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A B S T R A C T

Fibrotic scarring of the retina, termed proliferative vitreoretinopathy (PVR), can cause permanent visual im-
pairment and blindness following corrective surgery for retinal detachment and/or ocular trauma. We have
previously shown that multiple intravitreal injections of dasatinib prevent PVR in an animal model. The aim of
this research was to develop injectable sustained release systems for dasatinib, which would be preferred for
clinical use over multiple ocular injections. To accomplish this, dasatinib was encapsulated in Poly (lactic-co-
glycolic acid) [PLGA] particles via a benchtop spray-drying process. Spray drying parameters were optimized
using a taguchi statistical approach to obtain particle size between 0.5 and 1.5 μm. Characterization of two
different sets of particles, sub-micron and> 1.0 μm in average diameter, respectively, showed that dasatinib
release from sub-micron particles lasts 15 days while release from particles with diameters> 1.0 μm lasts up to
55 days. Zeta potential measurement of aqueous buffer suspended particles suggests sub-micron particles to be
more stable in aqueous environment compared to>1.0 μm particles. Dasatinib released from these particles
maintained therapeutic efficacy, as dasatinib incorporated PLGA particles significantly inhibited the contraction
of collagen matrices compared to PLGA (control) particles when tested on an in vitro scar contraction assay.

1. Introduction

Proliferative vitreoretinopathy (PVR) is marked by formation of a
fibrotic scar on the retinal surface and/or vitreous body, and is the
major cause of failed repair for retinal detachment or posterior ocular
trauma [1,2]. Contracture of the scar tissue causes retinal folding and/
or traction retinal detachment (TRD), resulting in visual impairment
[1]. While recent advances in surgery for PVR have led to high rates of
anatomical restoration by re-attaching the retina, functional restoration
of visual acuity remains poor [1,3]. Therefore, treatments that prevent
the debilitating progression of PVR are needed. A potential avenue of
treatment is using pharmaceutical agents to prevent contraction of the
PVR scar tissue.

Dasatinib [N-(2-chloro-6-methylphenyl)-2-[[6-[4-(2-hydrox-ye-
thyl)-1-piperazinyl]-2-methyl-4-pyrimidinyl]amino]-5-thia-zole car-
boxamide . Hydrochloric Acid] is a multi-targeting tyrosine kinase in-
hibitor of Src family kinases (SFK) and Abl kinase that is a treatment
option for chronic myeloid leukemia [4,5]. Previously, we have de-
monstrated that dasatinib inhibits PVR-associated cellular

transformation and function in-vitro and prevents in-vivo vitreoretinal
traction in a swine PVR model [6,7]. While repeated injections were
performed in order to maintain therapeutic concentration in vivo, recent
studies implicated that therapeutic efficacy of dasatinib may be opti-
mized by a sustained delivery method with a minimal effective dose
over a longer period of time [8–10]. Sustained drug delivery to the
posterior segment of the eye is an active area of research as a potential
therapeutic option for diseases such as uveitis and diabetic macular
edema, and thus, various delivery systems have been tested [11,12].
However, a sustained delivery system to prevent PVR in patients is yet
to be developed.

Poly (lactic-co-glycolic acid) [PLGA] is an FDA approved co-
polymer of lactic acid and glycolic acid monomers used as controlled
drug delivery vehicle for variety of small drug molecules (eg: folic acid
[13], insulin [14], doxorubicin [15]) and macromolecules (DNA/RNA/
protein/peptide) [16]. Sub-micron and nano-sized PLGA particles are
excellent drug delivery vehicles due to their controlled release kinetics
sustaining over weeks to months [17–20]. The biodistribution and
pharmacokinetics of drug release depends on drug-dose, size,
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morphology, surface to volume ratio, surface charge and surface hy-
drophilicity of PLGA particles, and are consequently dependent upon
the technique used for formulating PLGA particles [11,20–22]. Cur-
rently, a range of precise formulation methods has been explored for
production of PLGA sub-micron and nano-sized particles, e.g. solvent-
evaporation method (single/double emulsion) [23,24], phase separa-
tion method (coacervation) [25,26] and spray drying [27]. Although
emulsion and coacervation methods are viable for production of PLGA
particles, they are critically constrained by poorer encapsulating effi-
ciency of hydrophobic/hydrophilic drugs, as well as higher poly-
dispersity indices and aggregation [23–27]. Additionally, the particle
size/morphology significantly varies with small fluctuations in the
emulsion/phase separation's processing parameters, e.g. solvent, stir-
ring rates, polymer concentration, quenching temperature etc. [23–26].
In preference to these formulations, spray drying is facile and has re-
latively fewer processing parameters for formulations of pharmaceu-
tical grade drug delivery vehicles [27,28].

