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ABSTRACT: Hydrogels have been extensively researched for over 60
years for their limitless applications in biomedical research. In this study,
porous hydrogel microparticles (PHMPs) made of poly(ethylene glycol)
diacrylamide were investigated for their potential as a delivery platform for
therapeutic proteins. These particles are made using hard calcium
carbonate (CaCO3) templates, which can easily be dissolved under acidic
conditions. After optimization of the synthesis processes, both CaCO3
templates and PHMPs were characterized using a wide range of
techniques. Then, using an array of proteins with different physicochem-
ical properties, the encapsulation efficiency of proteins in PHMPs was
evaluated under different conditions. Strategies to enhance protein
encapsulation via modulation of particle surface charge to increase
electrostatic interactions and conjugation using EDC/NHS chemistry
were also investigated. Conjugation of bovine serum albumin to PHMPs
showed increased encapsulation and diminished release over time, highlighting the potential of PHMPs as a versatile delivery
platform for therapeutic proteins such as enzymes or antibodies.
KEYWORDS: hydrogel, template, porous, microparticles, protein delivery, bioconjugation

■ INTRODUCTION
Since the first report in 1960 by Wichterle and Liḿ, which led
to the ground-breaking introduction of soft contact lenses in
1971, hydrogels have been extensively researched in a wide
variety of fields including drug delivery, tissue repair,
diagnostics, cosmetics, and even agriculture.1−4 These water-
swollen networks obtain their structure from chemical or
physical cross-linking of hydrophilic polymers from natural or
synthetic sources. By tuning properties such as polymer
composition or cross-link density, hydrogels can be engineered
to obtain ideal mechanical and chemical properties for a wide
range of applications. Their size and shape can also be adapted
to the delivery route, such as macroscopic gels for subdermal
implantation,5 microgels for oral delivery,6 or nanogels for
systemic administration.7 Furthermore, their high water
content (up to 99%) grants them structural similarity with
most biological tissues and can enhance their biocompatibility
and drug loading potential.8 In this regard, poly(ethylene
glycol) (PEG) hydrogels have seen a lot of interest due to their
versatility and high biocompatibility.9 PEG is a hydrophilic,
nonionic polymer, which can easily be coupled to other
molecules or proteins for therapeutic use. As drug delivery
platforms, PEG hydrogels can be engineered to release a
therapeutic agent in a controlled or stimuli-responsive manner
and protect it from degradation.10

To further enhance drug loading potential, hydrogels can be
made porous using a wide variety of methods such as the
commonly used cryogelation,11 gas foaming,12 or micro-
emulsion templating.13,14 In fact, porous hydrogels present
many advantages for drug delivery, such as modifying the
mechanical properties,8,11 accommodating large payloads (e.g.,
cells or large proteins),3,15 and allowing for a high
encapsulation potential of therapeutic agents due to their
increased specific surface area.16

In this study, we investigated the potential of porous
hydrogel microparticles (PHMPs) to act as carriers for
proteins. Based on previous work,17 we used hard templating
to create an interconnected network of pores within a
poly(ethylene glycol) diacrylamide (PEG-dAAm) hydrogel
network. The templates are made from precipitation of calcium
carbonate (CaCO3) into vaterite microspheres, which can then
easily be dissolved under acidic conditions. Their synthesis was
optimized to obtain ideal sample morphology and maximize
porosity for further PHMP fabrication. The PHMPs were also
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optimized by evaluating the influence of polymer molecular
weight on particle morphology and yield. We then used an
array of techniques to characterize both the templates and the
PHMPs and used proteins of different sizes and isoelectric
points to evaluate encapsulation efficiency (EE) into the
PHMPs. Finally, we investigated potential strategies to
optimize protein encapsulation and release through modu-
lation of PHMP charge or protein conjugation. Our findings
may help provide a better understanding of protein−hydrogel
interactions and lead to an interesting delivery platform for
enzymes, antibodies, and other therapeutic proteins for diverse
biomedical applications.

