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In this paper, a three-dimensional (3D) poly(lactic-co-glycolic acid) (PLGA)/silica colloidal crystal drug
delivery system with sustained drug release and visualized release monitoring was developed. This
system had employed silica colloidal crystal microparticles as template skeleton, PLGA as drug carrier
and dexamethasone (DEX) as therapeutic agent. The fabrication of the microparticle-based system
included droplet formation based-on microfluidics, silica nanoparticle self-assembly and layer-by-layer
deposition of PLGA containing DEX. In 370 lm droplets, the silica colloidal nanoparticles could
self-assemble orderly into microparticles with a diameter of 187 lm, featuring red structure color.
During the deposition of PLGA with the drug into the voids of the template microparticles, the reflection
peak red-shifted and weakened until the voids were completely filled. Owing to the gradual degradation
of PLGA, the release of DEX was triggered and sustained for 4 weeks with a cumulative release of 94.9%,
while the structure color of the microparticles recovered during the release process. The color change
could be recognized by the naked eyes, which would benefit the non-invasive monitoring of the drug
release. The in vitro cytotoxicity and long-term inhibiting proliferation were investigated on retinal
pigment epithelial cells. The inhibition effect of DEX released from the microparticles showed
concentration-dependence from 40 to 200 lg mL�1 and time-dependence within 7 days. As a sustained
drug delivery system with self-reporting drug release, the particles have potential applications in
treatment of intraocular diseases.

� 2018 Published by Elsevier Inc.
1. Introduction

Proliferative vitreoretinopathy (PVR) is an ocular disease which
usually occurs during the process of wound-healing after surgery
of rhegmatogenous retinal detachment [1]. Standard therapeutic
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method for PVR is intravitreal injection near the disease site, which
is capable of bypassing the ocular barriers, differing from systemic,
topical, and periocular treatments [2]. Traditional administration
of free drugs usually leads to rapid release and clearance of the
drugs due to the short half-life. As a consequence, effective drug
concentrations need to be maintained by repeated intravitreal
injections, which increase the risk of adverse effects, such as catar-
act formation, retinal detachment, and endophthalmitis [3]. Drug
delivery systems have been widely developed to improve the effi-
cacy of traditional drug therapies through maintaining systemic
concentration of free drug [4]. The goals of maintaining drug levels,
decreasing administration frequency and reducing harmful side
effects could be achieved by using appropriate drug delivery sys-
tems. The commonly used drug-loaded materials of intraocular
devices include liposome [5], natural polymer [6], and synthetic
polymer [7]. PLGA has been approved for drug delivery by the US
Food and Drug Administration due to its high biodegradability
and mechanical properties, as well as controllable degradation
rates through adjusting the proportion of components, the molec-
ular weight, and other factors [8–11]. Injectable microparticles
prepared with PLGA have been widely investigated to be applied
in the treatment of vitreoretinal disorders, particularly in PVR
[12–14]. Moritera and collaborators first developed PLGA
microparticles encapsulating antiproliferative agent, 5-fluoruracil
or adriamycin, as intravitreal injections for PVR [15,16]. The inves-
tigation result indicated that the embedded therapy agent dis-
played a prolonged release behavior, and the acute toxicity effect
was decreased compared with free drug solution which led to a
higher initial therapeutic concentration.

