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Abstract: In the current research, novel drug delivery systems based on in situ forming gel (ISFG)
(PLGA-PEG-PLGA) and in situ forming implant (ISFI) (PLGA) were developed for one-month
risperidone delivery. In vitro release evaluation, pharmacokinetics, and histopathology studies of
ISFI, ISFG, and Risperdal CONSTA® were compared in rabbits. Formulation containing 50% (w/w %)
of PLGA-PEG-PLGA triblock revealed sustained release for about one month. Scanning electron
microscopy (SEM) showed a porous structure for ISFI, while a structure with fewer pores was
observed in the triblock. Cell viability in ISFG formulation in the first days was more than ISFI
due to the gradual release of NMP to the release medium. Pharmacokinetic data displayed that
optimal PLGA-PEG-PLGA creates a consistent serum level in vitro and in vivo through 30 days, and
histopathology results revealed nearly slight to moderate pathological signs in the rabbit’s organs.
The shelf life of the accelerated stability test didn’t affect the results of the release rate test and
demonstrated stability in 24 months. This research confirms the better potential of the ISFG system
compared with ISFI and Risperdal CONSTA®, which would increase patients’ compliance and avoid
problems of further oral therapy.

Keywords: risperidone; PLGA; PLGA-PEG-PLGA; Risperdal CONSTA®; ISFI; ISFG

1. Introduction

Risperidone is an antipsychotic drug that is a derivative of benzisoxazole, and cur-
rently, it is the most frequently prescribed antipsychotic drug in the United States. It can
cause changes in the neurotransmitters of the brain. It has also been confirmed effective in
treating autism [1]. An injectable sustain-release formulation of risperidone is an alternative
for oral drug delivery, which can provide high patient compliance for patients suffering
from psychotic diseases.

Risperidone loaded in non-biodegradable polyurethane-PLGA thermoplastic implants
was designed by Endo & Braeburn Pharmaceuticals for the maintenance six-month treat-
ment of schizophrenia. The efficacy and safety of these formulations are being investigated
in Phase III of the clinical trial [2]. The application of implantable matrix is restricted owing
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to side effects in the injection site, such as inflammation and fibrosis as a result of foreign-
body reaction [3,4]. Risperdal CONSTA® is a well-known commercial form consisting of
12.5, 25, 37.5, and 50 mg of risperidone combined within microspheres. This formulation
is provided as a dry powder along with an aqueous diluter, and an injectable suspension
is prepared just before use through intramuscular (IM) injection. Risperdal CONSTA®

showed a three-week delay in drug release and needed an injection every two weeks for the
first injection. Furthermore, in the in-situ forming implant (ISFI) of risperidone (Perseris®),
90 and 120 mg of risperidone is incorporated into the PLGA poly D,L (lactide-co-glycolide);
80:20 molar ratio of lactide to glycolide polymer and N-Methyl-2 pyrrolidone (NMP). As
soon as Perseris® is injected subcutaneously (SC), the solvent (NMP) enters the aqueous
phase and is replaced by water to form an implant (solvent-induced phase inversion) [5].
Perseris® and Eligard® injections are prepared with two coupled syringes. The initial burst
release is observed in this vehicle due to the rapid withdrawal of the solvent; this problem
leads to an allergic reaction at the injection site and side effects of the drug. To reduce the
initial burst release, it may be reasonable to prepare formulations that interact more with
solvent and polymer and leave the vehicle later [6–8].

Lately, to overcome the initial burst release, lipid liquid crystals based amphiphilic
materials, such as sorbitan monooleate (SMO) [9], glycerol monooleate (GMO) [10], glycerol
dioleate (GDO) [11] and glycerol trioleate (GTO) [12] were used as a potential bioactive
carrier for depot delivery of several active pharmaceutical ingredients (API). Various
studies assessed model hydrophilic and hydrophobic drugs, such as risperidone [11],
clonazepam [13], glucose [14] and paclitaxel [15], to be delivered via this depot approach.
Liquid crystal systems are an intermediate state of conventional solids and liquids. They are
critical to the entity of life as many essential parts of living organisms; likewise, biochemical
fluids and cell walls are liquid crystalline in nature [16].

This study aims to improve the formulation of risperidone in the form of in-situ
forming gels (ISFG) based on PLGA-PEG-PLGA triblock instead of ISFI based on PLGA,
which can release the drug for a month or longer and mainly decrease the initial burst
release. It seemed that the hydrogen bonding among the solvent (NMP) and the PEG
sections could prevent the quick release of NMP to the surrounding media. In addition,
PLGA-PEG-PLGA triblock is a thermosensitive polymer, and it can be influential in matrix
formation. Lower initial burst release resulted from a reduction in the NMP outflow rate.
The PLGA-PEG-PLGA triblock is liquid at 25 ◦C, but it turns into a highly viscous fluid
as soon as it is injected into the body (37 ◦C). The gel forms at the injection site by the
thermosensitive properties of the triblock and the phase inversion. The drug-triblock
solutions are applied directly to the injection site and turned into a gel without surgical
procedures [17]. Based on the above explanation, an attempt was made to prepare a
sustain-release ISFG and ISFI formulation containing risperidone. The in vitro and in vivo
performances of the formulation were compared with the available commercial formulation,
Risperdal CONSTA®.

2. Materials and Methods
2.1. Materials

Risperidone was provided by Poursina Company Pharmaceutical Co., Ltd. (Tehran, Iran).
Risperdal CONSTA® was purchased from Janssen Pharmaceutical Co. (Raritan, NJ, USA).
Poly (lactide-co-glycolide) (PLGA RG 504H, acid terminated, lactide:glycolide 50:50 molar ratio,
Mw 38000-54000 Da), poly (lactide-co-glycolide)-block-poly (ethylene glycol)-block-poly
(lactide-co-glycolide) (PLGA-PEG-PLGA, lactide:glycolide 50:50 molar ratio, average Mn
(1000-1000-1000)) were purchased from Sigma Aldrich (St Louis, MI, USA). NMP was
purchased from Merck (Darmstadt, Germany). The mouse fibroblast cell line (L-929)
was purchased from Pasteur Institute (Tehran, Iran). Cell culture media (RPMI1640),
fetal bovine sera (FBS), Trypsin, and Penicillin-streptomycin are purchased from Gibco
(Dreieich, Germany). All other chemicals and reagents purchased from Sigma-Aldrich or
Merck were analytical grade.
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2.2. Preparation of ISFI and ISFG Formulations

PLGA-PEG-PLGA (ISFG 30, 40, and 50 w/w %) and PLGA (ISFI, 33 w/w %) were
dissolved in NMP (a solvent) containing 50 mg ethyl heptanoate (this solvent can reduce
the release of NMP, hence reduces the initial burst release). The solution was then placed in
a bath sonicator (25 ◦C) for 2 h. The formulations were sterilized by autoclave at 121 ◦C,
3 bar pressure for 20 min. At last, 50 mg of risperidone was added to the sterilized polymeric
formulations and sonicated for 1 h to achieve homogenous formulations [18]. The total
volume of risperidone powder is always loaded in the vehicle because the mechanism of
drug loading is based on the trapping of risperidone into the formulation [19].

2.3. Physicochemical Properties of ISFG and ISFI
2.3.1. Syringeability and Rheology

To evaluate the syringeability of the formulations, each formulation was passed
through a 20-gauge needle syringe at room temperature at a constant shear rate of 75 S−1.
In addition, the rheology of ISFG and ISFI was evaluated by cup and cone rheometer
(Brookfield, Germany) [20].

2.3.2. Sol-Gel Transition Temperature of ISFG

To specify the phase transition temperature of the copolymer, different concentrations
of PLGA-PEG-PLGA (10–50% w/w) were prepared in phosphate buffer saline (PBS, pH 7.4),
and the temperature of the copolymer solution was increased by 0.5 ◦C per min from
0 to 60 ◦C under constant stirring (200 rpm). Gelation temperature was noted once the
magnetic bar stopped rotating [21].

