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Abstract Here, we examined the effect of melting point of drug carriers on drug release of dexamethasone (Dex)-loaded
microspheres. We prepared poly(L-lactide-ran-g-caprolactone) (PLC) copolymers with varying compositions of poly(e-
caprolactone) (PCL) and poly(L-lactide) (PLLA). As the PLLA content increased, the melting points of PLC copolymers
decreased from 61 to 43 °C. PLC copolymers in vials solubilized at 40-50 °C according to the incorporation of PLLA into
the PCL segment. Dexamethasone (Dex)-loaded PLC (MC,L,) microspheres were prepared by the oil-in-water (O/W)
solvent evaporation/extraction method. The preparation yields were above 70%, and the mean particle size ranged from 30
to 90 pum. The MC,L, microspheres also showed controllable melting points in the range of 40-60 °C. Dex-loaded MC,L,
microspheres showed similar in vitro and in vivo sustained release patterns after the initial burst of Dex. The in vitro and
in vivo order of the Dex release was MCgglog > MCgoL;g > MCogsLs, which agreed well with the melting point order of
the drug carrier. Using in vivo fluorescence imaging of fluorescein (FI)-loaded microspheres implanted in animals, we
confirmed the sustained release of FI over an extended period. In vivo inflammation associated with the PLC microsphere
implants was less pronounced than that associated with Poly(lactide-co-glycolide) (PLGA). In conclusion, we successfully
demonstrated that it is possible to control Dex release using Dex-loaded MC,L, microspheres with different melting points.
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1 Introduction locally injected drug-loaded microsphere depots provide

long-term sustained drug release.

Microspheres have been extensively used in drug delivery
systems for a variety of drugs, for several years [1-4].
Drug-loaded microspheres possess several attractive
features that allow for sustained drug release. In addition,
drug-loaded microspheres can be easily administered by
simple subcutaneous or intramuscular injection, and these
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Poly(lactide-co-glycolide) (PLGA) is a widely used
biodegradable polymer for fabrication of drug-loaded
microspheres [5-10]. Several PLGAs with different com-
positions and molecular weights have been used for many
years as drug delivery material.

A common conventional method for the preparation of
drug-loaded PLGA microsphere is the oil-in-water emul-
sion and solvent evaporation technique [11, 12]. Using this
technique, the drug is evenly distributed inside a PLGA
microsphere. Drug release from the drug-loaded PLGA
microsphere is controlled by diffusion, erosion, or a com-
bination thereof. Drug release is also dependent on the
composition, molecular weight, and crystallinity of PGLA.
In addition, drug release from PLGA is dependent on the
polymer degradation rate via hydrolysis, addition of
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surfactants to enhance drug diffusion, and an increase in
temperature. This increase in temperature enhances poly-
mer mobility via thermal induced structural relaxation of
polymer, a well-known phenomenon in polymer science.

Among the several factors that affect drug release from
drug-loaded PLGA microspheres, we focused on thermal
induced polymer mobility. Some groups have reported that
drug diffusion can be controlled by changing the thermal
properties of the drug carrier [13, 14]. Meanwhile, thermal
induced relaxation of drug carrier can occur not only when
polymers approach the melting temperature but also the
glass transition temperature [15]. Thus, we examined
thermal induced structural relaxation of the drug carrier
around the melting temperature. The melting causes poly-
mer chains to gradually relax before the melting point, with
the polymer chains completely melted at the melting point
[16]. Thus, if structural relaxation of the polymer in the
microspheres can occur under body temperature, drug
release from the microsphere may be affected.

Poly(L-lactide) (PLLA) is a semicrystalline crystallinity
polymer with a melting temperature of approximately
175 °C [17]. Poly(e-caprolactone) (PCL) is also a
semicrystalline polymer and shows a melting point of
approximately 60 °C [17].

Generally, the block copolymers prepared from the
PLLA and PCL segments can change the crystallinity of
block copolymers, suggesting strongly that crystalline
aggregation of each segment was interrupted, which
induced changes in the melting points of block copolymers
[18]. Based on this phenomenon, varying the ratio of PLLA
and PCL segments is a convenient way to adjust the
melting point.