■ MATERIALS AND METHODS

Materials
PEG-dAAm 3.7 kDa, 1-ethyl-3-(3-dimethyl-aminopropyl) carbodii-
mide hydrochloride (EDC), 2-mercaptoethanol, 2-(N-morpholino)-
ethanesulfonic acid (MES), phenylalanine ammonia lyase (PAL),
glucose oxidase (GOx), avidin-FITC, IgG-FITC, and bovine serum
albumin (BSA)-FITC were purchased from Sigma-Aldrich. Sodium
carbonate (NaCO3), calcium chloride (CaCl2), N-hydroxysuccini-
mide (NHS), sodium bicarbonate (NaHCO3), and hydrochloric acid
(HCl) were purchased from Fisher Scientific. Irgacure 2959 was
purchased from BASF. Acrylate-PEG-NH-Boc MW 2 kDa and PEG-
dAAm (0.6, 2, 10, and 20 kDa) were purchased from Creative
PEGWorks. Cy5-NHS was synthesized as previously reported.18

CaCO3 Template Synthesis
Template microparticles of calcium carbonate were synthesized by
mixing solutions of sodium carbonate (NaCO3) and calcium chloride
(CaCl2) at concentrations ranging from 0.1 to 0.8 M and
temperatures ranging from 5 to 40 °C. The solutions were mixed
by adding 400 mL of NaCO3 to 400 mL of CaCl2 in a glass beaker
and stirring at 650 rpm for 30 s. After agitation, the mixture was
filtered over a Whatman paper filter (grade 42) and rinsed with water.
Finally, the resulting white paste was moved to a watch glass and left
to air dry for at least 4 h.
CaCO3 Template Characterization
CaCO3 template size and morphology were evaluated by optical
microscopy using a Zeiss Axio Zoom V16 microscope and Zeiss ZEN
Blue software. Porosity was evaluated by measuring the density of the
dry powder with an Ultrapycnometer 1000 (Quantachrome Instru-
ments, Boynton Beach, Florida) and comparing it to the density of the
bulk material.
PEG-dAAm Synthesis
PEG-dAAm PHMPs were synthesized by adapting a protocol
previously reported by Behra et al.17 Thirty milligrams of PEG-
dAAm and 150 mg of CaCO3 templates were mixed with 375 μL of a
4 mg/mL Irgacure 2959 solution (photoinitiator) in a 1.5 mL
Eppendorf tube. The mixture was gently mixed for 30 min in the dark
before being transferred to a 10 mL round-bottom flask. The flask was
placed on a rotary evaporator and water was removed by setting the
temperature and pressure at 80 °C and 90 mbar, respectively, for 90
min. The flask was then left open at 70 °C to remove any remaining
moisture, cooled to room temperature, and 12−15 mL of diethyl
ether was added, as well as a small magnetic bar for stirring. Under the
effect of stirring, while also gently scraping the walls of the flask using
a spatula, the PEG-dAAm and photoinitiator-loaded CaCO3
templates were resuspended in diethyl ether. When a homogenous
suspension was formed, the flask (closed) was put under UV light for
90 s twice with a 60 s break in between. The suspension was then
stirred for an additional 5 min to ensure no aggregation.
The solvent was removed by centrifugation for 5 min at 400 g, and

the remaining pellet was left to dry under a fume hood for a few
minutes. The particles were washed with water by centrifugation using
the same settings. Then, the templates were removed by addition of 3
mL of 1 N HCl. The PHMPs were then washed with water at least

two times and once with the desired resuspension buffer (phosphate
buffered saline (PBS), phosphate buffer (PB), and citrate) by
centrifugation at 500 g for 20 min. Finally, particles were resuspended
in the desired amount of buffer and stored at 4 °C.
Protein Labeling
Among the proteins investigated, avidin, BSA, and IgG were
purchased already labeled with a fluorescent dye. PAL and GOx
were labeled with cy5 using the following protocol: 150 μL of PAL
stock solution (7.1 mg/mL) was dialyzed overnight at 4 °C in 0.1 M
sodium bicarbonate (pH 8.5) using a Thermo Scientific Slide-A-Lyzer
dialysis cassette (0.5 mL, 10,000 MWCO) to remove glycerol and
Tris buffer. The protein was recovered and 3 μL of Cy5-NHS (3 mg/
mL in DMSO) was added and incubated overnight at 4 °C. The
labeled protein was purified using a column with Sephadex G-15
(Cytiva). The absence of free dye was confirmed using thin layer
chromatography with a water/methanol 1:9 mixture as the mobile
phase.
The same protocol was used for GOx, without initial dialysis, as it is

provided as a lyophilized powder.
The concentration of labeled proteins was assessed by measuring

the absorbance at 280 nm and 646 nm (λmax of cy5) in a quartz 96-
well plate (volume 350 μL for a 1 cm light path). The following
formula was then used to calculate labeled protein concentration:

