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ORIGINAL ARTICLE

Preparation of microparticles composed of amphiphilic
poly(y-glutamic acid) through hydrophobic interactions

Fumiaki Shimal>3, Bjoern Schulte?3, Helmut Keul®?, Martin Moeller?? and Mitsuru Akashil»?

A novel amphiphilic graft copolymer composed of poly(y-glutamic acid) (y-PGA) as a hydrophilic backbone and dodecylamine
(DOA) as a hydrophobic side chain (y-PGA-DOA) was successfully synthesized by employing 1-ethyl-3-(3-dimethylaminopropyl)-
carbodiimide (EDC) as the coupling reagent. The grafting degree was stoichiometrically controlled by adjusting the feeding
amounts of DOA and EDC in the reaction system. y-PGA-DOA, with a grafting degree of 55%, self-assembled via hydrophobic
interactions and formed microparticles (MPs; diameter of 13 + 3 pm) in an aqueous solution. These MPs possessed functional
carboxylic groups and could be further modified with compounds such as drugs, proteins and peptides, and thus have great

potential as vaccine carriers.
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INTRODUCTION
Nanotechnology has been extensively exploited in the biological
and medical fields to improve pharmacokinetic and therapeutic
properties. To achieve the efficient delivery of compounds such as
drugs, proteins and nucleotides to target organs, cells and the long
blood circulation, nano- or micro-carriers have been employed.?
In particular, polymeric carriers composed of amphiphilic block or
graft copolymers have received considerable interest because of
their attractive properties. These copolymers can form self-
assembled structures, such as micelles, vesicles and spheres.s‘5 In
general, these copolymers possess hydrophobic moieties that
encapsulate a hydrophobic drug as well as hydrophilic moieties
that are responsible for the stabilization of the structure and
biocompatibility. It is also promising that the physical properties
of the carriers, such as their size, surface charge and hydrophobicity,
can be precisely controlled by designing the copolymers.®’
Because of these properties, polymeric carriers have been eagerly
investigated; however, the internal in vivo stability has remained a
challenge for these delivery systems. To overcome this problem,
chemical crosslinking is normally used to improve stability; however,
the use of crosslinkers may cause undesirable interactions for the
encapsulated cargo and may affect the biodegradability or biocom-
patibility of the delivery system.® Therefore, the stabilization of
polymeric carriers through hydrophobic interactions and hydrogen
bonding is an alternative and attractive strategy.

Vesicles, liposomes, polymeric nanoparticles (NPs) and micropar-
ticles (MPs) are typical examples of carriers prepared via hydrophobic
interactions and/or hydrogen bonds.”!! These carriers have attracted
significant attention by offering advantages such as the efficient
delivery of compounds to target organs and reduced toxicity.
Liposomes have received a considerable amount of interest over the
past decades as pharmaceutical carriers.'? Liposomes are composed
of biocompatible phospholipids and can encapsulate various
compounds in their internal water compartment and membranes.
Furthermore, the size, charge and composition of liposomes are easily
controlled by changing the lipid mixture before liposome preparation.