In this study, we optimized spray drying parameters for production
of dasatinib-loaded PLGA particles and evaluated the resulting particles
for sustained drug delivery of encapsulated dasatinib as a potential
treatment for preventing PVR.

2. Materials and methods

2.1. Chemical supplies

Dasatinib•HCl was purchased from Toronto Research Chemicals
(Toronto, Canada) and PLGA was purchased from Lactel Absorbable
Polymers (Birmingham, AL) with lactide:glycolide ratios of 50:50,
65:35 and 75:25 respectively. Per the manufacturer's website, these
polymers have approximate molecular weights (based on polymer in-
herent viscosity) of 30–60, 50–80, and 65–120 kDa, respectively.
Dichloromethane (DCM), Dimethyl sulfoxide (DMSO), Sodium hydro-
xide (NaOH), D-α-Tocopherol polyethylene glycol 1000 succinate
(Vitamin E-TPGS) and Phosphate Buffered Saline (PBS, composition:
137 mM NaCl, 2.7 mM KCl, 8 mM Na2HPO4, and 2 mM KH2PO4) were
purchased from Sigma Aldrich (St. Louis, MO, USA). Dulbecco's
Modified Eagle Medium (DMEM), Fetal Bovine Serum (FBS) and
Trypsin were all purchased from Thermo Fisher Scientific (Waltham,
MA, USA). The type-I collagen was purchased from Wako Chemicals
(Richmond, VA, USA).

2.2. PLGA-based particle production via spray drying

PLGA and dasatinib incorporated PLGA (PLGA-Dasatinib) particles
were produced using a Buchi B-90 Nanospray spray dryer (New Castle,
DE, USA) combined with B-295 inert loop (230 V, 50 Hz) (New Castle,
DE,USA) [29–31]. PLGA, with or without dasatinib, was dissolved in
DCM at various concentrations (0.55–0.65 w/v%) by stirring for 1 h
before spray drying. Dasatinib concentration, as a colloidal suspension
in DCM, was kept constant at 0.05 wt/v %. PLGA solutions with and
without dasatinib were spray-dried through a 4.0 μm spray mesh using
various combinations of the parameters listed in Table 1. The suitable
combinations of parameters were determined using a Taguchi array.
Particles are formed from the aerosolized polymer during flight down a
heated column during which the solvent rapidly evaporates.

Throughout the spray drying, inert gas atmosphere (N2:CO2) was
maintained in the closed loop, averting solvent evaporation into the
atmosphere. Dry particles were collected from the collecting drum
using a particle scraper and stored in a desiccator.

2.3. PLGA based particle production via single-emulsion

PLGA and dasatinib incorporated PLGA (PLGA-Dasatinib) particles
were produced using previously published single-emulsion protocol
[32]. Ultrasonication for single-emulsion particles was performed using
Microson™ Ultrasonic Cell Disruptor XL (CT, USA). Nanoparticles were
collected using Beckmann ultra-clear centrifuge tubes (25× 89 mm;
16× 102 mm) [Indianapolis, USA] and centrifuged in a fixed-angle
rotor for 15 min at 17,000×g.

2.4. Particle characterization

The size characterization of spray-dried and single-emulsion parti-
cles was performed using a Zeiss Supra 35 field emission scanning
electron microscope (Carl Zeiss Microscopy, LLC, Thornwood, NY,USA).
Samples were prepared by placing dry particles onto carbon tape fol-
lowed by coating with gold/palladium alloy for 30 s using a plasma
coater. Images were captured using EHT=2.0 kV. Particle diameter
and axial ratio measurements were determined using ImageJ software
on randomly selected particles (150 particles/image) from three sepa-
rate SEM images for each sample (n= 3 samples for each spray-drying
condition; 1350 particles for each condition). Particle diameter was
based on the longest particle dimension. The axial ratio is defined as the
ratio of the largest particle dimension to the smallest. Particle mor-
phology is determined from the axial ratio measurement, with spherical
defined as an axial ratio of 1. Statistical comparison of size was per-
formed using Student t tests with p≤ 0.05 considered significantly
different.

