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ARTICLE INFO ABSTRACT

Keywords: In this study, donepezil-loaded PLGA and PLA microspheres (Dp-PLGA-M/Dp-PLA-M) and Dp-PLA-M wrapped in
Microsphere a polyethylene glycol-b-polycaprolactone (PC) hydrogel (Dp-PLA-M/PC) were prepared to reduce the dosing
Donepezil frequency of injections to treat Alzheimer’s disease patients. Dp-PLGA-M and Dp-PLA-M with a uniform particle
irgsgil;l:;}; release size distribution were repeatably fabricated in nearly quantitative yield and with high encapsulated Dp yields
Biodegradation using an ultrasonic atomizer. The injectability and in vitro and in vivo Dp release, biodegradation, and inflam-

matory response elicited by the Dp-PLGA-M, Dp-PLA-M, and Dp-PLA-M/PC formulations were then compared.
All injectable formulations showed good injectability with ease of injection, even flow, and no clogging using a
syringe needle under 21-G. The injections required a force of <1 N. According to the biodegradation rate of
micro-CT, GPC and NMR analyses, the biodegradation of Dp-PLA-M was slower than that of Dp-PLGA-M, and the
biodegradation rate of Dp-PLA-M/PC was also slower. In the Dp release experiment, Dp-PLA-M sustained Dp for
longer compared with Dp-PLGA-M. Dp-PLA-M/PC exhibited a longer sustained release pattern of two months. In
vivo bioavailability of Dp-PLA-M/PC was almost 1.4 times higher than that of Dp-PLA-M and 1.9 times higher
than that of Dp-PLGA-M. The variations in the Dp release patterns of Dp-PLGA-M and Dp-PLA-M were explained
by differences in the degradation rates of PLGA and PLA. The sustained release of Dp by Dp-PLA-M/PC was
attributed to the fact that the PC hydrogel served as a wrapping matrix for Dp-PLA-M, which could slow down the
biodegradation of PLA-M, thus delaying the release of Dp from Dp-PLA-M. Dp-PLGA-M induced a higher in-
flammatory response compared to Dp-PLA-M/PC, suggesting that the rapid degradation of PLGA triggered a
strong inflammatory response. In conclusion, Dp-PLA-M/PC is a promising injectable Dp formulation that could
be used to reduce the dosing frequency of Dp injections.

Inflammatory response

1. Introduction

Alzheimer’s disease (AD) is a progressive neurologic disorder that
leads to slow and progressive memory loss, which sometimes results in
language and behavioral issues that can interfere with daily life [1].
Donepezil (Dp), a specific and reversible cholinesterase inhibitor can
effectively prevent and delay cognitive decline in patients with mild to
moderate AD disease [2,3]. Until recently, Dp was only commercially
available as orally administered tablets and capsules approved by the
FDA. However, this medication is now available as a patch (i.e., trans-
dermal administration). AD patients must take tablets or capsules once a
day or exchange the patch once every 2-3 days [4]. However, elderly AD

patients generally have difficulty swallowing pills or tablets, and
patches are easily peeled off from their skin. In turn, this often results in
poor treatment compliance in AD patients, leading to AD treatment
discontinuation.

A slow-release Dp injection would provide a promising means to
treat AD patients and improve patient compliance [5-7]. Some polymer-
based drug delivery systems have been used for the development of rate
control systems for drug release [8-10]. Poly(D,r-lactide-co-glycolide)
(PLGA) microspheres are a promising vehicle for Dp delivery not only
because they are FDA-approved but also because their small size allows
for easy administration through intramuscular injection [11,12]. PLGA
microspheres are widely used in injectable slow-release formulations of
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various drugs. The lactide/glycolide ratio, molecular weight and dis-
tribution, PLGA end group, and other factors are critical for the accurate
control of the lag phase of drug release from microspheres [13].

Some studies have recently sought to prolong Dp release using Dp-
loaded PLGA microspheres (Dp-PLGA-M) and improve patient compli-
ance [14-17]. These studies demonstrated that Dp could be slowly
released from Dp-PLGA-M for approximately one month, resulting in a
prolonged and steady Dp release.

Furthermore, to fulfill future clinical demands for patient compli-
ance, novel Dp-PLGA-M formulations could be developed to increase the
Dp release period to more than one month. Alternatively, using other
types of microspheres with longer release periods could further reduce
injection frequency.

Therefore, one of the main objectives of this study was to develop a
microsphere formulation that would enable the release of Dp for a
period longer than one month. Dp can be released from microspheres in
two main ways: (1) degradation/erosion of microspheres and (2)
instantaneous diffusion of Dp from surface layer or inside of micro-
spheres. To achieve this objective, our first aim was to control the
release of Dp by modulating the degradation/erosion of microspheres,
whereas our second aim was to delay the Dp released from the surface
layer or inside of the microspheres.

Poly(D,r-lactide) (PLA) was selected to control the degradation/
erosion of microspheres because this material is known to degrade
relatively slowly compared with PLGA [18-22]. Therefore, PLA was
incorporated into the microsphere formulation to control diffusion
during the lag phase of Dp release. To the best of our knowledge, very
few studies have described the use of Dp-loaded PLA microspheres (Dp-
PLA-M) for the sustained release of Dp over a period longer than one
month compared with Dp-PLGA-M.

In the process of Dp release from microspheres, the initial burst may
occur because some amount of Dp tends to accumulate at or near the
surface of the microspheres, thus inducing a rapid diffusion of Dp from
the surface layer of the microspheres during the initial period. There-
fore, several approaches to prevent the initial burst have focused on
efficient encapsulation of the Dp inside PLGA-M rather than on the
surface layer. However, complete elimination of the initial burst was
often difficult or even impossible to achieve [23-26].

Recently, we reported an in situ-forming hydrogel [polyethylene

(a) Preparation of donepezil-loaded
PLA microsphere (Dp-PLA-M)

(b) Injectable formulation and injected depot
of Dp-PLA-M & Dp-PLA-M/PC
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glycol-b-polycaprolactone (PC)] that can spontaneously form in
response to body temperature, and the formed hydrogel can act as a drug
depot [27-30].

To delay the Dp release from the microspheres, PC hydrogels were
wrapped with Dp-PLA-M (Dp-PLA-M/PC) to achieve the second aim of
this work. In this way, the Dp released from the surface layer or inside of
the Dp-PLA-M could temporarily remain inside the PC hydrogel of Dp-
PLA-M/PC. After the initial time, the Dp released from the Dp-PLA-M
passed through the PC hydrogel and then moved to the subcutaneous
layer at a delayed time, resulting in Dp release by lagging behavior. This
delaying process can effectively control the diffusion of Dp release from
the surface layer of or inside the Dp-PLA-M.

Here, we hypothesized that injectable Dp-PLA-M and Dp-PLA-M/PC
formulations can create a Dp depot at the injected site, thus maintaining
a therapeutic Dp concentration for longer than one month (Fig. 1). To
the best of our knowledge, very few studies have characterized the slow-
releasing properties of Dp-PLA-M and Dp-PLA-M/PC. Therefore, the
present study sought to determine (1) whether Dp-PLA-M and Dp-PLGA-
M can be reproducibly prepared in a simple and scalable way and with
high Dp encapsulation efficiency and (2) verify if the Dp concentrations
released from Dp-PLA-M and Dp-PLA-M/PC depots persist for an
extended period in the injected site compared with Dp-PLGA-M.
Therefore, the findings of this study would provide a theoretical and
methodological basis for the development of an injectable slow-release
Dp formulation to decrease Dp injection frequency and increase pa-
tient compliance.

2. Materials and methods
2.1. Materials

Donepezil (Dp; free base foam) was purchased from BOC Science
(Shirley, NY, USA). Poly (D,r-lactide) (PLA; RESOMER R 203H, MW =
18,000-24,000) and poly (D,r-lactide-co-glycolide) (PLGA; RESOMER
RG 503H, lactide/glycolide = 50/50, MW = 24,000-38,000) was pur-
chased from EVONIK (Essen, Germany). Methoxy poly(ethylene glycol)
(MPEG) (number-average molecular weight = 750), 1.0 M solution of
HCI dissolved in ethyl ether, polyvinyl alcohol (PVA; 87%-89% hydro-
lyzed, MW = 85,000-124,000), fluorescein, ethyl acetate (EA), toluene,
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Fig. 1. Schematic representation of the preparation of (a) Dp-PLGA-M and Dp-PLA-M, (b) injectable formulation and depot formation, and (c) depot degradation and

long-lasting Dp release from the depot.
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n-hexane, ethyl ether, triethanolamine (TEA), phosphoric acid,
mannitol, sodium carboxymethyl cellulose (Na-CMC) and Tween 80
were purchased from Sigma Aldrich (St. Louis, MO, USA). e-Capro-
lactone (CL, TCI, Tokyo, Japan) was sequentially distilled from CaHjy
under nitrogen before use. Chloroform-D and acetone-D were purchased
from Cambridge Isotope Laboratories, Inc. (MA, USA). Dulbecco’s
phosphate-buffered saline (DPBS) was purchased from Gibco (NY, USA).
Dichloromethane (MC) was sequentially distilled from CaHy under ni-
trogen before use. Pure HPLC-grade acetonitrile (ACN), methanol
(MeOH), ethanol, and tetrahydrofuran (THF) were obtained from
different companies and used without further refinement.