=
×

×

M
A A

Protein concentration ( )
( CF)

dilution factor280 nm 646 nm

where ε is the protein molar extinction coefficient and CF is the
correction factor for the dye.
Protein Loading
For quantification of protein EE, particles were counted using a
hematocytometer. The appropriate volume to obtain three million
(M) particles was mixed with 50 μL of a 320 μg/mL solution of the
desired fluorescently labeled protein and buffer of interest to a final
volume of 400 μL for a final protein concentration of 40 μg/mL.
Controls were prepared the same way without addition of MPs (final
volume 400 μL and 40 μg/mL protein). Then, the samples were
gently mixed for 45 min. The tubes were then centrifuged at 2500 g
for 20 min, and the supernatant was collected and diluted 4× and
quantified by measuring the fluorescence in a 384-well plate using a
TECAN Spark multimode microplate reader.
Particle Charge Modulation
The surface charge of PHMPs was modified by addition of 2-
(methacryloyloxy)ethyl-trimethylammonium chloride (MAETAC) at
concentrations of 200 and 300 mM at the start of PHMP synthesis.
For the second strategy, 2-(dimethylamino)ethyl methacrylate
(DMAEMA) was added at a concentration of 200 mM at the start
of the synthesis. After the synthesis, PHMPs were resuspended in
acetone with ethyl bromide (0.5 M) and left to react for 24 h. The
PHMPs were then washed several times to exchange acetone for PBS.
For inclusion of an amine, PHMPs were synthesized as described
above and adding 2.5% or 5 mol % of acrylate-PEG-NH-Boc. At the
end of the synthesis, the amine groups were deprotected by
resuspending the PHMPs in 4 M HCl for at least 2 h and washing
three times by centrifugation in a large volume (12 mL).
Zeta potential was measured in PBS by phase analysis light

scattering (PALS) using a Brookhaven Instruments NanoBrook zeta
potential analyzer.
Protein Conjugation
Two methods of functionalization were tested. Method one consisted
in grafting a carboxyl group to the PEG backbone on the PHMPs by
adapting a procedure previously reported.19,20 To do this, the water of
the PHMP suspension was exchanged for ethanol through two
centrifugation cycles. Then, benzophenone and crotonic acid were
added to concentrations of 25 and 150 mg/mL (for a final volume of
2 mL of ethanol), respectively. The suspension was flushed with
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nitrogen for 30 s and irradiated with UV light for 15 min. The
PHMPs were then washed twice with 15 mL of ethanol, and the
medium was exchanged for 0.1 M MES buffer (pH 5.5) through two
additional centrifugation steps. A weight of 0.4 mg of EDC and 0.6
mg of NHS were added per 1 mL of suspension, which was left at
room temperature for 15 min to react. The PHMPs were washed once
with water and resuspended in a 0.5 mg/mL protein solution in 0.1 M
sodium bicarbonate. The modified PHMPs and protein were left to
react for 2 h at room temperature.
For method two, a primary amine was introduced in the PHMP

structure and coupled to the carboxyl group on the protein. First, the
PHMPs were synthesized using the above-described protocol and
adding 5 mol % of acrylate-PEG-NH-Boc. The amine groups were
then deprotected by resuspending the PHMPs in 4 M HCl for 2 h and
washing three times with water by centrifugation (400 g, 20 min). For
the final centrifugation, the PHMPs were resuspended in PBS pH 7.4.
In parallel, 0.4 mg of EDC and 0.6 mg of NHS were added to 1 mL

of a 5 mg/mL protein solution in ultrapure water and left to react at
room temperature for 15 min. Then, 1.4 μL of 2-mercaptoethanol was
added to neutralize unreacted EDC, followed by an appropriate
amount of concentrated PBS (10×) to reach pH 7.4. The modified
PHMPs and the activated protein were then mixed, at a protein
concentration of 100 μg/mL, and allowed to react overnight at RT.