2.5. Statistical analysis of size and morphology of spray-dried particles

The optimization of spray-drying parameters was done using the
Taguchi-based statistical method, which is designed for optimizing a
large number of parameters using the fewest number of trials [33].
Parameters to be optimized were PLGA concentration, PLGA ratios
(lactide:glycolide), spray dryer inlet temperature and airflow rate. Each
parameter was evaluated at three different levels (Table 1). An L9 or-
thogonal array (four parameters, three parameter levels, nine experi-
ments) was used to determine the instrumental parameters. The design
criteria for particle size and morphology were to produce the smallest
particles that were as close to spherical as possible. Parameter optimi-
zation was quantified by maximizing the experimental signal-to noise
(S/N) ratio using the formula:
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where y is the value returned for the parameter being optimized, and n
is the number of experimental trials. Particle diameters for each con-
dition were compared.

2.6. Zeta (ζ) potential measurements

The zeta (ζ) potential (mV) was measured on PBS dispersed solu-
tions of PLGA and PLGA-Dasatinib particles using a NanoBrook Zeta
PALS Zeta Potential Analyzer (Brookhaven Instruments, Holtsville, NY,
USA). The voltage of 2.0 V and frequency of 2.5 Hz was optimized to
analyze stability of particles in high salt environment. The zeta poten-
tial was reported as an average and standard deviation of 10 readings
per sample.

Table 1
List of variables and levels for analysis.

Parameters 1 2 3

(A) PLGA Concentration (wt/v%) 1.5 2.0 2.5
(B) Inlet Temperature (°C) 40 45 50
(C) Flow Rate (L/min) 95 100 110
(D) PLGA Ratio (Lactide:Glycolide) 50:50 65:35 75:25
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2.7. Dasatinib content determination

PLGA-Dasatinib particles were added to 2 mL of PBS buffer and
shaken vigorously for 5 min to remove any outer sphere dasatinib,
followed by centrifugation (10 min at 1000 rpm) to pellet the PLGA
particles. The supernatant was withdrawn and the dasatinib content in
the PBS solution confirmed by UV–visible spectroscopy. PLGA-
Dasatinib particles were then completely dissolved in DCM (3.5 mg/
ml) and the UV/visible spectrum was collected on a Varian Cary 50 Bio
Spectrophotometer (Brea, CA, USA) in the 200–900 nm range. The
absorbance band at 325 nm was measured to obtain dasatinib content
using a standard calibration curve ranging from 128 nM to 100 μM
dasatinib.

The dasatinib content in molarity (M) units was further expressed in
μmoles of Dasatinib (DAS) per milligram (mg) of PLGA particles. Drug
Loading (DL) and Entrapment Efficiency (EE) of dasatinib encapsulated
in the spray dried or single-emulsion PLGA particles were quantified
using equations (2) and (3) respectively, Table S4.

= ÷

×

DL mass of dasatinib in PLGA particles total mass of PLGA

particles

(%) (

) 100 (2)

= ÷

×

EE mass of dasatinib in PLGA particles total mass of dasatinib

used during production

(%) (

) 100 (3)

Under ambient temperature conditions (22 °C), the total mass of
dasatinib was calculated based on its clear dissolution solubility
(0.035 ± 0.001) mg/ml, instead of colloidal suspension dispersion
(0.525 ± 0.025) mg/ml in their pre-encapsulation dichloromethane
formulations.

2.8. Dasatinib release studies

PLGA-Dasatinib particles were placed in 2mL PBS buffer (3.5 mg/
ml) at 37 °C. Prior solubility studies of dasatinib in water (data not
shown) were used to ensure the release study was performed under sink
conditions. Samples were incubated undisturbed for 24 h between each
measurement, during which time the particles settled down to the
bottom of the centrifuge tube. The supernatant was carefully removed
for measurement of dasatinib content, and replaced with fresh PBS.
Dasatinib release from particles was evaluated daily by measuring the
absorbance at 325 nm and compared to a calibration curve.