Although the sustained drug delivery effect of microparticle
formulation has been confirmed, it is essential to develop an effec-
tive method to monitor drug concentration during constant drug
release. In clinical administration of most drugs, interplay factors,
such as genetics, demographics, disease states and the environ-
ment, would result in the interindividual variability during drug
therapy [17]. Therefore, drug monitoring is necessary, and the
drug delivery systems capable of indicating drug concentration
in real-time is urgently needed. For intravitreal diseases, it is a
rational alternative to apply microparticles with luminescence
properties to sensing variation of drug concentration by color
change. Maher et al. prepared an advanced silicon diatom replica
microcarrier, which was obtained from diatomaceous earth min-
eral derived from single-cell algae diatoms [18]. Due to the intrin-
sic luminescence of silicon diatom, it has self-reporting function
for monitoring both luminescent and nonluminescent drugs.
Nevertheless, the photoluminescence of the particles need to be
excited and observed under a confocal laser scanning fluorescence
microscope, which is impractical to be implemented by the
patient. Sailor’s group were devoted to fabrication of one-
dimensional (1D) porous silicon photonic crystal particles by
electrochemical etching and ultrasonic fracturing [19–21]. The
resulting porous structure allowed the particles to display
structure color which could be observed under a white light
source. However, the spectrum and the apparent color of individ-
ual particles showed some variability, and the distribution needed
to be quantified by measuring the reflection spectrum from a large
number of particles. In addition, the reflected light of 1D photonic
crystal had the angular dependence effect, and the stacking or
adhesion of particles would occur in liquid surroundings. There-
fore, the approach should be improved to generate uniform color
change for monitoring drug concentration. The above-mentioned
limitation could be surmounted by 3D photonic crystal micropar-
ticles. 3D spherical photonic crystal particles prepared by
nanoparticle self-assembly technology have been applied in opti-
cal decoding [22], colorimetric sensing [23], multiplex bioassays
[24], cells capture [25], and drug delivery [26]. The 3D porous
structure could provide higher specific surface area and non-
angular dependent structure color.

In this paper, 3D PLGA/silica colloidal crystal microparticles,
which aimed at addressing the angular dependence effect of 1D
photonic crystal particles, were designed for drug delivery and
release monitoring. Herein, monodisperse droplet templates were
produced based on microfluidic technology, which had unique
advantages in the preparation of homogeneous microparticles.
After solvent evaporation, the uniform silica nanoparticles were
self-assembled into 3D porous structures with a large surface area.
PLGA with favorable biodegradability and biocompatibility was
used as drug carrier, and dexamethasone (DEX), one of the corti-
costeroids which could influence both the inflammatory and the
proliferative components of the PVR process, was used as therapy
agent. Before drug loading, the particles showed bright structure
color due to the ordered periodic arrangement of the silica
nanoparticles. While the PLGA together with DEX was deposited
layer-by-layer in the voids of the particles, the peak of the reflected
spectrum was red-shifting until the particles were completely
filled with the polymer, and the structure color faded. The color
of the microparticles would recover during sustained drug release
owing to the degradation of PLGA. And the color change during the
drug release could be distinguished by the naked eyes.
2. Materials and methods

2.1. Reagents and materials

Poly(D, L-lactic-co-glycolic acid)) (lactc acid/glycolic acid =
50/50, Mw = 5000 Da, medical grade) was purchased from Jinan
Daigang Biomaterial Co., Ltd., China. Dexamethasone (99%, biolog-
ical reagent) was bought from Shanghai Civi Chemical Technology
Co., Ltd., China. Silica nanoparticle suspension was provided by
Nanjing Nanorainbow Biotechnology Co., Ltd., China. Mineral oil
(biological reagent) was purchased from Sigma-Aldrich, USA. Span
80 (chemical pure) was bought from Sinopharm Chemical Reagent
Co., Ltd., China. Hank’s balanced salt solution (HBSS, without cal-
cium and magnesium) was obtained from Beijing Solarbio Science
& Technology Co., Ltd., China. Retinal pigment epithelial cell lines
(ARPE-19) were obtained from the American Type Culture Collec-
tion. Dulbecco’s modified eagle medium (DMEM, Life technologies,
USA) with 10% fetal bovine serum (FBS, CLARK Bioscience, USA)
was used for cell culture. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe
nyltetrazolium bromide (MTT) kit, calcein AM (>95%, biochemical)
and propidium iodide (>95%, biochemical) were purchased from
Dalian Meilun Biology Technology Co., Ltd., China. All of the
reagents were used as received without further purification.
Deionized water was used throughout the experiment.
2.2. Preparation of drug-loaded microparticles

The fabrication process of the 3D PLGA/silica colloidal crystal
microparticles consists of droplet formation, colloidal nanoparticle
self-assembly and polymer deposition, as schematically shown in
Fig. 1.