Quantification of Conjugated Protein Encapsulation and
Release

After the conjugation, the PHMPs (in a 1.5 mL tube) were
centrifuged at 2500 g for 20 min. The supernatant was collected
and diluted 10× and quantified by measuring the fluorescence in a
384-well plate.

For quantification of protein release, the samples were resuspended
in 1 mL of PBS after removal of the supernatant for quantification of
protein encapsulation. Then, at every time point, samples were
centrifuged and 100 μL was removed for quantification and replaced
by PBS.

Statistical Analysis
All data in this study are presented as mean ± standard deviation
(SD). For comparison of two data sets, significance of the presented
results was determined by using a Mann−Whitney nonparametric t
test or a parametric Student’s t test with Welch’s correction and a p
value <0.05. Significance of results is indicated by (*) p ≤ 0.05; (**)
p ≤ 0.01; (***) p ≤ 0.001; and (****) p < 0.0001. Statistical analysis
and graph plotting were done using GraphPad Prism 7 software.

■ RESULTS AND DISCUSSION

Optimization of CaCO3 Templates

While many methods have been reported for accurate control
of CaCO3 precipitation, such as the most common industrial
method of CO2 bubbling in a calcium solution, these methods
often require extreme conditions or specialized equipment.21

In this study, CaCO3 templates used for the synthesis of
PHMPs were made by mixing two salt solutions (CaCl2 and
NaCO3), which led to spherical microparticles with
interconnected pores, as observed by scanning electron
microscopy (SEM) (Figure 1A). However, this procedure
has shown to yield highly variable results and poor
reproducibility without precise control of synthesis parameters.

Figure 1. Optimization of CaCO3 templates. (A) SEM images of spherical templates with visible inner porosity (from synthesis method C). (B, C)
Effect of temperature on size and morphology of templates in consecutive syntheses. (D, E) Effect of NaCO3 concentration on size and
morphology of templates in consecutive syntheses. (F, G) Size of templates from three different synthesis parameters and corresponding porosity.
A: RT, equimolar concentrations, B: 30 °C, equimolar concentrations, and C: RT, 0.3 M NaCO3, 0.1 M CaCl2. Data presented as mean ± SD (n ≥
3). Scale bars represent 1 μm.
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The two main outcome criteria taken into consideration for
the optimization of these templates were the size of the
particles and the percentage of porous microspheres. For
optimal results in the synthesis of PHMPs, template samples
should have a mean diameter in the range of 5 to 15 μm and
no less than 70% of porous microspheres. The latter parameter
refers to the different CaCO3 morphologies that can be
obtained, which include vaterite, calcite, and aragonite.22 In
our experiments, we only observed the formation of vaterite
and calcite (nonporous rhomboids, Figure S1A). While
previous works focused on the optimization of template
fabrication and identified different factors influencing the size
of vaterite microspheres such as stirring speed and time as well
as salt concentration,23,24 we also observed that some samples
contained almost exclusively rhombohedral, nonporous calcite,
which needed to be addressed during optimization. While the
process of PHMP synthesis is not affected by the presence of
calcite, its presence does decrease the yield of the procedure
and should ideally be kept to a minimum (<30%). Therefore,
the influence of temperature and NaCO3 concentration (an
excess of which has been reported to favor vaterite
formation25) while maintaining identical agitation speed and
time (650 rpm for 30 s) was investigated. As every parameter
was evaluated at least in triplicates, it was revealed that both
size and morphology of templates varied between replicates
(Figure 1B−E). In fact, consecutive syntheses in the same
glassware, rinsed with ultrapure water between replicates,
seemed to generally decrease particle size and increase the
percentage of porous microspheres. This phenomenon could
be explained by the residual CaCO3 deposits on glassware
(Figure S1B), which could favor vaterite formation by acting as
seeds controlling the nucleation reaction. In fact, previous
works using such seeds have reported higher rates of vaterite
formation over other forms of CaCO3.