2.3.3. Scanning Electron Microscopy (SEM)

The prepared formulations, according to Section 2.2, were injected into PBS for
three days, and then the samples were freeze-dried for 36 h. The obtained samples were
cut, covered with gold (30 mA for 5 min) and placed on the holder [22] to analyze the
implant or gel surface and cross-section morphology characteristics by SEM (LEO1450 VP,
Zeiss Company, Oberkochen, Germany).

2.4. In Vitro Release Assessment

To determine the release profile of ISFI and ISFG, 100 mg of optimized formulations
containing 5 mg risperidone were injected into 75 mL PBS as a dissolution medium at
37 ± 0.5 ◦C via a 20-gauge needle. As the solubility of risperidone is 0.18 mg/mL in PBS,
so 75 mL of the aqueous release medium should be able to dissolve the entire drug content
(5 mg) if it is released (sink condition) during the test [23]. Immediately after injection into
the release medium, the formulation turned into a gel or an implant. The vials containing
the release medium were maintained in a reciprocal shaking bath through the test (37 ± 0.5 ◦C,
100 rpm). At specified time intervals (2, 4, 6, 8, 10, 12, 18, 20, 22, and 24 h; 2, 3, 4, 5, 7, 10, 14,
18, 21, 28, 32 and 35 days), 2 mL of release medium was pulled out and replaced by pure
PBS to maintain sink condition.

The withdrawn samples were analyzed by high-performance liquid chromatography
(HPLC) (Shimadzu, Japan) to evaluate the risperidone concentration via a calibration curve
(3.43–100 ng/ml). LC-20AD pump linked to a diode array detector at 220 nm with a C18
column obtained from SepaChrom, Adamas® (Roma, Italy) (25 cm × 4.6 mm, pore size
100 Å) used in this study. The eluent combined from a blend of 30 (v/v %) acetonitrile
(MeCN), 70 (v/v %) 0.05 M dipotassium hydrogen orthophosphate (K2HPO4) (including
triethylamine 0.3% v/v) adjusted to pH 3.7 with orthophosphoric acid (H3PO4) with a flow
rate 0.6 mL/min [24]. The limit of detection (LOD) and limit of quantification (LOQ) were
determined based on the signal-to-noise ratio as LOD (3:1) and LOQ (10:1).

Simulation of drug release profiles obtained from ISFG, ISFI, and Risperdal CONSTA®

was evaluated by Zero-order, Higuchi, Quadratic, Hixon-Crowell, Korsmeyer-Peppas, and
Weibull models using DDsolver software [25,26].
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2.5. In Vitro Degradation Assessment

To investigate the direct in vitro degradation of PLGA and PLGA-PEG-PLGA without
risperidone in distilled water, a weight loss test was carried out at time intervals of 1, 2, 3,
4, 5, 7, 10, 14, 18, 21, 25, 28, 31 and 35 days at human body temperature and 120 rpm. At
the predetermined times mentioned above, water was eliminated, and the samples were
freeze-dried for 48 h to remove the residual water [27]. The weight loss percentage was
calculated according to Equation (1).

Degradation % =
Wi − Wt

Wi
× 100 (1)

Wi: the initial weight; Wt: the final weight.

2.6. In-Vitro Solvent Exchange Assessment

In vitro NMP release was evaluated via quantifying the total of NMP that was released
from the formulations into the release media by HPLC at λ 220 nm, C18 column (Brisa LC2,
4.6 × 250 mm, 5 µm), injection volume 20 µL, and flow rate 0.6 mL/min at room temper-
ature. An isocratic mixture of trifluoroacetic acid (0.1% v/v) (68% v/v) and acetonitrile
(32% v/v) was used as eluent with a flow rate of 0.5 mL/min as mobile phase [28,29].

2.7. In Vitro Cytotoxicity Assessment

The colorimetric MTT assay was run for cytotoxicity investigation. Mouse L-929
fibroblast cell line was cultured in RPMI 1640 medium supplied by 10% (v/v) FBS,
100 IU/mL of penicillin, and 100 mg/mL of streptomycin at 5% CO2, 37 ◦C, and
95% humidity for one day [30]. L-929 was cultured at a 96-well plate (104 cells/well)
and treated for 24 h with samples taken at release medium of ISFI, ISFI-risperidone, ISFG,
ISFG-risperidone, control, and Risperdal CONSTA® at 0.5, 1, 3, 7, 14, 21, 28, 35, days,
and diluted by cell culture medium (50%). In the next step, the upper medium was re-
moved, and MTT solution (5 mg/mL) was added and incubated for 4 h. Then, 150 µL
dimethyl sulfoxide (DMSO) was replaced to dissolve violet crystals. At last, to calculate
the cell viability percentage, the absorbance of the final taken solution was measured by a
microplate reader (Epoch Microplate Spectrophotometer, Biotek, USA) at 570 nm (sample)
and 630 nm as a reference wavelength, and it was measured using control group as
100% viability percentage [31].

2.8. In Vivo Assessment
2.8.1. Pharmacokinetic Evaluation

Healthy New Zealand male rabbits (2 ± 0.1 kg) were purchased from Pasteur Institute
(Tehran, Iran) and kept under standard housing conditions (25 ◦C and 55% air humidity).
The whole stages of the in vivo test were performed based on the rules of the ethics com-
mittee of Mashhad University of Medical Sciences (IR.MUMS.PHARMACY.REC.1396.212).

Rabbits were divided into seven groups (each group contained three rabbits): un-
treated control group (group I), ISFI (SC) (group II), ISFG (SC) (group III), risperidone
solution in NMP (SC) (group IV), ISFI with risperidone (SC) (group V), ISFG with risperi-
done (SC) (group VI) and Risperdal CONSTA® (IM) (group VII). In this experiment, only
groups IV-VII received 25 mg of risperidone. The groups which received drug-free formu-
lations were used to compare pathology.

To analyze risperidone in the rabbit serum for pharmacokinetic assessment, 1.0 mL of
blood was collected at specific times (2, 4. 8, 12, 18, 24, 28, 32 and 36 h and 2, 3, 4, 7, 10, 14,
17, 21, 24, 28, 30, 32, and 35 days) from rabbit’s ear. The serum was divided via centrifuge
and kept frozen (−80 ◦C) for analysis day by HPLC.

To obtain the calibration graph, ten solutions with various concentrations (3.43–120 ng/mL)
of risperidone in methanol were injected into HPLC, and the area under each peak was
estimated. To extract risperidone from the serum, 500 µL of serum was added to 1000 µL
of diethyl ether, then sonicated for 30 min at human body temperature and centrifuged
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(10,000 rpm) for 15 min. The upper organic phase was separated and evaporated by passing
through a gentle stream of nitrogen [32]. The residues were combined with methanol
(1.0 mL) and centrifuged (10,000 rpm for 20 min) to analyze risperidone by HPLC, as
mentioned in Section 2.4. Finally, PK solver software [33] by non-compartment analysis
method was used to calculate the area under the serum risperidone concentration (AUC0-t),
half-life (t1/2), maximum serum risperidone concentration (Cmax), the time required to
reach maximum serum concentration (Tmax) and mean residence time (MRT).

2.8.2. In Vivo Degradation Assessment

To investigate the size of the gel or implant by ISFG and ISFI in subcutaneous tissue,
the in vivo degradation test was performed via injection of 1.0 mL of the formulation
containing risperidone by passing through a 20 G syringe into the backside of the rabbit’s
neck. The rabbits were sacrificed 1, 2, 3, 4, and 5 weeks post-injection, and the injection
areas, including the surrounding soft tissues, were dissected to evaluate the outward and
size of the gel or implant [34].

2.8.3. Histopathology

For the histopathological assessment, rabbits were divested of food for 12 h and were
sacrificed by carbon dioxide suffocation. The skin tissues of rabbits were shaved after the
end of the pharmacokinetics study, and the injection sites were detached. Furthermore,
the heart, liver, brain, and kidneys were removed. The excised tissues were washed with
normal saline, fixed in a 10% neutral buffered formalin solution (Accustain®), dried, and
enclosed in paraffin. Paraffinized tissue fragments were stained by hematoxylin-eosin
(H&E), and lastly, light microscopy (Olympus) was used for any signs of pathological
examinations [35].

