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Synthesis of Hyaluronic acid-Tyramine Microgels for Sustained Protein Release
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Abstrace— Microgels are hydrophilic polymer matrix with high
water content suitable for encapsulation and delivery of
biomolecules. In this study, hyaluronic acid (HA) microgels were
synthesized using a water in oil emulsion method. First,
hyaluronic acid was modified with tyramine, and then the
microemulsion was produced by homogenizing the polymer
solution in isooctane as an oil phase. HA microdroplets were
crosslinked via enzymatic method by addition of horseradish
peroxidase (enzyme) and hydrogen peroxide, and stable
microgels were produced in a mild crosslinking reaction.
According to the results, larger microgels were achieved by
increasing the initial polymer concentration. Two sample
proteins, Bovine serum albumin (BSA) and lysozyme, were
incorporated in the polymer network to investigate the
encapsulation efficiency of the microgels. The results
demonstrated that the proposed method has a high efficiency for
protein encapsulation (> 70%). The release profiles showed that
lysozyme, as a cationic protein, was released in a sustained
manner over a period of two weeks. However, BSA, as a
negatively charged protein, showed a faster release rate. The
simple method of microgel fabrication, besides the sustained
release of the encapsulated proteins, makes the HA microgels a
promising vehicle for delivery of cationic proteins.
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L INTRODUCTION

One of the major issues in the treatment of many diseases
is the delivery of the therapeutic proteins, like hormones,
enzymes, and antibodies, in a sustained way. Proteins have a
short half-lives in the body due to proteolysis so that the
bolus injection of the proteins may not work[1]. One strategy
to extend the presence of the proteins and slow down their
release rate is to incorporate them physically within a
polymeric network. Microgels are a crosslinked polymer
network in micrometer size with high water content which
has been shown to be a suitable platform for delivery of the
hydrophilic molecules[2]. It has been shown that microgels
have special properties in loading and releasing therapeutic
molecules. High surface area, injectability, control over
particle size, and structural integrity are important factors
which make the microgels an intresting vehicle for delivery
purposes[3, 4]. Also, the microgels can be incorporated in the
structure of other scaffolds to enhance their potential for
tissue regneration purposes by providing a prolong delivery
of target bioactive molecules [5, 6].

978-1-5386-7952-4/18/$31.00 ©2018 IEEE

Mohammad J. Abdekhodaie
Chemical Engineering department
Sharif University of Technology
Tehran, Iran

abdmj@sharif.edu

Pieter J. Dijkstra
Developmental BioEngineering
University of Twente
Enschede, The Netherlands
p.j.dijkstra@utwente.nl

Both synthetic and natural polymers have been employed
for developing microgels and encapsulating biomolecules[7].
Among those, hyaluronic acid (HA), a natural
glycosaminoglycan present all over the body, has been
widely investigated in biomedical applications because of its
excellent biocompatibility, biodegradability, and low
immunological risks [8-12].

The microgel network can be formed by physical
interactions (e.g. ionic crosslinking) or covalent chemical
crosslinking (e.g. free radical reaction). In physical
interaction, the networks are not stable like chemical
crosslinking. However, one major concern regarding
chemical crosslinking is the presence of cytotoxic reagents or
exposure to harsh experimental conditions which may affect
the bioactivity of encapsulated proteins [13, 14]. Recently,
enzymatic crosslinking has been extensively explored in
various biomaterial fields [15, 16], tissue engineering [17, 18]
and drug delivery [13, 19]. In this method, the network is
formed under mild condition (pH=7.4, room temperature) by
addition of an enzyme, like peroxidases, and hydrogen
peroxide (H,0;). The use of enzymatic crosslinking for
developing hydrogels for encapsulating cells or proteins was
investigated in several studies. The encapsulated cells
remained viable and functional and also the encapsulated
proteins remained bioactive [1, 20, 21].

Herein, HA-based microgels were prepared by enzymatic
crosslinking of tyramine conjugated HA in an inverse
microemulsion system. The advantages of the current method
of microgel fabrication is using a mild crosslinking condition
and facile preparation method. Two model proteins were
encapsulated in the microgels during fabrication procedure,
and the passive release of the encapsulated proteins was
studied during a period of 2 weeks. High loading capacity,
sustained release of the encapsulated proteins, and
degradability of the microgels make them a promising carrier
for delivery of proteins.

II.  MATERIALS AND METHOD

A. Materials

Sodium hyaluronate (MW=25 kDa) was purchased from
Contipro  Pharma, the Czech Republic. Tyramine
hydrochloride ~ (TA.HC1)  (99%), anhydrous  N,N-
dimethylformamide (DMF) (99.8%), N-(3-
dimethylaminopropyl)-N’-ethylcarbodiimide ~ hydrochloride
(EDAC), N-hydroxysuccinimide (NHS), hydrogen peroxide
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(H20,), horseradish peroxidase (HRP), Hyaluronidase from
bovine testes (lyophilized powder, 400-1000 units/mg) and
MES hemisodium salt dry powder, Tween 80, Span 80, FITC-
BSA, and FITC-lysozyme were purchased from Sigma-
Aldrich. All other solvents were purchased from Biosolve
(Valkenswaard, The Netherlands) and used as received. 2,2,4-
Trimethylpentane (isooctane) was purchased from Honeywell.