Although liposomes are promising candidates for pharmaceutical
carriers, they possess some drawbacks. The stability of liposomes is
not high, and they are easily fused together.!® Liposomes are also
easily eliminated from the blood and captured by the cells. More-
over, the preparation of liposomes requires additional energy, such as
ultrasonication.'* In addition, self-assembly of thermodynamically
stable, long-lived vesicles, NPs and MPs has been realized
by employing amphiphilic copolymers.”> These carriers are
biocompatible, biodegradable and easily modified in the preparation
step. These carriers can co-encapsulate hydrophobic molecules within
the hydrophobic moieties. Because of these properties, researchers
have developed various types of carriers.'> However, these carriers are
based on polymers without reactive functional groups; therefore, it is
difficult to prepare functional carriers.
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In a previous study, we prepared biodegradable NPs composed of
poly(y-glutamic acid) (y-PGA) conjugated with 1-phenylalanine ethyl
ester (Phe) as the hydrophobic segment for the development of safe
and effective NP-based vaccines.'® y-PGA-graft-Phe (y-PGA-Phe)
with a grafting degree of greater than 50% formed monodispersed
NPs in water because of their hydrophobic interactions.!” We
demonstrated that the size of y-PGA-Phe NPs was precisely
controlled by adjusting the preparation conditions.'®!® These NPs
could efficiently and stably encapsulate various antigens and could
deliver them to target organs and cells, resulting in the potent
induction of antigen-specific immune responses.”*?! Moreover, we
reported that the size of y-PGA-Phe NPs affected the interactions
(uptake, degradation of antigens and intracellular localization)
between cells and the antigen-encapsulated y-PGA-Phe NPs.?!
Furthermore, y-PGA-Phe NPs possess functional carboxylic groups
in their backbone, and various compounds were covalently
immobilized onto the surfaces of the NPs??> In addition, we
demonstrated that when long alkyl chains were grafted onto the
hydrophilic polyglycidol, the long alkyl side chains were hierarchically
ordered by hydrophobic interactions and hydrogen bonding.??
Taken together, we hypothesized that the combination of these
characteristics should lead to a novel carrier with functional and
unique properties that conventional vaccine carriers do not possess
and that this carrier should become a promising candidate for novel
vaccine carriers.

In this study, we present the preparation of novel functional MPs
via self-assembly of an amphiphilic copolymer composed of y-PGA as
the hydrophilic backbone and dodecylamine (DOA) as the hydro-
phobic side chain (y-PGA-DOA). In addition, characterization of the
amphiphilic y-PGA-DOA was performed.

EXPERIMENTAL PROCEDURE

Materials

Poly(y-glutamic acid) (y-PGA, M,, =480 000) was purchased from Wako Pure
Chemical Industries (Osaka, Japan). Dehydrated dimethyl sulfoxide (DMSO)
and DOA were purchased from Merck KGaA (Darmstadt, Germany). 4-(N,N-
dimethylamino)pyridine, methanol and chloroform (CHCl;) were purchased
from Sigma (St Louis, MO, USA). 1-Ethyl-3-(3-dimethylaminoproyl)-carbo-
diimide (EDC) was purchased from Tokyo Chemical Industry Co., Ltd (Tokyo,
Japan).

Characterization methods

Proton nuclear magnetic resonance ('H NMR) spectra were recorded on a
Bruker DPX-400 FT-NMR spectrometer at 400 MHz (Bruker, Rheinstetten,
Germany). DMSO-dg was used as the solvent. Size exclusion chromatography
analysis was performed at 30 °C using an isocratic pump (Agilent 1100 series,
Agilent, Santa Clara, CA, USA) and a refractive index detector (Wyatt Optilab
DSP, Wyatt Technology, Dernbach, Germany). The eluting solvent was water
(HPLC gradient grade, Roth) with 50 mm sodium hydrogen carbonate (Carl
Roth, Karlsruhe, Germany). Methanol (p.a., Th. Geyer) was used as the internal
standard at a flow rate of 1 mlmin~!. Four PSS suprema columns filled with
modified acrylate-copolymer-network particles were used. The length of the
precolumn was 50 mm, and the other three separation columns had lengths of
300mm. The diameter of each column was 8 mm; the diameter of the
copolymer particles was 10 um; and the nominal pore widths were 30, 1000
and 3000 A, respectively. Calibration was achieved using narrowly distributed
poly(ethylene glycol)/poly(ethylene oxide) standards. Fourier transform infrared
(FT-IR) spectra were recorded using a Nicolet NEXUS 670 Fourier Transform
IR spectrometer (Thermo Fisher Scientific, Waltham, MA, USA).