2.9. Stability Test

Optimized PLGA-PEG-PLGA and risperidone powder were sterilized and kept in
the pre-filled syringe to be tested in accelerated mode. For the stability test, the au-
thors followed the times set by the ICH (The International Council for Harmonization)
guideline (ICH Q1C and Q1F) [36] for new drug substances and products to countries
of climatic zones III and IV. Performance, safety, and efficacy are evaluated throughout
0, 3 and 6 months under accelerated storage conditions (temperature: 40 ◦C ± 2 ◦C; relative
humidity (RH): 75% ± 5%).

2.10. Statistical Analysis

In the current study, the data were reported as mean ± standard deviation (SD). One-
way analysis of variance (ANOVA) was carried out to show the significance of the data
using linear regression, where a p-value < 0.05 was considered a significant level (GraphPad
Prism version 6 software) [37]. For stability data analysis, two-way ANOVA was used,
followed by Tukey’s multiple comparisons tests.

3. Results and Discussion
3.1. Syringability and Rheology

The syringeability results showed that all vehicles could be easily injected via a
20-gauge syringe at ambient temperature (25 ◦C). Additionally, the final formulations
revealed Newtonian fluid; the viscosity of both vehicles was almost constant with increasing
shear stress during the test. The viscosities of ISFG and ISFI formulations were 0.15 and
0.45 Pascal-second (Pa·s), respectively. First, there is a sudden increase in the viscosity
graph (Supplementary Figure S1), which indicates the time to reach the desired viscosity.

3.2. Sol-Gel Transition Temperature of ISFG

The results of the sol-gel test revealed that an elevation in the percentage of copolymer
(10–50 w/v %) led to an elevation in the precipitation temperature. In addition, it could
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cause a decrease in sol-gel transition temperature and micellar accumulation acceleration
while the percentage of copolymers increases. This is due to the increase in the number of
hydrogen bonds followed by an increase in the amount of polymer, which could lead to an
elevation of micellar accumulation. The lower sol-to-gel transition temperature leads to
faster gel formation and a decrease in initial burst release [38]. In a study carried out by
Qiao et al., the gelling temperature decreased with enhancing polymer concentration and
significantly intensified by increasing the ratio of lactide to glycolide [39]. The results are
presented in Figure 1.
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3.3. Scanning Electron Microscopy (SEM)

Surface and cross-section SEM images (Figure 2) obtained for ISFI and ISFG showed
that ISFI had a porous and spongy texture while ISFG had a less porous structure due to
a reduction in solvent outflow at the time of gel formation. It seemed that the hydrogen
bonding between the NMP molecules and PEG prevented the rapid diffusion of NMP into
the release medium and subsequently left less porosity in the gel. This feature decreases
the drug release from the ISFG matrix and subsequently slows initial drug release [40]. In
similar studies, the effect of increasing the PLGA polymer concentration on porosity was
evaluated [28]. The results showed that the porosity decreased with increasing the polymer
concentration in the structure of microparticles. This process may be due to the increase
in polymer-polymer interaction concentration and the decrease in the gas penetration
from the polymer into the surroundings [41,42]. In addition, in another study performed
on PLGA, porosity was examined by adding 4-arm-PEG, and the results indicated that
porosity decreased and a more crosslinking degree was obtained [43].
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3.4. In Vitro Release and Degradation Assessment

The cumulative in vitro release of risperidone and NMP from ISFI and ISFG (30, 40,
and 50%) is revealed in Figure 3A. The initial burst release of risperidone during 24 h from
ISFG 30, 40, and 50% were 48.36 ± 2.36%, 17.59 ± 1.55% and 6.33 ± 1.88%, respectively
(Figure 3B). Increasing the percentage of tri-block from 30 to 50% leads to enhancing the
crosslinks between the copolymer molecules; this elevates the viscosity of the formulations.
Additionally, the initial burst release of risperidone from ISFI (17.85 ± 1.652%) was higher
than ISFG (PLGA-PEG-PLGA 50%w/w). The results indicate that ISFG (50%) has the best
control of drug release for one month, and the release profile is almost linear. Since, in
SEM images, the porosity of the triblock carrier was lower, the ability to control the initial
release can be associated with this factor. Furthermore, the drug release profiles of optimum
ISFG (PLGA-PEG-PLGA 50%w/w) and ISFI were compared with Risperdal CONSTA®

(Figure 3C). The initial release of Risperdal CONSTA® (4.08 ± 0.27%) was lower than ISFI
and ISFG, but this amount is less than the optimal therapeutic limit according to similar
studies reported by the Risperdal CONSTA® manufacturer [44]. In resembling studies,
lipid liquid crystal carriers using lipids, such as sorbitan mono-oleate and glycerol di-oleate,
were used to deliver risperidone; the results showed more initial burst release and a longer
release time [11,45].
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Kinetics of drug release from the formulation of ISFI during 2–36 h and 46–826 h,
tri-block polymers, and Risperdal CONSTA® was evaluated via Zero-order, Higuchi,
Quadratic, Hixon-Crowell, Korsmeyer-Peppas, and Weibull models and the results are
shown in Table 1 and Supplementary Figures S2–S5. The determination coefficient (R2) of
the Weibull model was higher for all formulations. According to the Weibull model, the
β parameter is effective in the simulation of drug release. A Weibull model with β lower
than 0.75 follows the Fick model; if β is between 0.75 and 1 follows the Fick model and
drug transfer model II, while for β numbers higher than 1, combined drug release methods
are proposed [46]. β number for PLGA and Risperdal CONSTA® is higher than 1, and
for tri-block is between 0.75 and 1; therefore, in PLGA and Risperdal CONSTA®, all drug
release methods play a role, and for tri-block, there are two methods of Fick model and
drug transfer model II.
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Table 1. Regression coefficient (R2) of mathematical models.

Model Equation Risperdal CONSTA® ISFI
2–36 h

ISFI
46–826 h ISFG

Zero-order F = Ko × t 0.9450 0.1675 0.8434 0.5691
Higuchi F = kH × t0.5 0.7554 0.9448 0.8242 0.9184

Quadratic F = 100 × (k1 × tˆ2 + k2 × t) 0.9680 0.8841 0.9262 0.9736
Korsmeyer-Peppas F = kKp × tn 0.961 0.9577 0.8985 0.9184

Hixon-Crowell F = 100 × [1 − (1 − kHC × t)3] 0.8783 0.2732 0.9094 0.9911
Weibull F= 100 × {1 − Exp[-(t-Ti)β/α]} 0.9785 0.9817 0.9613 0.9943

Figure 3D shows the degradation process of the ISFI and ISFG systems without
risperidone based on weight loss in distilled water. The degradation process consists
of three phases. In phases I and II, the polymer systems are formed. The exchange of
materials occurs with the surrounding phase, but the polymers’ weight is almost constant
during this period; in phase III, the degradation of the polymers begins and increases
over time. The drug release profile has similar behavior for ISFI and ISFG formulations
containing risperidone. The investigation into the degradation of Risperidal Consta® was
not carried out. The drug contained within the PLGA microspheres is mostly released
through diffusion in a period where the weight of the microspheres should not vary.
During this period, the drug has a low release rate from Risperidal Consta® compared
to ISFG and ISFI. It is recommended that patients also take oral risperidone concurrently
during this time. Subsequently, the microspheres begin to degrade, leading to drug release
through a combination of polymer degradation and diffusion. The degradation process
begins gradually and then speeds up over time, and this trend is reflected in the drug
release profile.