2.2. Preparation of Dp-PLGA-M and Dp-PLA-M

Dp-PLGA-M and Dp-PLA-M were prepared using an ultrasonic
atomizer (Sono-Tek Crop, Milton, NY, USA). Here, the weight ratios of
PLA (or PLGA) and Dp were adjusted to 70:30, 65:35, and 60:40. To
prepare the 65:35 ratio mixture, PLA (195 mg) and Dp (105 mg) were
dissolved at 3 wt% in ethyl acetate and then evenly dissolved by vor-
texing. The PLA/Dp solution was loaded into a glass syringe (14.67 mm
diameter). 250 mL of PVA solution (0.5% w/v PVA) was prepared in a
beaker. The PVA solution was rotated at 500 rpm, and the distance
between the atomizer head and the PVA solution was adjusted to 1 cm.
Dp-PLA-M was produced by atomizing PLA/Dp solutions (to direction of
PVA solution) at flow rates of 4 mL/min and a vibration frequency of 3
W/60 kHz. After atomizing, the resulting Dp-PLA-M was gently stirred
for 2 h until it solidified. Then, the Dp-PLA-M solution was placed in a
conical tube and washed five times with DW using a centrifuge (1500
rpm, 1 min, 4 °C). The resulting Dp-PLA-M was then filtered and once
again washed five times with DW. The Dp-PLA-M was frozen at —74 °C,
followed by freeze-drying for over 3 days. Fluorescein-loaded PLA mi-
crospheres (FI-PLA-M) were prepared from PLA (180 mg) and FI (120
mg) by the same procedures as described in the previous paragraph.

Dp-PLA-M at two different high doses of PLA (900 or 1800 mg) and
Dp (600 or 1200 mg) was fabricated in the same way as PLA (195 mg)
and Dp (105 mg). Tables S1 and S2 summarize the characteristic
analysis of Dp-PLGA-M and Dp-PLA-M.

2.3. Synthesis of methoxy poly(ethylene glycol)-block-polycaprolactone
diblock copolymers (PC)

PC with a molecular weight of 2420 g/mol per polycaprolactone
segment was prepared at a 95% yield and polydispersity of 1.17 via gel
permeation chromatography (GPC) as previously reported [27-30].

2.4. Preparation of injectable formulation (Dp-PLGA-M, Dp-PLA-M, and
Dp-PLA-M/PC)

The injection solution was prepared by dissolving mannitol (5%),
Na-CMC (2%), and Tween 80 (0.1%) in DPBS. PC (75 mg) was mixed in
0.3 mL of DPBS to reach a 20 wt% concentration and solubilized at 70 °C
by vortexing. The PC solution was stabilized at 4 °C for 2 days. Next, Dp-
PLGA-M (51.4 mg) or Dp-PLA-M (48.9 mg) was loaded into 300 pL of the
injection solution or PC solution to obtain Dp-PLGA-M/PC and Dp-PLA-
M/PC. The Dp concentration per injectable formulation was 16.8 mg.

2.5. Encapsulation efficiency and in vitro release of Dp-PLGA-M, Dp-
PLA-M, and Dp-PLA-M/PC

The Dp encapsulation efficiency and release rates of Dp-PLGA-M, Dp-
PLA-M, and Dp-PLA-M/PC were determined by high-performance liquid
chromatography (HPLC; Agilent Technologies 1200 series; Agilent
Technologies, California, USA) using a Shiseido UG120 C;s packing
column (250 x 4.6 mm, 5 pm; Sigma-Aldrich, St. Louis, MO, USA) at a
flow rate of 1.2 mL/min, with absorbance detection at 268 nm and at a
40 °C column temperature.
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First, buffer A was prepared by adding 50 mL of THF and 14 mL of
TEA to 1000 mL of DW, after which phosphoric acid was added to adjust
the pH of the solution to 2.0. The HPLC mobile phase was prepared by
mixing buffer A and methanol at a 3:2 ratio. Then, equal volumes (1:1
ratio) of buffer A and ACN (buffer B) were mixed and used to measure
the Dp encapsulation rate in Dp-PLGA-M and Dp-PLA-M and to deter-
mine the Dp release rates from Dp-PLGA-M, Dp-PLA-M, and Dp-PLA-M/
PC.

To determine the Dp encapsulation rate, 10 mg of Dp-PLGA-M and
Dp-PLA-M were solubilized in 4 mL of buffer B, vortexed and sonicated
for 10 min at 25 °C, and passed through a PVDF filter (0.45 pm). Three
independent measurement experiments were performed for Dp-PLGA-M
and Dp-PLA-M.

The Dp loading efficiency was defined as follows: LE (%) =
[(encapsulated Dp weight) / (obtained microspheres weight)] x 100.
The encapsulation efficiency (E) was defined as follows: E = [(amount of
encapsulated Dp) / (total amount of Dp added)] x 100.

2.6. Characterization of Dp-PLGA-M, Dp-PLA-M, and Dp-PLA-M/PC

The optical images of Dp-PLGA-M and Dp-PLA-M were obtained
using an Axio Imager Al microscope (Carl Zeiss Microimaging GmbH,
Gottingen, Germany) coupled with the Axiovision Rel. 4.8 software
(Carl Zeiss) and a Camscope system (Sometech, Seoul, Korea) with a
SuperCast U6T 2HD (Skydigital, Goyang, Korea). The surface
morphology of Dp-PLGA-M and Dp-PLA-M were observed using a field
emission scanning electron microscope (FE-SEM; JSM-7900F; JEOL,
Tokyo, Japan). Dp-PLGA-M and Dp-PLA-M were thinly coated using a
plasma sputtering apparatus (Ted Pella, Cressington 108 Auto, Redding,
CA, USA) under argon and then captured at a 500x magnification.

The particle size and particle size distribution of Dp-PLGA-M and Dp-
PLA-M were measured via dynamic light scattering analysis (DLS; ELSZ-
1000; Otsuka Eletronics, Osaka, Japan). Ten milligrams of Dp-PLGA-M
or Dp-PLA-M were evenly dispersed with 1 mL of deionized water
(DW). The particle size and particle size distribution were calculated
using ELS-Z version 3.8 (Otsuka, Japan). Three independent measure-
ments were performed for each Dp-PLGA-M or Dp-PLA-M. All data are
presented as means + standard deviation (SD). The span value of Dp-
PLA-M or Dp-PLGA-M was defined as follows: [(90% at particle size —
10% at particle size) / (50% at particle size)] x 100 [14].

To assess the stability of the Dp-PLGA-M or Dp-PLA-M, all micro-
spheres were incubated at 4, 37, and 60 °C for 4 weeks. At 1, 2, 3 and 4
weeks, 10 mg of the Dp-PLGA-M or Dp-PLA-M were dissolved in DW at a
1 wt% concentration and the particle sizes were measured three times by
dynamic light scattering described in the previous section. All results are
presented as means =+ standard deviation.

The mechanical properties including Young’s (elastic) modulus and
hardness of Dp-PLGA-M, Dp-PLA-M, and Dp-PLA-M/PC were measured
using a nano-indenter (NanoTest NTX; Micro Materials, Wrexham, UK)
with a three-sided pyramidal Berkovich tip.

2.7. Rheological characterization of Dp-PLGA-M, Dp-PLA-M, and Dp-
PLA-M/PC

The rheological properties of the injectable formulations of Dp-
PLGA-M, Dp-PLA-M, and Dp-PLA-M/PC prepared in the previous sec-
tion were measured using a modular compact rheometer (MCR 102,
Anton Paar, Austria) with a Peltier temperature-controlled bottom
platen. The parallel plate diameter was 25 mm. All measurements were
conducted with a gap length of 0.3 mm at a frequency of 1 Hz and 1%
strain from 10 to 60 °C. The storage modulus (G’) and loss modulus (G"),
viscosity (cP) and the phase angle (tan ) were calculated using the in-
strument’s software (Rheoplus/32, version V3.21, Anton Paar, Austria).
Each sample was measured three times.
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2.8. Evaluation of the injection force of Dp-PLGA-M, Dp-PLA-M, and Dp-
PLA-M/PC

The formulation of injection solution alone [mannitol (5%), Na-CMC
(2%), and Tween 80 (0.1%) in DPBS], PC solution alone [100 mg of PC
solubilized in 0.4 mL of DPBS], Dp-PLGA-M [68.5 mg of Dp-PLGA-M
solubilized in 400 pL of injection solution], Dp-PLA-M [65.2 mg of Dp-
PLA-M solubilized in 400 pL of injection solution], Dp-PLGA-M/PC
[68.5 mg of Dp-PLGA-M solubilized in 400 pL of PC solution], and Dp-
PLA-M/PC [65.2 mg of Dp-PLA-M solubilized in 400 pL of PC solu-
tion] was prepared. The Dp concentration per injectable formulation
was 16.8 mg. Next, 400 pL of the injection solution alone, PC solution
alone, Dp-PLGA-M, Dp-PLA-M, and Dp-PLA-M/PC were separately
loaded into single-barrel syringes. The inner diameters of the syringe
needle gauge were 21-G (0.495 mm inner diameter), 23-G (0.318 mm
inner diameter), and 26-G (0.241 mm inner diameter).

Injection force was determined using a universal testing machine
(H5KT, Tinius-Olsen, Horsham, PA, USA). The plunger end of the sy-
ringe was placed in contact with a 500 N loading cell. The measurement
was performed at 1 mm/s, which is the typical speed when injecting a
patient. The injection force of each formulation was measured in
compressive strength mode using compression mode software (Tinius
Olsen, Rock Hill, SC, USA). The injection force of each formulation was
measured three times. Each formulation was plotted as force-injection
volumes. The Fpx and DGF (dynamic glide force) values of 300 pL of
each formulation were defined as the value in the range maintaining
linearity and the highest value in the force-displacement plots,
respectively.