If we prepare semicrystalline poly(L-lactide-ran-¢-
caprolactone) (PLC) copolymers with a melting tempera-
ture in the range of 40-60 °C, the block copolymers can
exist in the slightly molten state at body temperature. The
melting point of PCL is closer to body temperature than
that of PLLA. Thus, tailoring the PLLA into the PCL
segment can change the melting points of PLC. Consistent
with this idea, we previously found that incorporation of
the PLLA into the PCL segment decreased melting points
by decreasing crystalline aggregation of the PCL segment
interrupted by PLLA [19-24].

Thus, the aim of the present study was to prepare PLC
copolymers with adjustable melting temperature, strongly
considering suitable polymers for inducing thermal relax-
ation of the drug carrier. To the best of our knowledge, this
is the first study to examine the effect of melting points on
drug release from microspheres. The present study exam-
ined the potential of PLC with melting points in the range
of 40-60 °C as a drug carrier. The effect of melting points
on the in vitro and in vivo release profile of dexamethasone
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(Dex)-loaded PLC microspheres was investigated. Fur-
thermore, we evaluated the feasibility of developing PLC
for Dex release from microspheres.

2 Materials and methods
2.1 Materials

Methoxy poly(ethylene glycol) (MPEG) (number-average
molecular weight (M,, = 750) and tin octoate (Sn(Oct),)
were used as received from Sigma Aldrich (St. Louis, MO,
USA). e-Caprolactone (CL) was distilled over CaH, under
reduced pressure. L-Lactide (LA; Boehringer Ingelheim,
Blanquefort, France) was recrystallized in ethyl acetate two
times. Dex, polyvinyl alcohol (PVA), and fluorescein
isothiocyanate (FI) were used as received from Sigma
Aldrich (St. Louis, MO, USA).

2.2 Characterization

"H-nuclear magnetic resonance (NMR) spectra were mea-
sured using Varian Mercury plus 400 with CDCl3 in the
presence of tetramethyl silane (TMS) as an internal stan-
dard. Molecular weight distributions of each poly(lactide-
ran-g-caprolactone) (PLC) copolymer were measured by a
YL-Clarity GPC system (YL 9170 RI detector) using three
columns (Shodex K-802, K-803, and K-804 polystyrene
gel columns). GPC was performed by using CHCI; as an
eluent with a flow rate of 1.0 mL/min at 40 °C. To deter-
mine the melting temperature (7,,) and heat of fusion
(4H,,) of PLC copolymers, differential scanning
calorimetry (DSC; Q 1000, TA Instruments, Hiillhorst,
Germany) was performed from —80 to 100 °C at a heating
rate of 5 °C/min under a dry nitrogen atmosphere. X-ray
diffraction (XRD; D/MAX-III B, Rigaku, Japan) was used
to determine the crystallinity of the PLC copolymers. The
radiation of XRD was generated by a Ni filter at 35 kV and
15 mA. The PLC copolymers were placed in a quartz
sample holder and scanned from 0° to 60° at a scanning
rate of 5°/min. The degree of crystallinity of copolymers
was calculated by comparing the ratio of the crystalline
peak areas to the total area under the scattering curve.

