizes ultraviolet
light or visible light in the presence of photoinitiators and
mildly modified albumin, introducing a photoreactive moiety
in the albumin chain, producing three-dimensional hydrogels
with controlled spatial resolution, size, and shape. The
methacryloylation of albumin using methacrylic anhydride or
glycidyl methacrylate in controlled pH is the most common
approach for functionalization of albumin or other biomacro-
molecules.”** Spectrophotometric studies (e.g., circular
dichroism and attenuated total reflectance-Fourier transform
infrared) have shown that this only mildly alters the secondary
structure of albumin. For example, it was demonstrated that
the fractional helicity of bovine serum albumin (BSA) after
100% methacryloylation was reduced only by about 6%
compared to native BSA. The secondary structure of the
fully methacryloylated albumin was also largely maintained, as
only mild changes in a-helix and f-turn values were
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observed.” These results have been corroborated by other
studies, which confirmed that methacryloylation does not
change the secondary structure of BSA.*® Interestingly, an
enzymatic study using para-nitrophenyl acetate as the substrate
also demonstrated that the enzyme-like activity of the
methacrylated albumin hydrogel was partially retained,
indicating neither methacryloylation nor network formation
significantly alter the structure of albumin.’”

BSA and HSA differ by <1% in molecular weight and have a
similar isoelectric gpoint; nevertheless, they share only 76%
sequence identity.”® Due to these structural and sequence
similarities, the majority of the albumin-based hydrogels in the
literature are made using BSA, leaving HSA hydrogels relatively
understudied. To the best of our knowledge, very few studies
have investigated the properties of nondenatured or minimally
denatured albumin hydrogels made from HSA. Table S1 of the
Supporting Information (SI) summarizes the primary research
conducted on albumin hydrogels for various biomedical
applications.

Here, we investigated a photocurable albumin hydrogel
made from HSA methacrylate. HSA methacrylate macromers
were synthesized using methacrylic anhydride, followed by
cross-linking of the macromers in the presence of water-soluble
and biocompatible initiator lithium phenyl-2,4,6-trimethylben-
zoylphosphinate (LAP). While this chemistry is widely used in
the methacryloylation of both synthetic polymers and proteins,
there has been no in-depth investigation of the details of this
reaction at the amino acid level for HSA. The extent and
specificity of this reaction is critical in the toxicity,
bioavailability, and immunomodulatory capability of protein-
based macromers. For example, methacrylic anhydride can
react with amino acids containing amine, hydroxyl, or thiol
groups, resulting in the formation of methacrylamide,
methacrylate, or thioester functionality, respectively. Such
modification may alter the protein structure. Since distinguish-
ing chemical shifts in these functionalities in the NMR
spectrum of HSA is challenging, we used liquid chromatog-
raphy—mass spectrometry (LC-MS/MS) and enzymatic
digestion to identify the amino acid residues in HSA, which
reacts with methacrylic anhydride under our reaction
conditions. In addition to molecular characterization, hydrogel
characteristics (e.g., swelling, enzymatic and hydrolytic
degradation, pore structure, and size) were analyzed using a
wide range of techniques including a swelling study, size
exclusion chromatography, and scanning electron microscopy
(SEM).

The passivation effect of albumin coatings and its effects on
suppression of immune cell attachment to the surface of
biomaterials have long been established.** "' However, to the
best of our knowledge, there is no study of photo-cross-linked
HSA hydrogels and their possible immunomodulatory
potential using immune cells. We hypothesized that albumin
hydrogels could modulate protein absorption, affecting cell
adhesion and consequently influencing the immune reaction to
the biomaterial. Hence, we used the brain-derived human
microglial (macrophage) cell line HMC3 to evaluate the
toxicity, cell attachment, proliferation, and inflammatory
response of both HSA methacrylate (HSAMA) and resulting
hydrogels. Human microglia are of particular interest, as they
are activated upon injury to the brain vasculature and are the
major cell type regulating the neuroinflammatory response to
implanted biomaterial in the brain, such as intracortical
microelectrodes.”” Furthermore, the biocompatibility of
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Figure 1. A: Schematic depiction of the reaction of HSA with methacrylic anhydride and corresponding photopolyemrizaion reaction. B: Amino
acid sequences of HSA and the distribution of five amino acids, lysine (59), threonine (29), cysteine (35), serine (28), and tyrosine (19), in HSA.
C: Crystal structure of HSA with lysine residues and the solvent accessibility of Lys residues in HSA sequence. About 20% of the lysine residues
usually have no solution access. HSA structure was rendered based on PDB file 1AO6. D: Possible reaction of four amino acids in HSA (threonine,

cysteine, serine, and tyrosine) with MAA is shown.

HSAMA and HSAMA-containing hydrogels and their impact
on blood vessel development were explored using a chicken
embryo model. This alternative to rodent models is an
inexpensive, rapid, highly reproducible, and easy-to-handle
model with a lower potential for pain perception.”’ The chick
embryo chorioallantoic membrane (CAM) is the thin,
transparent outermost extra-embryonic membrane and is
highly vascularized for nutrient and gas exchange. CAM
development begins on embryonic day four. The chicken
embryo model shows similar patterns of cellular toxicity as in
vitro models and gives tissue responses similar to those in
mammalian models; thus, it is widely used in toxicity studies
and wound healing research. This model also facilitates the
study of the biological and toxicological responses to a broad
range of materials without species-specific restrictions, due to
its immature immune system.‘m’45

This report will outline the development of anti-inflamma-
tory photo-cross-linked albumin hydrogels for tissue engineer-
ing applications (e.g, wound healing and low inflammatory
coatings for implants).
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B RESULTS AND DISCUSSION

HSA methacryloyl was synthesized by reacting HSA with
excess methacrylic anhydride in the presence of sodium
hydroxide (Figure 1). The resulting methacrylic acid quickly
reduces the pH of the solution. Therefore, to minimize the
possibility of protonation of amino groups in lysine residues at
an acidic pH, and considering the tendency of proteins to
denature, aggregate, and precipitate at their isoelectric point
(pl = 4.7 of HSA), concentrated sodium hydroxide solution
was added to keep the pH of the reaction neutral.** Overnight
incubation at 4 °C then resulted in the crystallization of
methacrylic acid and salt, which allowed facile removal of the
bulk of low water-soluble impurities before the dialysis step,
yielding a cleaner product. The degree of methacrylation
(DM) of albumin methacryloyl is a critical factor determining
the physical, chemical, and biological properties of the
hydrogels. To measure the DM value, we used 2,4,6-
trinitrobenzenesulfonic acid (TNBS) assay, which confirmed
100% substitution of the amino group in lysine residues with
methacrylamide groups. This is consistent with previous
studies, which showed that reacting BSA lysine residues with
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Table 1. Sequence Coverage for the Unmodified HSA and Two Different Methacrylated Batches (M9 and M10) Obtained

from Trypsin and GluC Digests

Trypsin GluC
Search parameter Unmodified HSA M9 M10 Unmodified HSA M9 M10
No modification 92.45% 50.08% 48.44% 91.95% 41.71% 40.56%
Methyl acrylate on K 92.45% 84.07% 84.46% 91.95% 89.33% 85.39%
Methyl acrylate on CKSTY 92.45% 84.07% 80.46% 91.95% 89.98% 86.54%