26−28 These deposits
build up on glass through interfacial interactions29 after each
synthesis and can only be cleaned off the glass surface with the
use of an acidic solution, which reacts with CaCO3 to create
carbon dioxide (CO2) and water-soluble calcium chloride
(CaCl2).

30

From these data, the porosity of samples from three
synthesis methods yielding optimal templates (A: RT,
equimolar concentrations, B: 30 °C, equimolar concentrations,
and C: RT, 0.3 M NaCO3, 0.1 M CaCl2) was evaluated by
comparing the density of synthesized template samples to the
density of the bulk material (2.71 g/cm3). Both methods B and

C yielded a significantly higher degree of porosity than method
A (Figure 1F,G), and method C was chosen as the standard
method for further experiments as it also had the highest
proportion of porous microspheres (83 vs 71% for method B).
Overall, the synthesis of CaCO3 templates was optimized to
obtain a reproducible size and morphology, which could be
used for further synthesis of PHMPs.
Porous Hydrogel Microparticle Synthesis

Using the CaCO3 microparticles as templates, PHMPs were
synthesized following an adaptation of the protocol previously
described by Behra et al.17 (Figure 2A). These particles are
made of PEG-dAAm, which undergoes free-radical polymer-
ization upon exposure to UV light. Due to their transparency
in aqueous suspensions, differential interference contrast
(DIC) microscopy is favored over optical microscopy for
their observation (Figure 2B). As polymer molecular weight
can affect the structural properties of hydrogels such as the
swelling degree,31,32 we investigated a wide range of molecular
weights to evaluate their influence on particle morphology. A
molecular weight of 3.7 kDa showed the highest yield and best
overall morphology (few aggregates and uniform sample of
spherical particles) of all molecular weights. Furthermore,
particle size was not affected by the molecular weight, with the
exception of 20 kDa, which displayed a higher particle
diameter than 3.7 kDA (Figure 2C). However, high degrees
of aggregation and loss of spherical morphology were also
observed at higher molecular weights (Figure S2), which could
lead to increased particle sizes. It could be hypothesized that
the higher viscosity of high molecular weight polymer
solutions33 impedes the proper diffusion of the polymer within
the pores of the templates, leading to particles of lesser quality.
These data suggest that CaCO3 template size rather than the
molecular weight of polymers governs PHMP size and that a
molecular weight of 3.7 kDa yields optimal results.
Additionally, standard and low vacuum SEM was attempted

to observe the porous surface of these PHMPs. The results
showed a loss of structural integrity following freezing or
drying, as well as damage to the particles from the electron
beam (Figure S3). Finally, to evaluate any potential electro-
static interactions with proteins in further experiments, the zeta
potential of PHMPs was measured at −2.2 mV, displaying a
slightly negative, near-neutral surface charge.

Figure 2. Synthesis of PEG-dAAm porous microspheres. (A) Schematic representation of the synthetic procedure of PHMPs via hard templating
(adapted with permission from Behra et al.,17 “Synthesis of Porous PEG Microgels Using CaCO3 Microspheres as Hard Templates”, 2012,
Macromol. Rapid Commun., Copyright 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim). (B) DIC microscopy images of PHMPs (3.7
kDa). (C) Influence of polymer molecular weight on the diameter of PHMPs. Data presented as mean ± SD (n ≥ 3).

ACS Bio & Med Chem Au pubs.acs.org/biomedchemau Article

https://doi.org/10.1021/acsbiomedchemau.3c00001
ACS Bio Med Chem Au 2023, 3, 252−260