2.9. In vitro scar contraction assay

Swine RPE cells were isolated from freshly obtained eyes provided
from Swift Meat Packaging Company (Louisville, KY, USA) using dis-
pase as previously reported [34]. Cells were routinely cultured in
DMEM supplemented with 10 % FBS, sub-cultured using trypsin and
used between passages 3–5 for experiments. Collagen matrix contrac-
tion assay was performed as previously described with some mod-
ifications [35]. Acid solubilized type I collagen (Wako Chamicals USA,
Richmond, VA) was mixed with 5x DMEM and NaOH to produce neu-
tralized collagen matrices (2.4 mg/ml) in 24 well plates (400 μl/well).
Cultured RPE cells were placed on collagen matrices at 8× 104 cells/
well. Transwell inserts were used to prevent direct contact of the par-
ticles with cells and to prevent loss of spray-dried particles during
media change. Following attachment of the cells (2 h), transwell inserts
were placed in each well and 0.2 ml suspension containing 2mg of
PLGA or PLGA-Dasatinib was added. Dasatinib (0.3 μM, final con-
centration) was added to some wells with PLGA to compare its effect
against PLGA-Dasatinib. DMSO was used as a control. Cells were cul-
tured for 3 days in 5% FBS-DMEM (1 ml/well), with half the media
exchanged at 2, 18, 26, and 42 h. On day 3, collagen matrices were
gently released from wells and photographed after 4 h. The area of
matrix was quantified using Photoshop CS5 software version 12.0

(Adobe systems, San Jose, CA), and degree of contraction relative to the
size of the well was determined.

3. Results

3.1. Optimization of spray drying parameters for target particle size

Prevention of PVR, in particular TRD of the macula, is considered
important since corrective surgery for PVR often fails to significantly
improve visual acuity even when successful in anatomical restoration of
the retina [36]. The aim of this study was to develop a sustained da-
satinib delivery system to be used in the vitreous cavity. We decided to
use PLGA as the vehicle since Ozurdex, a rod-shaped implant composed
of PLGA, has been successfully used for sustained delivery of dex-
amethasone to the posterior globe [37], and dasatinib has comparable
molecular weight and hydrophobicity to dexamethasone. Furthermore,
we chose to use a PLGA particulate drug delivery system, which has
been adopted by others for delivery of drugs comparable in size to
dasatinib [38], as most eyes that develop PVR have procedures to re-
move the vitreous, which is required to keep solid implants such as
Ozurdex in place.

Ideal drug delivery particles for treatment of PVR must stay in the
vitreous cavity, where the fibrotic response takes place, and release
dasatinib in a sustained manner for the prevention of PVR. The lower
size limit was set at> 550 nm since such particles cannot enter the
retina and also will also likely be prevented from leaving the vitreous
cavity due to both hydrophobic and steric effects of the vitreous hin-
dering movement [39,40]. The upper size limit was set at 1500 nm as
larger size particles reportedly have a shorter retention time in the
vitreous cavity [40,41]. All samples were sprayed through the smallest
spray head mesh (4.0 μm) available, since preliminary data using larger
mesh sizes produced particles that were significantly larger than our
target (data not shown). Four spray drying parameters were chosen for
optimization (Table 1). The PLGA concentration levels were con-
strained to 2.5 w/v% or less to avoid clogging of the spray head. Several
user-defined variables impact the resultant size and morphology of the
spray-dried particles, including solvent composition, polymer con-
centration, surfactant concentration, spray-drying temperature, and
rate of airflow through the spray dryer. A Taguchi statistical approach
was utilized to quickly optimize this parameter set with the goal of
producing particles with diameters between 0.5 and 1.5 μm with uni-
form morphologies [42,43].

Table 2 list the Taguchi orthogonal array utilized for this experi-
ment as well as the resulting S/N ratios calculated from the resulting
particle size. Particle size varied from 1.20 to 2.46 μm, and trial 1,
using a PLGA concentration of 1.5 wt/v%, 40 °C inlet temperature, L:G
ratio (lactide:glycolide) 65:35 and 95.0 L/min flow rate, was the only
set of parameters that produced average particle size (1.20 ± 0.61
μm) within the target range.

By averaging all of the trial results for each level of a given para-
meter (e.g., all of the trials using a PLGA concentration of 1.5 w/v%),

Table 2
List of particle size, circularity and their S/N ratios using the Taguchi array.

Parameters Particle Size (μm) Axial Ratio

Trial A B C D y (n= 3) S/N ratio(dB) y (n=3) S/N ratio (dB)

1 1 1 1 1 1.20 ± 0.61 −2.55 1.07 −1.74
2 1 2 2 2 1.87 ± 0.60 −5.87 1.03 −1.61
3 1 3 3 3 1.64 ±0.65 −4.94 1.03 −1.08
4 2 1 2 3 1.88 ±0.71 −6.06 1.09 −2.06
5 2 2 3 1 2.46 ± 0.80 −8.25 1.02 −1.24
6 2 3 1 2 1.60 ± 0.55 −4.51 1.00 0.01
7 3 1 3 2 1.68 ±0.69 −5.16 1.07 −1.81
8 3 2 1 3 1.53 ±0.97 −4.95 1.10 −1.52
9 3 3 2 1 1.54 ±0.91 −5.02 1.02 −0.44
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the parameter with strongest impact on particle size was deciphered.
The degree of variance of experimental results obtained from varying a
parameter was used to rank its impact on particle size (Table S1).