Partial hydrolysis of y-PGA
To obtain y-PGA with a lower molecular weight, the y-PGA was hydrolyzed
under alkaline condition. The starting material y-PGA (M,, =480000) was
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dissolved in sodium hydroxide (2 M), and the mixture was then stirred at 80 °C
for 8 h. After cooling to room temperature, the pH of the solution was adjusted
to 1.0 with hydrochloric acid. The mixture was maintained at 4 °C for 3 days,
and the resulting precipitate was collected by centrifugation. The obtained
white solid was lyophilized for 2 days, and the molecular weight was measured
by size exclusion chromatography. The eluting solvent was water with 50 mm
sodium hydrogen carbonate, and methanol was used as the internal standard

at a flow rate of 1 mlmin .

Synthesis of y-PGA-DOA copolymer

The y-PGA-DOA was synthesized using a coupling reaction between y-PGA
and DOA under a nitrogen atmosphere. y-PGA (500 mg, 3.88 unit mmol) was
dissolved in 20ml of dehydrated DMSO at 40°C. After the y-PGA was
dissolved, 20 ml of DMSO containing EDC (Code 1: 744 mg, 3.88 mmol; Code
2: 372 mg, 1.94 mmol) and 4-(N,N-dimethylamino)pyridine (DMAP) (Code 1:
238 mg, 1.94mmol; Code 2: 119mg, 0.97 mmol) was added to the solution,
and then 20 ml of DMSO containing DOA (Code 1: 718 mg, 3.88 mmol; Code
2: 359mg, 1.94mmol) was added; the reaction was allowed to continue for
24h at 40 °C. The product was then dialyzed against methanol for 2 days,
collected by evaporating the methanol and analyzed by FT-IR and 'H NMR. To
evaluate the self-assembly behavior of the y-PGA-DOA, the y-PGA-DOA was
labeled with fluorescein isothiocyanate (FITC). The y-PGA-DOA (7.6 pmol)
was dissolved in DMSO, followed by the addition of EDC (1.5 pmol), DMAP
(750nmol) and FITC (1.5pumol). The reaction was conducted at room
temperature for 24 h, then dialyzed against water for 3 days and freeze-dried
for 2 days. The FITC-labeled y-PGA-DOA (FITC-y-PGA-DOA) was used for
the following experiment.

Preparation of MPs

v-PGA-DOA or FITC-y-PGA-DOA was dissolved in CHCl; at a concentration
of 10mgml~! followed by the addition of water. After the CHCl; was
removed, the sample was observed using differential interference contrast
microscopy, confocal fluorescence microscopy (DSU-IX81-SET, Olympus,
Tokyo, Japan) and scanning electron microscopy (JSM-6701F, JEOL, Tokyo,
Japan).

RESULTS AND DISCUSSION

The degradation of y-PGA was controlled by the concentration of
sodium hydroxide and the hydrolysis time. When 2M sodium
hydroxide was employed and the hydrolysis time was 8h, the
¥-PGA was degraded to a molecular weight of M, =7600gmol !,
as measured by size exclusion chromatography. In this study, y-PGA
with a molecular weight of M, = 7600 gmol ~! was employed as the
starting material.

As illustrated in Scheme 1, the y-PGA-DOA copolymer was
synthesized via a coupling reaction between the terminal amine
group of DOA and the carboxylic groups in y-PGA using EDC at
40 °C for 24 h under a nitrogen atmosphere. The unconjugated DOA,
unreacted EDC and by-products of the reaction were removed by
dialysis against methanol. The synthesized y-PGA-DOA was then
characterized by its FT-IR spectra. y-PGA has two characteristic peaks
at 1640 and 1720 cm ~! because of carbonyl stretching vibrations, the
first being due to the amide group and the other being due to the acid
group (Figure la). After reacting with DOA, the intensity of the latter
peak arising from the acid decreased, and the first peak from the
amide group increased (Figure 1b).