255

https://pubs.acs.org/doi/suppl/10.1021/acsbiomedchemau.3c00001/suppl_file/bg3c00001_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsbiomedchemau.3c00001/suppl_file/bg3c00001_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsbiomedchemau.3c00001/suppl_file/bg3c00001_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsbiomedchemau.3c00001/suppl_file/bg3c00001_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsbiomedchemau.3c00001?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomedchemau.3c00001?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomedchemau.3c00001?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomedchemau.3c00001?fig=fig2&ref=pdf
pubs.acs.org/biomedchemau?ref=pdf
https://doi.org/10.1021/acsbiomedchemau.3c00001?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Protein Encapsulation
The encapsulation of proteins with different properties (Table
1) was evaluated to assess PHMP potential for delivery of

biologics such as enzymes or antibodies. Using confocal
microscopy, multiple fluorescence images were captured at
different points on the Z-axis (Z-stack) and used to create a
three-dimensional reconstruction to visualize protein adsorp-
tion in the PHMPs (Figure 3A). From these images, it can be
observed that all proteins investigated with the exception of
GOx were adsorbed throughout the whole particle, also
confirming the porous nature of the PHMPs.
Quantification of protein adsorption was done by measuring

the EE of PHMPs in a 40 μg/mL protein solution in ultrapure
water (pH 6.9) and three different buffers. Among these
buffers were PBS and PB, two buffers at physiological pH (7.4)
with one of the two being saline, as the presence of salts in
buffer has been shown to interfere with noncovalent
interactions between proteins and hydrogels as well as the
hydrogel structure itself.40−42 We also chose citrate buffer (pH

5.4) to evaluate if a change in overall protein charge would
affect EE. As some proteins have an isoelectric point (pI)
above or equal to 5.4 (Table 1), and PHMPs have a near-
neutral, slightly negative zeta potential (−2.2 mV), this could
favor electrostatic interactions between the two.
Overall, EE is highest in water for all proteins, which can be

expected, as greater ionic strength, among other factors, has
been reported to reduce protein adsorption to PEGylated
surfaces40 (Figure 3B). PAL showed the highest EE at nearly
75% for the conditions tested, followed by IgG (43%), avidin
(28%), BSA (23%), and GOx (6.5%). At physiological pH, EE
did not differ significantly between saline and nonsaline buffers
for all proteins evaluated with the exception of PAL. Indeed,
PAL EE was 38% in PB and 16% in PBS, suggesting that the
presence of salts impeded PAL adsorption in the PHMPs. For
all other proteins, EE at physiological pH was generally low
(≤10%) and showed no significant difference between PB and
PBS. At pH 5.4, EE was significantly improved for PAL
compared to pH 7.4, but this was not the case for other
proteins. As the pI of PAL is 5.4 (Table 1), its overall neutral
charge at this pH could increase nonspecific interactions with
the PHMPs. Avidin and GOx, with lower pIs of 4.7 and 4.2,
respectively, would still have an overall negative charge at pH
5.4 and would therefore not show an increase in EE. As
observed through confocal microscopy, GOx presented
drastically different EE results, as no protein encapsulation
was measurable for all three buffers evaluated, and only 6.5%
EE was obtained in water, which is significantly lower than all
other proteins investigated.

Table 1. Molecular Weights and Isoelectric Points of
Proteins Evaluated for Encapsulation

Protein Size (kDA) pI

BSA34,35 66 4.7
avidin36 67 10.5
IgG37 150 6.5−9.5
GOx38 160 4.2
PAL39 330 5.4

Figure 3. Protein adsorption in porous microparticles. (A) Z-stack confocal microscopy of fluorescent proteins and three-dimensional
reconstruction of images. (B) Quantification of protein loading in porous microparticles in water and in three different buffers. Scale bars represent
5 μm. Data presented as mean ± SD (n ≥ 3).
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Finally, the correlation between the particle to protein ratio
and EE was also evaluated using BSA at 40 μg/mL in water
and increasing particle counts (Figure 4A). For the conditions
tested, it was revealed that the increase in particle count leads
to a direct and proportional increase in EE from 21.5% for 2.5
M particles to 92.5% for 10 M particles. In fact, this trend
shows a high degree of linearity with an R2 > 0.99.
Taken together, these results do not reveal a clear pattern of

protein adsorption in relation to size or isoelectric point
(charge). Proteins interact with hydrogels through a number of
nonspecific interactions, which include electrostatic interac-
tions (repulsive or attractive), hydrogen bonding, and van der
Waals interactions,43 which may act synergistically or
antagonistically to enhance or decrease protein adsorption.
Amino acid composition at the surface of these globular
proteins and their potential contribution to interactions with
PEG may provide more insight on these differences.
Optimization of Protein Encapsulation

