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ABSTRACT

OBJECTIVES: This study aimed to fabricate the PCL-nanoparticles (NPs) loaded retinoic acid (RA) using
the microfluidic system for successful cellular uptake and induction of neuronal differentiation of trabecular

meshwork mesenchymal stem cells (TMMSCs).

METHODS: A microfluidic system used to synthesize RA-loaded NPs, DLS, FTIR, TEM, and UV-
spectroscopy was recruited to characterize and study the release of RA. Also, the toxicity, cellular uptake,

and neuronal differential of TMMSCs have been assessed.

RESULTS: According to the obtained results, the spherical NPs (117.6+0.35 nm, —19.4+5.3) and RA-loaded
NPs (121.6+0.75 nm, —23.6+1.3) were synthesized successfully by microfluidic system. 7.8+2.04 % of RA
was loaded in NPs, and 25 % was released in the first four hours. Thus, the NPs have been successfully
internalized into the stem cells, leading to a significant increase in neural genes and protein (8 Tubulin Ill and

Map-2) expression.

CONCLUSION: Our study’s harvested results have represented valid data for practical use of microfluidic
systems in the term of NPs loaded RA synthesis and its successful function to cellular internalization and
euronal differentiation of TMMSCs (Tab. 2, Fig. 10, Ref. 46). Text in PDF www.elis.sk
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Introduction

Nanoparticles (NPs) have great potential to enhance the thera-
peutic effects of pharmaceutical agents through enhancing cellular
entrance, bioavailability, biodistribution, and raising the endosomal
and lysosomal escape (1-5). To date, various techniques such as
precipitation and hydrothermal have been used for NPs synthesis
(6). However, due to the low reproducibility ( in size and poly-
dispersity index (PDI)), the nanoparticles could be attributed to
uncontrollable processes of mixing and separation in the conven-
tional methods. The microfluidic system is a newly emerging field
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that overcomes the limitation of traditional methods in the view
of NPs synthesis (7-10).

Microfluidic systems are a new approach to fabricate the
NPs more appropriately. In the microfluidic system, the phases
of nucleation and growth of nanoparticle formation have been
isolated; thus, it controls exceedingly size, PDI, morphology, and
thus increased reproducibility (7, 11-13). When compared to the
bulk methods, the microfluidic technology also represented more
advantages such as homogenous reaction environments (14), lower
consumption of expensive agents (15), and high throughput ana-
lysis, fast and constant (16). These methods were used to produce
the drug-loaded polymeric nanoparticles (PNPs) (17).

The PNPs may be the best choice to fabricate a system for
a growth factor (GF) delivery in regenerative medicine because
of the proper biocompatibility, low cytotoxicity, and enzymatic
degradation protection of GF (18-20). GF biodistribution and
spatial distribution strongly affect critical biological processes
such as cell differentiation, proliferation, and migration. So, the
GF delivery system can play a vital role in regenerative medicine
efficiency (21). Retinoic acid (RA) is a metabolite of vitamin A
that mediates the functions of vitamin A required for induction of
nervous system regeneration, the treatment of neurodegenerative
diseases, growth and development of tissue and stem cells (22-24).
Mesenchymal stem cells (MSCs) are the best candidate for cell
therapy of many neurological diseases (25, 26). Numerous factors

Indexed and abstracted in Science Citation Index Expanded and in Journal Citation Reports/Science Edition



Mohammadi P et al. Microfluidic synthesis of retinoic acid-loaded nanoparticles for neural differentiation...

Tab. 1. The DLS obtained data for NPs diameter, PDI and Z-potential.

Diameter (nm) PDI Z-potential
PCL-NPs 117.6+0.35 0.174+0.01 -19.4+5.3
RA-loaded PCLNPs  121.6+0.75 0.201+0.02 -23.6+1.3

such as RA have reported the differentiation of MSCs into neural
cells (27). However, several limitations have been attributed to
the raw RA administration, including low solubility and rapid cell
metabolization (28). Hence, finding new applicable approaches to
remove the obstacles toward the in vivo application of RA seems
necessary. Due to some challenges encountering RA delivery, such
as low-transporting volume and low-throughput of the entrapping
methods, we assumed that RA entrapping in NPs using a micro-
fluidic device might overcome the barriers.