2.9. Invitro drug release of each injectable formulation

The injectable formulations of Dp-PLGA-M, Dp-PLA-M, and Dp-PLA-
M/PC (all containing 16.8 mg of Dp) prepared in the previous section
were loaded into a tube with a dialysis membrane at the bottom (Slide-
A-Lyzer MINI Dialysis units, 2.0 K MWCO; Thermo Fisher Scientific,
Waltham, Massachusetts, USA). Each tube with each injectable formu-
lation was individually placed in a 50 mL conical tube containing 45 mL
of DPBS and then incubated at 37 °C and 100 rpm. For each experiment,
25 mL of DPBS solution was extracted from the conical tube at pre-
determined time intervals and 25 mL of fresh DPBS incubated at 37 °C
was immediately added to the vials to restore the volume. The amount of
Dp released from Dp-PLGA-M, Dp-PLA-M, and Dp-PLA-M/PC was
determined by HPLC, as described in a previous subsection, and calcu-
lated through a comparison with standard calibration curves con-
structed using known concentrations of Dp. Three independent release
experiments were conducted for each formulation and the results were
presented as mean =+ standard deviation.

2.10. Animal experiments

The protocol for the animal experiments was approved by the
Institutional Animal Care and Use Committee (Approval No.
2021-0009) of the Ajou University School of Medicine. All experiments
were performed using SD rats (300 g, male, 6 weeks) in accordance with
the guidelines for the care and use of animals for experimental and
scientific purposes.

Injectable formulations of Dp-PLGA-M, Dp-PLA-M, and Dp-PLA-M/
PC (Dp 16.8 mg) prepared in the previous section were sterilized by
ultraviolet irradiation (254 nm) for 2 h. During ultraviolet irradiation,
the injectable formulations were rotated every 30 min to ensure uniform
sterilization.

SD rats were anesthetized with 1:1 Zoletil-Rompun solution (37.5
mg/kg). Each injectable formulation was loaded into a syringe with a
21-gauge needle. Each injectable formulation (300 pL) in the syringe
was injected subcutaneously into SD rats and the subcutaneous gener-
ation of depots (Dp-PLGA-M, Dp-PLA-M, and Dp-PLA-M/PC) was
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confirmed. The injected SD rats were sterilized with povidone and
provided with sufficient water and food throughout the experimental
period. At predetermined time intervals, the injected SD rats were
euthanized using CO; in accordance with animal guidelines and then
each depot was removed.

2.11. Characterization of in vivo depots formed from Dp-PLGA-M, Dp-
PLA-M, and Dp-PLA-M/PC

The depots (Dp-PLGA-M, Dp-PLA-M, and Dp-PLA-M/PC) were
allowed to develop and were then subjected to biopsy at different time
points over eight weeks. At each of the post-implantation points (1, 3, 6,
and 8 weeks), the rats were sacrificed, and the depots were individually
dissected and removed from the subcutaneous dorsum to conduct opti-
cal morphology, micro-CT, SEM, NMR, and GPC analyses.

Optical images of the removed depot were obtained using an optical
camera and a ruler. The depot volume was calculated based on the op-
tical depot images using the following formula: 0.52 x width x length x
height. The morphology of the removed depots was also observed using
a Camscope system (Sometech, Seoul, Korea) and an optical microscope
(Nikon, Labophot-2, Japan) using a lens magnification of 100x and
300x.

The removed depots were further analyzed via microcomputed to-
mography (micro-CT; Skyscan 1076; Skyscan, Konitch, Belgium). Micro-
CT was carried out with a high-resolution Explore Locus scanner (GE
Healthcare, Ontario, Canada) at an 18.22 pm pixel resolution, a 340 ms
exposure time, a 59 kV energy source, and a 153 pA current. Approxi-
mately 180 projections were acquired over a rotation range of 180°,
with a rotation step of 4°. The full length of each depot was scanned and
consisted of 850 slices on average. Three-dimensional virtual models for
the estimation of depot volume were created and visualized using the
micro view image processing MIMICS 16.0 software (Materialise’s
Interactive Medical Image Control System; Leuven, Belgium).

A field emission scanning electron microscope (FE-SEM; JSM-7900F;
JEOL, Tokyo, Japan) was used to examine the morphology of the in vivo
depots. The removed depots were immediately immersed in a liquid
nitrogen bath to minimize structural changes in the depots, then freeze-
dried for 5 days at —75 °C and finally cut in the cross-sectional direction
in a liquid nitrogen environment to minimize alteration of the depots.
The prepared depots were then coated with a thin layer of gold using a
plasma-sputtering apparatus (Ted Pella, Cressington 108 Auto, Redding,
CA, USA) in an argon atmosphere and examined by SEM (PC-SEM; JEOL,
Tokyo, Japan). The depots measured by SEM were recovered and cross-
sectional images were obtained using Camscope.

The removed depots were placed in a test tube to which chloroform
(5 mL) was added and pulverized using a homogenizer at 16,000 rpm
and 25 °C for 10 min to dissolve the polymer portion of the depot. Then,
the mixture was sonicated at 25 °C for 30 min and centrifuged at 4000
rpm and 4 °C for 10 min. The supernatant from the obtained suspension
was filtered using a PTFE filter (0.45 pm). The filtered solution was
rotary evaporated and dried under reduced pressure to completely
remove all traces of chloroform. The obtained sample was analyzed by
NMR and gel permeation chromatography (GPC) to examine biodegra-
dation. Some of the obtained mixtures were precipitated in n-hexane and
ether (4:1), filtered with filter paper, separated to obtain soluble and
insoluble fractions, and dried at 4 °C for 2 days in a vacuum oven. The
dried soluble and insoluble parts were measured by GPC using a Futecs
GPC 500 system coupled with a Shodex 201H RI detector (Futecs,
Daejeon, Korea) and polystyrene gel columns (Shodex K-802, K-803, and
K-804) in CHCI3 at 40 °C as an eluent at a flow rate of 1 mL/min.
Polystyrene standards were used for calibration and to determine the
relative molecular weight and the distribution of the molecular weight.
The degradation ratio was defined as follows: Degradation ratio (%) =
[MW determined at the GPC peak at the predetermined time points) /
MW determined at the GPC peak on week 0] x 100. The obtained
degradation ratios were plotted as a function of time to determine the
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first-order rate constant. The in vivo half-life degradation was defined as
the time required to degrade half of the initial molecular weight.

2.12. Dp release from in vivo depots formed from Dp-PLGA-M, Dp-PLA-
M, and Dp-PLA-M/PC

The Dp-PLGA-M, Dp-PLA-M, and Dp-PLA-M/PC depots (Dp 16.8 mg)
injected in the previous section were individually dissected and removed
from the subcutaneous dorsum at 1, 2, 3, 4, 6, and 8 weeks. The tissue on
the surface of the extracted depot was removed as thoroughly as possible
using surgical scissors. The trimmed depots were then placed in a test
tube to which ACN (8 mL) was added and homogenized using a ho-
mogenizer at 16,000 rpm and 25 °C for 10 min to dissolve the Dp drug
portion of the depot. The mixture was then sonicated at 25 °C for 30 min
and centrifuged at 2000 rpm and 4 °C for 10 min. The supernatant from
the obtained suspension was then passed through a PTFE filter (0.45
pm). The filtered solution was rotary evaporated and dried under
reduced pressure to completely remove all can traces. The obtained
sample was analyzed by HPLC to examine the remaining Dp inside the
depot at different time points. The remaining Dp inside the depots at
different time points was calculated based on standard calibration
curves constructed using known concentrations of Dp.

The ratio of the cumulative Dp released in vivo was defined as fol-
lows: cumulative ratio of Dp released in vivo (%) = [(Total amount of
injected Dp (16.8 mg) on day O — Dp inside the depot extracted at the
predetermined time points) / Total amount of injected Dp on day 0] x
100. Each release Dp experiment was individually performed for three
rats and the results were presented as mean =+ standard deviation.

2.13. Histological analysis of in vivo depots

The Dp-PLGA-M, Dp-PLA-M, and Dp-PLA-M/PC depots injected in
the previous section of were individually removed from the subcu-
taneous dorsum at 1, 3, 6, and 8 weeks. The removed depots were
immediately fixed with 10% formalin for two days. The paraffin wax-
embedded specimens were sliced into 5-pm-thick sections along the
longitudinal axis of the depot.

Deparaffinization and hydration were performed by immersing the
slides (5 min per immersion) in xylene two times, 100% ethanol two
times, 95% ethanol one time, and 70% ethanol one time. Afterward, the
depot samples were treated with a hematoxylin solution (Sigma-Aldrich,
St. Louis, MO, USA) for 3 min, washed with running water, and treated
with eosin for 6 min, then once again washed with running water to
obtain H&E-stained images. After drying the slide for 3 h at room tem-
perature, the slides were mounted with a mounting solution (Muto Pure
Chemicals; Tokyo, Japan).