For our optimization, particle size was most influenced by chosen
flow rate. However, several inconsistencies precluded the use of flow
rate as predictive of sample size, morphology, and uniformity. First, the
use of the spray dryer in closed-loop mode led to frequent fluctuations
of flow rate and internal pressure during experiments. This is mainly
due to the system making up for gas leakage by injecting pressurized
gas into the system to make up for the pressure loss. At very high or low
flow rates associated with these gas injections, the morphology of spray
dried particles deviated from spherical. For instance, instead of parti-
cles with spherical morphology, non-spherical polymeric clumps of
PLGA were obtained using the flow rate setting of< 80 L/min and>
120 L/min, while keeping fixed the rest of trial 1 Taguchi parameters
(data not shown). Thus, it was difficult to maintain tight control of air
flow rate during an experiment, and particle size and morphology were
found to vary during short bursts of high and low flow rate during a
run. In light of above-mentioned considerations, the flow rate is re-
garded as an essential taguchi variable, though less predictive as size-
optimization parameter.

On the other hand, the variation in the PLGA concentration, which
was ranked second for influencing particle size, was highly reliable.
Indeed, further reduction of PLGA concentration to 1.0 and 0.5%, while
keeping fixed the rest of trial 1 Taguchi parameters, yielded sub-micron
sized particles with excellent spherical morphology (Table 3 and Fig. 1).
Addition of small molecules to the spray-drying mixture allows for
encapsulation within the polymeric particle framework [44,45]. As
shown in Table 3 and Fig. 1, addition of dasatinib did not affect particle
size, as PLGA concentration of 1.5 and 0.5% produced comparable
particles with or without dasatinib.

3.2. Characterization of PLGA-dasatinib particles

We further characterized dasatinib incorporated particles> 1.0 μm
in size produced by Trial 1 of the Taguchi matrix (Fig. 1D), and sub-
micron particles produced by using 0.5 w/v% PLGA while keeping fixed
the rest of trial 1 Taguchi parameters (Fig. 1E).

Zeta (ζ) potential, which measures the electrostatic repulsion be-
tween colloidal particles in a dispersant environment, was used to as-
sess the stability of PLGA-Dasatinib suspensions. A zeta potential of
-(30–15) mV was observed for sub-micron PLGA-dasatinib particles,
Table 4. All sub-micron particle samples (with or without dasatinib)
readily dispersed in PBS solution, and displayed stability and resistance
to aggregation in PBS dispersions. On the other hand, the absolute zeta
potential values were considerably smaller for> 1.0 μm particles, and
the particles displayed poorer stability in PBS, Table 4. Others have
suggested that the zeta potential ⎜ζ ⎜absolute magnitude (mV) in range
of 0–10, 10–20, 20–30 and 30–60 are considered unstable, nearly-
stable, fairly-stable and highly stable colloidal dispersions respectively
[46], and our data agrees with such observation.

Total dasatinib content and release profile was examined in vitro.
Both sub-micron and micron-sized particles have reproducibly

displayed total dasatinib content in the range of 15–20 nmoles dasa-
tinib/mg PLGA (Fig. 2 and Table 5). When compared with sub-micron
(0.4–0.8 μm diameter) single-emulsion PLGA particles prepared using
previously published protocols [32], spray dried PLGA particles yielded
three times higher total dasatinib content (nmoles/mg PLGA), drug
loading (DL%), and entrapment efficiency (EE%) (Table 5). Multiple
advantages have been reported for PLGA particle production via spray
drying over other techniques, particularly the emulsion solvent ex-
traction/evaporation [32,47,48], emulsion combined supercritical CO2

[49,50], emulsion combined microfluidics [51], phase separation
(coacervation) [25,26] and coaxial electrospray [52] fabrication tech-
niques [53]. Spray drying is a single-step dehydration process [44,54]
that doesn't require a final drying step involved in emulsion/phase se-
paration/freeze-drying techniques. Higher encapsulation efficiency is
one of the key advantages of using spray drying [50], and our data
agrees with previous reports in this regard. Additionally, spray drying is
faster [48], continuous [44,54], easily scalable [54], more reproducible
[45], versatile [54], amenable to heat-sensitive/labile systems [44],
and is more cost-effective [50] than other common techniques of par-
ticle production [53]. At the same time, current spray drying tech-
nology is particularly constrained for sub-micron particle production
due to inadequate separation capacity for sub-micron particles and the
lower force of liquid atomization for sub-micron particle production
[55], leading towards poor laboratory scale yield ranging from 20 to
70% particle recovery [53].