2.3 Synthesis of PLC (MC,L,) copolymers

For preparation of PLC copolymers, all glassware was
completely dried by hot heating in a vacuum and then han-
dled under a dry nitrogen atmosphere. The PLC copolymers
were assigned as ratios of the PCL and PLLA segment. The
typical polymerization procedure of MCgL,y (CL/
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LA = 90/10) was as follows. The solution of MPEG (0.12 g,
0.16 mmol) and toluene (80 mL) were azeotropically dis-
tillated to remove the included water in original MPEG.
About toluene of 50 mL was distilled off. CL (4.46 g,
31.0 mmol) and LA (3.54 g, 31.0 mmol) were firstly added
and then 0.2 mL of a 0.1 M solution of stannous octoate in
dried toluene was added to the MPEG solution under a
nitrogen atmosphere at room temperature. After polymer-
ization for 24 h at 130 °C, the reaction solution was poured
into a mixture of n-hexane and ethyl ether (v/v = 4/1) to
precipitate a MCgyoL(. The precipitated polymer was filtered
and dried in a vacuum to yield a colorless polymer.
MCysLs and MCggL,, copolymers were prepared is a
similar manner. "H-NMR spectra of the prepared MCosLs,
MCgygL g, and MCgyl,, copolymers were used to deter-
mine the molecular weights and ratios of the PCL and
PLLA segments through comparing the total methylene
protons in PCL at 6 = 2.3 ppm and total methine protons
in PLLA at d = 5.2 ppm with the total methyl protons in
MPEG at & = 3.38 ppm as a standard of 750 g/mol. The
prepared MC,L, copolymers were added in the vial of
4 mL and incubated at 30, 40, and 50 °C for 2 h. The
images of MC,L, copolymers were visualized with an
optical camera (SX270 HS, Canon, Tokyo, Japan).

2.4 Preparation of Dex-loaded MC,L, microspheres

Dex-loaded MC,L, microspheres were prepared by the
solvent extraction/evaporation technique. MCL, (0.15 g)
was dissolved in 0.85 g tetrahydrofuran (THF), and 20 mg
Dex was dispersed in the MC,L, solution. This solution
was then added at a rate of 1 mL/min to 200 mL of 45 °C,
1 wt% aqueous polyvinyl alcohol (PVA) with stirring at
600 rpm. This emulsion was stirred for 2 h at 25 °C. The
resulting MCL, microspheres were washed three times
with de-ionized water and vacuum dried for 48 h. The
prepared MC,L, microspheres were added in the vial of
4 mL and incubated at 25, 37, 45, and 50 °C for 2 h. The
images of MC,L, microspheres were visualized by using
an optical camera (Canon, SX270 HS).

2.5 Characterization of MC,L, microspheres

The encapsulation efficiency of Dex-loaded MC L,
microspheres and the release amounts from each Dex-
loaded MC,L, microsphere was determined using a high
performance liquid chromatography (HPLC) system (1200
series in Agilent Technologies, Waldbronn, Germany) with
a Sunfire C18 column (4.6 x 150 mm, 5 mm) and an
ultraviolet (UV) absorbance detector set at 242 nm. Three
independent encapsulation efficiencies and release amounts
for each Dex-loaded MC,L, microsphere preparation were
determined by using eluent of acetonitrile/water (50/50

v/v) at a flow rate of 1.0 mL/min. The weight for encap-
sulation efficiency and the release amounts was calculated
by comparison to standard calibration curves prepared with
known weight-concentrations of Dex.

Three independent particle size of each Dex-loaded
MCL, microsphere was determined by dynamic light
scattering (ELSZ-1000; Otsuka Electronics, Osaka, Japan)
at room temperature and determined by following the
manufacturer’s protocol.

2.6 In vitro Dex release

Approximately 20 mg of Dex-loaded MC,L, microspheres
were dispersed in 5 mL phosphate-buffered saline (PBS).
For Dex release experiments, the dispersed solutions were
incubated at 37 °C and shaken at 100 rpm. 1 mL Dex
released solution was collected at pre-determined times and
replaced with same amount of fresh media within interval
of 10 s. The collected solutions were analyzed using HPLC
(as described in Sect. 2.5). The released Dex amount at
each time interval was calculated by comparing with a
standard calibration curve prepared from known Dex
concentrations in PBS. Three independent release experi-
ment was performed and the results were presented as
mean =+ standard deviation (SD). The results were ana-
lyzed using one-way analysis of variance (ANOVA) with
Bonferroni’s post hoc test and SPSS 12.0 software (SPSS
Inc., Chicago, IL, USA).