The micro-droplets were generated by introducing silica
nanoparticle (280 nm in diameter) suspension (20% w/v) as dis-
perse phase and mineral oil (containing 2% Span 80) as continuous
phase based on a microfluidic chip with facile T-junction channels.
All of the solutions were driven by syringe pumps (PHD-2000, Har-
vard Apparatus, USA), and the flow rates of the two solutions were
controlled flexibly. When the aqueous phase was sheared by oil
phase, droplets containing silica nanoparticles were generated
and flowed into the reservoir. The optical images of droplets col-
lected in the reservoir were captured by a camera (AxioCam ERc



Fig. 1. Schematic diagram of fabrication process of the 3D PLGA/silica colloidal crystal microparticles.
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5s, Carl Zeiss, Germany) mounted on a stereo microscope (Stemi
2000-C, Carl Zeiss, Germany). The droplet sizes were measured
by Image J software.

The droplets of silica nanoparticle suspension were used as
templates for preparation of silicon colloidal crystal microparticles.
After the water evaporation from the droplets at 50 �C for 12 h, the
silicon colloidal crystal microparticles were harvested. The
microparticles were washed with n-hexane to remove the residual
oil. Then the dry particles were calcined in a muffle furnace at
700 �C for 3 h to improve the mechanical strength. The optical pho-
tographs of the microparticles were observed by using the stereo
microscope and captured by the camera aforementioned. The
microstructures of the silica colloidal crystal microparticles were
characterized by a scanning electron microscope (SEM, SU8010,
Hitachi, Japan).

The PLGA containing DEX was loaded into the voids of silicon
colloidal crystal microparticles. First, PLGA was dissolved in ace-
tonitrile to form polymer solution. Then, DEX was dissolved in
the polymer solution. Thereafter, polymer solution containing
DEX was dropped onto silica microparticle templates. The solution
was fully infused into the voids between interfaces of silica
nanoparticles through capillary attraction. PLGA containing DEX
was deposited repeatedly for several times to completely fill the
voids between the nanoparticles. The reflection spectra of the par-
ticles were measured by a fiber-optic spectrometer (QE65000,
Ocean Optics, USA). The microstructure of the microparticles
deposited with different layers of PLGA was recorded by SEM. Rho-
damine B was used to mimic drug molecule and deposited with
PLGA in the silica colloidal crystal microparticle templates, and
the fluorescence images of dye-loaded microparticles were taken
under a confocal laser scanning microscope (CLSM, FV1200,
Olympus, Japan). The composite of silicon colloidal crystal
microparticles, PLGA and DEXwas confirmed by Ultraviolet–visible
(UV–vis) spectrophotometer (TU-1901, PERSEE, China) and Fourier
transform infrared (FTIR) spectroscopy (Nicolet 6700, Thermo
Fisher, USA).
2.3. In vitro drug release and color monitoring

The drug loading amount was determined by immersing 1.0 mg
drug-loaded particles in acetonitrile. The release behavior of DEX
from the drug-loaded microparticles was investigated in Hank’s
balanced salt solution (HBSS) containing 0.01% Tween 80 at pH
7.4. Briefly, 1.0 mg drug-loaded microparticles were suspended in
500 lL HBSS within a small eppendorf tube, which was sealed with
paraffin film and wrapped with aluminum foil to protect the parti-
cles from light. Then the tube was incubated in a thermostatic sha-
ker at 37 �C with an oscillating speed of 50 rpm. At every
predetermined time interval, 100 lL supernatant was removed
after the sample was centrifuged, while equal volume of fresh
HBSS was replenished to maintain a constant total volume. The
absorbance of the supernatant collected at every time point was
measured by an UV–vis spectrophotometer, and the released drug
was calculated according to the standard calibration curve. All of
the experiments aforementioned were conducted in parallel for
three times with freshly produced drug-loaded microparticles,
and the averages and standard deviations were calculated. Optical
pictures of the drug-loaded particles were captured by a digital
camera (SX210 IS, Canon, Japan) at every predetermined time
interval.

2.4. In vitro cytotoxicity and cellular proliferation assays

The in vitro cytotoxicity and cell proliferation experiments were
performed with retinal pigment epithelial cells (ARPE-19 cells).
The ARPE-19 cells were routinely incubated in a culture flask with
DMEM (supplemented with 10% FBS) in a 5% CO2 incubator (HERA
cell 150, Thermo Electron, USA). The microparticles were entirely
sterilized by UV irradiation for 2 h before incubation with the cells.