Dasatinib release studies in PBS showed sustained release from both
sets of particles. However, a significant difference in their release pro-
files was observed. Sub-micron particles displayed a burst release pro-
file, with nearly 60% of dasatinib released in the first 3 days of the
experiment. Following the initial burst, sustained release of up to 15
days was seen with the release following uniform higuchi release ki-
netics (Fig. 2 and Table S2). On the other hand,> 1.0 μm PLGA par-
ticles had a more extended release profile, with>30 day release ob-
served in all trials, and displayed non-uniform release kinetics
switching between higuchi, first and zero order, respectively (Fig. 2 and
Table S3). Release studies were performed without the use of dialysis
membranes or Franz diffusion cells due to concerns that the physico-
chemical characteristics of membranes (i.e, dialysis, franz-diffusion
cells) in combination with the hydrophobic drug could tentatively alter
the measured rate of drug-release from the spray-dried particles [56].
The solubility of dasatinib in PBS was measured to be 0.013 mg/mL.
We have observed that the PLGA-Dasatinib (3.5 mg/ml) in fresh PBS
solution are optimum sink conditions. The total dasatinib content
(based on our measurements of 20 nmoles dasatinib/mg PLGA) is 140
nmoles dasatinib in the PLGA matrix within the release solution. Our
highest single release was on day one with 40% (56 nmol) dasatinib
released. This equates to 27.3 μg dasatinib released into 2 mL release
solution, which is 500x below the saturation limit of dasatinib. We
replaced the release solution with fresh PBS after each measurement.
Therefore, we believe that 2.0mL fresh PBS solution is optimum for
daily absorbance measurements of PLGA (7.0mg) matrices.

It is known that de-esterification induced hydrolytic degradation of
PLGA into lactic and glycolic acid occur over extended incubation in
PBS solutions [57–59]. We did not observe any indication of degrada-
tion or additional peak with the UV–vis spectroscopy during the first 15
days. However, we observed that PBS incubated with PLGA particles
alone (without dasatinib) began to display a 325 nm UV–vis band after
15–20 days of incubation at 37 °C. While we cannot rule out that de-
gradation of PLGA-dasatinib could be different from PLGA alone,
especially since a past study has reported that encapsulated drug could
significantly alter the rate of drug release as well as rate of polymer
degradation of bulk PLGA [57], we assumed that PLGA degradation is
likely contributing to the absorbance band of dasatinib at 325 nm after
15 days. To correct for this, the UV–Vis absorbance of PLGA (only)
particles at 325 nm was subtracted to estimate the dasatinib release
content from PLGA-Dasatinib particles. Irrespective of this subtraction

Table 3
Effect of PLGA concentration (wt/v%) on particle size/circularity (keeping all
other Taguchi matrix trial 1 parameters fixed). PLGA-D particles sprayed with
0.025% dasatinib. S/N= signal to noise ratio determined through the Taguchi
optimization procedure.

PLGA Concentration (wt/v%) Particle Size (μm) y (n=3) S/N (dB)

0.5 0.73 ± 0.40 1.62
0.5 + dasatinib 0.71 ± 0.31 3.00
1 0.83 ± 0.37 0.51
1.5 1.20 ± 0.61 −2.55
1.5 + dasatinib 1.48 ± 0.4 −4.24
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of PLGA (only) band, a slight increase in the dasatinib UV–Vis band
(325 nm) is also observed around 35–40 days of sustained release stu-
dies for > 1.0 μm particles (Fig. 2B insert). This is likely due to the
combined disintegration and swelling of> 1.0 μm particles that leads
to higher surface-to-volume ratio of PLGA particles and consequently
enhanced release of dasatinib [59].

3.3. Assessment of therapeutic efficacy on PVR-related cell function in vitro

Therapeutic efficacy of PLGA-dasatinib particles was examined
using an assay for PVR-related cellular contraction. However, Unlike
previously reported in vitro scar contraction assay [35], culture media
was partially exchanged to mimic fluid turnover within the eye.