However, in the present study, we aimed to fabricate PCL-
NPs loaded RA using microfluidic systems as a high-throughput
method to deliver RA more effectively for neural differentiation
of trabecular meshwork mesenchymal stem cells (TMMSCs).

Material and methods

Microfluidic device fabrication

The soft lithographic technique is used for microfluidic device
fabrication. Briefly, the silica-wafer was spun (3,000 rpm for 5
min) with negative photoresist SU8 (3050; Merk) in a cleanroom
environment, followed by a pre-baking on a hotplate (65 °C, 60
min). Then, UV irradiation (330—440 nm) was exposed on the wa-
fer coated with a patterned mask. After the post-baking (95 °C, 10
min), the wafer was submerged in a developer, followed by drying
with neutral gas. For replica molding, the PDMS (Sylgard, Dow
Corning) and curing agent were put together (10:1 w/w ratio) and
cast on channel masters to form the PDMS channels and then
baked at 70 °C for 3 hours. Finally, the cured PDMS channels are
peeled with SU-8 master. The bonding strength was provided by
pre-treating the contact surfaces with oxygen plasma for 60 s in

the plasma cleaner (Merk co). The inlets and outlets were made
using a 1.5 mm biopsy punch.

Preparation of RA-loaded PCL nanoparticles

Polycaprolactone (PCL, Merk, Mn = 80,000) was dissolved in
acetone (AMT 100013, Ameretatshimi co, Iran) at 45 °C for 1 h,
by the concentration of 1 % w/v. The obtained solution was diluted
to the final concentration of 0.2 % v/v for nanoparticle fabrication.
To synthesize RA-loaded nanoparticles (RA-PCL NPs), the RA
was added to the 0.2 % solution by the concentration of 10pM and
stirred for 10 minutes. Tween 80 was dissolved by the concentra-
tion of 1 % w/v in double-distilled water (ddH20) and used as the
surfactant in the aqueous phase. PCL, PCL-RA, and water/tween
80 solutions were loaded in 5 ml syringes separately and conducted
in the micropump with a flow rate of 2ml/h for the polymeric phase
and 10 ml/h for the aqueous phase. The fabricated nanoparticles
were harvested in a microtube for subsequent analysis.

Characterization of NPs

The average size and polydispersity index (PDI) of NPs are
determined by a zeta-sizer (Malvern Instruments, Malvern, UK).
The NPs samples were diluted (in distilled water) and analyzed
at 25 °C. Furthermore, to evaluate NPs morphology, the dilute
aqueous solution of NPs was dropped on copper grid mesh (EMS-
USA) and observed by transmission electron microscopy (TEM,
model Zeiss-EM10C Company) at an accelerating voltage of 100
kV. The chemical composition and bond structures of any compo-
nent evaluated by attenuated total reflectance—Fourier transforms
infrared spectroscopy (ATR—FTIR) at a resolution of 4 cm™ in the
range from 3000 to 400 cm™.

Drug loading

To take out any non-encapsulated RA from the RA-PCL NPs
solution, ultrafiltration (MWCO = 30 kDa, Amicon™ Ultra-4)
was used. The collected RA-PCL NPs were centrifuged (30 min
at 18,000 rpm), dried (in an oven at 60 °C for 12 h), weighted, and

1: 5 mm in lenght
2: 750 ym in diameter

3: 6.5 mm in lenght
4: 158 mm in lenght

Fig. 1. Soft lithography fabricated microchip device. A: Design of chip and length of channels. B: The chip is transparent and contains two

inlets (for water and PCL) and an outlet to extrude nanoparticles.
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solved in DMSO/chloroform solvent. Subsequently, the loaded
RA was determined by measuring the drug concentration in the
RA-NPs DMSO/chloroform solution by UV-Vis spectrophoto-
metry at a wavelength of 345 nm. The RA loading was calculated
using the equation:

Amount of the drug in NPs

N
Drug Loading (%) Total weight of NPs

x 100

RA release studies

The concentrated RA-PCL NPs solution (by an ultra-centri-
fugal filter) was located into a dialysis bag (cut off 12 kDa) and
poured into 5 mL of PBS under stirring at 37 °C. At predeter-
mined time intervals, 0.5 mL of PBS was taken out and substituted
with fresh PBS. Then, the drug concentration was determined by
UV-VIS spectroscopy.