ISFG and ISFI vehicles were degraded within 31 days and lost about 91% and 76% of
their weight, respectively. Due to the presence of PEG in the ISFG system, water penetration
is higher, and the rate of degradation increases [47]. Therefore, the ISFG system will release
the loaded drug faster (within 21 days). In a study conducted by Qiao et al., the degradation
percentage was evaluated with different ratios of triblock. They showed that increasing the
proportion of D,L-lactide/glycolide from 6 to 15 caused an increase in the degradation time
from 15 to 22 days [39]. In a similar study conducted by Milacic and Schwendeman in 2013,
the weight loss percentages of PLGA-PEG-PLGA tri-block, di-block copolymer PLGA/PEG
blended with PLGA, and PLGA polymer were evaluated. In this study, due to increasing
the removal rate of acidic degradation products by PEG, it was therefore expected that the
rate of auto-catalytic and mass loss would slow. However, due to the PEG hydrophilicity
nature, the water content in the triblock hydrogel tissue was higher than that of the PLGA
polymer, and the degradation process was faster [48].

In vitro PLGA-PEG-PLGA thermo-gel degradation test published in 2020 by Chan et al.
revealed that the mass of residual thermo-gel reduced from day 15 at a more rapid rate,
and the complete gel degradation reached after 35 days [49].

The cumulative release percentage of the NMP in the first 24 h after injection of ISFI
formulation (36.7 ± 2.89%) is much higher than the ISFG formulation (13.54 ± 2.08%),
which indicates that the ISFG is better than the ISFI for controlling the initial burst release
(Figure 3E). Higher solvent release on the first day also leads to high drug release and
swelling at the injection site and systemic toxicity [50]. The hydrogen bond of the terminal
hydroxyl group of PEG in triblock and the carbonyl group of the NMP solvent can lead the
solvent to leave the formulation later and show better control over the initial and long-term
risperidone release.

3.5. In Vitro Cytotoxicity Assessment

The in vitro toxicity results showed that when ISFG and ISFI without risperidone
were employed, the solvent was released on the first day, and the cell viability was slightly
lower than in the control group. The same results were obtained for other days between
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1 and 35 days (Figure 4). In contrast, in the early days after injection of Risperdal CONSTA®,
slight cytotoxicity was observed, which may be due to solvent release. Then, after two weeks
of injection, minor cytotoxicity was observed in this group due to the release of risperidone.
In the groups receiving ISFI and ISFG containing risperidone, an acceptable and uniform
level of toxicity (lower than 20% with cell viability) was observed in the early days due to
the release of solvents and risperidone while maintaining until the last days (Figure 4).
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Cell viability in formulations containing ISFG in the early days was higher than
ISFI due to the gradual release of NMP to the release medium. Concentration-toxicity-
dependent was observed at all times. At a lower concentration of solvent and polymer,
the samples were less toxic (Figure 4). This trend was also observed in the Fischer study,
where an increase in the polymer concentration and the duration of contact with L-929
caused a reduction in the percentage of cell viability [51]. In another study carried out by
Eroglu et al. (2019), they showed that when different concentrations of ibuprofen were
loaded into hydrogel networks and crosslinked PLGA-b-PEG-MA nanoparticles, the cell
viability was higher than 80% for different concentrations [52]. Yoshimoto et al., 2018 also
showed that when the L-929 cell line was seeded on the PLGA bilayer membrane and
evaluated by MTT assay, no change in the number of cells on days 1 and 3 was observed.

3.6. In Vivo Assessment
3.6.1. Pharmacokinetic Evaluation

ISFG formulation containing 50% PLGA-PEG-PLGA showed a uniform release for
about one month. Therefore, in the current study, triblock 50% and PLGA were com-
pared with Risperdal CONSTA®. HPLC chromatogram of risperidone was observed in
serum at 3.13 ± 0.12 min, and rabbit blood samples taken at one month at 3.08 ± 0.12 min
were shown in Supplementary Figure S6A,B, respectively. A linear calibration curve
for concentration vs. absorbance was obtained for risperidone by using HPLC tech-
niques (R2 = 0.9983). The LOQ and LOD were 10.29 ± 1.36 and 3.43 ± 0.87 ng/mL for
risperidone, respectively.
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Figure 5 demonstrates SC administration of 25 mg of risperidone in NMP, which
creates a sudden increase and then, after about 20 h, a sharp decrease in the concentration
of risperidone in the rabbits’ blood. In contrast, sustained-release formulations create
almost uniform blood levels for approximately one month. Pharmacokinetic data obtained
from PK solver software are shown in Table 2. The results of pharmacokinetic data analysis
show that the time required to reach the maximum concentration (Tmax) in the ISFG
and ISFI groups is 32 ± 6.11 and 24 ± 3.25 h. However, it is 720 ± 6.48 h in the group
receiving Risperdal CONSTA®, which indicates the capability of ISFI and ISFG to reach
a therapeutic concentration in a shorter period. The bug of Risperdal CONSTA® is the
delay in drug release of up to about 14 days, so the patient is forced to use oral medication.
The maximum concentration of risperidone (Cmax) of ISFG (37.60 ± 1.11 ng/mL) was less
than ISFI (49.46 ± 2.82 ng/mL) and Risperdal CONSTA® (57.72 ± 7.62 ng/mL), which
indicates the uniform release of the drug from an implant or gel vehicles for one month
in comparison to Risperdal CONSTA®. The half-life (t1/2) in the ISFG and ISFI groups
were equal to 169.31 ± 58.08 h and 116.19 ± 48.92 h, respectively, and for the group
receiving Risperdal CONSTA®, it was 111.42 ±19.81 h, which indicates long-term drug
delivery for one month. The area under the curve (AUC) of concentration versus time was
19,246.59 ± 1084.78 ng·h/mL for ISFG and 21,406.59 ± 564.45 ng·h/mL in the case of
ISFI, while this value for the commercial formulation was 35,641.73 ± 2840.27 ng·h/mL.
Although the mean AUC for ISFG was lower when compared to ISFI, there were no
significant differences observed between them. Additionally, mean residence times (MRT),
which represent the body’s drug distribution for ISFG, were approximately similar to
Risperdal CONSTA®.

Local and systemic drug delivery for various drugs has been studied in different parts of
the body. In the study of Xie et al., it was observed that Avastin®/hydrogel (PLGA-PEG-PLGA)
had provided an optimum therapeutic level and stability in the vitreous humor for at
least six weeks, while no amount of drug was detected at the injection site with an aqueous
solution of Avastin® [53]. In a similar study conducted by Gao et al. in 2011, PLGA-PEG-PLGA
tri-block was used for local drug delivery of docetaxel, and the results of intraperitoneal
and intravenous (IV) injections showed that IV injection released a high concentration of
docetaxel (1978 µg/mL) into the bloodstream in a short time (15 min) and decreased rapidly,
but in the intraperitoneal injection of docetaxel loaded in tri-block solution, the amount
of drug release (14.03 µg/mL) was much lower (within the therapeutic index) during
25 days of release test [54]. Another study conducted by Cao et al. in 2019 on the effects of
sustained-release tri-block copolymer exhibited that the polymer-loaded formulation group
produced a consistent level of liposomal doxorubicin during the test days at the tumor site
and the final size of the tumors was smaller than other methods of drug delivery [55]. The
results of these and similar articles were in line with our study.

Table 2. Pharmacokinetic parameters resulting from the administration of formulations containing
25 mg of risperidone to rabbits (n = 3) using PK solver software.