Collagen matrices contracted by 50% of the original size in control
condition (PLGA particles with no dasatinib) (Fig. 3). PLGA-Dasatinib
particles, irrespective of their size, significantly inhibited contraction to
less than 10%. This data confirms that dasatinib incorporated into the
particulate system by spray drying maintains its therapeutic efficacy.

When turnover of ocular fluid was simulated by multiple media
changes, sustained release formulations of dasatinib showed superiority
to single dasatinib solution injections, possibly due to a therapeutic
concentration being maintained by sustained release particles.
However, that ocular fluid turnover was only crudely mimicked in our
in vitro assay, and further studies will be required to examine if the
observed sustained release in vitro can be translated into inhibition of
PVR associated changes in vivo. It should be noted that a desired release
profile, depending on the situation, could be obtained by mixing the
sub-micron and>1 μm particles at different ratios [60]. For example, a
mixture with higher ratio of> 1 μm particles, which has a longer
sustained release profile, could be used for prevention of PVR in a high
risk patient where the disease has not yet developed. On the other hand,
an already developed contractile scar could be targeted by a higher
intraocular dasatinib concentration by increasing the ratio of sub-
micron particles.

4. Discussion

Long-lasting controlled release systems of vaccines containing PLGA
microspheres (1–10 μm) had been formulated via emulsion solvent
extraction/evaporation processes [47]. Though the delivery matrices
were effective for sustained delivery applications, the agglomeration,
low encapsulation efficiency, low yield and solvent residuals were cri-
tical formulation-based disadvantages [47,61]. These emulsion-based

Fig. 1. Morphology and size of produced parti-
cles. Representative SEM images are shown in
(A)–(E), with (F) showing average size. (A) PLGA
particles produced by taguchi matrix trial 1
parameters. (B) (C) PLGA concentration was re-
duced, while keeping fixed other trial 1 para-
meters, to (B) 1.0 wt/v % and (C) 0.5 wt/v %
resulting in smaller PLGA particles. (D) PLGA-
Dasatinib particles obtained by taguchi para-
meters of trial 1. (E) PLGA –Dasatinib particles
obtained by varying PLGA concentration to 0.5
wt/v %, while keeping fixed other taguchi
parameters of trial 1. (F) Average particle size: A
(1.20 ± 0.61) μm, B (0.83 ± 0.37) μm, C
(0.73 ± 0.40) μm, D (1.27 ± 0.58) μm and E
(0.64 ± 0.28) μm respectively.

Table 4
Zeta potential measurements of asub-micrometer and ** > 1.0 μm
spray dried PLGA-Dasatinib particles (n = 1350 particles for each
condition). Data reported as Mean ± Std. Dev.

Average particle size (μm) Zeta Potential (mV)

a0.76 ± 0.32 −17.32 ± 4.81
a0.73 ± 0.35 −20.69 ± 3.27
a0.64 ± 0.28 −29.93 ± 2.11
**1.27 ± 0.58 −3.95 ± 6.00
**1.11 ± 0.63 5.99 ± 12.74
**1.01 ± 0.33 −1.72 ± 2.60

**>1.0 μm PLGA –Dasatinib particles obtained using taguchi matrix
trial 1 parameters.

a Sub-micrometer PLGA –Dasatinib particles obtained by varying
PLGA concentration to 0.5 wt/v %, while keeping fixed other taguchi
parameters of trial 1 particles.

R. Chauhan, et al. Journal of Drug Delivery Science and Technology 53 (2019) 101204

5



disadvantages were overcome in the formulation of insulin-en-
capsulated PLGA microspheres (1–5 μm) [49] and topical drugs “La-
tanoprost and dexamethasone” encapsulated PLGA microspheres (150
μm) [51], respectively. The former, insulin-encapsulated PLGA micro-
spheres (1–5 μm), were fabricated by combining double-emulsion with
the continuous supercritical emulsion extraction (SEE-C) process [49]
and the latter, Latanoprost/dexamethasone encapsulated PLGA

microspheres (150 μm) [51], were formulated by combining single-
emulsion with capillary microfluidics.