PCL- NPs biocompatibility

Cell viability assay: Trabecular Meshwork Mesenchymal Stem
Cell (TMMSCs) were isolated, characterized, and cultured accord-
ing to a protocol modified by Nadri et al (29). PCL- NPs were
diluted to 100 ml in rich DMEM (30 pg/ml) and added into the
cell culture media. MTT assay was performed at 1, 3, and 5 days
after additions of NPs to the cell culture medium. Briefly, the MTT
solution was prepared using 5 mg/ml in DMEM and poured into
samples followed by 3—4 h incubation. To solubilize the formazan
crystals, dimethylsulfoxide (DMSO) was added to the solution
absorbance read at 570 nm using a Microplate Reader (ELX800;
BioTeK, Winooski, VT).

Hemolysis assay: To assess the hemocompatibility of NPs, the
hemolysis assay was performed. The fresh human blood samples
were obtained from healthy volunteers (After informed consent
was obtained from the individual and under approval of Biotech-
nology Research ethics committees of the National Institute for
Medical Research and Development (Ethical NO: IR.NIMAD.
REC.1397.414)). Initially, 5 ml blood was poured into tubes con-
taining EDTA and then centrifuged at 4000 rpm for 15 min to
precipitate the human red blood cells. The supernatant plasma
surface layer was removed and deposited red blood cells (RBC)
pellets were separated and washed with the sterile PBS solution.
0.5 ml diluted blood added to 0.5 ml of PCL-NPs (concentrations
between 200 pg/ml and 12.5 pg/ml), 0.5 mL of deionized water
as a positive control, and 0.5 mL of PBS as a negative control.
The tubes were incubated at 37 °C for 3h with gentle inversion of
the sample tubes every 30 min, centrifuged at 13,000 rpm for 15
min to isolate non-lysed human red blood cells, and absorbance
of samples has been measured spectrophotometrically at 540 nm.
The percentage of hemolysis was calculated for each sample with
the equation: (Abs, i.e., absorbance)

Abas Sample — Abs Negative control
Abs Positive Control — Abs Negative Control

Hemolysis (%) =

Neural differentiation

NPs cell Uptake: The cellular uptake of PCL-NPs in TMMSCs
cells was analyzed by the fluorescence method. In brief, the cells
were cultivated on a chambered cover glass (10° cells) and in-
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cubated with curcumin loaded nanoparticle (50 pg/mL) medi-
um for 2 hours and washed with phosphate-buffered solution
(PBS), stained with 4',6-diamidino-2-phenylindole (Sigma) DAPI
(10 pg/mL). The cells were observed by fluorescent microscopy
(OLYMPUS, BX51) with differential contrast channels (blue
(DAPI) with excitation at 340 nm and a yellow (curcumin) with
excitation at 488 nm).

Real Time-gPCR for neural marker genes: To investigate the
neuronal differentiation of TMMSCs, the Real Time-qPCR (RT-
qPCR) was performed. The total RNA extracted by RNAX PLUS
(Sinaclon, Iran). Quantification and purity of RNA were deter-
mined using a spectrophotometer (nanodrop 2000, Wilmington,
USA), and cDNA was synthesized using BioFact RT Series cDNA
synthesis Kit (BioFact, Korea) according to the manufacturer’s pro-
cedure. Real-time PCR was performed with an Applied Biosystems
TM Real-Time PCR System (Life Technologies Corporation, USA)
for all genes (Beta Tubulin, Map-2, Nestin) for 40 cycles (Tab. 1).

Immunostaining (ICC): The samples were fixed (4% parafor-
maldehyde), treated with 0.5 % Triton X-100, and incubated with
primary antibodies (§ Tubulin III, MAP-2) at 4 °C. In the next
step, the samples were incubated with the FITC-conjugated IgG
(Sigma) and 0.1 pg/ml DAPI. Finally, FITC-conjugated-cells were
observed using an inverted fluorescence microscope.