To perform CD4 and CD68 (ED1) staining, the slides were depar-
affinized and hydrated in the same way as with H&E staining. The slides
were then immersed in 1x HIER T-EDTA buffer (pH 9.0) and incubated
at 130 °C for 20 min prior to antigen recovery. After cooling at room
temperature, the slides were washed in PBS and blocked at 25 °C for 60
min using PBS solution with 5% horse serum and 0.3% Triton X-100.
The samples were then treated with CD4 antibodies (mouse anti rat CD4;
Serotec, Oxford, UK) or CD68 antibodies (mouse anti rat CD68; Serotec,
Oxford, UK) at a 1:500 dilution ratio in antibody diluent at 4 °C for 12 h.
The slides were washed with PBS and PBST (0.05% Tween-80 in PBS),
then treated with secondary antibodies (Alexa Fluor 594 goat anti-
mouse IgG; Invitrogen, Waltham, MA, USA) at a 1:500 dilution ratio
in antibody diluent at room temperature for 3 h. The samples were then
washed with PBS and PBST and treated with a 1 pg/mL DAPI solution.
After thoroughly washing the samples with DW, the slides were moun-
ted using a mounting solution. The stained slides were then visualized
using a slide scanner (ZEISS Axio Scan. Z1, Carl Zeiss Microscopy GmbH,
Jena, Germany). The quantitative evaluation of the stained images was
performed with n = 3 for each data point using the ImageJ program.
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2.14. Statistical analyses

All data were obtained from three independent experiments and
were presented as the mean + standard deviation (SD). To evaluate
significance, the results were subjected to one-way analysis of variance
(ANOVA) coupled with Bonferroni’s multiple-comparison correction
using the SPSS 12.0 software (SPSS Inc., Chicago, IL, USA).

3. Results
3.1. Preparation and characterization of Dp-PLGA-M and Dp-PLA-M

In this study, the Dp-PLGA-M and Dp-PLA-M were fabricated using
an ultrasonic atomizer (Fig. S1). To achieve this, the ultrasonic atomizer
was loaded with a solution of PLGA or PLA and Dp in ethyl acetate. The
atomization process resulted in the formation of emulsion microdroplets
as they were sprayed through the nozzle tip. Afterward, the ethyl acetate
from the emulsion microdroplets was evaporated and extracted in
deionized water containing polyvinyl alcohol (PVA), resulting in the
formation of Dp-PLGA-M and Dp-PLA-M. The resulting Dp-PLGA-M and
Dp-PLA-M exhibited a 94% average yield, an average encapsulation
efficiency of 93%, and a particle size of 61-67 pm (Fig. S1 and
Table S1). FI-PLA-M was greenish due to the color of FI. FI-PLA-M had a
size, surface, and shape similar to those of Dp-PLA-M.

The obtained Dp-PLA-M were stable at 4 °C and 37 °C for 4 weeks,
but Dp-PLGA-M showed the stability only at 4 °C for 4 weeks (Fig. S2).
Meanwhile aggregation of Dp-PLGA-M and Dp-PLA-M was observed at
60 °C even at 1 week due to the glass transition temperature of PLGA and
PLA.

The obtained Dp-PLGA-M and Dp-PLA-M were generally uniform
regardless of the Dp contents and the type of polymer used to fabricate
them. Both the Dp-PLGA-M and Dp-PLA-M exhibited a spherical shape
with a smooth surface. Additionally, the Dp-PLA-M were obtained with a
nearly quantitative production yield and high encapsulation Dp yield
after repeated manufacturing of large amounts (Table S2).

The span value is generally used as an indicator of particle size
uniformity [11]. In this study, the span values of both Dp-PLGA-M and
Dp-PLA-M were close to one, meaning that the fabricated microspheres
were uniform.

Furthermore, previous studies have reported that microspheres
should not exceed a size of ~100 pm for easy subcutaneous or intra-
muscular injection using 21-25-G needles [31,32]. Therefore, the sub-
cutaneous injection of the manufactured Dp-PLGA-M and Dp-PLA-M is
expected to be relatively painless.

Interestingly, the microspheres without Dp, which were fabricated
several times, were smaller in the absence of Dp. This was likely because
Dp interrupted the compact aggregation between the polymer chains,
resulting in larger Dp-PLGA-M and Dp-PLA-M particles.

Finally, the uniformity and repeatability of the proposed Dp-PLGA-M
and Dp-PLA-M fabrication method was verified, and the manufactured
Dp-PLGA-M and Dp-PLA-M were used for subsequent in vitro and in vivo
experiments.

3.2. Rheological characterization of Dp-PLGA-M and Dp-PLA-M

The hydrophobicity, Tg, and crystallinity of PLA, which contains
methyl side groups, were generally different from those of PLGA
[33,34]. Therefore, a nanoindentation measurement was performed to
compare the mechanical properties of Dp-PLGA-M and Dp-PLA-M with a
35% Dp concentration, after which hardness values were calculated
based on the obtained measurements (Fig. 2a-c).

When a force was applied to the surface of the Dp-PLGA-M and Dp-
PLA-M using a Berkovich tip, Dp-PLA-M showed a higher value than Dp-
PLGA-M, indicating that the surface of Dp-PLA-M was harder. The
Young’s modulus (ie., elastic modulus) value of Dp-PLA-M was
approximately 1.5 times higher than that of Dp-PLGA-M. Similarly, the
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Fig. 2. (a-c) Nanoindentation tests of Dp-PLGA-M and Dp-PLA-M; (a) load-displacement curves, (b) Young’s (elastic) modulus and (c) hardness of Dp-PLGA-M and
Dp-PLA-M (*p < 0.01). (d-f) Rheological characterization of PC alone, Dp-PLGA-M/PC, and Dp-PLA-M/PC. (d) Viscosity-versus-temperature curves, (e) viscosity at

25 °C and 37 °C, and (f) results of the phase angle experiment (* p < 0.01).

hardness of Dp-PLA-M was approximately 1.5 times higher than that of
Dp-PLGA-M, indicating that the Dp-PLA-M did not deform easily due to
the resistance of PLA to the applied force.

Collectively, our findings indicated that the mechanical properties of
Dp-PLGA-M and Dp-PLA-M can be adjusted by changing the matrix
polymers (PLGA and PLA).

3.3. Preparation and characterization of injectable formulations

In this work, thermosensitive PC hydrogel was applied to reduce the
initial burst of Dp from outermost surface of the microspheres because
PC showed a sol-to-gel phase transition at body temperature [27-30].
Therefore, we mixed PC with Dp-PLGA-M and Dp-PLA-M to conduct a
comparative rheological characterization.

The rheological characterization of PC alone, Dp-PLGA-M/PC, and
Dp-PLA-M/PC was conducted as a function of temperature (Fig. 2d-f).
PC alone, Dp-PLGA-M/PC, and Dp-PLA-M/PC showed a viscosity of 1,
exhibiting a solution state at approximately 30 °C. However, their vis-
cosity increased rapidly to 1.06 x 10° ¢P, 1.36 x 10° cP, and 1.70 x 10°
cP at 37 °C (Fig. 2d-f). This confirmed that PC alone, Dp-PLGA-M/PC,
and Dp-PLA-M/PC could form hydrogel depots at 37 °C (ie., body
temperature) due to the thermosensitive behavior of PC.

The phase angles (tan 6s) of PC alone, Dp-PLGA-M/PC, and Dp-PLA-
M/PC calculated from G’/G’ were respectively 1.21, 1.16, and 1.04 at
25 °C, thus demonstrating the elasticity of these materials. However,
these values changed to 0.10, 0.13, and 0.14 (i.e., substantially <1) at
37 °C, indicating that microsphere formulations with PC hydrogel (Dp-
PLGA-M/PC, and Dp-PLA-M/PC) exhibited more hydrogel-like proper-
ties at body temperature than PC alone (Fig. 2f).

Furthermore, even though there was little difference between Dp-
PLGA-M/PC and Dp-PLA-M/PC, the phase angle of Dp-PLA-M/PC was
slightly lower than that of Dp-PLGA-M/PC, indicating that the Dp-PLA-
M/PC formulation showed hydrogel-like properties at body tempera-
ture. Taken together, our findings indicated that Dp-PLA-M/PC were
slightly stiffer and more hydrogel-like than Dp-PLGA-M/PC.

3.4. Injectability of Dp-PLGA-M, Dp-PLA-M, and Dp-PLA-M/PC
formulations

First, we sought to verify whether all injection formulations were
uniformly distributed in depots formed from suspension after the in-
jection of all formulations. Examination of the injected depot demon-
strated that the microspheres were uniformly spread in the suspension
(Fig. 3a-b). Fluorescent or optical images of all injection formulations
before and after injection showed a homogeneous distribution in
florescence of FI-PLA-M or homogeneous sphere shape of PLA-M
(Fig. S$3). This indicated that all injection formulations were prepared
in a facile manner and the PLA microspheres were uniformly dispersed
inside injection solution or PC hydrogel.

Next, the effect of the injection formulations and the gauge sizes of
the syringe needle on injectability was evaluated. Specifically, we
evaluated whether the formulations could be easily injected without
needle clogging by pushing the syringe plunger by hand. The extrusion
for each formulation of injection solution alone, PC alone, Dp-PLGA-M,
Dp-PLA-M, Dp-PLGA-M/PC, and Dp-PLA-M/PC in a single-barrel syringe
with 21-G, 23-G, and 26-G needles was individually evaluated to assess
the injectability of the injectable formulations.

Extrusion proceeded without clogging a 21-G needle until all
injectable formulations were consumed. However, extrusion of Dp-
PLGA-M, Dp-PLA-M, Dp-PLGA-M/PC, and Dp-PLA-M/PC needed addi-
tional force or did not come out from 23-G and 26-G needles due to
clogging of the injectable formulations. These findings indicated that
syringe needles under 21-G were suitable for injection of the
formulations.

Additionally, the injectability of all injection formulations was
quantified using a universal testing machine (Figs. 3c-e). The loading
force (injecting force) and injection volume of all injection formulations
were plotted based on a constant injection rate (1 mm/s) according to
the type of injection formulations and the gauge sizes of the syringe
needle.