Groups AUC0-t (ng h/mL) Tmax (h) Cmax (ng/mL) t1/2 (h) MRT (h)

Risperidone solution in
NMP (SC) (group IV) 1122.99 ± 46.25 4.00 ± 0.00 101.06 ± 1.69 7.33 ± 0.92 11.95 ± 0.24

ISFI-Risperidone (SC)
(group V) 21,406.59 ± 564.45 24.00 ± 3.25 49.46 ± 2.82 116.19 ± 48.9 393.77 ± 130.89

ISFG-Risperidone (SC)
(group VI) 19,426.59 ± 1084.78 32.00 ± 6.11 37.60 ± 1.11 169.31 ± 58.08 430.58 ± 58.46

Risperdal CONSTA® (IM)
(group VII)

35,641.73 ± 2840.27 720.00 ± 6.48 57.72 ± 7.61 111.42 ± 19.81 635.22 ± 23.37

AUC: Area Under the Curve, Tmax: Time required to reach maximum concentration, Cmax: maximum serum
risperidone concentration, t1/2: The half-life, MRT: Mean Residence Time.
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3.6.2. In Vivo Degradation Assessment

In-situ forming gel and implant formation in the SC region were observed after an
autopsy. The ISFG was a light-yellow semitransparent gel-like mesophase, and the ISFI
was a light-beige implant (Figure 6). No unusual sign was observed in the SC tissue in all
rabbits at 1, 2, 3, 4, and 5 weeks after the injection with the naked eye. Approximately 100%
of the ISFG and 85% of the ISFI were degraded entirely within four weeks. These results are
consistent with pharmacokinetic data, which indicates that degradation occurs over one
month (degradation was traced up to 35 days) and can maintain the blood concentration
in the therapeutic index. In a similar study, dexamethasone-loaded PLGA-PEG-PLGA
thermo-gel was injected subconjunctival, and the dexamethasone-loaded thermo-gel was
twisted to an opaque hard gel. The gel structure remained intact for up to a week and
completely vanished after 28 days [49]. In a study conducted by Cao et al. in 2019, the
formation of the PLGA-PEG-PLGA-based thermo-gel at the subcutaneous injection site
during days 4, 8, and 16 was evaluated. The polymer solution (20 wt%) degraded gradually
within 16 days [55].

3.6.3. Histopathology

Figure 7 demonstrates the structure of the histopathological evaluation of heart, kid-
ney, liver, brain, and skin tissues for the seven mentioned groups. No clinical signs
were observed in the control and Risperdal CONSTA® groups. Heart tissues in groups
treated with risperidone solution in NMP, ISFI-risperidone, ISFG-risperidone, and ISFG
were healthy and normal. At the same time, slight inflammatory cell infiltration was
assigned in the group treated by ISFI. Cardiotoxicity evaluation in a similar study that
used PLGA-PEG-PLGA hydrogel free of the drug showed no cardiac toxicity after the
evaluation period [55].

Kidney tissue showed slight necrosis in the groups that received NMP-risperidone
and ISFI-risperidone. Additionally, slight to moderate inflammatory cell infiltration was
observed in the groups receiving NMP-risperidone, ISFI-risperidone, and ISFG-risperidone.
Liver tissue revealed little to mild inflammatory cell infiltration in the portal triads of the
groups treated by NMP-risperidone, ISFI, and ISFG. In addition, mild vacuolar degenera-
tion was observed in NMP-risperidone and ISFG groups, and slight necrosis was obtained
in ISFG-risperidone and ISFI-risperidone. ISFG-risperidone-treated animals showed slight
inflammatory cells in the brain parenchyma, meninges, and necrosis, and also, slight hem-
orrhage was observed in animals that received ISFI. No sign indicates the pathological
problem was detected in the skin of all groups. In this study, slight to moderate toxicities
were observed in groups receiving formulations containing risperidone due to the drug or
its solvent.
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Figure 7. Untreated control group (I), ISFI (SC) (II), ISFG (SC) (III), risperidone solution in NMP (SC)
(IV), ISFI with risperidone (SC) (V), ISFG with risperidone (SC) (VI) and Risperdal CONSTA® (IM)
(VII). The pathological sign is indicated by arrows. H & E staining images × 400.
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In a relevant article, triblock hydrogel (PLGA-PEG-PLGA) was used for local chemother-
apy drug delivery, and at the end of the study, the systemic toxicities were evaluated in
the heart, spleen, lung, kidney, and liver tissues; it was also observed that no obvious
abnormality was observed in all mentioned organs [56]. In several studies, the effects of
PLGA polymer on various organs of laboratory animals were evaluated, and non-toxicity
to low toxicity in some organs were the results of these studies. For instance, in the study
carried out by Rucker et al., the accumulations of macrophages and polymorphonuclear
leukocytes (PMNs) around the PLGA scaffold were observed [57,58].

3.7. Stability Test

The appearance of the formulations showed no change at time points. To evaluate the
stability, an in-vitro release test was run after the storage of the formulations for 3 and 6 months
and compared with before storage. The results of in vitro release studies of ISFG before and
after storage for 3 and 6 months are shown in Figure 8. Stability data were evaluated using
Two-way ANOVA statistical analysis by Tukey posttest, and the main effect at the release
points in each sample was compared. The difference in the percentage of drug released at
each endpoint of the dissolution test was not significant between before and after storage in
the stability study (p-value = 0.1012). Therefore, it can be concluded that the formulations
should be stable for at least 6 months without any changes in the release profiles of the
formulation. The difference factor (f1) and similarity factor (f2) showed that all dissolution
profiles are similar (f1 value was 7 and 13%, and f2 values were 79% and 71.5% when
3 and 6 months were compared to the release profile before storage, respectively). The
similarity factor higher than 50% and the difference factor lower than 15% are an indication
of similarity between dissolution profiles. Based on these data, it can be concluded that
the accelerated stability conditions can’t affect the rate of drug release in vitro. In this
test, mean dissolution times (MDT) were calculated to be 181.5, 183.8, and 194.5 h for
0, 3, and 6 months, respectively. This also indicates that the release profile is stable af-
ter storage for 3 and 6 months, as MDT data for different storage times were close to
each other.
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4. Conclusions

The present study demonstrates that the ISFG formulation shows promising potential
as a sustained-release system for risperidone. By effectively reducing the initial burst
release, the risk of adverse effects associated with high blood concentrations during the
first 24 h of treatment can be mitigated. The hydrogen bond between NMP and PEG
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block in PLGA-PEG-PLGA is suggested to be responsible for the lower initial burst release
observed in the ISFG formulation. Moreover, the sustained drug release profile of the ISFG
formulation observed in vitro and in vivo for up to one month, within the therapeutic range,
highlights its potential as a viable alternative to current treatment options. Importantly,
the biocompatibility and biodegradability of the copolymers and NMP solvent used in the
formulation offer further advantages over other sustained-release options. Overall, the
findings of this study suggest that ISFG formulation could be a valuable addition to the
treatment of schizophrenia.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/pharmaceutics15041229/s1. Supplementary Figure S1. Rheology
diagram of PLGA-PEG-PLGA (A) and PLGA (B). Supplementary Figure S2. Simulation of drug
release profile from the optimal formulation of PLGA 2–36 h. Supplementary Figure S3. Simulation
of drug release profile from the optimal formulation of PLGA 46–826 h. Supplementary Figure S4.
Simulation of drug release profile from the optimal formulation of tri-block. Supplementary Figure S5.
Simulation of drug release profile from the optimal formulation of Risperdal CONSTA®. Supplementary
Figure S6. HPLC chromatogram of Ris (A) and rabbit blood samples taken at week forth (B).

Author Contributions: Investigation, Methodology, Writing—original draft, F.H., S.N.R.S. and E.K.;
Investigation, M.G.V.; data analysis, S.R.; Supervision, Writing—review & editing, H.K. and A.N. All
authors have read and agreed to the published version of the manuscript.

Funding: This work was supported via a grant from the Iran National Science Foundation (INSF)
(Project #96007838) and Mashhad University of Medical Sciences (MUMS) (Project #960942).