3—5 molar excess of MAA results in 100% functionalization of
BSA.Y Although the substitution appears quantitative, the
TNBS assay showed that pure HSA had only 30 available
amino groups in lysine residues, while 59 lysine residues were
present in the HSA sequence. This result is consistent with
other studies demonstrating that only half of the theoretical
lysine residues in BSA were reacted and were identifiable by
TNBS assay.” This finding is probably related to the globular
nature of HSA (and BSA), which affects lysine reactivity. In
fact, since some of the lysine residues (n = 12) are buried
inside the protein interior, they are not readily accessible to
react with TNBS in an aqueous environment.** This is
corroborated by the fact that other studies have also indicated
that 30—3S or more of 59 of lysine residues are available for
chemical modification.*”*°

To further investigate the nature of the methacryloylation
reaction, the molecular weights of HSA and HSAMA were
analyzed by matrix-assisted laser desorption ionization-time-of-
flight mass spectrometry (MALDI-TOF-MS; Figure S1 of the
SI). The molecular weight of HSA was increased by about
4535 Da by modification with MAA, reaching 71211 Da.
Assuming that lysine moieties are the primary amino acids
reacting with MAA, it can be concluded that 54—56 lysines
(and/or other residues) are methacrylated under the reaction
conditions. This finding, however, is contrary to an early
assumption that about 20% of lysine residues are buried and
not solvent-accessible to react with MAA.”'

This discrepancy can be addressed by two hypotheses: (1)
the majority of the lysine residues have been reacted under our
conditions or (2) methacryloylation is not limited to lysine
residues. In fact, in addition to Lys, there are four other amino
acids in HSA with nucleophilic chemical groups that could also
potentially react with MAA, ie., —SH group of cysteine and
—OH groups of serine, tyrosine, and threonine (Figure 1). In
addition, the resulting HSAMA also had much greater
polydispersity than HSA, as shown in MALDI-TOF-MS
spectra, suggesting that lysine (and/or possibly other amino
acids) are not equally reacting with MAA in every HSA
molecule. This difference in molecular weight distribution of
HSAMA can affect the physicochemical properties of the
resulting hydrogel.

To further validate the finding that more lysine residues or
other amino acids are also involved in the reaction, we
acquired LC-MS/MS spectra of both HSA and two separately
synthesized HSAMA batches to capture the distribution of
methacrylate groups on HSAMA among various amino acid
residues (Figure S1 of the SI). We used the optimal enzymes
for HSA digestion, the combination of which, when used
separately, would give the highest sequence coverage in LC-
MS/MS. Following optimized procedures, HSA and HSAMA
were proteolytically cleaved with trypsin and GluC independ-
ently to release a library of shorter oligopeptides, which were
separated by chromatography and measured by tandem MS.
Trypsin cleaves proteins on the C-terminal side of Lys and Arg
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residues. Since the methacryloylation reaction mainly targets
Lys, it is highly plausible that the HSAMAs have lower
susceptibility than HSA to trypsin. Hence, samples were also
treated with GluC, which preferentially cleaves peptide bonds
at C-terminal to Glu and at lower rate to Asp residues.

The Mascot search algorithm coupled with Proteome
Discoverer were used to identify the digested peptide
sequences and monitor the sequence coverage provided.
Three different peptide searches were performed with and
without the modifications, using the following criteria: (i) with
acetylation at the N-termini, carbamidomethylation on Cys,
deamidation on Asn and GIn, and oxidation on Met—this
search would show the sequence coverage of unmodified HSA
as a quality control; (ii) methacryloylation on Lys, acetylation
at N-termini, carbamidomethylation on Cys, deamidation on
Asn and Gln, and oxidation on Met; and (iii) methacryloy-
lation on Lys, Cys, Ser, Thr, Tyr, acetylation at N-termini,
carbamidomethylation on Cys, deamidation on Asn and Gln,
and oxidation on Met.

Differences in the mass spectra for peptides found in the
unmodified HSA and HSAMA samples were used to identify
regions modified by methacryloylation reactions. However,
since the search space is small, the search could also yield
potential false positive sites in unmodified HSA. Such sites
were used to control and remove false positive modifications
from the HSAMA samples. High sequence coverage of 92.45%
and 91.95% was obtained for unmodified HSA upon tryptic
and GluC digestion, respectively (Table 1), confirming
digestion efficiency.

Modified Lys residues can hamper trypsin digestion.”” In
certain studies, Lys derivatization has indeed been used as a
trypsin-blocking strategy to facilitate mass spectrometric
analysis of certain Lys-rich proteins such as histones.”> M9
and M10 samples were identified with higher sequence
coverage when the methacryloylation search parameter was
applied, confirming the presence of this chemical alteration of
Lys residues at various sites. When methacryloylation on Lys
only was included in the database search, the sequence
coverage by trypsin increased from 50% to 84% for M9 and
from 42% to 89% for M10 batches. These results indicate that
HSAMAs are heavily modified on lysine residues, and some
reduction in sequence coverage is due to the modification of
other amino acid residues. The results of GluC search showed
the same trend (Table 2). Expectedly, GluC digestion yielded a
higher sequence coverage for modified batches compared to
trypsin, as modified Lys could not be efficiently cleaved with
trypsin.

The unique advantage of LC-MS/MS analysis is the
capability to directly recognize chemically modified amino
acid residues in fragment ion spectra. “VSKLVTDLTKVHTE”
peptide spectra with and without methacryloylation on Lys are
shown as a representative modification (Figure S1 of the SI).

We confined our results to modifications identified with
>99% confidence. Table 2 summarizes high-confidence

https://doi.org/10.1021/acsabm.2c00109
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Table 2. Number of Modifications with High Confidence
(>99%) in Different HSA Samples”

M- M- M10- M10-

Sites trypsin GluC trypsin GluC
Lys 30 47 33 42
Lys, Cys, Thr, Ser, Tyr 56 70 62 61

“Two batches of HSAMA were synthesized using identical
formulations and conditions, called M9 and M10, respectively.

modifications noted in HSAMA batches with both tryptic and
GluC digests, after removing false positives. Expectedly, GluC
digestion generally resulted in identification of more
modifications.

The analysis shows a total of 102 unambiguous modification
sites on both M9 and MI10 batches, although some
modification sites differed between the two batches. Note
that this is due to the presence of different modified peptide
pools and does not necessarily imply that every HSA molecule
is carrying all these modifications. This is also in line with the
polydispersity observed in our MALDI-TOF-MS analysis
(Figure S1). Since the majority (around 61% total) of
modified sites are Lys, our findings also support the contention
that Lys has a higher reactivity with MAA than other amino
acids.