B. Chemical modification of hyaluronic acid with tyramine

Sodium hyaluronate was dissolved in 30 mL of PBS.
EDAC (1.0 g) and NHS (1.3 g) were added and the solution
was stirred at room temperature. The product was precipitated
in ethanol, filtered, and dried in the fume hood. 1 g of the
synthesized polymer was dissolved in 30 ml of 0.1 M MES
buffer (pH 6.1). TA.HCI (100 mg) was added to the solution
and the pH was maintained constant at 6.1. After overnight
stirring, the resulting solution was precipitated in cold ethanol,
filtered and washed with ethanol and finally diethyl ether. The
resulting white powder was dissolved in MilliQ-water and
dialyzed (MWCO 1000) against 100 mM sodium chloride
solution for 2 days, a mixture of distilled water and ethanol
(5:1) for 1 day and distilled water for 1 day. The hyaluronic
acid tyramine (HA-TA) conjugate was obtained after freeze
drying. The degree of substitution (DS), defined as the
number of substituted groups per 100 disaccharide units, was
calculated from '"H NMR (D,0) spectral data by comparing
the integral values of the aromatic protons of tyramine (6.8
and 7.2 ppm) and the methyl protons of HA (1.9 ppm).

C. Hydrogel formation

The HA-TA was dissolved in PBS at concentrations of 5%
or 10% w/v. A freshly made HRP and H,O, solution in PBS
were added and the mixture was gently mixed to form a gel.
In a typical example, to Iml of HA-TA solution (5% w/v), 20
uL of H20, (1.5 % v/v) and 10 uL HRP (2 mg/ml) were
added. Gelation were determined with the vial tilting method.
When the polymer solution does not flow upon inverting the
vial was considered as gel state.

D. Microgel fabrication

HA microgels were prepared using water in oil emulsion
method. To prepare the microdroplets, first 2 mL of the HA-
TA solution contained HRP with a mg HRP/mmol TA ratio of
0.6 was added dropwise to 25 mL of the oil phase (isooctane)
contained 2.5% v/v Span 80 as surfactant. The mixture was
homogenized on ice using an Ultra-Turrax (T25, IKA Works
Inc., USA) at a 13500 rpm speed. Subsequently, 20 pL of a
H,0; solution was added to the microemulsion to solidify the
droplets. After 30 min homogenization the particles were
collected by centrifugation at 8000 rpm for 5 min. Particles
were subsequently washed with acetone and ethanol and were
dried under reduced pressure at room temperature.

E. Scanning electron microscopy

The morphology of the microgels were visualized using
high resolution scanning electron microscopy, with a voltage
of 1kV. Dry microgels were placed on a SEM mounting stud
and Imaged with Zeiss MERLIN HR-SEM.

F. Protein loading and release

Two model proteins, FITC-lysozyme (14 kDa,
pE11.35[22]) and FITC conjugated bovine serum albumin
(FITC-BSA, 60 kDa, p/=4.7 [23]) were used for
encapsulation and release study. The proteins were dissolved
in polymer precursor solutions prior to microgel fabrication.
The mg protein/mg HA-TA ratio was 1/5 w/w. The HA
microgels were prepared as described above.

To determine the amount of proteins loaded in the
microgels, the matrix was degraded by incubating them
overnight with 1 mL of a hyaluronidase solution (200 U/ml) at
37 °C. The encapsulation efficiency was calculated as the
amount of protein loaded to initial amount of protein used *
100. The amount of the proteins was measured using a
fluorescent plate reader (excitation: 485 nm; emission: 535
nm, Perkin-Elmer, Victor 3, USA).

The release of the proteins into PBS (pH=7.4) containing
0.05% w/v sodium azide was monitored over a period of two
weeks. At selected time intervals, the microgels were
collected and centrifuged at 7000 rpm for 10 min. The
supernatant was removed and replaced with a fresh medium.
Samples were stored at -20°C in dark vials for further analysis.
The amount of the proteins was measured using a fluorescent
plate reader (excitation: 485 nm; emission: 535 nm, Perkin-
Elmer, Victor 3, USA).