This result supports that the y-PGA-DOA copolymer was success-
fully synthesized in this reaction. However, quantitative analysis of the
FT-IR spectra was difficult, because these two peaks partly overlapped,
and it was difficult to separate them. Therefore, the grafting degree of
DOA in y-PGA-DOA was calculated from 'H NMR spectra
(Figure 2c) using the integrals of the methine protons (4.10 p.p.m.,
c-CH) in the y-PGA backbone (Figure 2b) and the ethyl peak
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Figure 1 FT-IR spectra of (a) y-PGA and (b) y-PGA-DOA copolymer.

(3.00 p.p.m., f-CH,) of the DOA (Figure 2a). The grafting degree of
DOA to y-PGA was 91% (Code 1) and 55% (Code 2) and was
controlled stoichiometrically by adjusting the feeding ratio of DOA
and EDC to y-PGA (Table 1). We employed the y-PGA-DOA with a
55% grafting degree for the following experiments.

The solubilities of the y-PGA, DOA and y-PGA-DOA copolymer in
water (50 mm NaHCO3) and several common organic solvents were
investigated. y-PGA is known to be soluble in water and DMSO,
whereas DOA can be dissolved in tetrahydrofuran, dichloromethane,
CHClI; and certain other organic solvents (Table 2). However, the
solubility of the y-PGA-DOA copolymer was different from that of -
PGA or DOA; it dissolved in DMSO, dimethylformamide and
1,1,1,3,3,3-hexafluoro-2-propanol. y-PGA-DOA dissolved in the
50 mm NaHCOj; solution because it represents an alkaline condition.
However, y-PGA-DOA did not dissolve in pure water. This difference
was due to the hydrophilic/hydrophobic balance. Because y-PGA-
DOA is an amphiphilic polymer, it dissolved in solvents in which 7-
PGA did not. These results confirm that the reaction did occur
because the solubility of the copolymer changed.

For the preparation of MPs, various methods have been developed,
such as solvent displacement and the emulsion method.'>?* The
amphiphilic copolymer is first dissolved in a common solvent, which
is usually an organic solvent, followed by the addition of water. The
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hydrophobic groups in the copolymer tend to aggregate and form
MPs when the organic solvent is removed. In this study, the MPs were
prepared via the emulsion method employing CHCI; as the organic
solvent. Y-PGA-DOA was dissolved in CHCl;, and then the organic
solvent was added into water. When the water content was low (the
volume ratio of the polymer solution to water was 1:20), the y-PGA-
DOA copolymer self-assembled and formed MPs (Figure 3a). The
internal structure of the MPs was evaluated by employing FITC-y-
PGA-DOA. The MPs composed of y-PGA-DOA exhibited a packed
structure, which suggests that the formation of MPs was coacervation
(Figure 3b). The diameter of the MPs measured by differential
interference contrast microscopy was 13+ 3 um (n=50) and exhib-
ited a narrow size distribution (Figure 3c). The MPs were further
evaluated by scanning electron microscope observation (Figure 3d).
The diameter was 6.1 * 1.6 pm (1 = 50), which was smaller than those
in water. This finding suggests that water may have existed inside the
MPs and that the MPs contracted when they were dried to remove
water for scanning electron microscope observation.

We evaluated the stability of MPs in ultrapure water, which
revealed that these MPs retained their structures for more than
1 week, suggesting that the MPs are stable and could be a great
candidate for vaccine carriers. The formation of MPs was due to the
hydrophilic/hydrophobic balance. Because the grafting degree of DOA
was 55%, the y-PGA-DOA copolymer possessed both hydrophilic
carboxylic groups and hydrophobic dodecyl groups. Although the
structure of the MPs is still not clear, we believe that the aliphatic alkyl
chains formed hydrophobic domains inside the MPs and that the
hydrophilic carboxylic groups in the y-PGA backbone faced the water
phase and thus stabilized the structure. The critical aggregation
concentration of y-PGA-DOA was 5 pgml~—! when critical aggrega-
tion concentration was evaluated by employing a fluorescent dye
(data not shown).