The modification sites identified under trypsin and GluC
were complementary. While 24 modification sites for M9 and
26 sites for M10 were overlapping under both trypsin and
GluC digestion, the majority of sites were uniquely identified
in either trypsin or GluC digestion, showing their comple-
mentarity. In total, 19 sites were identified in all the analyses
for M9 and M10. In M9 and M10 batches, 53 shared sites were
identified using trypsin. GluC digestion similarly identified 55
shared modification sites in M9 and M10 batches.

To evaluate Lys residues with regard to solvent accessibility,
we used the crystal structure of HSA at 2.5 A resolution
(1A06) on the Protein Data Bank™ to render its Gaussian
surface representation in the 3D View function and highlighted
the accessibility of Lys residues as provided by the Accessible
Surface Area function (Figure 1 and Movie S1 of the SI).

We visualized the modification sites along the HSA
sequence, also depicting solvent accessibility for Lys (Figure
2A,B for M10 and M9). The length of the branches in Figure
2A,B is a measure of Lys solvent accessibility on a relative scale
(length 1 least to length S most accessible Lys). Some of the
Lys residues known to be in the HSA interior were also
modified, supporting our previous claim. Finally Figure 2C,D
shows all the high-confidence methacryloylation sites on Lys,
Cys, Thr, Ser, and Tyr along the M10 and M9 batches, as
assessed by GluC and trypsin digestion separately.

The methacryloylation process for proteins involves multiple
steps of mechanical mixing, pH changes, dialysis, freeze-drying,
and interaction with the surface of the reaction flask or
container. These process steps may induce alterations in
physical characteristics such as increased molecular weight and
aggregation, reduction in bioactivity, or even cause immuno-
genicity.”> This chemistry is most often used for the
preparation of gelatin methacryloyl, a known hydrogel for
many biomedical applications.”® Nevertheless, gelatin is
already made of a heterogeneous mixture of collagen fragments
obtained via hydrolytic or enzymatic degradation of fibrous
collagen.”” Hence, its physical characteristics or aggregation
state may be less critical compared to a functional transporter
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protein such as HSA. To further assess the purity of HSA and
HSAMA, structure and aggregation state in buffer, we used fast
protein liquid chromatography (FPLC), a form of size
exclusion chromatography often used to analyze or purify
mixtures of proteins. The chromatogram of HSA and HSAMA
is shown in Figure 3, which was in agreement with the
MALDI-TOF-MS results. In the solution state, HSA was
mainly in monomeric form; however, it also contained a small
number of higher oligomers.

Although native HSA can naturally contain some dimers or
oligomers, post-processing can also contribute to oligomeriza-
tion.”® For example, since commercial HSA is often prepared
by a cold alcohol fractional process from pooled human
plasma,®” this may also contribute to the generation of small
amounts of dimers or higher oligomers in HSA or often
oxidation of its free cysteine residue at position 34. In the
present study, the HSAMA mainly formed dimers and a small
amount of higher oligomers in buffer solution. Dimerization or
oligomerization is a function of concentration and is largely
dependent on hydrophobic and hydrogen bonding inter-
actions.”®” HSA dimers are formed either via covalent linking
of Cys-34 or via noncovalent linking when subjected to
extreme conditions.*®

We applied a high molar ratio of MAA to the HSA lysines to
ensure that the maximum possible number of lysine residues
are modified with methacryloyl groups. Lysine residues are
positively charged in HSA, and modification with linear or
cyclic anhydride such as succinic or acetic anhydride has been
shown to alter the free energy and spatial conformation of
HSA, yielding a more negatively charged HSA and a reduced
a-helical content.’’ Nevertheless, the degree and extent of the
a-helical loss content are dependent on the type of acylation
reagent and reaction conditions. For example, Tayyab et al.
showed that 87% acetylated HSA lost 33% of its a-helical
content, while in a similar reaction, BSA-MA was shown to
remain largely unaffected, with a minimal decrease (6%) in its
a-helical content.®® Hence, it is possible that the individual
structure of monomers in dimers is retained. However, further
studies are needed to determine whether the dimers are
formed via the cross-linking of Cys-34 on HSAMA or simply
through physical forces such as hydrophobic—hydrophobic
interactions.

The HSA hydrogel was prepared at three concentrations
(11%, 15%, and 18% w/w) by photopolymerization of
methacrylate HSA using UV light at an intensity of 6 mW/
cm® for a duration of 10 min using a water-soluble LAP
photoinitiator. The resulting hydrogels were then characterized
using a swelling study. The degree of swelling and water
content are critical factors influencing a hydrogel’s mechanical
properties, degradation, and release of leachables or cargo.
Figure 4A shows the degree of hydrogel swelling. A typical
hydrogel extracted from mold and swollen in water is shown in
Figure 4B. A low concentration of HSAMA (11% w/w)
yielded a soft, putty-like hydrogel, and since handling was not
possible, the swelling ratio and gel fraction were not measured.
Albumin hydrogels reached their equilibrium swelling ratio,
which was dependent on the initial concentration of the
macromer. The degree of swelling of the hydrogels is regulated
by their cross-linked density, which depends on the
concentration of cross-linkable groups.61 Hence, the cross-
linked density can be tuned by either varying the degree of
methacrylate modification in the protein or altering the
concentration of polymerizable groups.
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Figure 2. Pine plots summarizing and visualizing the methacryloylation sites along the proteins’ sequence identified with high confidence using
GluC and trypsin digestion for M9 (A) and M10 (B). The green and pink branches represent sites identified with GluC and trypsin digestion,
respectively. The number on the branches denotes the Lys residue position in the protein. The blue branches are those identified also on
unmodified HSA and are thus considered false positive modifications. The Y axis shows the modified residues along the protein sequence, while the
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methacryloylation sites identified with high confidence on Lys, Cys, Thr, Ser, and Tyr along the proteins’ sequence. The colors represent the amino

acid residues, and the X axis scale is irrelevant in these two panels.

We manipulated the concentration of HSAMA to control resulting hydrogels. Compared to two previous reports on
the cross-link density, water uptake, and microstructure of the photo-cross-linked BSA hydrogels, the water uptake of our
2648 https://doi.org/10.1021/acsabm.2c00109
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hydrogel at low concentration (15% w/w) was ca. 2 times
higher.33‘3’5 However, increasing the HSAMA concentration to
18% w/w yielded a much denser network with a 2.4-fold
reduced swelling ratio. The physicochemical properties of
hydrogels are dependent on polymerization conditions such as
the photoinitiator system, light intensity, and irradiation time,
among other variables. For example, in this study, we used LAP
as a photoinitiator, whereas Irgacure 2959 has been used by
other groups.”>** Although LAP is usually preferred over
Irgacure 2959 due to its water solubility and faster polymer-
ization rate, a recent study using gelatin methacryloyl, LAP,
and Irgacure 2959 showed that the swelling ratio of hydrogels
is not affected by the type of the initiator.”> However, the
hydrogel in this research was prepared using much lower UV
light intensity, ca. 6 mW.cm™ compared to 150 and 700
mW.cm ™2,

Here, the concentration of initiator was 1% (w/w), two
times higher than previous studies. The polymerization
propagation rate is proportional to the concentration of
monomer radicals and initiator radicals. Hence, light intensity
and initiator concentration are key parameters affecting kinetic
chain length, which is inversely proportional to the initiation
rate and, therefore, to the rate of polymerization.®*
Accordingly, due to different network architecture and cross-
link density, the hydrogel demonstrated distinct physical
properties, including swelling ratio.