2.7 In vivo fluorescence imaging

To monitor real-time in vivo release in live animals, FI-
loaded MCygL o microsphere solution (10 mg microsphere
with a 20% w/v solution of 5% D-mannitol, 2% car-
boxymethylcellulose, and 0.1% Tween 80 as an injection
vehicle) was prepared, and 250 pL of the solution was
subcutaneously injected into the left dorsum of a 6-week-
old male nude mouse using a 21-gauge needle. For
5 weeks, side-view images of the mice were visualized at a
wavelength of 515 nm (excitation wavelength, 470 nm) of
a fluorescence imaging system (FO ILLUM PL-800;
Edmund Optics, Barrington, NJ, USA) with 150 W EKE
Quartz Halogen light and glass reference number OG515
filter. Each fluorescence image was digitized by using a
charge-coupled device and then visualized using Axiovi-
sion Rel. 4.8 software. The intensity of each fluorescence
image was determined using ImageJ version 1.47 (National
Institutes of Health, Bethesda, MD, USA).

2.8 In vivo Dex release

Sixteen Sprague—Dawley (SD) rats (280-300 g, 6 weeks,
male) were used to determine the Dex release amounts
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from Dex-loaded MC,L, microspheres. All animals were
treated in accordance with the guidelines of the Institu-
tional Animal Experiment Committee at Ajou University
School of Medicine (Approval No. 2016-0048). Dex-loa-
ded MC,L, microspheres were sterilized using an UV ray
overnight. The rats were separated into eight experiment
groups at 1, 3, 5, 10, 14, 21, and 28 days. Each rat was
anesthetized using zoletile and rompun (1:1 ratio,
1.5 mL kg™ "). Dex-loaded MC,L, microsphere solution
was composed of 10 mg microsphere, a 20% w/v solution
of 5% D-mannitol, 2% carboxymethylcellulose and 0.1%
Tween 80 as an injection solution. The 250 pL solution
was individually injected subcutaneously under the dorsal
skin. The rats were sacrificed 1, 3, 5, 10, 14, 21, and
28 days after the injection. The Dex-loaded MC,L,
microspheres were removed individually from the subcu-
taneous dorsum. The Dex amount in each microsphere was
analyzed using HPLC, as described in Sect. 2.5. The
release amounts of Dex were determined by comparing
Dex concentrations between the initial injected Dex-loaded
MC,L, microsphere and the remainder of Dex-loaded
MC,L, microsphere at each time point. Each release
experimental group was individually performed for three
rats and the results were presented as mean =+ standard
deviation (SD). The results were analyzed using one-way
analysis of variance (ANOVA) with Bonferroni’s post hoc
test and SPSS 12.0 software (SPSS Inc., Chicago, IL,
USA).

2.9 In vivo scanning electron microscope (SEM)
observation

The morphology of the in vivo microspheres was observed
by SEM (Stereoscan 440; Leica, Wetzlar, Germany). The
microspheres were removed from the rat at 2 and 4 weeks.
The removed in vivo microspheres were rapidly immersed
in a liquid nitrogen bath to prevent structural changes of the
MC,L, microsphere, and then freeze-dried at a freeze dryer
of —75 °C. Each dried MC,L, microsphere was coated
with a thin layer of gold in an argon atmosphere using a
plasma-sputtering apparatus (Ted Pella, Cressington 108
Auto, Redding, CA, USA) and then examined by SEM.