When the injection force of all injectable formulations was measured
using a 21-G needle, the injection force was initially high (Fiax), after
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Fig. 3. Optical images of (a) injectable formulations of Dp-PLGA-M, Dp-PLA-M, Dp-PLGA-M/PC, and Dp-PLA-M/PC loaded into a syringe and (b) Dp-PLGA-M, Dp-
PLA-M, Dp-PLGA-M/PC, and Dp-PLA-M/PC depot formed after injection of each formulation. Injectability tests of (c) injection solution alone, PC alone, Dp-PLGA-M,
Dp-PLA-M, Dp-PLGA-M/PC, and Dp-PLA-M/PC formulation loaded into a syringe. (d) Loading Fy,ax and dynamic glide force (DGF) that must be applied to the syringe
plunger to expel 300 pL of each injectable formulation from 21-G, 23-G, and 26-G needles as a function of time at a loading force speed of 1 mm/s (* p < 0.01).

which a constant force was maintained until all injectable formulations
were consumed. The initial injection force (Fyax) of the injection solu-
tion alone and PC alone showed low a Fp,,x value of 1 N or less. In
contrast, the Fy,x of Dp-PLGA-M, Dp-PLA-M, Dp-PLGA-M/PC, and Dp-
PLA-M/PC (all containing 16.8 mg of Dp) increased to 1.1-1.6 N
(Fig. S4). After the Fp,ay, all injection formulations exhibited a constant
force and slightly lower values than Fp,x, meaning that all injection
formulations could pass through the needle at a constant force.

Next, when the injection force of the injection solution alone and PC
alone was measured using a 23-G needle, the injections could still be
administered with no problem even though the Fp,,x increased up to 1 N.
However, the Fy,x of Dp-PLGA-M, Dp-PLA-M, Dp-PLGA-M/PC, and Dp-
PLA-M/PC increased to approximately 13-16 N. These values were due
to the narrow inner diameter of the syringe needle, which increased the
resistance of the solutions passing through the needles. In the 26-G
needle, the Fp,x of the injection solution alone and PC alone slightly
increased to approximately 1.36-1.5 N but this value was still consid-
ered low. However, the Fy,,x of Dp-PLGA-M, Dp-PLA-M, Dp-PLGA-M/PC,
and Dp-PLA-M/PC increased to approximately 24-44 N.

Taken together, our findings indicated that 21-G needles were suit-
able for the administration of all injection formulations tested herein,
and therefore these needles were used for all subsequent in vitro and in
vivo experiments.
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3.5. Invitro drug release of Dp-PLGA-M, Dp-PLA-M, and Dp-PLA-M/PC
depot

To examine the sustained release of Dp in vitro, we compared the Dp
release between Dp-PLGA-M and Dp-PLA-M prepared in different car-
riers, and between Dp-PLA-M and Dp-PLA-M/PC with and without PC
hydrogel wrapping.

The in vitro patterns of Dp release from Dp-PLGA-M, Dp-PLA-M, and
Dp-PLA-M/PC were examined at 37 °C for 84 days (Fig. 4). The cumu-
lative amount of Dp released from the Dp-PLGA-M and Dp-PLA-M was
16% and 7% on day 4, followed by 32% and 12% on day 7. The cu-
mulative Dp release amount from Dp-PLGA-M showed a linear pattern
up to 63% for 14 days but reached almost 99% at 35 days with a slight
decrease in the release slope after 14 days.

Moreover, Dp-PLA-M showed little retardation of the Dp release
throughout the first 7 days, after which it exhibited a Dp release slope
and a pattern similar to that of Dp-PLGA-M at 35 days. Due to the initial
retardation of the Dp release, the Dp release reached 96% at 56 days.
This was likely because PLA is more hydrophobic than PLGA. Addi-
tionally, Dp-PLA-M is a harder material than Dp-PLGA-M, as described
above.

Dp-PLA-M resulted in a longer and more sustained Dp release than
Dp-PLGA-M for the entire release period as the first aim of this work. The
difference in Dp release between Dp-PLGA-M and Dp-PLA-M was
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Fig. 4. In vitro drug release of the Dp-PLGA-M, Dp-PLA-M, and Dp-PLA-M/PC formulations. (a) Accumulated in vitro release behavior of Dp from Dp-PLGA-M, Dp-
PLA-M, and Dp-PLA-M/PC depots for 84 days and (b) Dp concentration released from each depot at each time point.
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modulated through the degradation of PLGA and PLA.

Therefore, the PC hydrogel was only wrapped with Dp-PLA-M to
maintain the Dp release for a period longer than two months. Upon
comparing the Dp release from Dp-PLA-M and Dp-PLA-M/PC, Dp-PLA-
M/PC exhibited a more long-lasting Dp release pattern than that of Dp-
PLA-M. This long-lasting Dp release pattern likely occurred because the
Dp released in the early period remained in the PC hydrogels that acted
as wrapping materials. Afterward, the sustained release with a lower
burst effect in the early period could be attributed to a greater retar-
dation of Dp for the entire release period. This result indicated that Dp-
PLA-M acted as a depot of Dp at first, after which the PC hydrogel served
as a depot because it was wrapped around the microspheres.

Collectively, this long-lasting Dp release of Dp-PLA-M/PC was
attributed to a suppression of Dp release during the early period,
resulting in a longer and more sustained Dp release for the entire release
period.

3.6. In vivo drug release of the Dp-PLGA-M, Dp-PLA-M, and Dp-PLA-M/
PC depots

To compare the in vivo Dp release behavior, the Dp-PLGA-M, Dp-PLA-
M, and Dp-PLA-M/PC formulations were prepared and then intramus-
cularly injected into Sprague-Dawley (SD) rats (Fig. 5a). All formula-
tions immediately formed a Dp depot at the injected sites. No adverse
symptoms (self-harm, vomiting, weight loss) were observed in the SD
rats during the experimental period. The Dp depots formed in the live SD
rats were removed at predetermined times. Thin fibrous capsules con-
taining fibroblasts and vascular vessels formed around the surfaces of
the formed Dp depots.

Next, the released amount of Dp was calculated by comparing the
amount of Dp remaining in the extracted Dp depot at each pre-
determined time with the amount of Dp initially injected, and the results
were then plotted (Fig. 5b). On day 1, the released Dp amounts from Dp-
PLGA-M and Dp-PLA-M were approximately 23%-24% due to a slight
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initial burst regardless of the microsphere material (PLGA or PLA). Then,
Dp-PLGA-M showed 63% at 4 days, 84% at 1 week, 91% at 2 weeks, and
97% at 4 weeks. Dp-PLA-M showed 38% at 4 days, 46% at 1 week, 64%
at 2 weeks, 81% at 3 weeks, and 97% at 4 weeks. Dp release from Dp-
PLA-M tended to be more gradual and sustained than that of Dp-
PLGA-M. This result indicated that Dp release was affected by the
properties of the polymer matrix of the microspheres, which was
consistent with the results of the in vitro experiments.

In the case of Dp-PLA-M/PC, approximately 10% of Dp was released
on day 1. This result indicated that the initial release of Dp was delayed
by the PC layer wrapping the Dp-PLA-M. Therefore, Dp release was two
times lower than that of Dp-PLGA-M and Dp-PLA-M. After day 1, the Dp
released from Dp-PLA-M exhibited continuously delayed profiles for 56
days.

The Dp concentration released per release time was quantified to
perform pharmacokinetic analysis of Dp release data over time (Fig. 5c).
In the case of PLGA-M, the release rate of Dp reached its maximum at 4
days and most of the Dp was released in 21 days. After 21 days, the
remaining Dp was completely released. PLGA-M exhibited a Dp burst
and then biphasic Dp release profiles in vivo.

Dp-PLA-M showed a lower Dp release rate from day 1 (at faster time)
to 7 in vivo due to a slight suppression of the initial Dp burst compared to
Dp-PLGA-M. Afterward, the Dp released amount increased and a rela-
tively constant amount of Dp was steadily released for 28 days. After 28
days, the remaining Dp was completely released.

Dp-PLA-M/PC showed a similar release pattern to that of Dp-PLA-M.
In contrast, Dp-PLA-M/PC showed a lower Dp release amount than Dp-
PLA-M on day 1, and Dp release was sustained for almost 56 days.

The Tmax, Cmax, and absolute bioavailability values calculated from
Fig. 5c are summarized in Fig. 5d. The prolonged release of Dp was
observed in all formulations of Dp-PLGA-M, Dp-PLA-M, and Dp-PLA-M/
PC. However, the Thax, Cmax, and bioavailability values were signifi-
cantly different between all formulations. Dp-PLGA-M and Dp-PLA-M
exhibited a Cpax of 6.7 mg/mL at 4 d (Thax) and 4.0 mg/mL at 1

Fig. 5. In vivo drug release of Dp-PLGA-M, Dp-
PLA-M, and Dp-PLA-M/PC formulations. (a) Im-
ages of DP-PLA-M/PC depot formed and removed
in an SD rat after injection and SEM images (scale
bar: 100 pm); (b) accumulated in vivo release
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d (Tmax) respectively, and the concentrations decreased rapidly there-
after, approaching 7 pg/mL at 21 days (for Dp-PLGA-M) and 1.3 mg/mL
at 7 days (Dp-PLA-M). Dp-PLA-M/PC showed a 2 mg/mL release rate on
day 1, which decreased to nearly 0.9 mg/mL at 7 days. In contrast, Dp-
PLA-M/PC showed a Cpax of 3.3 mg/mL at 21 days (Tpax), then main-
tained a sustained Dp release profile for 56 days. The Thax and Cpax
values for Dp-PLA-M/PC were significantly higher and lower, respec-
tively, than those of Dp-PLGA-M and Dp-PLA-M.