Not all functional groups are involved in the polymerization
reaction, and unreacted fractions or short chains not connected
to the network will alter the physicochemical properties of the
hydrogel or even produce undesired biological responses.
Figure 4C shows the sol fraction of the hydrogels, though due
to the fragile nature of the hydrogels and inaccuracies in
gravimetric measurements, there was no significant difference
between the sol faction values of 15% and 18% w/w hydrogels.
Nevertheless, the decreasing trends may indicate a denser
network in 18% w/w hydrogels. Due to the importance of the
sol fraction, especially to the biological and biocompatibility
response, we analyzed its composition by SEC. The sol fraction
(from 15% w/w sample) consisted of nonreacted HSAMA
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macromer and low-molecular-weight fragments with a peak
molecular weight of 356 Da (Figure 4D). Long-wave UV
(UVA) at low intensities and exposure time may not have
sufficient energy to induce chain secession in the protein. For
example, after 1 h exposure of silk protein at an intensity of
2.37 + 2.12 mW cm ™ to UV light at 365 nm, no newly formed
N-terminal amine groups could be detected by TNBS assay.”®
Nevertheless, in the presence of a photoinitiator, the generated
radicals can induce photodegradation or change the
physicochemical properties of proteins. For instance, BSA
has been known to release free amino acids when exposed to
oxidizing agents such as hydroxyl radicals, which can be
formed when water is present in the photopolymerization
medium.®® Although we did not analyze the composition of
this sol fraction, it is probably composed of albumin oxidation
products and amino acids, as suggested by the molecular
weights of residues determined by SEC.

The samples turned to pale yellow after UV irradiation
(Figure 5). Though LAP is known to exhibit low yellowing,"’
the yellow discoloration is probably due to the formation of
chromophores such as hydroperoxide.”® We noticed that photo
yellowing was reversible, and a few hours after UV exposure or
soaking in water, the samples were colorless.

The porosity of a hydrogel is a crucial factor that not only
influences its mechanical properties but also regulates the
diffusion of nutrients, waste removal from encapsulated cells,
and its biodegradation rate as well as tissue ingrowth and
vascularization.”” Depending on the type and architecture of
monomer or macromer, hydrogel porosity can be tuned by
changing the molecular weight of the macromer or degree of
side chain functionalization.”” For example, reducing molar
mass in the case of telechelic oligomer end-functionalized with
acrylate or methacrylate groups results in lower hydrogel
porosity.”' As another example, in the case of side-chain-
functionalized precursors, hydrogel porosity is controlled
mainly by the degree of functionalization as shown for BSA
or other hydrogels.”>’* Alternatively, hydrogel porosity can
also be controlled by macromer concentration. We used three
different concentrations to explore the effect of HSAMA
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Figure 6. Analysis of degradation products of HSA, HSAMA, and their hydrogels in both aqueous and enzymatic solution. A: Weight reduction of
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concentration on hydrogel porosity. The hydrogels were dried
with a critical point dryer to maintain the pore structure intact,
and the pore structures as observed by SEM were uniform and
fairly distributed along with the matrix. Hydrogels with low
concentrations of 11% (w/w) had a thin wall and showed
numerous small pores with an average size of 10.13 + 3.79 um.
However, increasing the concentration of HSAMA to 15% and
18% (w/w) thickened the cell walls, and the hydrogel average
pore size was also increased to 20.04 + 5.45 and 44.9 + 21.6
pum, respectively. As SEM images confirmed, the resulting
hydrogel was less porous compared to hydrogels with lower
concentrations of HSAMA. Scaffold architecture and pore size
can directly affect cell behavior and especially cellular
proliferation and differentiation, as they provide mechanical
and biological cues that regulate cell-matrix interactions.”
The optimum value for scaffold pore size is cell-specific and
also depends on the physicochemical priorities of the
material.”* For example, cross-linked collagen—glycosamino-
glycan scaffold with pore size 20—125 pm has been reported to
support partial morphogenesis of skin in a guinea pig model.”
Therefore, HSAMA concentration can be an effective tool to
adjust the physicochemical properties of hydrogel, especially
pore size and distribution, to meet the requirements of cell
proliferation and infiltration.
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When designing hydrogel scaffolds for tissue engineering,
the hydrogel degradation rate plays a crucial role, since there
should be a match between scaffold replacement and tissue
regeneration. In addition, hydrogels and their degradation
products should elicit minimal foreign body response.
Degradation of albumin hydrogels is dependent on the
preparation method, and the degree of protein modification
can determine its degradation rate and biocompatibility.**
Natural and endogenous HSA has a half-life of 19 days and can
degrade in any tissue through proteolytic enzymes. However,
its degradation mainly takes place in the liver and kidney."*
Synthetic albumin hydrogels, on the other hand, can display a
wide variety of physicochemical characteristics, as well as a
wide range of degradation profiles ranging from fast-dissolving
gels to long-lasting hydrogels. In fact, the physical parameters
of gels such as microstructure, porosity, and elastic modulus
can influence the behavior of macrophages and other
phagocytic cells and hence alter the degradation rate of
synthetic albumin-based gels. For example, while BSA gels
prepared by pH-induced BSA significantly degraded after 4
weeks of subcutaneous implantation in Sprague—Dawley rats,
their thermally denatured BSA counterparts showed no signs
of degradation.'”
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Alternatively, alterations in albumin structure or its degradation through Gp18 and Gp30 receptor expressed on
modifications may also trigger its biodegradation or recycling endothelial cell membranes of liver cells or peritoneal
via receptor-mediated endocytosis followed by lysosomal macrophages.76 In fact, it has been shown that albumin
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modified by common cross-linker molecules such as form-
aldehyde or maleic anhydride have much hi%her affinity for
Gp18 and Gp30 compared to native albumin.””

Here, we used bovine trypsin and in vitro enzymatic
degradation of both 100% methacrylated HSA macromer;
the resulting hydrogels were evaluated by SEC, spectroscopy,
and gravimetry. Trypsin is one of the main digestive enzymes
that catalyze proteolysis in vertebrates. Trypsin has a well-
established role in proteomics studies, biochemical inves-
tigations, as well as in vitro degradation studies of protein-
based biomaterials.”*”” In our initial study, we used porcine-
derived trypsin-EDTA used in cell culture (Gibco). However,
our preliminary SEC studies showed that this trypsin was a
mixture of components, probably a cocktail of proleptic
enzymes. Hence, to facilitate the identification of the
degradation products, we used pure bovine trypsin, which
was TPCK-treated to inhibit the chymotrypsin.