2.10 Histological analysis

Dex-loaded MCgol;y microsphere implanted rats were
sacrificed at 1, 2 and 4 weeks. The Dex-microsphere
implants were immediately harvested from subcutaneous
dorsum, immediately fixed with 10% formalin. The
paraffin wax embedded specimens were sectioned at 4 um
thickness along the longitudinal axis of the implant. Each
section was stained with hematoxylin and eosin (H&E) and
examined by light microscopy.
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Each slide was firstly rinsed with 0.05% Tween 20 solution
in PBS (PBS-T) for 6-diamino-2-phenylindole dihydrochlo-
ride (DAPI; Sigma-Aldrich, St Louis, MO, USA) and ED1
staining. The slides were subsequently blocked with solution
of 5% bovine serum albumin (BSA; Bovogen, Keilor East,
Australia) and 5% horse serum (HS; Gibco, Invitrogen,
Carlsbad, CA, USA) in PBS for 1 h at 37 °C. The slides were
exposed to mouse anti-rat CD68 antibody (EDI; Serotec,
Oxford, UK) and then incubated for 15 h at 4 °C. The slides
was rinsed with PBS-T and then incubated with the secondary
antibody (goat anti-mouse Alexa Fluor 594; Invitrogen) for
3 hin the dark at room temperature. The slides were washed
with PBS-T and counterstained with DAPI, and then devel-
oped by fluorescent mounting solution (DAKO, Carpinteria,
CA, USA). Immunofluorescent images were visualized with
an Axio Imager Al (Carl Zeiss Microimaging GmbH,
Gottingen, Germany) equipped with Axiovision Rel. 4.8
software (Carl Zeiss).

3 Results and discussion
3.1 Preparation of MC,L, copolymers

The melting points depended mainly on the compositions of
PCL and PLLA. Previously, we demonstrated that the
melting points of MC,L, copolymers could be controlled by
varying the compositions of PCL and PLLA [19]. The aim of
the current study was to compare MC,L, copolymers with
different melting points as a drug carrier. MC, L, copolymers
were prepared with varying compositions of PCL and PLLA.

Table 1 summarizes the results obtained for the different
MCL, copolymers. Colorless copolymers greater than
90% yield after precipitation. The featuring peaks of PCL,
PLLA, and MPEG were observed in the "H-NMR spectrum
of MCgoL o copolymer, as shown in Fig. 1.

The ratios of the PCL and PLLA segments in the MC,L,
copolymers were determined by measuring the intensities of
the total methoxy protons / and methylene protons 2 of MPEG
against the methylene protons 2.3 and 5.1 ppm of PCL and
PLLA in '"H-NMR spectra, respectively. CL and LA mono-
mers were randomly incorporated to produce MCL,
copolymers in agreement with the changes in the feed ratio.
The molecular weights of PCL and PLLA, determined by 'H-
NMR, also were in accordance with those calculated from the
designed ratio of the CL and LA monomer to MPEG. Thus, the
MC,L, copolymer was prepared successfully as a drug carrier
for the following experiments.

3.2 Characterization of MCL, copolymers

If segments in block copolymers have crystalline polymer,
the block copolymers have crystallinity and/or melting
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f(f‘;:)‘fyrlnefsy“‘h“is of MGLy Yo, [Mlio (CLILA)  Yield (%) M3 MJM% Ty CCF  AH (/g X°
MCiooLo  100/0 95 75020300 124 61 92.1 41.0
MCosLs  94/6 94 750-17.000 138 53 62 36.8
MCooLiy 90710 91 75020100 142 50 53 27.0
MCgoLa 79721 92 750-19.000 145 44 24.7 244
MCroLsy 70730 86 750-20,100 132 43 0.5 75

 Determined by "H-nuclear magnetic resonance (NMR)

° Measured by GPC (based on standard polystyrene)

¢ Measured by differential scanning calorimetry (DSC)

4 Determined by X-ray diffracti
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Fig. 1 'H-nuclear magnetic 0o
resonance (NMR) spectrum of CH 30+C H ZCH 20 H o \/\/\/O HC \|8/0 2 H
MCyoL copolymer 1
3
i
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points, and their crystallinities depend mainly on the
composition of the polymer segments. Therefore, the
melting points, enthalpies, and crystallinities of MCL,
copolymers were measured by DSC and XRD (Table 1).

Generally, PCL and PLLA have melting points of ~ 60
and ~ 175 °C, respectively. However, one exothermic peak
was observed at approximately 43-61 °C by DSC of MC,L,
copolymers. There was no exothermic peak in the range of
~ 175 °C at the melting of the crystal phase of the PLLA
segment. These data demonstrate the phase compatibility of
the PCL and PLLA block segment, even though the PCL and
PLLA segments were covalently coupled.