The AUCy. values for Dp-PLGA-M, Dp-PLA-M, and Dp-PLA-M/PC
were 70.9, 96.6, and 125.8 mg/mL, respectively. Moreover, the rela-
tive bioavailabilities of Dp-PLA-M and Dp-PLA-M/PC were approxi-
mately 137% and 188% compared to Dp-PLGA-M.

Collectively, our findings suggested that the differences in the
physicochemical properties between the PLGA and PLA carriers or the
wrapping of Dp-PLA-M with PC hydrogel increased the bioavailability of
the released Dp for the entire release period.

3.7. Morphological changes and biodegradation of in vivo formed depot

We next sought to examine the differences in the morphological and
biodegradation characteristics of the Dp-PLGA-M, Dp-PLA-M, and Dp-
PLA-M/PC depots formed in vivo. To achieve this, the in vivo formed
Dp depots were removed from the SD rats at predetermined times and
examined using an optical camera and micro-CT (Fig. 6). The Dp-PLGA-
M, Dp-PLA-M, and Dp-PLA-M/PC depots could be easily identified and
isolated from the surrounding tissue. The resulting in vivo formed Dp
depots maintained their shapes even after 6-8 weeks but their sizes
decreased gradually after implantation.

First, the width, length, and height of the removed Dp depot were
measured with a ruler. The volume of the Dp depot was also calculated
via micro-CT. Our findings confirmed that the volume of the Dp depot
decreased gradually with implantation time, meaning that the depot was
biodegraded.
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The Dp-PLGA-M and Dp-PLA-M depots had volumes of approxi-
mately 300 and 400 mm® (from optical image) and 250 and 300 mm®
(from micro-CT) on day 1, respectively. After 7 days, the volumes of the
Dp-PLGA-M and Dp-PLA-M depots decreased by 50%-56% compared to
day 1. Dp-PLGA-M exhibited a volume decrease of 93% at 4 weeks. In
contrast, Dp-PLA-M was degraded by approximately 57% at 4 weeks and
66% at 8 weeks. Dp-PLA-M showed a slower decrease in volume
compared to Dp-PLGA-M, which was indicative of its slow degradation.

The Dp-PLA-M/PC depot exhibited a large volume of approximately
600 mm? (based on optical images) and 560 mm? (based on micro-CT
analyses) on day 1. The larger size of the Dp-PLA-M/PC depot
compared to the Dp-PLA-M depot was likely due to the initial volume of
the PC hydrogel. The volume of the Dp-PLA-M/PC depot decreased
gradually but it was still 50% of its original size at 8 weeks.

The changes in the volumes of the Dp-PLA-M, Dp-PLGA-M, and Dp-
PLA-M/PC depots were plotted as a function of implantation time. The
volume change plots determined from optical images and micro-CT
analyses were almost identical. The half-life of each depot was calcu-
lated from the slope of each plot. The half-lives of the Dp-PLGA-M, Dp-
PLA-M, and Dp-PLA-M/PC depots were 10-11, 48-49, and 64-68 days,
respectively.

The removed Dp-PLGA-M, Dp-PLA-M, and Dp-PLA-M/PC depots
were observed using an optical Camscope and scanning electron mi-
croscopy (SEM) (Fig. 7). The Dp-PLGA-M, Dp-PLA-M, and Dp-PLA-M/PC
depots in the optical and SEM images were also easily identified and
isolated from the surrounding tissue.

The optical Camscope images of the Dp-PLGA-M, Dp-PLA-M, and Dp-
PLA-M/PC depots demonstrated that the topical area of the micro-
spheres decreased and the tissue became more organized with implan-
tation time. At four weeks, the microspheres were uniformly covered
with tissue, and adherence to the surrounding tissue was more evident.
Fragments of the microspheres were interspersed with connective tissue,
and there were numerous fibrous tissues beneath the interface area of
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Fig. 6. Volume changes of in vivo formed depot. Optical top and side images and micro-CT images of the (a) Dp-PLGA-M, (b) Dp-PLA-M, and (c) Dp-PLA-M/PC depots
removed from SD rats at each implantation time (scale bar: 1 mm). (d,e) Log plot of decreasing volume calculated based on (d) optical imaging and (e) micro-CT
analyses of the Dp-PLGA-M, Dp-PLA-M, and Dp-PLA-M/PC depots as a function of time.
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Fig. 7. (a) Optical and (b) SEM images of Dp-PLGA-M, Dp-PLA-M, and Dp-PLA-M/PC depots formed in vivo after subcutaneous injection of each formulation (yellow
scale bar: 100 pm, red scale bar: 50 pm). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

the microspheres.

In our SEM analyses, Dp-PLGA-M and Dp-PLA-M spheres and some
materials with a distorted shape were observed at one week. At three
weeks, there were few spheres in the Dp-PLGA-M depot. Almost no Dp-
PLGA-M spheres were observed at six weeks. In contrast, Dp-PLA-M
spheres in the in vivo formed depot were observed at three weeks and
some even at six weeks. Therefore, our observations demonstrated that
the Dp-PLA-M spheres remained in the in vivo depot for a longer period
than Dp-PLGA-M. This was likely due to differences in the in vivo
biodegradation rates between PLGA and PLA.

Furthermore, Dp-PLA-M/PC exhibited a clear sphere shape for a
longer period than Dp-PLA-M. Therefore, we speculated that the PC
hydrogel that covered the Dp-PLA-M delayed the biodegradation of the
microspheres by in vivo biological media and/or enzymes.

The changes in the 'H NMR spectra of the removed depots of Dp-
PLGA-M, Dp-PLA-M and Dp-PLA-M/PC were observed for 8 weeks
(Fig. 8a-f). The characteristic lactide (a,c, A,B) and glycolide (b) and
spectral peaks of PLGA, PLA, and PCL were observed in the 'H NMR
spectra at week 0 [27,28,33].

The spectrum of PLGA obtained from the Dp-PLGA-M depot exhibi-
ted the characteristic peaks of degraded lactide-derived moieties (LAO)
and glycolide-derived moieties (GAO), as well as non-degraded PLGA
(including oligomers that are difficult to determine) at 1 week. The
peaks assignable to the glycolide segment disappeared at 3 weeks. The
degraded peak intensities assignable to each moiety increased over time.
Finally, no Dp-PLGA-M depot was obtained from animals at 8 weeks,
indicating almost complete biodegradation.
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Moreover, the spectrum of PLA obtained from the Dp-PLA-M depot
exhibited the characteristic peaks of degraded lactide-derived moieties
(LAO) and non-degraded PLA at 1 week. PLA-associated peaks persisted
at 8 weeks, albeit with markedly lower intensities.

The NMR spectra of Dp-PLA-M/PC showed several peaks assignable
to both PLA and PC. The peaks assignable to PC showed almost no
changes even after 8 weeks, indicating little to no biodegradation.

However, a slightly degraded peak (A’) was observed among the
spectral peaks assignable to PLA, which increased slightly as a function
of time. However, the A’ peak intensities showed minor changes
compared with those of Dp-PLA-M. This result indicated that PC delayed
the biodegradation of PLA alone even in in vivo implantation. Consistent
with the findings of our optical, micro-CT, and SEM analyses, the
aforementioned results indicated that the PC hydrogel that covered the
Dp-PLA-M delayed the biodegradation of the microspheres by in vivo
biological media and/or enzymes.

Next, the integration of the degraded peak determined from NMR
analyses was plotted, and the half-life of the depot was calculated from
the slope. The half-lives of the Dp-PLGA-M and Dp-PLA-M depots were
11 and 34 days, respectively.

To assess the in vivo degradation of the Dp-PLGA-M, Dp-PLA-M, and
Dp-PLA-M/PC depots, the compositions of the depots degraded in vivo
were monitored via gel permeation chromatography (GPC) (Fig. 8g-j).
The results of our GPC analyses showed the changes in the GPC trace
from the degraded PLGA and PLA during degradation for 8 weeks in vivo.
The single peak at low retention times gradually shifted to several low
molecular weight peaks at a higher retention time assignable to
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Fig. 8. Invivo biodegradation evaluation of Dp-PLGA-M, Dp-PLA-M, and Dp-PLA-M/PC depots formed after in vivo subcutaneous injection of injectable formulations:
1H NMR of (a) original PLGA, PLA, and PC alone. (b) PLGA-M, (d) PLA-M, and (e) PLA-M/PC depots removed from SD rats at 1, 3, 6, and 8 weeks. (e) Plausible
degradation products from the biodegradation of PLGA and PLA, and structure of the resulting polycaprolactone (PCL) chain (lactide acid end oligomers [LAO],
glycolic acid end oligomers [GAO], degraded PLGA oligomers, and oligomer were difficult to determine [#]). (f) Log plot of integration of degraded peaks (b/b’ or B/
B) of PLGA or PLA versus time, and GPC curve of (g) PLGA-M, (h) PLA-M, and (i) PLA-M/PC depot removed from SD rats at 1, 3, 6, and 8 weeks after in vivo
subcutaneous injection of injectable formulations. (j) Log plot of PLGA-M and PLA-M degradation.

degradation species, indicating a decrease in molecular weight due to
degradation. The peak intensities at low molecular weights corre-
sponded to the degraded oligomers and tended to increase with time.
Dp-PLGA-M and Dp-PLA-M exhibited the characteristic PLGA and
PLA peaks and degraded oligomeric species assignable to the degrada-
tion of oligomeric PLGA and PLA species as a function of implantation
time. Each original PLGA and PLA peak decreased, whereas the
degraded oligomeric species increased over time. The PLGA showed

larger degraded oligomeric species than those of PLA, indicating that
PLGA had a faster degradation rate. The in vivo degradation of Dp-PLGA-
M and Dp-PLA-M exhibited a decreasing constant rate with time. These
slopes confirmed that Dp-PLGA-M degraded nine times faster than PLA.