To eliminate the interference of the sol fraction in the
degradation study, the gels were first extracted in water to
ensure that any weight reduction was the result of degradation
(Figure 6A). As expected, hydrogel mass was reduced $5%
after 5 days of incubation in trypsin solution. The protein
concentration of the supernatant was also measured by UV
spectroscopy (Nanodrop). We observed a 1.9-fold increase in
protein concentration, which provided further evidence for
ongoing proteolytic and degradation activity. However, the
degradation rate decreased over the study course, and after S
days’ incubation with the hydrogel, mass was reduced by only
3%, culminating in a total weight reduction of 58% after 10 day
incubation in tryptic solution. Similarly, the protein concen-
tration of the solution was only slightly increased (17%) after
five additional days of incubation.

Previous studies of radically cross-linked BSA gels have
shown that the degree of methacryloylation and concentration
has a significant effect on the enzymatic degradation rate of
BSA hydrogels.”** Consistent with these studies, our results
showed that hydrogels synthesized with 100% methacrylated
HSA may have increased resistance to enzymatic degradation,
probably due to higher cross-link density or reduced reactivity
toward proteolytic enzyme.

To further explore the effect of methacryloylation on
enzymatic degradation of the HSA, we analyzed the
degradation supernatant of HSAMA and the hydrogel by
SEC (Figure 6C,D). The chromatogram of trypsin-treated
HSA showed five short fragments with a molar mass of 3363,
1438, and 665 Da and two monomeric components with molar
mass of 258 and 105 Da. Some intact HSA was also detected in
the chromatogram. Trypsin-treated HSAMA showed a
degradation pattern relatively similar to that of HSA, and
fragments with a molar mass of 3363, 1438, and 665 Da were
common to both HSA and methacrylated HSA. However, the
degradation fragments were also composed of very large
aggregates, and monomeric fragments with a molar mass of
258 Da were absent from the spectra of HSAMA. These results
support the notion that methacryloylation of albumin affects its
susceptibility to tryptic digestion. The trypsin binding pocket is
suitable for the ionic bonding of long side chain and positively
charged residues such as lysine and arginine. Hence, trypsin
exclusively cleaves the C-terminal of these residues.®
Methacryloylation mainly targets lysine residues and removes
the positive charge from the N-terminal amino group.
Moreover, methacryloylation also alters the hydrophobic
characteristic of HSA.*' Therefore, it is possible that trypsin
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cleavage is reduced or even blocked. This finding is
corroborated by the results of other studies on BSA, indicating
that reduced degradation of fully methacrylated albumin gel
may be partially related to altered enzyme activity on the
hydrogel. When comparing these studies, it should also be
noted that degradation kinetics is also dependent on enzyme
sources. For example, despite the fact the trypsin from bovine
and porcine sources share high similar sequence identity, their
activity is different.®”

SEC analysis of degradation products from hydrogels
(Figure 6D) demonstrated that the fragmentation pattern
was similar to that of HSA, and the chromatogram showed four
oligomeric and monomeric peptide fragments with a molar
mass of 2154, 1400, 657, and 100 Da. The degradation product
from day 1 was also similar to that from day 2, indicating
continuous proteolytic action of trypsin. The supernatant from
water degradation medium had no detectable protein, showing
the stability of the albumin hydrogel in an aqueous medium
within the period of our study. This was in good agreement
with our protein concentration study (Figure 6B).

Albumin is a biocompatible and bioactive protein and is the
major constituent of fetal bovine serum (FBS), which is
ubiquitously used as an in vitro cell culture medium.** Despite
this long history of biocompatibility, modification of albumin
with methacrylate groups may change its biocompatibility
profile, considering the fact that most methacrylate groups are
generally considered to induce cytotoxicity.”* It should be
noted that the toxicity of methacrylated groups reduces after
polymerization, and the resulting polymer with a polymetha-
crylate chain is considered biocompatible. Nevertheless, since
the polymerization is barely complete, the unreacted macromer
may leach out and induce toxicity during cell-culture studies.
Moreover, during cell encapsulation and 3D printing, cells are
in brief contact with the macromers, which may reduce cell
viability.

In this study, we investigated the cytocompatibility of the
HSAMA macromers using the HMC3 human microglial cell
line, immortalized using the SV40 virus. Because this cell line
responds well to different pro-inflammatory stimuli, we used it
to investigate the toxicity as well as the inflammatory response
of both the HSAMA macromer and the resulting hydrogel.*”

The addition of albumin to the cell culture medium can have
a regulatory effect on cell function. For example, it has been
shown that albumin at a concentration of (1.0 mg/mL) can
significantly increase the osteoblastic activity in mouse
osteoblastic cell lines (MC3T3-E1).*® Toxicity and mitochon-
drial activity were assessed after adding the HSAMA macromer
and HSA at various concentrations ranging from 10 to 0.625
mg/mL (Figure 7A,B). Overall, there was no significant
difference between the cell viability of HSA and corresponding
HSAMA at the studied concentrations. For comparison, we
also investigated the toxicity of the gelatin methacryloyl
(gelMA) macromer, a well-established macromer for cell
encapsulation and hydrogel preparation. Interestingly, there
was no significant difference in cell viability among the control,
gelMA, and HSA and its methacrylated derivative.

We note that preconditioned cell culture medium containing
the leachable hydrogels from photo-cross-linking seemed to
have some degree of toxicity at high concentration and with no
dilution. As discussed above, the composition of leachable was
mainly unreacted HSAMA, some shorter peptide fragments,
and possibly some residual photoinitiator. Therefore, it is
possible that the observed reduction in cell viability is a
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Glass slide

Day 1

Day 3

Day 5

Figure 8. Morphology of HMC3 cells grown on the surface of albumin hydrogels as well as glass slides after 1, 3, and S day culture as revealed by
confocal microscope. The actin filament of the HMC3 cells was stained with Phalloidin-iFluor 488 (shown in green), and the nucleus was stained
with Nuc650, a fluorescent DNA nuclear stain (shown in pink). The albumin hydrogels absorbed Nuc6S, and the nucleus on the surface of the
hydrogel could not be detected. Al and A2 show the actin staining as well as combined actin and DNA channel for HSAMA hydrogel at day 1. Bl
and B2 show the green actin channel as well as combined actin and DNA channel at day 3. The results of actin and combined actin and DNA
channel at day S are shown in C1 and C2. The actin cytoskeletal staining as well as the nucleus staining for the cells grown on the slide chamber at
days 1, 3, and $ are shown in pictures A3—AS, B3—BS, and C3—CS, respectively.

synergistic and concentration-dependent combination of the
toxicity of the constituent residuals, such as the LAP photo
initiator. For example, it was shown that pristine LAP at a
concentration >10 mmol/L is toxic to mouse M-1 collecting
duct cell monolayers.87 In this study, we used a high
concentration of the LAP photoinitiator (1% w/w) and a
long exposure time (10 min) to ensure maximum conversion
and reduction of the sol fraction. Therefore, unreacted LAP
and possible lithium ions associated with LAP may have
induced some toxicity or reduced LAP activity, contributing to
the observed cytotoxicity response.*”