Institutional Review Board Statement: All animal procedures were carried out in accordance with
the standards established by the Mashhad University of Medical Sciences Animal Care and Use Policy
under the Iranian Council on Animal Care. All experimental procedures were approved by the Mash-
had University of Medical Sciences Animal Care Committee (IR.MUMS.PHARMACY.REC.1396.212).
The most appropriate species were chosen for this study, and data were obtained in compliance with
the best existing practices that ensure the animals’ welfare [59]. All in vivo experiments were carried
out in accordance to ARRIVE (Animal Research: Reporting of In Vivo Experiments) guidelines.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The authors would like to give special thanks to Poursina Pharmaceutical
Company for providing risperidone (API).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Nuntamool, N.; Ngamsamut, N.; Vanwong, N.; Puangpetch, A.; Chamnanphon, M.; Hongkaew, Y.; Limsila, P.; Suthisisang, C.;

Wilffert, B.; Sukasem, C. Pharmacogenomics and Efficacy of Risperidone Long-Term Treatment in Thai Autistic Children and
Adolescents. Basic Clin. Pharmacol. Toxicol. 2017, 121, 316–324. [CrossRef] [PubMed]

2. Mohtashami, Z.; Esmaili, Z.; Vakilinezhad, M.A.; Seyedjafari, E.; Akbari Javar, H. Pharmaceutical implants: Classification,
limitations and therapeutic applications. Pharm. Dev. Technol. 2020, 25, 116–132. [CrossRef] [PubMed]

3. Yamaguchi, K.; Anderson, J.M. Biocompatibility studies of naltrexone sustained release formulations. J. Control. Release 1992, 19, 299–314.
[CrossRef]

4. Hulse, G.K.; Stalenberg, V.; McCallum, D.; Smit, W.; O’Neil, G.; Morris, N.; Tait, R.J. Histological changes over time around the
site of sustained release naltrexone-poly(DL-lactide) implants in humans. J. Control. Release 2005, 108, 43–55. [CrossRef] [PubMed]

5. Thakur, R.R.; McMillan, H.L.; Jones, D.S. Solvent induced phase inversion-based in situ forming controlled release drug delivery
implants. J. Control. Release 2014, 176, 8–23. [CrossRef]

6. CONSTA, R. Available online: https://media.healthdirect.org.au/medicines/GuildLink_Information/81489/CMI/jccrisco10820.pdf
(accessed on 1 June 2022).

7. Wilcox, M.A.; Coppola, D.; Bailey, N.; Wilson, A.; Kamauu, A.W.C.; Alba, P.R.; Patterson, O.V.; Viernes, B.; Denhalter, D.W.;
Solomon, I.D.; et al. Risperdal((R)) CONSTA((R)) Needle Detachment. Incidence Rates Before and After Kit Redesign:
A Retrospective Study using Electronic Health Records and Natural Language Processing in the Department of Veterans
Affairs. Neurol. Ther. 2019, 8, 95–108. [CrossRef]

https://www.mdpi.com/article/10.3390/pharmaceutics15041229/s1
https://www.mdpi.com/article/10.3390/pharmaceutics15041229/s1
https://doi.org/10.1111/bcpt.12803
https://www.ncbi.nlm.nih.gov/pubmed/28470827
https://doi.org/10.1080/10837450.2019.1682607
https://www.ncbi.nlm.nih.gov/pubmed/31642717
https://doi.org/10.1016/0168-3659(92)90085-6
https://doi.org/10.1016/j.jconrel.2005.08.001
https://www.ncbi.nlm.nih.gov/pubmed/16154223
https://doi.org/10.1016/j.jconrel.2013.12.020
https://media.healthdirect.org.au/medicines/GuildLink_Information/81489/CMI/jccrisco10820.pdf
https://doi.org/10.1007/s40120-019-0130-7


Pharmaceutics 2023, 15, 1229 16 of 17

8. Dongaonkar, A.R.; Deshmukh, P.S.; Deshmukh, G.S.; Folane, P.; Kale, R.; Biyani, K. A Review on Current Effective Medications in
the Treatment of Schizophrenia. Int. J. Adv. Pharm. Biotechnol. 2020. [CrossRef]

9. Liu, J.; Cheng, R.; Heimann, K.; Wang, Z.; Wang, J.; Liu, F. Temperature-sensitive lyotropic liquid crystals as systems for
transdermal drug delivery. J. Mol. Liq. 2021, 326, 115310. [CrossRef]

10. Forys, A.; Chountoulesi, M.; Mendrek, B.; Konieczny, T.; Sentoukas, T.; Godzierz, M.; Kordyka, A.; Demetzos, C.; Pispas, S.; Trzebicka, B.
The Influence of Hydrophobic Blocks of PEO-Containing Copolymers on Glyceryl Monooleate Lyotropic Liquid Crystalline
Nanoparticles for Drug Delivery. Polymers 2021, 13, 2607. [CrossRef]

11. Shiadeh, S.N.; Khodaverdi, E.; Maleki, M.; Eisvand, F.; Nazari, A.; Zarqi, J.; Hadizadeh, F.; Kamali, H. A sustain-release lipid-liquid
crystal containing risperidone based on glycerol monooleate, glycerol dioleate, and glycerol trioleate: In-vitro evaluation and
pharmacokinetics in rabbits. JDDST 2022, 70, 103257. [CrossRef]

12. Lampis, S.; Carboni, M.; Steri, D.; Murgia, S.; Monduzzi, M. Lipid based liquid-crystalline stabilized formulations for the
sustained release of bioactive hydrophilic molecules. Colloids Surf B Biointerfaces 2018, 168, 35–42. [CrossRef] [PubMed]

13. El-Enin, H.A.; Al-Shanbari, A.H. Nanostructured liquid crystalline formulation as a remarkable new drug delivery system of
anti-epileptic drugs for treating children patients. Saudi Pharm. J. 2018, 26, 790–800. [CrossRef] [PubMed]

14. Boyd, B.J.; Whittaker, D.V.; Khoo, S.M.; Davey, G. Lyotropic liquid crystalline phases formed from glycerate surfactants as
sustained release drug delivery systems. Int. J. Pharm. 2006, 309, 218–226. [CrossRef] [PubMed]

15. Hosmer, J.M.; Steiner, A.A.; Lopes, L.B. Lamellar liquid crystalline phases for cutaneous delivery of Paclitaxel: Impact of the
monoglyceride. Pharm. Res. 2013, 30, 694–706. [CrossRef]

16. Kim, D.; Jahn, A.; Cho, S.; Kim, J.; Ki, M.; Kim, D. Lyotropic liquid crystal systems in drug delivery: A review. Int. J. Pharm. Investig.
2015, 45, 1–11. [CrossRef]

17. Ruel-Gariepy, E.; Leroux, J. In situ-forming hydrogels—Review of temperature-sensitive systems. Eur. J. Pharm. Biopharm.
2004, 58, 409–426. [CrossRef]

18. Bode, C.; Kranz, H.; Kruszka, A.; Siepmann, F.; Siepmann, J. In-situ forming PLGA implants: How additives affect swelling and
drug release. J. Drug Deliv. Sci. Technol. 2019, 53, 101180. [CrossRef]

19. Rapalli, V.; Waghule, T.; Hans, N.; Mahmood, A.; Gorantla, S.; Dubey, S.; Singhvi, G. Insights of lyotropic liquid crystals in topical
drug delivery for targeting various skin disorders. J. Mol. Liq. 2020, 315, 113771. [CrossRef]

20. Wang, B.; Cao, Y.; Yang, L.; Wang, Y. Rheological properties of PLGA-PEG-PLGA copolymers for ophthalmic injection. J. Appl.
Polym. Sci. 2012, 125, 370–375. [CrossRef]

21. Oborna, J.; Mravcova, L.; Michlovska, L.; Vojtova, L.; Vavrova, M. The effect of PLGA-PEG-PLGA modification on the sol-gel
transition and degradation properties. Express Polym. Lett. 2016, 10, 361. [CrossRef]

22. Zhao, J.; Guo, B.; Ma, P. Injectable alginate microsphere/PLGA–PEG–PLGA composite hydrogels for sustained drug release.
RSC Adv. 2014, 4, 17736–17742. [CrossRef]

23. Wang, L.; Wang, A.; Zhao, X.; Liu, X.; Wang, D.; Sun, F.; Li, Y. Design of a long-term antipsychotic in situ forming implant and its
release control method and mechanism. Int. J. Pharm. 2012, 427, 284–292. [CrossRef] [PubMed]