In this study, several strategies to enhance protein
encapsulation were investigated. The first approach evaluated
was the modulation of the chemical composition of the

PHMPs in order to change the particle charge and potentially
increase electrostatic interactions with a given protein. One
strategy to do this on telechelic PEG hydrogels was reported
by Tan et al.,44 who integrated the positively charged
monomer MAETAC into a PEG-diacrylate hydrogel and
reported increased adsorption of plasma proteins. The
modulation of hydrogel charge to a positive zeta potential
could increase protein adsorption at physiological pH for
proteins with an isoelectric point below that pH.43 MAETAC
was added at the start of the PHMP synthesis, dissolved with
the PEG-dAAm monomer at concentrations of 200 and 300
mM. However, results show no significant change of the zeta
potential for both these MPs (Figure 4B), and no difference in
EE. As the process for porous hydrogel particles is relatively
complex and includes multiple steps which could potentially
degrade a product (UV, heat, and low pH), it could be
hypothesized that MAETAC is not stable throughout the
PHMP fabrication process. Therefore, an alternative, two-step
method was investigated. This alternative method uses
incorporation of the neutral DMAEMA and subsequent
quaternization using ethyl bromide.45 However, this method
did not lead to any significant change in the zeta potential

Figure 4. Optimization of protein loading for model protein BSA-FITC. (A) EE of protein with increasing particle/protein ratios. (B) Modification
of polymer composition of particles to modulate surface charge and electrostatic interactions. (1. Standard PHMPs; 2. MAETAC 200 mM; 3.
MAETAC 300 mM; 4. NH+ 2.5 mol %; 5. NH+ 5 mol %; and 6. DMAEMA (200 mM) + ethyl bromide) (C) Grafting of carboxyl groups on the
PEG backbone for EDC/NHS conjugation of proteins (reaction figure from Schmidt et al.,20 “Probing multivalency in ligand−receptor-mediated
adhesion of soft, biomimetic interfaces”, Beilstein J. Org. Chem. 2015, 10.3762/bjoc.11.82, published by Beilstein-Institut, distributed under the
Creative Commons 2.0. attribution license). Scale bars represent 50 μm. Data presented as mean ± SD (n ≥ 3).
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(Figure 4B) or protein EE. Finally, a primary amine was
included in PHMP composition via a tert-butoxycarbonyl
(boc)-protected amine attached to a PEG-acrylate moiety
(Figure 4B). The boc protecting group is then removed under
highly acidic conditions. For all these strategies, results seem to
show that while there may be a slight increase in the zeta
potential when using modifying polymers at high concen-
trations (up to 1.6 mV), these changes are not statistically
significant and do not increase protein EE.
Alternatively, strategies to conjugate proteins to the PHMPs

were also evaluated. The first strategy investigated was
previously described by Schmidt et al.,20,46 who used
benzophenone as a photoinitiator for grafting of crotonic
acid to the PEG backbone (Figure 4C). While this method was
described for PEG-dAAm microparticles, these particles are
not identical in structure as they are not porous, are made of
higher MW monomers (8 kDA), and do not undergo the same
cross-linking mechanism. In fact, results showed that the
multiple washing steps, the two solvent exchanges (water to
ethanol to water), and EDC/NHC activation led to a loss of a
high number of particles. Furthermore, the few particles
recovered at the end of this process seemed to have aggregated
and lost their spherical morphology (Figure 4C). Although the
conjugation seemed successful, as observed by fluorescence
microscopy with IgG-FITC and PAL-cy5 (negative controls in
Figure S4), the process seemed to be unsuitable for porous
PHMPs without some optimization.
Finally, another EDC/NHS conjugation method was