The toxicity mechanism of methacrylate functionality may
be related to its potential for adduct formation with
glutathione (GSH), an important antioxidant in the cell
which results in disrupting the cell capability in preventing
damage induced by reactive oxygen species (ROS) such as free
radicals.®** As a result of oxidative stress, additional effects such
as DNA damage and cell cycle disruption may occur,
eventually leading to cell death.”” Nevertheless, generalizations
regarding the toxicity of the methacrylate are challenging, as
different chemical structures will affect the extent and nature of
glutathione—methacrylate adduct formation. In addition, other
mechanisms such as direct binding to DNA may also
contribute to toxicity.”” For example, Ansteinsson et al.
showed that common monomers used as dental materials
such as hydroxyethyl methacrylate (HEMA), triethylene glycol
dimethacrylate (TEGDMA), bisphenol A glycidyl dimethacry-
late (BisGMA), glycerol dimethacrylate (GDMA), and methyl
methacrylate (MMA) all are capable of forming an adduct with
glutathione. However, the link between depletion of cell
glutathione source and toxicity could not be established,
suggesting that other mechanisms may be involved in the
observed toxicity.** Although exploring the cytotoxicity
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mechanism(s) of HSAMA is beyond the scope of this study,
the lower toxicity of HSAMA compared to free methacrylate
may be partly related to the innate capability of albumin to
reduce toxicity. Albumin binds to toxic compounds, reduces
their toxicity, and acts as a waste carrier. For example, the
binding of albumin to bilirubin, the toxic product of heme
breakdown, renders it nontoxic until it is delivered to the liver
and eliminated through hepatic excretion.” Chemically cross-
linked albumin hydrogels made from BSA have also been
shown to reduce the toxicity of ruthenium against liver cells.”!
Alternatively, methacrylated albumin may have limited ability
for adduct formation with GSH or interaction with DNA, or
free radical formation may be counteracted by the specific
antioxidant capacities of HSA.”” It has been shown that HMC3
cells can produce a considerable amount of ROS, and hence,
they may have greater innate resistance to free radicals
generated by external oxidizers.” Further studies are needed to
explore the details and mechanisms of HSAMA toxicity.

To further characterize the response of HMC3 cells to HSA
and HSAMA, we analyzed their morphology by confocal
microscopy 24 h after treatment with the materials. The cell
nucleus and cytoskeleton were visualized by DAPI and
Phalloidin staining, respectively. Confocal microscopy was
performed on the HMC3 cells treated with different materials
(Figure 7C). Interestingly, HSAMA was well tolerated by these
cells, and there was no significant difference in terms of
morphology among control and HSA/HSAMA-treated cells.
HMC3 cells were mostly globular and elongated, and
compared to either HSA or HSAMA, there was no difference
in the actin cytoskeleton structure. Generally, healthy HMC3
cells have been reported to show a combination of globular,
bipolar, and elongated morphology.®> These morphological
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Figure 9. Cell morphology analysis for HMC3 cells grown on the surface of the albumin hydrogel. A: Relative spreading area of the cells on the
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mean =+ standard deviation for HMC3 cells of (165 < n < 306) for each class. There was a statistically significance difference (p < 0.05) for the

groups identified by asterisks.

studies also confirmed the nontoxic nature of modified HSA at
the studied concentrations.

Cellular attachment to the surface of the biomaterials is
crucial for cell migration, viability, and proliferation. Cells that
appropriately adhere to the substrate will provide a healthy
environment that promotes tissue integration. Attachments
and the spreading of immune cells such as the macrophage to
the biomaterial’s surface is a critical factor in the inflammatory
and wound healing responses, ultimately determining the fate
of the biomaterial. For example, macrophages can produce a
range of chemicals ranging from ROS damaging or eroding the
surface to secreting chemotactic cytokines such as interleukin
1, contributing to chronic inflammation, fibrous capsulation,
and foreign body reaction.”*™”*

The attachment of HMC3 cells to the surface of the
HSAMA gels and control glass slide at days 1, 3, and 5 of
culture was evaluated by confocal microscopy evaluated
(Figure 8). HMCS3 cells on the hydrogels were mostly globular
with a few elongated cells with a migratory phenotype. The
cells on the tissue culture-treated glass slide were more
elongated with a visible F-actin filament network at day 1 of

culture. Generally, healthy HMC3 cells have been reported to
show a combination of globular, bipolar, and elongated
morphology.®® The glass slide groups showed typical HMC3
morphologies, while the cells in hydrogel groups covered only
a few spots on the surface of the gels. These cells were mainly
clumped together and did not spread, unlike the glass slide
group 3 and 5 days post-seeding.

To quantitate cell adhesion to albumin hydrogels, cell
perimeters, and cells’ Feret diameters were measured. Cell
spreading was determined through evaluation of cell spreading
area as calculated from the area of bodipy—phalloidin-labeled
actin filaments and nucleus stained with Nuc650, a fluorescent
DNA nuclear stain. Average cell spreading area was measured
after binarization and thresholding of the actin filament
fluorescence gray level using Image] software. On day 1 after
seeding, HMC3 cells were mainly round with narrow Feret
diameter distribution and an average Feret diameter of 50 ym
(Figure 9A—C). HMC3 cells on hydrogels had a much smaller
average perimeter (150 pm vs 300 pm). Cells grown on the
glass slide had larger Feret diameter distribution, indicating
that the surface properties of the glass slides are favorable for
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Figure 10. Inflammatory response of the HMC3 macrophages to HSAMA macromer and resulting hydrogels. For each group, the differential
amount is shown next to the picture. The cells were cultured for 24 h. A: Amounts of 48 cytokines produced in the media of the cells growing on
the surface of the hydrogel and control group are shown. The concentrations of IL6 and IL8 are clearly reduced in the hydrogel groups. B:
Differential cytokine amounts between the cells grown on TC and cells on the hydrogels. C: Amounts of 48 cytokines produced in the culture
medium after the addition of S mg/mL of HSA and HSAMA. D: Differential cytokine amounts between the cells grown in the presence of HSA and

HSAMA. TC: Tissue culture.

HMCS3 attachment. After 3 days’ culture, quantification of the
number of adherent microglia on the surface indicated that the
HMC3 cells on the surface of the hydrogel grew and the
average cells’ Feret diameter and perimeter increased to 105
and 400 um, respectively. However, compared to cells grown
on glass, cells grown on hydrogel remained smaller and
ultimately, after S days post-seeding, achieved <40%
confluence.

Biomaterial—cell attachment is mediated through contact
with or anchoring to focal contacts, which are mainly
heterodimeric transmembrane proteins that contain @ and
subunits called integrins. Integrin mediates the cell attach-
ments to the surface of biomaterials by linking the cell
membrane to the discrete peptide regions of the ECM
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component such as collagen or fibronectin.”® Unlike ECM
molecules, which are designed for cell attachment and have an
inherent mechanism for recognition and binding to specific
anchoring proteins, HSA is not considered a cell-adhesive
molecule. The major receptors involved in HSA attachments
or internalization are related to albumin hemostasis.