24. Jones, T.; Van Breda, K.; Charles, B.; Dean, A.J.; McDermott, B.M.; Norris, R. Determination of risperidone and
9-Hydroxyrisperidone using HPLC, in plasma of children and adolescents with emotional and behavioural disorders.
Biomed. Chromatogr. 2009, 23, 929–934. [CrossRef]

25. Koradia, H.; Chaudhari, K. Formulation of unidirectional buccal tablet of Mirtazapine: An in vitro and ex vivo evaluation.
J. Drug Deliv. Sci. Technol. 2018, 43, 233–242. [CrossRef]

26. Zhang, Y.; Huo, M.; Zhou, J.; Zou, A.; Li, W.; Yao, C.; Xie, S. DDSolver: An add-in program for modeling and comparison of drug
dissolution profiles. AAPS J. 2010, 12, 263–271. [CrossRef] [PubMed]

27. Göpferich, A. Mechanisms of polymer degradation and erosion. Biomaterials 1996, 17, 103–114. [CrossRef]
28. Rahimi, M.; Mobedi, H.; Behnamghader, A. In situ forming poly (lactic acid-co-glycolic acid) implants containing leuprolide

acetate/β-cyclodextrin complexes: Preparation, characterization, and in vitro drug release. Int. J. Polym. Mater. 2016, 65, 75–84.
[CrossRef]

29. Yang, P.; Qin, C.; Du, S.; Jia, L.; Qin, Y.; Gong, J.; Wu, S. Crystal Structure, Stability and Desolvation of the Solvates of Sorafenib
Tosylate. Crystals 2019, 9, 367. [CrossRef]

30. Ozdemir, K.G.; Yilmaz, H.; Yilmaz, S. In vitro evaluation of cytotoxicity of soft lining materials on L929 cells by MTT assay.
J. Biomed. Mater Res. B Appl. Biomater. 2009, 90, 82–86. [CrossRef]

31. Liu, Q.; Zhang, H.; Zhou, G.; Xie, S.; Zou, H.; Yu, Y.; Li, G.; Sun, D.; Zhang, G.; Lu, Y.; et al. In vitro and in vivo study of thymosin
alpha1 biodegradable in situ forming poly(lactide-co-glycolide) implants. Int. J. Pharm. 2010, 397, 122–129. [CrossRef]

32. Huang, M.Z.; Shentu, J.Z.; Chen, J.C.; Liu, J.; Zhou, H.L. Determination of risperidone in human plasma by HPLC-MS/MS and
its application to a pharmacokinetic study in Chinese volunteers. J. Zhejiang Univ. Sci. B 2008, 9, 114–120. [CrossRef] [PubMed]

33. Zhang, Y.; Huo, M.; Zhou, J.; Xie, S. PKSolver: An add-in program for pharmacokinetic and pharmacodynamic data analysis in
Microsoft Excel. Comput. Methods Programs Biomed. 2010, 99, 306–314. [CrossRef] [PubMed]

34. Kim, J.H.; Park, C.H.; Lee, O.J.; Lee, J.M.; Kim, J.W.; Park, Y.H.; Ki, C.S. Preparation and in vivo degradation of controlled
biodegradability of electrospun silk fibroin nanofiber mats. J. Biomed. Mater Res. A 2012, 100, 3287–3295. [CrossRef]

35. Veta, M.; van Diest, P.J.; Kornegoor, R.; Huisman, A.; Viergever, M.A.; Pluim, J.P. Automatic nuclei segmentation in H&E stained
breast cancer histopathology images. PLoS ONE 2013, 8, e70221. [CrossRef]

https://doi.org/10.38111/ijapb.20200603001
https://doi.org/10.1016/j.molliq.2021.115310
https://doi.org/10.3390/polym13162607
https://doi.org/10.1016/j.jddst.2022.103257
https://doi.org/10.1016/j.colsurfb.2018.03.002
https://www.ncbi.nlm.nih.gov/pubmed/29545010
https://doi.org/10.1016/j.jsps.2018.04.004
https://www.ncbi.nlm.nih.gov/pubmed/30202219
https://doi.org/10.1016/j.ijpharm.2005.11.033
https://www.ncbi.nlm.nih.gov/pubmed/16413980
https://doi.org/10.1007/s11095-012-0908-0
https://doi.org/10.1007/s40005-014-0165-9
https://doi.org/10.1016/j.ejpb.2004.03.019
https://doi.org/10.1016/j.jddst.2019.101180
https://doi.org/10.1016/j.molliq.2020.113771
https://doi.org/10.1002/app.35584
https://doi.org/10.3144/expresspolymlett.2016.34
https://doi.org/10.1039/c4ra00788c
https://doi.org/10.1016/j.ijpharm.2012.02.015
https://www.ncbi.nlm.nih.gov/pubmed/22387369
https://doi.org/10.1002/bmc.1204
https://doi.org/10.1016/j.jddst.2017.10.012
https://doi.org/10.1208/s12248-010-9185-1
https://www.ncbi.nlm.nih.gov/pubmed/20373062
https://doi.org/10.1016/0142-9612(96)85755-3
https://doi.org/10.1080/00914037.2015.1055633
https://doi.org/10.3390/cryst9070367
https://doi.org/10.1002/jbm.b.31256
https://doi.org/10.1016/j.ijpharm.2010.07.015
https://doi.org/10.1631/jzus.B0710439
https://www.ncbi.nlm.nih.gov/pubmed/18257133
https://doi.org/10.1016/j.cmpb.2010.01.007
https://www.ncbi.nlm.nih.gov/pubmed/20176408
https://doi.org/10.1002/jbm.a.34274
https://doi.org/10.1371/journal.pone.0070221


Pharmaceutics 2023, 15, 1229 17 of 17

36. Rignall, A. ICHQ1A (R2) Stability Testing of New Drug Substance and Product and ICHQ1C Stability Testing of New Dosage Forms;
Wiley: Hoboken, NJ, USA, 2017; Volume 3. [CrossRef]

37. Swift, M. GraphPad prism, data analysis, and scientific graphing. J. Chem. Inf. Comput. Sci. 1997, 37, 411–412. [CrossRef]
38. Chung, Y.M.; Simmons, K.L.; Gutowska, A.; Jeong, B. Sol-gel transition temperature of PLGA-g-PEG aqueous solutions.

Biomacromolecules 2002, 3, 511–516. [CrossRef] [PubMed]
39. Qiao, M.; Chen, D.; Ma, X.; Liu, Y. Injectable biodegradable temperature-responsive PLGA–PEG–PLGA copolymers: Synthesis

and effect of copolymer composition on the drug release from the copolymer-based hydrogels. Int. J. Pharm. 2005, 294, 103–112.
[CrossRef]

40. Mohamadnia, Z.; Zohuriaan-Mehr, M.J.; Kabiri, K.; Jamshidi, A.; Mobedi, H. Ionically cross-linked carrageenan-alginate hydrogel
beads. J. Biomater. Sci. Polym. Ed. 2008, 19, 47–59. [CrossRef]

41. Huang, Y.; Ren, J.; Chen, C.; Ren, T.; Zhou, X. Preparation and properties of poly (lactide-co-glycolide)(PLGA)/nano-
hydroxyapatite (NHA) scaffolds by thermally induced phase separation and rabbit MSCs culture on scaffolds. J. Biomater. Appl.
2008, 22, 409–432. [CrossRef]

42. Amoyav, B.; Benny, O. Microfluidic Based Fabrication and Characterization of Highly Porous Polymeric Microspheres. Polymers
2019, 11, 419. [CrossRef]

43. Zhuang, Y.; Shen, H.; Yang, F.; Wang, X.; Wu, D. Synthesis and characterization of PLGA nanoparticle/4-arm-PEG hybrid
hydrogels with controlled porous structures. RSC Adv. 2016, 6, 53804–53812. [CrossRef]