MTT assay was used to measure cell proliferation. In a typical
procedure, the cells were seeded in 96-well plates at a density of
5 � 104 cells per well and incubated for 24 h. For investigation of
the cytotoxicity of drug-free microparticles, the cells were treated
with PLGA/silica microparticles of different concentrations (from
50 to 500 lg mL�1). For investigation of cellular proliferation dur-
ing drug action, the cells were incubated with PLGA/silica
microparticles loaded with DEX of different concentrations (from
40 to 200 lg mL�1) for 1, 3, and 7 days respectively. Every four
hours, the culture medium in the samples was taken out, and then
100 lL of MTT solution (0.5 mg mL�1) was supplemented. After-
wards, 100 lL of formazan dissolving reagent was added into each
well for further incubation of four hours, and the absorbance at
570 nm was measured by a microplate reader (Synergy H1, BioTek,
USA). The negative controls were conducted with non-treated cells.
Cell proliferation was assessed using the live/dead cell staining
assay with calcein AM and propidium iodide. The final concentra-
tions of calcein AM and propidium iodide were 5 lg mL�1 and
10 lg mL�1, respectively.

3. Results and discussion

3.1. Preparation and characterization of microparticles

A microfluidic chip of polydimethylsiloxane (PDMS) was used
to form water in oil droplets due to its inherent hydrophobic prop-
erty. The micro-droplets were generated in the T-junction channels
and flowed into the collection reservoir at the end of the main
channel, as shown in Fig. 2a. The effects of the flow rates of the
aqueous phase and oil phase on the droplet size were investigated.
At the constant aqueous phase flow rate of 0.5, 1.0 or 2.0 lL/min
respectively, the droplet size varied with the oil phase flow rates
ranging from 0.1 to 30.0 lL/min. At each constant aqueous phase
flow rate, the droplet sizes were decreased with the increase of
the oil phase flow rates, while at each oil phase flow rate, the



Fig. 2. (a) Optical picture of the silica colloidal droplets. (b) Relationship between the droplet size and the oil phase flow rate with the aqueous phase flow rates of 0.5, 1.0 and
2.0 lL/ min respectively. (c) Relationship between the particle diameter and droplet diameter. (d) Optical microscopy image of the silica colloidal crystal microparticles. (e)
Diameter distribution of the particles. (f) SEM images of microstructure of the microparticle surface and interior. Error bars represent standard deviations (n = 20). Scale bars
are 500 lm in (a), 200 lm in (d) and 500 nm in (f).
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droplet sizes were increased with the increase of the aqueous
phase flow rates, as shown in Fig. 2b. As a result, the droplet size
could be controlled from 750 lm to 174 lm by regulating the flow
rates, which indicates that the microfluidic chip is capable of
generating droplets with a wide size range. And the droplets of
the silica colloidal suspension were quite uniform with a relative
standard deviation below 2.0% (n = 20) in diameter.

After the droplets were collected in the reservoirs, the microflu-
idic chip was placed on a 50 �C heat plate overnight to evaporate
the solvent completely. The droplet size was gradually decreased
with the evaporation of water inside the droplets, and the diameter
of resultant particles was measured to investigate the size relation-
ship between the droplets and the particles. As shown in Fig. 2c,
the particle diameter is linearly related to the droplet diameter.
According to the fitted linear regression curve, microparticles with
required sizes could be fabricated by controlling the flow rates of
aqueous phase and oil phase. When the flow rates of aqueous
Fig. 3. (a) Schematic diagram of PLGA deposition. (b)–(g) SEM images of silica colloidal
respectively. Scale bars are 500 nm.
phase and oil phase were both 1.0 lL/min, silica colloidal droplets
of 370 lm were generated and self-assembled into microparticles
of 187 lm. The optical microscopy images and the size distribution
of the silica colloidal crystal microparticles are shown in Fig. 2d
and e. The relative standard deviation of the microparticle diame-
ter was below 2.5% (n = 100), which suggests the high monodisper-
sity of particles produced by using the droplet-based microfluidic
technology. The morphology and microstructure of silica colloidal
crystal microparticles were characterized using a scanning electron
microscope, as shown in Fig. 2f. It was observed that the silica
nanoparticles on the surface formed a hexagonal alignment, and
this arrangement extended to the interior of the particles.