GPC analysis of Dp-PLA-M/PC showed bimodal peaks assignable to
PLA and PC, and therefore their degradation ratios could not be deter-
mined. The intensity of PLA-associated peaks decreased, whereas the
PC-associated peaks remained almost unchanged, except for a small low
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molecular weight peak corresponding to a degraded PLA species. These
results indicated that little degradation occurred even after 8 weeks.

The remaining molecular weights of PLGA and PLA were plotted
against the implantation time. The half-life of the Dp-PLGA-M and Dp-
PLA-M depots were 5 and 46 days, respectively. The degradation rates
of PLGA were shorter than those of PLA.

Collectively, our findings demonstrated that the in vivo biodegrada-
tion rate of Dp-PLGA-M was approximately 5-9 times faster than that of
Dp-PLA-M. This finding was consistent with the generally known phe-
nomenon that the hydrophobicity and crystallinity of PLA suppress the
penetration of biological media, thus delaying the biodegradation pro-
cess. In turn, this delayed biodegradation resulted in a more long-lasting
and sustained Dp release from Dp-PLA-M than Dp-PLGA-M.

3.8. In vivo histological analysis and biocompatibility evaluation of
injectable formulations

Hematoxylin and eosin (H&E)-stained histological sections of har-
vested Dp-PLGA-M, Dp-PLA-M, and Dp-PLA-M/PC depots demonstrated
an increase in the numbers of microspheres interspersed inside con-
nective tissues at the injected. Additionally, there was also an increase in
the numbers of macrophages and neutrophils in the border zone and
near the microspheres, as well as inside the tissue layer (Fig. 9). Host
cells had invaded the Dp-PLGA-M, Dp-PLA-M, and Dp-PLA-M/PC depot,
and there was a dense accumulation of inflammatory cells around each
microsphere.

At three weeks, the Dp-PLGA-M depot showed a crushed spherical
structure, although some of the microspheres were still round. However,
it was difficult to find a spherical shape at six weeks, which was likely
due to the biodegradation of PLGA. The Dp-PLA-M depot exhibited
round microspheres at weeks 1 and 3. However, crushed spherical
structures were observed thereafter. Slightly crushed spheres were

Dp-PLGA-M
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observed at six weeks but were difficult to find at eight weeks, indicating
the biodegradation of PLA.

In contrast, the Dp-PLA-M/PC microspheres remained spherical for
six weeks, albeit with some occasional instances of crushed spheres.
Additionally, some spherical or crushed microspheres interspersed in-
side connective tissue were observed at the injected sites even at eight
weeks. Together with the results of the optical, micro-CT, and SEM an-
alyses, the above-described results further suggested that the PC
hydrogel wrapped around the PLA microspheres delayed their biodeg-
radation by in vivo biological media and/or enzymes.

To assess the local biocompatibility of the Dp-PLGA-M, Dp-PLA-M,
and Dp-PLA-M/PC depots, the removed depot tissues were examined by
immunohistochemical staining of macrophage marker ED1 antibodies
and T lymphocyte marker CD4 to characterize the extent of host cell
infiltration and inflammatory response within and near the transplanted
microspheres (Fig. 10).

DAPI staining (blue) showed many host cells surrounding the Dp-
PLGA-M, Dp-PLA-M, and Dp-PLA-M/PC depots, and ED1 or CD4 stain-
ing (pink) showed macrophage or neutrophil accumulation at the sur-
faces of the Dp-PLGA-M, Dp-PLA-M, and Dp-PLA-M/PC depots and in
surrounding tissues after one week.

The numbers of macrophages and neutrophils increased in the
border zone and near the microspheres, as well as inside the tissue layer.
The tissue adjacent to the microspheres showed a significant number of
ED1- and CD4-positive cells. The percentages of ED1- and CD4-positive
cells in the Dp-PLGA-M, Dp-PLA-M, and Dp-PLA-M/PC depots after one
week were 60% and 42%, 48% and 34%, and 39% and 28%, respec-
tively, indicating that the transplantation of foreign microsphere ma-
terials resulted in an acute short-term inflammatory response.

Similarly, the Dp-PLGA-M depots exhibited the highest percentages
of ED1- and CD4-positive cells, followed by Dp-PLA-M and Dp-PLA-M/
PC. These percentages decreased significantly after 1 week in all

Dp-PLA-M/PC

1w

3w

6w

8w

Fig. 9. H&E-stained histological sections of Dp-PLGA-M, Dp-PLA-M, and Dp-PLA-M/PC depots removed from SD rats at 1, 3, 6, and 8 weeks after in vivo subcu-
taneous injection of injectable formulations [full (left) and enlarged (right) images of each of the H&E-stained histological sections are illustrated in the figure].

54



Y.B. Ji et al.

Dp-PLGA-M

Dp-PLA-M

(@)

5
5

m

Dp-PLGA-M Dp-PLA-M

—_
o
~

1w

1 mm

8w

(b)

80
- 60 .
-
-

.

Dp-PLA-M/PC

.

-

- /

.- 0‘
A

Journal of Controlled Release 356 (2023) 43-58

Dp-PLA-M/PC

B

Positive ED1 (%)
S
o

3|
o
oelelsl

%
0295

&%

R0
{3
XX

&

.
&2
R

Y

o,
b

2%
2432
*;
<
8

X

%2

X

>

%
250
5

..
&0
&

3
&
i
0
]

X

._
2
o2

LY

X%
g )
Dp-PLAM Dp-PLA-M/PC

&

04

(d)
60

S
o
.

Positive CD4 (%)
Y
e

b |
3
oisl

R R IR
ERER

2
oo

Bt
450
R

!

Dp-PLGA-M  Dp-PLAM Dp-PLA-M/PC

Fig. 10. (a) ED1- and (c) CD4-stained histological sections [full (left) and enlarged (right) images of ED-1 or CD-4 stained histological sections] and the number of (b)
ED1- and (d) CD4-positive cells in the Dp-PLGA-M, Dp-PLA-M, and Dp-PLA-M/PC depots removed from SD rats at 1, 3, 6, and 8 weeks after in vivo subcutaneous
injection of injectable formulations (* p < 0.01) [full (left) and enlarged (right) images of each of the ED1- and CD4-stained histological sections are illustrated in

the figure].

depots, reaching values that were nearly below 2% at six or eight weeks.
This indicated that the rapidly degrading PLGA caused a strong in-
flammatory response, whereas covering the Dp-PLA-M microspheres
with PC hydrogel substantially weakened this inflammatory response.

4. Discussion

Several drug delivery systems have been recently developed to pro-
logue drug release, thus reducing dosing frequency and increasing pa-
tient compliance. In previous studies, drug delivery systems have been
designed using microspheres, polymeric nanoparticles, micelles, conju-
gates, vesicles, liposomes, and polyplexes, thus enabling the therapeutic
drug to be physically encapsulated, complexed, or chemically conju-
gated [35-41].

In this study, we chose PLGA and PLA due to their clinical applica-
bility. Specifically, we developed injectable, slow-release formulations
of Dp-PLGA-M and Dp-PLA-M to reduce the dosing frequency of Dp even
though the PLGA and PLA used in this work have different MW. First, we
prepared Dp-PLGA-M and Dp-PLA-M using an ultrasonic atomizer. Dp-
PLGA-M and Dp-PLA-M microspheres with a uniform size distribution
were repeatably obtained at a nearly quantitative production yield and
with high Dp encapsulation yields.

Higher Dp encapsulation yields are critical to ensure clinical appli-
cability. In this work, the high Dp encapsulation rates obtained using an
ultrasonic atomizer could guarantee the repeated and uniform
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processing of Dp-PLA-M in mass production. Additionally, fewer mi-
crospheres need to be injected due to the higher Dp encapsulation yields.
In this work, fewer Dp-PLA-M had to be injected due to the higher Dp
loading rates.

The Dp-PLGA-M and Dp-PLA-M microspheres were round and
smooth. The prepared Dp-PLGA-M and Dp-PLA-M microspheres had a
uniform size with a span value close to 1 and an average particle
diameter of 65 pm. Collectively, our findings indicated that Dp-PLGA-M
and Dp-PLA-M with a uniform size for animal/clinical injection can be
the repeatedly and optimally manufactured using an ultrasonic
atomizer.

Additionally, an injectable PC hydrogel was used to wrap the Dp-
PLA-M and control the initial release of Dp. In turn, this extended the
sustained release period of Dp. We previously reported that PC was an in
situ-forming hydrogel able to respond to body temperature via hydro-
phobic interactions [27-30]. The microsphere formulations with PC
hydrogels (Dp-PLGA-M/PC, and Dp-PLA-M/PC) exhibited more viscos-
ity and hydrogel-like rheological properties at body temperature than
PC alone. These findings suggested that Dp-PLGA-M or Dp-PLA-M with
hydrophobic properties can enhance the hydrophobic interaction of PC
hydrogels. The Dp-PLGA-M/PC and Dp-PLA-M/PC formulations
occurred in solution form when they were below body temperature but
became hydrogel depots once they reached body temperature. The for-
mation rate of the depot for Dp-PLGA-M/PC and Dp-PLA-M/PC formu-
lations was observed within 10 s. Therefore, we concluded that
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injectable Dp-PLA-M/PC had excellent injectability in vivo.