The MC;goLq copolymer showed 92 J/g of enthalpy at
61 °C, assignable to the crystallization of the PCL segment.
The degree of crystallinity for the MC, oL, copolymer was
estimated to be 41% from XRD. As the PLLA contents
increased, the melting points and the enthalpy of MC,L,
copolymers decreased from 61 to 43 °C, and the degree of
crystallinity decreased from 41 to 7.5%.

Next, we examined the melting of the MC,L, copolymers
in the vial based on changes in temperature (Fig. 2). MC;qLo
copolymer did not melt at temperatures up to 50 °C. MCysLs5
and MCygL ¢ copolymers showed no melting at 30 and 40 °C
but were slightly melted at 50 °C. MCggloy copolymer
showed slightly melted copolymer at 30 and 40 °C but was
completely melted at 50 °C. Furthermore, the MC;oL3
copolymer was completely melted even at 30 °C. These
findings support the idea that the MC, L, copolymers prepared
in this work had controllable melting points.

We chose MCgsLs, MCggL;(, and MCggyl,o copolymers,
which were soluble in the suitable temperature range of
40-50 °C, as drug carrier in the following experiments,
because MC;goLy and MC¢L3y copolymers did not solu-
bilize and were completely solubilized, respectively, at
temperatures approximately 40 °C.

3.3 Preparation of Dex-loaded MC,L, microspheres

Figure 3A shows a schematic representation of the
preparation of Dex-loaded MC,L, microspheres. Dex-
loaded MC,L, microspheres were prepared by the O/W
solvent evaporation/extraction method. Both MC,L, and
Dex were dissolved in a volatile THF organic solvent,
and the resulting organic phase was emulsified at 45 °C
under mechanical stirring in a continuous aqueous phase
that contained a PVA emulsifier. MC,L, microspheres
were prepared as a result of solvent extraction and
evaporation.

Images of the prepared spherical microspheres with a
smooth surface structure are shown in Fig. 3B. Table 2
summarizes the yield, diameter, and encapsulation for the
Dex-loaded MC,L, microspheres obtained. The prepara-
tion yields of MCgsLs, MCgoL |, and MCgoL,o were 82, 79
and 73%, respectively. Their mean particle sizes were 91,
87, and 63 pm, respectively. The yields and mean particle
sizes slightly decreased as the melting points decreased. FI-
loaded MCyoL.;o microspheres were greenish in color due
to the green color of FI (Fig. 3B3, B4).
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30°C 40°C 50°C

30°C 40°C 50°C 30°C

40°C

MCgol 1

30°C 40°C 50°C

50°C

Fig. 2 Optical images of MCjgoLg, MCoysLs, MCoyoL19, MCgol9, and MCoL3¢ copolymers at different temperatures

N 45°C,600 pm N

Dispersionin PVA
solution

Preparation of
Dex-MC,L, solution

Collection of
microspheres

Fig. 3 A Schematic representation for the manufacturing of Dex-
loaded MC,L, microspheres, B1, B2 microscopic image of Dex-loaded
MCyoL o microspheres, B1 x 100 (scale bar indicates 100 pm) and B2

3.4 Thermal characterization of MC,L,
microspheres

It is conceivable that the prepared MC,L, microspheres
could be affected by the melting points, enthalpies, and
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%200 (scale bar indicates 50 pm), and B3, B4 fluorescence image of
fluorescein (FI)-loaded MCgqgL o microspheres, B3 x 100 (scale bar
indicates 100 pm) and B4 x400 (scale bar indicates 20 pm)

crystallinities of MC,L, copolymers. As described in pre-
vious Sect. 3.3, MC,L, microspheres were prepared using
MC,L, copolymers with different melting points.