In the polymer deposition process, 10 mg/mL PLGA dissolved in
acetonitrile was dropped layer-by-layer onto the silicon colloidal
crystal microparticles and infiltrated into the voids between silica
nanoparticles through capillary attraction, as described in Fig. 3a.
After volatilization of the solvent, PLGA polymer was deposited
microparticles infiltrated by 0 (b), 1 (c), 2 (d), 4 (e), 6 (f) and 8 (g) layers of PLGA,
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on the surface of silica nanoparticles. As more PLGA layers were
built up, the voids became smaller [27], as shown in Fig. 3b–g.
After deposition of eight times, the voids between the silica
colloidal nanoparticles were completely filled with polymer. The
fluorescent dye rhodamine B was used to mimic drug molecule
and deposited with PLGA into the silica colloidal crystal micropar-
ticle template, and the distribution of the dye in the microparticles
was characterized by CLSM. The bright field and fluorescent images
of rhodamine B-loaded microparticles are shown in Fig. 4a and b,
and the cross-sectional images of the particles are shown in
Fig. 4c. The results imply that the dye was uniformly distributed
in the microparticles.

The reflection spectra of the particles with different PLGA layers
were recorded, as shown in Fig. 5a. According to the Bragg’s equa-
tion, the reflection wavelength of the particles can be estimated by
the law [28]

k ¼ 1:633dnaverage ð1Þ
Fig. 4. Bright field image (a), fluorescent image (b), and cross-sectional im

Fig. 5. (a) Reflection spectra of the particles deposited with 0 to 8 layers of PLGA. (b) Pe
PLGA, DEX and the supernatant of the drug-loaded particles in acetonitrile. (d) FTIR spec
where k is the peak wavelength, d is the distance between two
neighboring nanoparticles, and naverage is the average refractive
index of the particles. In the deposition process of PLGA, the
distance between the silica nanoparticles was constant, while the
average refractive index was variable and can be calculated
approximately by the law

naverage
2 ¼

X
n2
i f i ð2Þ

where ni is refractive index of each component (nair = 1.0, nsilica
= 1.46, nPLGA = 1.46), and f is their volume fractions (fsilica � 0.74,
fothers � 0.26). According to Eqs. (1) and (2), the reflection peak of
the template microparticles consisting of 280-nm silica nanoparti-
cles was 617 nm, which was precisely in agreement with the
measured value of 616 ± 3 nm. Because the refractive index of
PLGA (1.46) is higher than that of air (1.0), the reflection peak of
the particles showed red-shifting in PLGA deposition process. As
shown in Fig. 5b, the reflection peak showed a gradual red shift
ages of rhodamine B-loaded microparticles. Scale bars are 100 lm.

ak position of the particles versus the number of PLGA layers. (c) UV–vis spectra of
tra of DEX (i), PLGA (ii), silica nanoparticles (iii) and DEX-loaded microparticles (iv).
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from 616 ± 3 nm to 660 ± 3 nm upon the first four PLGA layers,
and the red shift eventually stopped at 663 ± 3 nm after deposition
for eight layers. The results were consistent with the SEM images
of the microparticles, which reveal that the voids were filled com-
pletely. Besides, owing to the higher polydispersity index of PLGA
polymer of about 1.8, which might lead to the inhomogeneous
deposition of PLGA, the reflection peak intensity was decreased
during deposition.

The DEX-loaded microparticles were re-dissolved in acetonitrile
to clarify the existence of DEX in the particles by an UV–vis spec-
trophotometry. As shown in Fig. 5c, an absorption peak of the
supernatant of the drug-loaded particles occurred at 231 nm,
which was attributed to the mergence of PLGA at 226 nm and
DEX at 235 nm. The results were further confirmed by FTIR spec-
troscopy, as shown in Fig. 5d. The characteristic peaks belonging
to DEX (3414, 2949, 1665 cm�1), PLGA (2997, 1757, 1425 cm�1)
and silica nanoparticles (808, 471 cm�1) could be detected in the
drug-loaded microparticles (curve iv), which proves that the com-
ponents of the particles were physically entangled with each other,
and the molecular structure of DEX was preserved in the drug-
loading process.