The injectable formulations developed herein exhibited ease of in-
jection, even flow, no clogging, and required little force (i.e., <1 N) to be
passed through a 21-G needle. There were slight differences between
Dp-PLGA-M and Dp-PLA-M, however, their injectability was largely
similar. Nevertheless, some clogging was observed and a strong injection
force was required to pass these injectable solutions through needles
with small inner diameter gauges of 23-G and 26-G. Therefore, a 21-G
needle was deemed the most appropriate for the administration of Dp-
PLGA-M and Dp-PLA-M microspheres, which had an average diameter
of 65 pm. Microspheres may cause pain during injection and therefore
smaller particles may be more desirable, as they allow for the use of
thinner syringe needles for injection. In fact, previous studies have
confirmed that smaller microspheres cause less pain than larger micro-
spheres because they allow for the use of thinner needles [31,32].
Moreover, microspheres with a diameter of <100 pm were reported to
be easily injected using 21-25-G needles [42].

However, if the drug concentrations inside the microspheres are
similar, injecting a high density of many small microspheres may also
pose a problem. Therefore, microspheres of an appropriate size that can
be administered using a 21-25-G needle or thinner needles would un-
doubtedly make their clinical application more patient-friendly.
Therefore, administering the Dp-PLGA-M and Dp-PLA-M with an
average diameter of 65 pm prepared herein would likely cause little pain
when applied clinically.

The standard manual of the International Organization for Stan-
dardization indicates that the injection force for syringes should range
between 1 and 4 N in clinical applications [39]. Collectively, our results
demonstrated that the Dp-PLGA-M and Dp-PLA-M microspheres could
be administered according to clinical guidelines using a 21-G needle.

Generally, PLGA and PLA have several physical and chemical dif-
ferences, particularly in their crystallinity [18-21,43-46]. In turn, this
leads to variations in the physicochemical properties of Dp-PLGA-M and
Dp-PLA-M. In this work, we confirmed that Dp-PLA-M had stronger
microsphere surface strength and Young’s modulus, as well as a higher
resistance to deformation than Dp-PLGA-M. This result indicated that
the physical properties of Dp-PLGA-M and Dp-PLA-M could be affected
by the polymer matrix itself.

During the initial phases of in vivo depot formation, the Dp-PLGA-M
and Dp-PLA-M microspheres remained spherical, but the spherical
shapes were crushed and decreased with implantation time. After 4-6
weeks, Dp-PLGA-M and Dp-PLA-M particles became increasingly diffi-
cult to detect.

The first aim of this study was to assess whether the differences be-
tween the physicochemical properties of PLGA and PLA had an effect on
the sustained Dp release from PLGA and PLA microspheres. In the
absence of biological media, Dp-PLA-M were stable at both 4 and 37 °C
for 4 weeks, but Dp-PLGA-M showed the stability at only 4 °C for 4
weeks. However, Dp-PLGA-M and Dp-PLA-M aggregated at tempera-
tures above 60 °C even at 1 week. This was likely because PLGA typically
shows a glass transition temperature at a 40-60 °C range, whereas PLA
ranges from an amorphous glassy polymer to a semi-crystalline and
highly crystalline polymer with a glass transition of 60-65 °C and a
melting temperature of 130-180 °C.

In current work, Dp-PLGA-M degraded far faster than Dp-PLA-M.
Meanwhile, the biodegradation of PLGA and PLA was affected by the
penetration of biological media into the depots. Therefore, the delayed
biodegradation of PLA compared to PLGA was attributed to its high
crystallinity and hydrophobicity. In this work, the in vivo biodegradation
rate of Dp-PLGA-M and Dp-PLA-M were determined via NMR, micro-CT,
and GPC analyses. Due to its crystallinity and hydrophobicity, Dp-PLA-
M had a longer biodegradation period than Dp-PLGA-M because it
delayed the penetration of biological media.

After comparing the Dp release from Dp-PLGA-M and Dp-PLA-M in
this work, we observed a delayed Dp release from Dp-PLA-M. In turn,
this resulted in a more sustained and long-lasting Dp release from Dp-
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PLA-M than Dp-PLGA-M due to the differences in the biodegradation
rates of PLGA and PLA.

Therefore, the PC hydrogel was wrapped with Dp-PLA-M to achieve
the second aim of this work. This Dp-PLA-M/PC formulation design
focused on the lagging behavior of the Dp released from the surface layer
or inside of the Dp-PLA-M. In the present study, we observed a sup-
pression of the initial Dp burst from Dp-PLA-M/PC compared to Dp-PLA-
M. It was conjectured that Dp from Dp-PLA-M/PC was diffusely released
into the PC hydrogel, after which it was released from the PC hydrogel to
the subcutaneous layer during the initial phase. Then, after this initial
phase, the Dp released from the Dp-PLA-M passed through the PC
hydrogel and then moved to the subcutaneous tissue, resulting in Dp
release by lagging behavior. This diffusion delaying process of Dp
effectively extended the release time of Dp released from the surface
layer or inside Dp-PLA-M. Therefore, we believe that the Dp-PLA-M/PC
formulation could achieve a sustained Dp release for longer than two
months.

Meanwhile, the biodegradation of PLGA and PLA and the resulting
release of foreign materials induced an inflammatory response in the
living tissues [47,48]. The fast biodegradation of PLGA triggered a more
pronounced increase in macrophages and neutrophils in the injected
tissues compared to PLA. Moreover, the inflammatory response induced
by the degradation products decreased as implantation time increased,
suggesting that the concentration of degradation products also
decreased with time.

Furthermore, our findings confirmed that Dp-PLA-M/PC depots were
slow to degrade both in vitro and in vivo. This was likely because
wrapping the Dp-PLA-M with PC hydrogel minimized the loss of the Dp-
PLA-M matrix through diffusion or contact with biological media or
enzymes. Interestingly, the PC hydrogel itself did not fully degrade for
the entire duration of our experiments (two months). This is consistent
with the fact that PCL is reported to have a half-life of almost two years
[49,50]. Therefore, the degradation of the Dp-PLA-M/PC depot was
markedly delayed compared with Dp-PLA-M.

Moreover, the PC hydrogel not only delayed the degradation of the
microspheres but also allowed for a more sustained and long-lasting Dp
release from Dp-PLA-M/PC compared with Dp-PLA-M, in addition to
eliciting a weaker inflammatory response.

This study revealed important insights regarding the maintenance of
Dp release for longer than one month. Particularly, Dp-PLA-M/PC, a
novel formulation, suppressed the initial release of Dp and maintained
the Dp release for longer than Dp-PLA-M. Collectively, our findings
demonstrated that Dp-PLA-M/PC could effectively reduce dosing fre-
quency for patient compliance.

However, the proposed Dp-PLA-M/PC formulation may have limi-
tations in clinical applications at this stage. Therefore, additional studies
are needed to assess the clinical applicability of this Dp-PLA-M/PC
formulation.

Nevertheless, it is difficult to predict interspecies differences in
clinical applications because pharmacology studies for Dp-PLA-M/PC
formulations have only been conducted using small animals. There-
fore, future studies must conduct pharmacology studies using large AD
animal models. This will provide valuable insight to conduct first-in-
human trials using the Dp-PLA-M/PC formulation.

According to the FDA guidelines, the likelihood of approval of a
novel material for clinical applications is much higher if its formulation
process is easy to implement. Given that the Dp-PLA-M/PC formulation
was a combination of Dp-PLA-M and PC hydrogel, the manufacturing of
the Dp-PLA-M/PC formulation must be repeatable and reliable. There-
fore, additional efforts are needed to ensure the uniformity of Dp-PLA-M
and PC hydrogel production, as well as the establishment of quality
control guidelines. This would ensure that the Dp-PLA-M/PC formula-
tion possesses the desired physicochemical characteristics, thus enabling
the steady release and efficacy of Dp and the clinical applicability of the
Dp-PLA-M and PC hydrogel.

In this study, UV light irradiation was utilized for sterilizing the
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microspheres. For the clinical utilization of Dp-PLA-M or Dp-PLA-M/PC
formulation, an appropriate sterilization strategy (e.g., gamma irradia-
tion, ethylene oxide gas, radiofrequency glow discharge, or UV light) is
necessary [51,52]. Previous studies have reported that the drug content
inside microspheres, the drug release rate from the microspheres, and
the stability of microspheres vary greatly depending on the sterilization
method. Therefore, a careful selection of the appropriate sterilization
method for Dp-PLA-M or Dp-PLA-M/PC formulations is needed for
future clinical applications.

Taken together, our findings demonstrated that the Dp-PLA-M and
Dp-PLA-M/PC formulations examined herein could allow for the
development of delayed Dp release products in the near future. How-
ever, to the best of our knowledge, there are still no FDA guidelines for
Dp-PLA-M or Dp-PLA-M/PC formulations, and therefore additional
studies are needed to assess the safety and clinical applicability of these
materials.

5. Conclusion

We prepared Dp-PLGA-M and Dp-PLA-M with uniform particle sizes
using an ultrasonic atomizer. The proposed approach was not only
highly repeatable but also delivered high Dp encapsulation yields. Due
to its slower degradation rate compared to Dp-PLGA-M, Dp-PLA-M could
release Dp more slowly, and wrapping this material with PC hydrogel
further slowed down the release of Dp from Dp-PLA-M/PC. Taken
together, our findings provide a promising new means for the sustained
and long-lasting delivery of Dp in vivo and the reduction of dosing fre-
quencies, which could greatly improve the compliance of Alzheimer’s
disease patients.
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