The MC,L, microspheres in the vial were examined by
changing the temperature from 25 to 50 °C, as shown in
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Table 2 Characterization of

Diameter (um) Encapsulation efficiency (%)b

91 £ 22 62
87 £ 18 58
63 + 21 41

? Weight of microsphere/weight of the feeding copolymer and Dex x 100

® Weight of the Dex loaded in microsphere/weight of the feeding Dex x 100 (The weight of Dex was
calculated by comparison to standard calibration curves prepared with known weight-concentrations of

Dex-loaded MC, L, No. Yield (%)
microspheres MCosLs o
MCygL1o 79
MCgL2o 73
Dex)
MCgsLs
M CQO I-1 0
M C80 L20

Fig. 4 Images of Dex-loaded MCysLs, MCogL.1g, and MCgoLo;, microspheres at 25-50 °C

Fig. 4. MCysLs showed slightly aggregated microspheres
due to the slight melting of the microspheres at 50 °C, but
the shape of the microspheres was maintained at temper-
atures below 45 °C. On imaging, MCgyoL;y and MCggL,q
showed aggregated microspheres due to melting at 45 °C.
This finding demonstrated that the MC,L, microspheres
prepared in this work had controllable melting points.

3.5 In vitro and in vivo Dex release from Dex-loaded
MC,Ly microspheres

The aim of this study was to examine Dex release perfor-
mance of Dex-loaded MC,L, microspheres. First, to eval-
uate in vitro Dex release, Dex-loaded MC,L, microspheres
were incubated in PBS at 37 °C for 18 days. Figure SA
shows the in vitro Dex release plots for the cumulative

released amounts versus time. The cumulative in vitro Dex
release from Dex-loaded MC,L, microspheres was
approximately 32, 42, and 52% for MCgsLs, MCoqoL ¢, and
MCgoL,, respectively, at 1 day, implying an initial burst
of Dex. Subsequently, Dex release was maintained at
almost the same level for up to 18 days, indicating sus-
tained release of Dex. The amount of released Dex for
MCgoL,y was higher than that of MCgyL;y and that of
MC95L5.

Next, Dex-loaded MC,L, microspheres were implanted
into SD rats and allowed to develop for 28 days. In vivo
Dex release was determined by the remainder of Dex
amount inside Dex-loaded MC,L, microspheres removed
at pre-determined times.

Figure 5B shows the plots for in vivo cumulative release
of Dex from Dex-loaded MC,L, microspheres. The amount
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Fig. 5 Accumulated release of Dex from Dex-loaded MCysLs, MCyoL;o, and MCgoL,o microspheres A in vitro for 18 days and B in vivo for

21 days

2w

3w

Fig. 6 In vivo fluorescence image of a nude mouse injected with FI-loaded MCgqyL ;o microsphere for 4 weeks after injection

of Dex released from Dex-loaded MC,L, microspheres at
1 day was 37, 39, and 49% for MCysLs, MCqoL 4, and
MCgoLy, respectively. After the initial burst release, the
amount of Dex released was almost the same, regardless of
the copolymers used.

The in vitro and in vivo order of Dex release was
MCgolog > MCgoL1g > MCgsls, which was consistent
with the melting point order of the drug carrier. The in vitro
and in vivo releasing patterns of Dex from Dex-loaded
MC,L, microspheres were similar. This finding implies
that Dex release from Dex-loaded MCL, microspheres
could be controlled by adjusting the melting point of the
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drug carrier. In summary, we successfully confirmed the
possibility of controlling Dex release by using Dex-loaded
MCL, microspheres with different melting points.

Real time fluorescence imaging was used to investigate
in vivo sustained release of FI as a model drug from FI-
loaded MCygLy microspheres in live animals. Fluores-
cence images were acquired from a nude mouse after
subcutaneous implantation of Fl-loaded MCgyL;y micro-
spheres (Fig. 6). Green fluorescence was observed imme-
diately at the injected site after implantation, with diffusion
of FI. The area of fluorescence gradually increased and
maximized at 12 h after administration, probably implying



Tissue Eng Regen Med (2017) 14(6):743-753

751

Fig. 7 Scanning electron microscope (SEM) images of Dex-loaded MCgsLs, MCgoL o, and MCgoL, microspheres 2 and 4 weeks after injection