3.2. In vitro drug release and color monitoring of microparticles

As a biodegradable carrier, PLGA can be broken down into such
nontoxic products as water and carbon dioxide, which will be
easily eliminated [8]. The drug release behavior from PLGA carrier
can be regulated by varying properties of PLGA, for instance, the
ratio of lactide to glycolide, and the molecular weight (MW) [29].
In this work, PLGA polymer with lactide/glycolide of 50/50 was
selected because its higher hydrophilicity could result in faster
degradation. Besides, the MW of PLGA has an important effect on
the degradation rate, and can further influence the drug-release
profile. The PLGA with MW of 5000 Da, featuring a faster degrada-
tion rate and a sustained drug release capability, was selected in
Fig. 6. (a) Schematic illustration of drug loading and release, and the color change at the
bars represent standard deviations of three parallel groups (n = 3). (c) and (d) Optical pictu
(h) Optical pictures of silica colloidal crystal microparticles after releasing drug for one (e
references to colour in this figure legend, the reader is referred to the web version of th
our experiment. Hank’s balanced salt solution was used to simu-
late physiological environment of human vitreous. The drug load-
ing and release process was described in Fig. 6a. The silica
colloidal crystal microparticles showed a red structure color before
loaded with DEX, and the color faded after PLGA polymer and DEX
fully filled the voids between the silica nanoparticles. In a typical
experiment, the particles were prepared with PLGA solution con-
taining 2 mg mL�1 DEX depositing 8 layers, and the effective drug
loading amount was measured to be 28 lg mg�1. The drug release
kinetics of the microparticles was recorded, as shown in Fig. 6b.
The cumulative release of DEX was approximately 14.3% for the
first 24 h, and reached around 35.2% after 3 days. A week later,
the release of DEX was 62.7%, and then tended to slow down. Dur-
ing the subsequent three weeks, the DEX was sustainedly released
up to 94.9%. The results demonstrate that the microparticles
showed a sustained release behavior.

Before drug loading, red structure color was observed due to the
periodic arrangement of silica nanoparticles, as shown in Fig. 6c.
After drug loading, the voids of the silica colloidal crystal micropar-
ticles were filled with PLGA polymer containing DEX, and the drug-
loaded particles showed white color because the reflection peak
was decreased, as shown in Fig. 6d. During the drug-release pro-
cess, the optical pictures of the microparticles were also recorded
each week, as shown in Fig. 6e– h. With the degradation of PLGA
polymer, the structure color of the particles was gradually recov-
ered. After four weeks, the particles appeared red color similar to
the particles before drug loading, and this phenomenon was
ascribed to the complete degradation of PLGA. The individual par-
ticles showed almost identical color, and the color change, which
was related to the drug release with the degradation of PLGA, could
be recognized by the naked eyes. The recovery of structure color of
the particles was almost synchronized with the complete release of
the drugs. This property makes the microparticles potential to be
applied as a sustained drug delivery system with non-invasive
self-reporting monitoring of drug release.
different stages. (b) Cumulative release profile of DEX from the microparticles. Error
res of silica colloidal crystal microparticles before (c) and after (d) drug loading. (e)–

), two (f), three (g) and four (h) weeks. Scale bars are 1 mm. (For interpretation of the
is article.)
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3.3. Effect of sustainedly released drug on ARPE-19 cells

The drug-free particles were prepared using the silica colloidal
crystal particles as template and deposited with PLGA polymer
without DEX. The in vitro cytotoxicity of drug-free microparticles
was tested by MTT assay with particle concentration ranging from
50 to 500 lg mL�1. As shown in Fig. 7a, after incubation with the
particles for 1, 3 and 7 days, the cell viability under each concen-
tration condition was above 95%, and no obvious decrease was
observed until the particle concentration reached 500 lg mL�1.
The result indicates that the carrier materials possessed excellent
biocompatibility and showed negligible toxicity to the ARPE-19
cells.