As a carrier molecule, albumin is extensively internalized by
cells through pinocytosis. However, albumin is protected from
lysosomal degradation by the neonatal Fc receptor (FcRn), a
ubiquitously expressed cellular receptor, through a strictly
regulated pH-dependent binding mechanism.”” Changes in
albumin structure result in alteration of FcRn binding and
rapid degradation of the albumin in lysosomes. Some tumor
cells, especially endothelial-originated tumor cells, have
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receptors such as the gp60 receptor, a 60 kDa glycoprotein
(albondin), which facilitates the transport of the albumin
inside the tumor.”

According to the cell adhesion results, it appears that
albumin hydrogels can support cell adhesion and proliferation
to some extent, despite the absence of structural adhesive
molecules such as fibronectin or peptide fragments such as
RGD in the network. However, cell attachment was
significantly lower in the HSAMA hydrogel compared to the
control glass slide. Cell proliferation and spreading doubled
every 2 days, and some HMCS3 cells preserved their elongated
morphology upon spreading on the top of albumin hydrogels.
HMC3 macrophages developed filopodia after 5 days in
culture, which indicate the macrophage’s attachments to the
surface and its probing the surrounding environment (Figure
9D).

Cell attachment to the surface of albumin hydrogels can be
regulated through two pathways: passive absorption of some
serum proteins or through a receptor-mediated process. For
example, cell surface scavenger receptors in endothelial cell
membranes of hepatic and peritoneal macrophages, gp 30 and
gp 18, specifically interact with damaged albumin as a
scavenging mechanism for albumin catabolism.'*

Albumin, a nonadhesion protein, is widely involved in
surface passivation applications; albumin gels, however, are
generally not known to support cell adhesion.”” For examples,
cell attachment to surfaces with adhesive molecules is an
indirect process that progresses through rapid adsorption of
serum proteins on the substrate acting as a spacer between the
cells and the substrate."””'°" However, the BSA coating has
been shown to reduce the attachment of the microglial cells,
possibly through establishing a low protein binding surface.”*
Albumin may have different conformation or even some degree
of denaturation depending on its production method and
purity level, both of which affect its passivation efficiency. For
example, in a recent study by Junren Ma et al, it was shown
that a fat-free BSA coating created by heat shock fractionation
on the surface of silica nanoparticles prevented absorption of
proteins from FBS up to 80%. The passivation efficacy of full-
fat BSA produced through cold ethanol fractioning followed by
heat shock fractionation was about 40%."

Adhesion of the cells to albumin may imply some degree of
denaturation, which would promote absorption of adhesive
protein from the serum onto the hydrogel surface, mediating
cellular attachment.”” In fact, it has been reported that the
degree of alteration in albumin conformity and especially the
loss of a-helix is directly proportional to platelet adhesion on
the surface of biomaterials."”> This could be the prevalent
mechanism of action responsible for the attachment of the cells
to albumin hydrogels. For example, published reports on
attachment of human hepatocellular carcinoma cells and
cardiac cells on albumin hydrogels have hypothesized that
attachment is mediated through the absorption of adhesive
molecules on the hydrogels.*>'"

In this experiment, HMC3 macrophages seeded onto
HSAMA hydrogel or plain glass slide controls developed
filopodia, which are indicative of the macrophages’ surface
attachments and the ability to interact with the surrounding
environment. These findings are corroborated by other studies
supporting the idea that low protein binding surfaces such as
BSA coatings decrease the attachment of the brain resident
macrophages called microglial cells.”* Although albumin
coatings can be effective, the physical nature of surface
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absorption and the instability of the coating in the presence of
biological fluids can limit its practical applications. Cross-
linked albumin, on the other hand, is stable and possesses
tunable physical and chemical properties that can effectively
prevent or reduce macrophage attachment.

The inflammatory and wound healing responses to
biomaterials is determined by the extent of macrophage
adhesion and their cytokine-secretory capabilities. To further
characterize macrophage behavior on the surface of the
hydrogel, we examined the composition of the cytokines and
chemokines produced by the HMC3 macrophages using
multiplex analysis. The concentration of the cytokines
produced in the media was measured for hydrogel and control
glass slide groups (Figure 10).

The differential expression of cytokine between groups can
also be seen in Figure 10. The levels of 10 major cytokines
released by HMC3 into the media on the hydrogel was (in
order of decreasing concentration) IL-6 > M-CSF > MCP-1 >
IL-12p40 > FGF-2 > IL-8 > IL-27 > IL-1$ > RANTES > EGF.
The levels of 10 major cytokines released into the media by
cells cultured on glass was IL-6 > IL-8 > VEGF-A > MCP-1 >
PDGF-AA > GROa > IL-27 > RANTES > IL-22 > FGF-2.
Macrophages exposed to inflammatory stimuli such as
exogenous compounds on biomaterial surfaces secrete pro-
inflammatory cytokines such as TNF, IL-1, IL-6, IL-8, and IL-
12, IL-18, IL-23, and IL-27.'%* In this study, the glass slide
group elicited a significantly higher (p < 0.05) release of IL-6,
IL-8, and TNF a. The amount of other key cytokines involved
in the inflammatory reaction was also high in the plain glass
slide group. For example, high levels of the chemoattractant
cytokine MCP-1 were detected in glass slides groups (132 pg/
mL). MCP-1 is one of the key chemokines that regulate
migration and infiltration of monocytes/macrophages.'®’
Interestingly, MCP-1 was reduced to 20 pg/mL for hydrogel
groups, suggesting that cells on hydrogels are less capable of
recruiting immune cells such as other macrophages or
leukocytes toward the hydrogel, which could result in less
severe inflammatory response. The levels of VEGF and PDGF
in the glass slide group were also much higher than in the
albumin hydrogel-coated group (303 pg/mL vs 2.5 pg/mL).
These two cytokines are associated with the vascularization
process and blood vessel formation.'” The high concen-
trations of these cytokines along with high amounts of IL8 and
IL 6 indicate high vascular activity, possibly facilitating
angiogenesis at the site of inflammation.'°*'”” The macro-
phages on the surface of the hydrogel were generally smaller in
size compared to the glass groups and had a round rather than
spread shape as confirmed by morphology analysis (Figure 8).
Macrophages with spherical morphology and a less spread
shape have a less developed cytoskeletal organization especially
at day 1 and are believed to be less active in an inflammatory
environment compared to more spread cells with visibly
organized cytoskeletons. This lower macrophage activity may
ultimately improve the interaction of the materials with cells,
resulting in less perception by inflammatory cells and mild or
minimum foreign body reaction.'"”