(scale bar indicates 200 pm)

Fig. 8 Hematoxylin and eosin (H&E) and CD68 antibody (ED1) immunohistochemical staining of Dex-loaded MCgyoL( microspheres 1, 2, and
4 weeks after injection (the scale bars represent 200 pm for H&E and 100 pm for ED1)

the in vivo burst effect. At 4 days, the area of fluorescence
reached at similar fluorescence with initially injected
microsphere. Even though from 4 days the fluorescence
images showed the gradually decreased intensity and area,
they were still observed up to 28 days, indicating sustained
release of FI. The remaining FI was still detectable from
the removed microspheres even at 35 days.

We found that Dex was released in vitro and in vivo
from microspheres by two-phase kinetics: a fast initial

burst on the first day, followed by a sustain release for
up to 18 or 28 days. Some Dex was remained inside the
microspheres. The remained Dex within the microspheres
after in vitro and in vivo release for 18 or 28 days were
probably due to the incomplete biodegradation of
microspheres, because we already reported 30-40%
biodegradation of PLC with similar concentration even at
8 weeks [19, 25]. Thus, we conjecture that the remained
Dex can be completely release through biodegradation by
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in vitro and in vivo biological media after longer release
period.

3.6 SEM morphology of in vivo Dex-loaded MC,L,
microspheres

To examine the in vivo morphology of Dex-loaded MC,L,
microspheres with different melting points, Dex-loaded
MC,L, microspheres removed from rats after 2 and
4 weeks after implantation were frozen in liquid nitrogen,
freeze-dried, and observed by SEM (Fig. 7).

Most Dex-loaded MC,L, microspheres remained round
in shape in SEM images. However, Dex-loaded MCggLy
microspheres exhibited a more crushed spherical structure
than those of Dex-loaded MCoysl.s and MCgpl;9 micro-
spheres at 2 and 4 weeks. Cross-sectioned microspheres
showed pore structure, likely indicating the structure
formed by released Dex. The pore structure of Dex-loaded
MCgoL,o microspheres appeared higher than those of Dex-
loaded MCosLs and MCgoL;y, microspheres at 2 and
4 weeks, implying greater release of Dex.

3.7 Histology examination of in vivo Dex-loaded
MC,L, microspheres

To assess the in vivo histology of Dex-loaded MCoqoL g
microspheres, the tissues into which a microsphere implant
had been transplanted were examined by H&E and CD68
antibody (ED1) staining (Fig. 8).

H&E-stained histological sections of harvested micro-
sphere implants revealed tissue integrity after 1, 2, and
4 weeks. The Dex-loaded MCgyL o microsphere exhibited
large microspheres even at 4 weeks. The number of mac-
rophages and neutrophils was increased in the border zone
of the microspheres and host tissue.

The EDI antibody is a macrophage marker and is con-
sidered a unique in vivo indicator of the inflammatory
response. Tissues were stained with ED1 antibody (red) to
determine inflammatory cell accumulation and with DAPI
(blue) to confirm the extent of host cell infiltration within
and near the transplanted microsphere.

As shown by DAPI staining, many host cells surrounded
the microsphere. In addition, EDI1-positive cells were
found at the surface and in tissues surrounding the micro-
sphere, indicating macrophage accumulation. ED1-positive
cells were counted and normalized to the stained tissue
area. The number of ED1-positive cells in all formulations
was 25, 34, and 17% for 1, 2, and 4 weeks, respectively. In
this study, the inflammation within Dex-loaded MCygLq
microsphere was significantly lower than that observed in
response to PLGA microspheres [26, 27].

Collectively, in this work we examined the effect of
melting points on drug release from microspheres. We

@ Springer

successfully prepared PLC copolymers with different
melting points as a drug carrier for microspheres and
demonstrated that the release of Dex from the MC,L,
microspheres was correlated with the melting order of the
drug carrier in the microspheres. In addition, we demon-
strated the feasibility of developing PLC for controlled
release of Dex from microspheres.
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