As one of the corticosteroids, DEX plays a pivotal role in the
treatment of many intraocular diseases. The cellular proliferation
inhibition of drug-loaded microparticles was investigated by MTT
assay to evaluate the efficacy of DEX released from the particles
on the ARPE-19 cells. The viabilities of cells, respectively incubated
with 500 lg mL�1 particles loaded with DEX ranging from 40 to
Fig. 7. (a) Viability of ARPE-19 cells incubated with drug-free microparticles for 1, 3 and 7
3 and 7 days. Error bars represent standard deviations of five parallel wells (n = 5).

Fig. 8. Fluorescence images of untreated cells (a) and stimulated cells incubated with dr
200 lg mL�1, were recorded. The negative controls were con-
ducted with non-treated cells, and the cell viability was normal-
ized as 100%. As shown in Fig. 7b, with the same incubation
time, the cell viability was gradually decreased with the increase
of DEX concentration. After the cells were incubated with the
drug-loaded microparticles for one day, the cell viability with
40 lg mL�1 DEX loaded in the particles was 82.9%, and decreased
to 68.0% with 200 lg mL�1 DEX. The results reveal that the inhibi-
tory effect of DEX on proliferation of ARPE-19 cells is concentration
dependent. Moreover, under each concentration condition, the cell
viability with different incubation time is also shown in Fig. 7b. The
cell viability was decreased slightly from 1 day to 7 days, and the
results show that the proliferation of ARPE-19 cells inhibited by
DEX released from the microparticles is also time-dependent. The
drug-loaded particles exhibited notable superiority for inhibiting
the proliferation of ARPE-19 cells due to their continuous release
capacity.

Fluorescence images of stained ARPE-19 cells in the live/dead
cell staining assay were shown in Fig. 8. As a control group, the
days. (b) Viability of ARPE-19 cells incubated with DEX-loaded microparticles for 1,

ug-loaded microparticles (b) for 1, 3 and 7 days respectively. Scale bars are 200 lm.
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cells were untreated and cultured in a normal environment, as
shown in Fig. 8a. The number of the cells was gradually increased
from 1 day to 7 days, presenting a constant proliferation behavior
of untreated cells with the prolongation of culture time. When
the cells were treated with the microparticles loaded with
100 lg DEX, the cell proliferation was inhibited, as shown in
Fig. 8b. The number of the cells stimulated with DEX was appar-
ently reduced compared with the untreated group, and the number
of the cells still decreased after stimulated for 7 days. This could be
explained by the continuous release of DEX from the drug-loaded
microparticles. The results imply that the microparticles have
sustained inhibitory effect on the proliferation of ARPE-19 cells
with the incubation period of 1 day to 7 days. Therefore, the
DEX-loaded microparticles might serve as a sustained drug
delivery system for treatment of PVR.

4. Conclusions

In this study, we proposed a 3D PLGA/silica colloidal crystal
drug delivery system for sustained drug release and self-
reporting drug monitoring. Based on the droplet-based microflu-
idic technology, the diameter of the template particles generated
through silica nanoparticle self-assembly could be controlled by
adjusting the flow rates. The microparticles possessed excellent
monodispersity, as well as homogeneous structure color. These
features are highly desired to achieve an accurate drug delivery
event, and surmount the shortcomings of 1D photonic crystal
particles [19–21]. With the layer-by-layer deposition of PLGA
containing DEX into the template particles, the reflection peak
red-shifted and weakened. And the peak recovered with the degra-
dation of PLGA, which provides visualized monitoring of drug
release. Simultaneously, the 3D drug-loaded microparticles
allowed for a continuous drug release for 4 weeks, facilitating
effective proliferation inhibition on ARPE-19 cells. In addition,
the microparticles showed excellent biocompatibility due to the
inherent features of the carrier materials and the facile preparation
process. The 3D PLGA/silica colloidal crystal microparticles are
expected to be a promising candidate for drug delivery without
repeated administration in intravitreal disease treatment. The par-
ticles have also opened up a novel path to realize non-invasive
monitoring of drug release by the naked eyes based on colloidal
crystal structure.
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