Interestingly, the addition of unpolymerized albumin
methacrylate macromers also reduced the activity of two
potent neutrophil chemoattractants, IL8 and growth-related
oncogene (GRO) alpha. These chemokines, especially GRO
alpha, are involved in wound healing, inflammation, angio-
genesis, and tumorigenesis. Long-term elevated expression of
these chemokines can result in tissue damage and even
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Figure 11. Results of the Ex-Ovo Angiogenesis study. The fertilized chicken eggs were incubated at 37 °C with 55% humidity and treated on day S
of incubation (ES) with PBS (control), HSAMA gel, or HSAMA solution. The vascular development of the CAM and yolk sac was examined after
48 h of exposure using a stereomicroscope. A: Microscopic images of CAM treated with PBS, HSAMA gel, and HSAMA solution. B: Quantitative
analysis of the angiogenesis parameters using AngioTool software demonstrating the percentage of the vessels’ area, total vessel length, and mean
lacunarity. C: Percentage changes of the angiogenesis parameters. Data are represented as mean =+ SD, p* < 0.05. Magnification: 20X. EA: exposed

area.

elevated angiogenesis and tumorigenesis.*” It also appears that
the HSAMA macromer can influence the production of
another chemokine, eotaxin, which is a potent chemoattractant
for eosinophils. Eosinophils are an important type of
immunomodulatory cell capable of producing and releasing a
wide range of cytokines and chemokines such as IL-10 and
TGE-f3, which can suppress the inflammatory cascade.''’ The
complex immunomodulatory function of HSAMA macromer is
beyond the scope of this study.

Furthermore, the biocompatibility and modulatory effect on
angiogenesis of HSAMA and HSAMA-containing hydrogels
were investigated in vivo using a chicken embryo model. The
highly vascularized extra-embryonic membrane (CAM) and
vascularized yolk sac were directly exposed to a solution of
HSAMA or a disc of HSAMA polymerized hydrogel. The
mortality of the treated embryos and the development of blood
vessels were evaluated daily for 4 days. Indicators of
angiogenesis such as increased blood vessel density, total
blood vessel length, and mean lacunarity were evaluated and
quantified for the areas exposed to HSAMA or HSAMA gel.

Angiogenesis, the development of new blood vessels from a
pre-existing vascular plexus, is a regulated, complex biological
process that depends on integrating cellular proliferation,
differentiation, and migration."'" Angiogenesis is required for
normal growth and wound healing, and any dysregulated or
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pathological angiogenesis could result in several diseases such
as impaired wound healing and cancer.

Figure 11A displays microscopic images of blood vessels
after treatment with HSAMA solution or HSAMA hydrogel
compared to control. Blood vessels exposed to HSAMA gel
showed no evidence of toxicity (such as blood vessel bleeding)
and demonstrated a slightly enhanced development of fine
blood vessels in the exposed area (Figure 11A). Furthermore,
chicken embryos treated with HSAMA gel had survival rates
similar to untreated embryos after 4 days of treatment (82.6%
vs 87.5%, respectively, SI Figure 2). Quantification of the effect
of angiogenesis modulation was performed using AngioTool
software and revealed a significant increase in the mean
percentage of the total blood vessel length when compared to
the control (133.3% vs 96.7%, respectively, p < 0.05) (Figure
11B,C).

Corroborated by in vitro toxicity test results, the HSAMA
solution demonstrated no evidence of toxicity; however, signs
of inhibited angiogenesis were observed (Figure 11A). The
survival rate of chicken embryos treated with HSAMA was
similar to that of embryos treated with HSAMA hydrogel or
PBS after 4 days of treatment (SI Figure 2). Quantification of
angiogenic parameters revealed a significant decrease in total
blood vessel length of the exposed area compared to control
(60.1% vs 96.7%, respectively, p < 0.05). There was also a
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significant increase in mean lacunarity compared to control
(197.0% vs 121.5%, respectively, p < 0.05) (Figurel1B,C).

These results suggest that the HSAMA gel was biocompat-
ible with the chicken embryo and did not significantly reduce
survival. Furthermore, the HSAMA gel exhibited a slight pro-
angiogenic effect, with the development of fine blood vessels.
Quantification of the effect of the modulation of angiogenesis
revealed a significant increase in the total blood vessel length;
however, the observed increase in vessel area and decrease in
lacunarity were not statistically significant when compared to
the control.

Quantitative analysis of the vascular networks upon exposure
to biomaterials was performed using AngioTool software,
which computes several morphological and vascular patterns of
blood vessels, including the overall size of the vascular network,
total vessel area, and average vessel length, vascular density,
and lacunarity. Total vessel area and total vessel length are
strongly correlated with enhanced development of blood
vessels. In contrast, lacunarity describes the distribution of gaps
around vessels within an image; gfrreater lacunarity means
stronger inhibition of angiogenesis.1 * The modified albumin
displayed high biocompatibility; however, inhibition of angio-
genesis was observed in terms of total vessel length and
lacunarity. Such inhibition could be related to the methacrylate
moiety. As described previously in this study, HSAMA was
biocompatible with macrophages; however, signs of toxicity in
vivo cannot be excluded.

A previous study demonstrated that methacrylic acid/
sodium styrene sulfonate-based copolymers inhibited cell
adhesion and proliferation of human umbilical vein endothelial
cells.'"? Though several aspects of the toxicity of methyl
methacrylate have been discussed in the literature," *
methacrylate is frequently used in drug delivery applica-
tions.'">~""” In our study, the concentration of methacrylate in
HSAMA is low. We propose that the observed anti-angiogeneic
effect of HSAMA is most likely correlated to a methacrylate
moiety; however, chicken embryos exposed to HSAMA or
control did not show a significant difference in rate of
mortality.

B CONCLUSION

In this report, albumin hydrogels were synthesized through
methacryloylation of human serum albumin by methacrylic
anhydride followed by UV polymerization. For the first time,
we studied the methacryloylation chemistry of human serum
albumin at the amino acid level. Our results showed that the
accessible and not solvent-available lysine residues and other
nucleophilic amino acid groups such as Ser, Tyr, and Thr
groups can be modified by this chemistry. The results further
showed that the methacryloylation of HSA affects its
aggregation status in water as well as its enzymatic degradation
behavior, probably by altering the affinity between the enzyme
and albumin substrate. Interestingly, the cross-linked hydrogel
and pure HSA showed similar enzymatic degradation profiles.
Nevertheless, HSA degradation was not fully complete,
suggesting that the presence of the native unmodified lysine
is necessary for the cleavage activity of trypsin. Albumin is
largely known as a passivation agent, hindering protein
absorption and consequently cell adhesion. Our findings
showed that HSA hydrogels reduce the attachment of
macrophages. Therefore, these hydrogels present a potential
low bonding surface with certain advantages such as stability
over pure albumin. Moreover, the cytokine and chemokine
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analysis also showed that the macrophages grown on albumin
hydrogels have significantly less immunological activity,
producing an order of magnitude fewer inflammatory cytokines
compared to control cells grown on tissue culture glass slides.
Overall, this novel group of photo-cross-linkable albumin
hydrogels demonstrate exciting potential in wound healing and
other applications where a low inflammatory coating with
tunable physicochemical properties and low protein binding
properties is desired.
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