investigated, using the carboxyl groups from the protein and
incorporating a primary amine in the PHMP structure (as
opposed to using a carboxyl on the MP and amine on the
protein). To do this, a boc-protected amine attached to a PEG-
acrylate moiety was incorporated into PHMP composition at 5
mol %. The amine was then deprotected after PHMP synthesis
under acidic conditions. Combining EDC/NHS-activated
protein to amine-containing PHMPs led to greater encapsu-
lation compared to a nonconjugated sample in PBS. Indeed,
for the 10 M particles used in the experiment, approximately 8
μg of protein was encapsulated, whereas only 2 μg was
encapsulated via simple adsorption. Furthermore, the release of
encapsulated protein over 8 h showed a maximum release of
19% (1.55 μg) for the conjugated sample versus 77% (1.79 μg)
for the nonconjugated sample (Figure 5). As both conjugated
and unconjugated formulations display similar release profiles
in terms of quantities (microgram) of protein released, it could
be hypothesized that the encapsulated protein in the
conjugated system can be divided into two subsets: adsorbed
protein and conjugated protein. The adsorbed portion of
encapsulated proteins would release with similar kinetics to the

unconjugated formulation, while the conjugated protein would
remain within the PHMPs as it is covalently bound to the
hydrogel.
While there are many studies investigating protein-loaded

hydrogels, the multitude of factors influencing protein
encapsulation, as well as the difference in methodologies
make direct comparison difficult. Indeed, the synthesis
method, polymer molecular weight and charge, cross-linking
process, and mesh size are among the many factors affecting
protein loading and release.47−49 In this study, protein loading
in bioconjugated particles equates to approximately 3 μg of
protein per mg of polymer, which is considerably lower than
what can be achieved through other particle synthesis
techniques such as microemulsion or microfluidics,49−52

which can achieve protein loading quantities upward of 100
μg/mg. However, PHMPs present the advantage of having a
postfabrication protein conjugation, making it possible to
conjugate many different proteins to their polymeric structure
without modifications to the synthesis protocol. Furthermore,
we hypothesize that much of the conjugated protein content is
located at the surface of the particles, which when combined to
the high specific area of the particles granted to them by their
porosity could allow for increased protein interactions with
therapeutic targets, such as enzymatic substrates or antibody
ligands.
Overall, these results show that protein conjugation to

PHMPs using incorporation of an amine group in the microgel
structure significantly increases protein encapsulation and
decreases the percentage of protein released over time. This
method could be an interesting tool for increasing protein
encapsulation and retention in PHMPs, as our experiments
have shown that EE is usually low in buffered media (≤10%).
Conjugation of proteins to PHMPs could potentially be
applied to delivery of therapeutic enzymes, under the condition
that enzymatic activity is preserved after conjugation.

■ CONCLUSIONS
In this study, we investigated PHMPs as vehicles for the
delivery of biologics. These particles are made using hard
CaCO3 templates, which required precise optimization to
obtain porous microspheres of suitable morphology and size.
These templates could then be used to synthesize PHMPs,
which were then characterized to evaluate their structure and
protein encapsulation potential. Overall, using fluorescent
proteins and confocal microscopy, it was established that
proteins can be adsorbed throughout the whole particle.
Furthermore, encapsulation of proteins in PHMPs revealed
that these particles could adsorb a wide variety of proteins with
different properties. Indeed, proteins with molecular weights of

Figure 5. Conjugation of BSA using inclusion of an amine group in PHMP composition. (A) Release of BSA expressed as quantity released
[microgram], dotted lines indicate quantity loaded for 10 M particles. (B) Release of BSA expressed as percentage of quantity encapsulated. Data
presented as mean ± SD (n ≥ 3).
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up to 330 kDa and isoelectric points well below and above
physiological pH (4.7−10.5) were able to adsorb throughout
the particles. However, results show that EE in buffered media
is usually low and requires further optimization. To address
this, multiple strategies to enhance protein encapsulation and
to conjugate protein to PHMPs were investigated. While
attempts at modifying PHMP surface charge did not lead to
significant changes in particle charge or EE, protein
conjugation strategies were more successful. Indeed, using
EDC/NHS conjugation, we were able to increase protein
encapsulation fourfold and considerably limit protein release
over time. The PHMPs evaluated in this study seem to be
interesting as a versatile platform for the delivery of proteins
such as enzymes or antibodies for diverse biomedical
applications.
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