To use these MPs as vaccine carriers, they should be fabricated from
biocompatible and biodegradable compounds. y-PGA is edible,
biodegradable and composed of naturally occurring p- and r-glutamic
acids y-linked together through amide bonds.”> DOA has also been
reported to be biodegradable’® and has been studied as a skin
permeation enhancer that can serve as a transdermal delivery
system.?”?  According to these reports, y-PGA-DOA should be
biocompatible, biodegradable and should possess great potential as
a vaccine carrier. In addition, the size and morphology are important
factors that control the behavior of the encapsulated antigen and
carriers in our body and cells. In a previous study, we demonstrated
that the size of y-PGA-Phe NPs was precisely controlled by adjusting
the salt concentration.!® We also discovered that y-PGA-Phe NPs
could form unimer NPs by adjusting the grafting degree of the
hydrophobic segment.'”

These findings suggest that the size of the MPs could be controlled
using these techniques. A study on the biocompatibility,
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Figure 2 'H NMR spectra of (a) DOA, (b) y-PGA and (c) y-PGA-DOA copolymer.

Table 1 Synthesis of y-PGA-DOA copolymers

G. D?
Code M, of y-PGA EDCh-PGA DOA /-PGA %
1 7600 1 1 91
2 7600 0.5 05 55

Abbreviations: y-PGA, poly(y-glutamic acid); DOA, dodecylamine; EDC, 1-ethyl-3-(3-
dimethylaminopropyl)-carbodiimide.
2G.D., grafting degree.

Table 2 Solubility of y-PGA, DOA and y-PGA-DOA copolymer in
various solvents

Sample M, of y-PGA Water® THF DCM CHCl; DMF DMSO HFIP
y-PGA 7600 + - - _ _ I _
DOA - - + o+ + + + +
y-PGA-DOA 7600 + - - n I " i

Abbreviations: y-PGA, poly(y-glutamic acid); DCM, dichloromethane; DMF, dimethylformamide;
DMSO, dimethyl sulfoxide; DOA, dodecylamine; HFIP, 1,1,1,3,3,3-hexafluoro-2-propanol; THF,
tetrahydrofuran.

2Water contained 50 mm NaHCOs3.

biodegradability and control over the size of the MPs is now in
progress and should be reported elsewhere. Furthermore, allylamine
was quantitatively grafted to y-PGA (unpublished data), which
suggests that these MPs may be able to be further functionalized
with drugs, proteins and peptides by click reactions. Further
investigation is necessary to determine the structure of the MPs,
their stability in physiological conditions, the encapsulation efficiency
of antigens, the functionalization and the biocompatibility of these
novel carriers. These results nevertheless demonstrate that novel
functional MPs were successfully prepared by hydrophobic interac-
tions employing the y-PGA-DOA copolymer.
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Figure 3 Optical (a) and fluorescence (b) images of MPs composed of
v-PGA-DOA. The scale bar represents 20um. (c) The size distribution of
microparticles (n=50). (d) Scanning electron microscope image of MPs.
Scale bar represents 20 um. The inset is a high-magnification image. Scale
bar represents 5um. A full color version of this figure is available at
Polymer Journal online.

CONCLUSIONS

In conclusion, the amphiphilic graft copolymer y-PGA-DOA was
successfully synthesized. The grafting degree of DOA was controlled
stoichiometrically by adjusting the feeding amounts of DOA and EDC
in the reaction system. This copolymer could form MPs due to the
amphiphilic property of the y-PGA-DOA copolymer. These MPs

Polymer Journal
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consist of a large number of carboxylic groups on the MPs. Therefore,
these MPs should be potentially applicable for further functionaliza-
tion, such as in the immobilization of bioactive compounds like
proteins and peptides. Further research into the applications of MPs
as vaccine carriers is now in progress.
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