III.  RESULTS AND DISCUSSION

A HA-TA synthesis and hydrogel formation

The HA-TA conjugate was synthesized through
EDC/NHS chemistry. First, some carboxylic acid groups on
the hyaluronic acid backbone were converted to NHS esters.
In the second step, the NHS esters were reacted with tyramine
to provide the HA-TA. According to the '"H NMR spectral
data, the degree of substitution calculated from the integral
ratio of the tyramine phenolic protons and the hyaluronic acid
methyl protons was 13% (Figure 1).
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Figure 1. "H NMR spectra of hyaluronic acid and hyaluronic acid
conjugated tyramine in D2O.
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HA-TA hydrogels were prepared by addition of HRP and
H0; to the polymer solutions. HA-TA hydrogel formation by
an enzyme-mediated oxidation reaction is schematically
presented in Figure 2a. The macroscopic view of the HA-TA
hydrogel which was made by 5% w/v HA-TA in PBS is
shown in Figure 2b.
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Figure 2. a) Schematic representation of HA-TA hydrogel formation. b)
Macroscopic appearance of HA-TA hydrogel.

B. Microgel size and morphology

To determine the size of the microgels in the swollen state
they were dispersed in water and imaged by fluorescent
microscope  (EVOS  digital microscope, Invitrogen,
Netherlands). The microgels were loaded with FITC-
lysozyme to be able to be depicted properly. Image J software
was used to analyze the size distribution, and the histograms
are shown in Figure 3. As it was shown, by decreasing the
polymer concentration from 10% to 5% w/v, the microgels
average diameter decreased. The reason could be the viscosity
of the polymer solution as the viscosity will increase by
increasing the polymer concentration and thus less efficient
emulsion would be achieved. 5% microgels have a size
distribution of 1 to 12 pum, while the size of 10% microgels
change from 1 to 50 um.

SEM micrographs of 5% and 10% microgels were shown
in Figure 4. The microgels have a spherical shape with a
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Figure 3. Microscopic images and size distribution of 5% and 10% HA
microgels loaded with FITC-lysozyem. Scale bar is 200 pum.

smooth surface. The size of the dry microgels were measured
using SEM images and Image J software. The diameter size of
the 5% and 10% microgels in dry state ranged from almost
700 nm to 7 um and 1.5 pm to 16 um, respectively.

The swelling ratio is expressed as the ratio of the wet weight
to the dry weight of the microgels. For 5% and 10% microgels
the swelling ratio was almost 25 and 15, respectively. By
increasing the polymer concentration, the swelling ratio was
decreased which can be attributed to the presence of a denser
network in 10% microgels.

C. In vitro protein release

The cumulative release profiles of FITC-lysozyme and
FITC-BSA from 5% and 10% HA-TA microgels over 14 days
were shown in Figure 5. As it was depicted, lysozyme was
released from microgels in a sustained manner after an initial
burst release. However, the cumulative release of BSA
showed that ~90% of the BSA was released within four days.
Comparing the release profiles of lysozyme and BSA, it is
obvious that lysozyme was released with a slower rate than

Figure 4. SEM micrographs of dry microgels. a) 5% and b) 10%
microgels.

BSA. The reason could be the electrostatic interaction
between HA and the proteins. HA is a negatively charge
polysaccharide[24], while lysozyme has a positive charge.
Therefore, the electrostatic attraction will keep the lysozyme
in the microgel structure. However, BSA is a negatively
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charged protein and the repulsive force between the molecule
and HA resulted in a faster release rate. There is no significant
difference between the release profiles of proteins from 5%
and 10% microgels.

At the first stages of the release, diffusion is controlling
the release rate. After one week, the microgels started to swell
which shows the degradation of the polymer network. Figure
6 shows that microgels (10%) swell a lot during incubation at
37 °C and after two weeks they will completely disappear.
Therefore, degradation also plays a role in the release rate of
the proteins from the microgels. As it was mentioned, the
other important parameter in controlling the rate of release is
the electrostatic interaction. Although the size of the lysozyme
(MW 14 kDa) is smaller than BSA (MW 60 kDa) and a faster
release is expected, we can see a slower and sustained release
profile for this protein due to the electrostatic interaction of
the lysozyme with the substrate.
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Figure 5. Cumulative release of FITC-lysozyme and FITC-BSA from 5%
and 10% microgels.

Figure 6. Degradation of the 10% microgels. a) Microgels immediately
after fabrication, b) Microgels after two weeks of incubation at 37 °C.
Scale bars are 100 pm.

IV. CONCLUSIONS

In this study, hyaluronic acid base microgels were
prepared by in situ crosslinking of HA-TA in an inverse
microemulsion. The microdroplets were crosslinked
enzymatically using HRP and H,O,. The average diameter of
the microgels decreased by decreasing the initial polymer
concentration, and narrower size distribution was achieved for
5% microgels. The microgels exhibited a spherical shape with
a smooth surface. BSA and lysozyme were encapsulated in the
microgels and the release profiles showed that the negatively
charged HA microgels was a good platform for the delivery of
cationic proteins like lysozyme. The enzymatic crosslinking is
performed under mild condition and thus minimizes damages
to the encapsulated proteins. The results demonstrate that the
proposed HA-TA microgels have a great potential for protein
delivery to be used in disease treatment.
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