The SEE-C process incorporates the continuous extraction of organic
solvent from double-emulsion, and therefore, negligible solvent residue
was left. Though emulsion combined SEE-C process is advantageous, it
requires multiple steps and has poor control on size/size-distribution/
morphology of the microspheres. Emulsion methods combined with
capillary microfluidics produced ultra-small quantities of microspheres
and had precise control on drug release rate, drug loading, size, shape
and shell thickness of microspheres [51,61]. Yet, the capillary micro-
fluidics was heavily time consuming because single drops were gener-
ated one at a time. The disadvantages of emulsion combined SEE-C
process and single-emulsion combined coupled capillary microfluidics
were overcome using a single-step coaxial tri-capillary electrospray (ES)
system for the formulation of multiple drug [epigallocatechin gallate
(EGCG); budesonide] PLGA composites [52]. The ES system was ex-
cellent for achieving nearly 100% encapsulation efficiency and robust
control on the drug release rate by varying the layer thickness and
material composition of tri-layered composite particles. However, the
ES system was constrained by lack of standardized protocols, nozzle
design and amenable particle collection method [52,61].

Currently, the micelle (supramolecular assembly) based formula-
tions of dasatinib loaded nanoparticles had been studied for their
therapeutic efficacy against proliferative vitreoretinopathy (PVR) [8]
and multidrug resistance (MDR) tumors [62], respectively. Lee et al.
formulated dasatinib-loaded poly(ethylene glycol)-block-poly(ε-capro-
lactone) [PEG-B-PCL] micelles for inhibiting PVR-associated retinal
pigment epithelial (RPE) cellular transformation [8]. In like manner,
Jin, et al. formulated dasatinib/paclitaxel loaded monomethoxy-poly
(ethylene glycol)–SS–octadecyl [mPEG-S-S-C18] micelles for treatment
of multidrug resistance (MDR) tumors [62]. Both dasatinib loaded PEG-
b-PCL micelles and dasatinib/pacitaxel loaded mPEG-S-S-C18 micelles
displayed superior size distribution, drug loading (DL%) and entrap-
ment efficiency (EE%) to the spray dried sub-micron PLGA-Dasatinib
particles. However, in comparison to sub-micron spray-dried PLGA
particles, these miscellar formulations were heavily disadvantageous
due to their relatively short controlled release profile (~3–4 days) and
poor stability -(0.06–6.0) mV zeta potential, respectively.

5. Conclusion

The feasibility of encapsulating dasatinib in sub-micron PLGA par-
ticles via spray-drying has been demonstrated. The spray-drying process
has been optimized for encapsulation of dasatinib into the targeted
particle size of 0.5–1.5 μm. Release studies confirm a sustained release
profile with highuchi kinetics for size optimized sub-micron particles.
In contrast to sub-micron particles, a very long sustained release profile

Fig. 2. Total dasatinib content and release profile
of> 1.0 and < 1.0 μm PLGA-Dasatinib spray dried
particles. Total dasatinib content was comparable
(15–20 nmole dasatinib/mg PLGA) between the two
types of particles (A), while dasatinib release profile
was different with<1.0 μm PLGA-Dasatinib spray
dried particles showing more pronounced burst release
(B).

Table 5
Total dasatinib content (nmoles/mg PLGA), Drug loading (DL%), Entrapment
efficiency (EE%) for dasatinib encapsulation in spray dried and single-emulsion
PLGA particles.

Dasatinib content (nmole/mg
PLGA)

DL (%) EE (%)

Spray dried, > 1 μm 15.0 ± 2.2 0.73 84.2
Spray dried, < 1 μm 18.7 ± 1.1 0.91 84.1
Single emulsion, < 1 μm 6.8 ± 0.8 0.33 91.6

Fig. 3. Collagen matrix contraction assay. (A) Representative images of con-
tracted collagen matrices. (B) Quantified data of collagen contraction.
Contraction of collagen matrices is significantly inhibited by PLGA-Dasatinib
(PLGA-Das). PLGA-Das was more effective than addition of dasatinib solution.
A minimum of n = 5 from five different batches of cells. *P < 0.05, sig-
nificantly different from PLGA control, #P < 0.05, significantly different from
PLGA with dasatinib solution.
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for> 1.0 μm particles with release kinetics switching between higuchi,
zero and first order were observed. Higher total dasatinib content and
encapsulation efficiency was achieved by spray-drying PLGA-Dasatinib
production compared single emulsion PLGA-Dasatinib. The therapeutic
efficacy of PLGA-Dasatinib was validated with an in vitro inhibition
assay of PVR using cultured RPE cells, and biocompatibility was con-
firmed in vivo. We plan to test these particles further using an in vivo
model to examine their usefulness in the prevention of PVR.
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