44. Kloosterboer, S.M.; de Winter, B.C.M.; Reichart, C.G.; Kouijzer, M.E.J.; de Kroon, M.M.J.; van Daalen, E.; Ester, W.A.; Rieken, R.;
Dieleman, G.C.; van Altena, D.; et al. Risperidone plasma concentrations are associated with side effects and effectiveness in
children and adolescents with autism spectrum disorder. Br. J. Clin. Pharmacol. 2021, 87, 1069–1081. [CrossRef] [PubMed]

45. Shiadeh, S.N.R.; Khodaverdi, E.; Maleki, M.F.; Eisvand, F.; Boujaran, H.; Zarei, H.; Vosooghi, R.; Hadizadeh, F.; Kamali, H.
Lipid-liquid crystals for 2 months controlled risperidone release: In-vitro evaluation and pharmacokinetics in rabbits.
Int. J. Pharm. 2022, 618, 121649. [CrossRef]

46. Jiang, R.; Murthy, D.N.P. A study of Weibull shape parameter: Properties and significance. Reliab. Eng. Syst. Saf. 2011, 96, 1619–1626.
[CrossRef]

47. Qiao, M.; Chen, D.; Ma, X.; Hu, H. Sustained release of bee venom peptide from biodegradable thermosensitive PLGA-PEG-PLGA
triblock copolymer-based hydrogels in vitro. Pharmazie 2006, 61, 199–202. [PubMed]

48. Milacic, V.; Schwendeman, S.P. Lysozyme release and polymer erosion behavior of injectable implants prepared from PLGA-PEG
block copolymers and PLGA/PLGA-PEG blends. Pharm. Res. 2014, 31, 436–448. [CrossRef]

49. Chan, P.S.; Li, Q.; Zhang, B.; To, K.K.W.; Leung, S.S.Y. In vivo biocompatibility and efficacy of dexamethasone-loaded PLGA-PEG-PLGA
thermogel in an alkali-burn induced corneal neovascularization disease model. Eur. J. Pharm. Biopharm. 2020, 155, 190–198.
[CrossRef] [PubMed]

50. Kamali, H.; Khodaverdi, E.; Hadizadeh, F.; Yazdian-Robati, R.; Haghbin, A.; Zohuri, G. An in-situ forming implant formulation of
naltrexone with minimum initial burst release using mixture of PLGA copolymers and ethyl heptanoate as an additive: In-vitro,
ex-vivo, and in-vivo release evaluation. J. Drug Deliv. Sci. Technol. 2018, 47, 95–105. [CrossRef]

51. Fischer, D.; Li, Y.; Ahlemeyer, B.; Krieglstein, J.; Kissel, T. In vitro cytotoxicity testing of polycations: Influence of polymer
structure on cell viability and hemolysis. Biomaterials 2003, 24, 1121–1131. [CrossRef]

52. Eroglu, I.; Gultekinoglu, M.; Bayram, C.; Erikci, A.; Ciftci, S.Y.; Ayse Aksoy, E.; Ulubayram, K. Gel network comprising UV
crosslinked PLGA-b-PEG-MA nanoparticles for ibuprofen topical delivery. Pharm. Dev. Technol. 2019, 24, 1144–1154. [CrossRef]

53. Xie, B.; Jin, L.; Luo, Z.; Yu, J.; Shi, S.; Zhang, Z.; Shen, M.; Chen, H.; Li, X.; Song, Z. An injectable thermosensitive polymeric
hydrogel for sustained release of Avastin(R) to treat posterior segment disease. Int. J. Pharm. 2015, 490, 375–383. [CrossRef]
[PubMed]

54. Gao, Y.; Ren, F.; Ding, B.; Sun, N.; Liu, X.; Ding, X.; Gao, S. A thermo-sensitive PLGA-PEG-PLGA hydrogel for sustained release
of docetaxel. J. Drug Target. 2011, 19, 516–527. [CrossRef] [PubMed]

55. Cao, D.; Zhang, X.; Akabar, M.D.; Luo, Y.; Wu, H.; Ke, X.; Ci, T. Liposomal doxorubicin loaded PLGA-PEG-PLGA based thermogel
for sustained local drug delivery for the treatment of breast cancer. Artif. Cells Nanomed. Biotechnol. 2019, 47, 181–191. [CrossRef]

56. Ma, H.; He, C.; Cheng, Y.; Li, D.; Gong, Y.; Liu, J.; Tian, H.; Chen, X. PLK1shRNA and doxorubicin co-loaded thermosensitive
PLGA-PEG-PLGA hydrogels for osteosarcoma treatment. Biomaterials 2014, 35, 8723–8734. [CrossRef]

57. Mashayekhi, R.; Mobedi, H.; Najafi, J.; Enayati, M. In-vitro/In-vivo comparison of leuprolide acetate release from an in-situ
forming plga system. Daru 2013, 21, 57. [CrossRef] [PubMed]

58. Rucker, M.; Laschke, M.W.; Junker, D.; Carvalho, C.; Schramm, A.; Mulhaupt, R.; Gellrich, N.C.; Menger, M.D. Angiogenic
and inflammatory response to biodegradable scaffolds in dorsal skinfold chambers of mice. Biomaterials 2006, 27, 5027–5038.
[CrossRef]

59. Grundy, D. Principles and standards for reporting animal experiments in The Journal of Physiology and Experimental Physiology.
Exp. Physiol. 2015, 100, 755–758. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1002/9781118971147.ch1
https://doi.org/10.1021/ci960402j
https://doi.org/10.1021/bm0156431
https://www.ncbi.nlm.nih.gov/pubmed/12005522
https://doi.org/10.1016/j.ijpharm.2005.01.017
https://doi.org/10.1163/156856208783227640
https://doi.org/10.1177/0885328207077632
https://doi.org/10.3390/polym11030419
https://doi.org/10.1039/C6RA08404D
https://doi.org/10.1111/bcp.14465
https://www.ncbi.nlm.nih.gov/pubmed/32643213
https://doi.org/10.1016/j.ijpharm.2022.121649
https://doi.org/10.1016/j.ress.2011.09.003
https://www.ncbi.nlm.nih.gov/pubmed/16599259
https://doi.org/10.1007/s11095-013-1173-6
https://doi.org/10.1016/j.ejpb.2020.08.022
https://www.ncbi.nlm.nih.gov/pubmed/32871195
https://doi.org/10.1016/j.jddst.2018.06.027
https://doi.org/10.1016/S0142-9612(02)00445-3
https://doi.org/10.1080/10837450.2019.1643880
https://doi.org/10.1016/j.ijpharm.2015.05.071
https://www.ncbi.nlm.nih.gov/pubmed/26027491
https://doi.org/10.3109/1061186X.2010.519031
https://www.ncbi.nlm.nih.gov/pubmed/20883085
https://doi.org/10.1080/21691401.2018.1548470
https://doi.org/10.1016/j.biomaterials.2014.06.045
https://doi.org/10.1186/2008-2231-21-57
https://www.ncbi.nlm.nih.gov/pubmed/23856431
https://doi.org/10.1016/j.biomaterials.2006.05.033
https://doi.org/10.1113/EP085299

	Introduction 
	Materials and Methods 
	Materials 
	Preparation of ISFI and ISFG Formulations 
	Physicochemical Properties of ISFG and ISFI 
	Syringeability and Rheology 
	Sol-Gel Transition Temperature of ISFG 
	Scanning Electron Microscopy (SEM) 

	In Vitro Release Assessment 
	In Vitro Degradation Assessment 
	In-Vitro Solvent Exchange Assessment 
	In Vitro Cytotoxicity Assessment 
	In Vivo Assessment 
	Pharmacokinetic Evaluation 
	In Vivo Degradation Assessment 
	Histopathology 

	Stability Test 
	Statistical Analysis 

	Results and Discussion 
	Syringability and Rheology 
	Sol-Gel Transition Temperature of ISFG 
	Scanning Electron Microscopy (SEM) 
	In Vitro Release and Degradation Assessment 
	In Vitro Cytotoxicity Assessment 
	In Vivo Assessment 
	Pharmacokinetic Evaluation 
	In Vivo Degradation Assessment 
	Histopathology 

	Stability Test 

	Conclusions 
	References