Statistical analyses
One-way analysis of variance was used to analyze data using
GraphPad Prism 6 software (Graphpad Software Inc., La Jolla,

s
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Fig. 2. TEM images of PCL-NPs (A, B) and RA-loaded PCL-NPs (C, D).
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Fig. 3.The FTIR spectrums of RA, PCL-NPs, and RA-loaded PCL-NPs.
The specific peaks in each spectrum were indicated.
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CA). Data were represented as mean + standard deviation (SD).
p <0.05 was considered a statistically significant level.

Results

Fabrication of a microfluidic device

The designed chip and the fabricated microchip are shown in
Figure 1. According to the designed parameter, the diameter of the
channels was 750 um, and the mixing channel length was 15 mm.

Characterization of drug-loaded nanoparticles

The chemical composition, morphological properties, and dia-
meter of NP were analyzed by FTIR, TEM, and DLS, respectively.
The TEM images showed that nanoparticles have a uniform size dis-
tribution for both PCL and RA- loaded NPs (Fig. 2). The RA, PCL-
NPs, and PCL-RA-NPs FTIR spectrums are shown in Figure 3,

and the prominent peaks were represented for each. The peak at
1724 cm™ as the distinct central band for PCL represented the
carbonyl group stretching absorption (30). The indicated band at
1680 cm™ and 2931cm™ in the RA spectra attributed to the car-
bonyl group and its aliphatic alkanes of RA, respectively (31).
All the indicated spectra in RA and PCL-NP were presented in
the RA- loaded PCL NPs, representing the RA loading in the NPs.
According to the data (Tab. 2 and Fig. 4), the mean diameter and Z-
potential for PCL-NPs and RA- loaded PCL NPs were 117.6+£0.35
nm, —19.4+5.3, and 121.6+0.75 nm, —23.6+1.3, respectively.

RA loading and release

The results showed that the loading rate of RA in NPs was
7.842.04 % ( =0.2uM RA), and the In vitro release assay dem-
onstrated that the RA-loaded PCL NPs released just 25 % of the
total loaded RA in the first 4 h (Fig. 5).

Z-Average (d.nm): 117.2 Zeta Potential (mV): -22.5
pdl: 0.157 Zeta Deviation (mV): 3.27
Intercept: 0.932 Conductivity (mS/cm): 0.0280
Result quality : Good Result quality :
Z-Average (d.nm): 120.7 Zeta Potential (mV): -22.1
Pdl: 0.201 Zeta Deviation (mV): 4.67
Intercept: 0.938 Conductivity (mS/cm): 0.0225
Result quality : Cood Result quality : Good
Fig. 4. The DLS analysis. Diameter, PDI, and Z-potential of PCL-NPs (A, B) and RA-loaded PCL-NPs (C, D).
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Fig. 5. In vitro RA release profile. A: 21 days of RA-loaded PCL-NPs B: The enlarged Fig. of the release profile in the first 24 hours.
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Tab. 2. Neural gene primers used for RT-qPCR.

Genes Primer sequences

Size (bp)
. F: TGGAGTGAGAGAGGCAGGTG
BIII-Tubulin . G TGTCGGCAGCAAGATGG 76

Nesti F: GAAGGTGAAGGGCAAATCTG 0
sun R: CCTCTTCTTCCCATATTTCCTG

MAP-2 F: AGTTCCAGCAGCGTGATG 97
R: CATTCTCTCTTCAGCCTTCTC

F: GTGAACCATGAGAAGTATGACAAC
GAPDH R: CATGAGTCCTTCCACGATACC 123
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Fig. 6. The cell viability of TMMSCs. Data represented as mean=SD.
SD: Standard Deviation.

12.5
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PCL- NPs biocompatibility

To determine the cytotoxicity of these nanoparticles, TMMSCs
were exposed to PCL-NPs for 1, 3, 7 days and evaluated via MTT
assay. No significant effect on cell viability was observed for all
days tested with nanoparticle concentrations (30 pg/mL) (Fig. 6).
The results of the hemolysis assay showed that all samples had per-
missible hemolysis. However, the nanoparticles with a concentra-
tion of 200 pg/mL showed higher hemolysis values (> 10 %) com-
pared to the positive control (0.5 mL of deionized water) (Fig. 7).

NP Uptake and Neural differentiation of TMMSCs

The NPs uptake by TMMSC:s cells was evaluated following 2
hours of incubation by fluorescent imaging. It could be observed
that the fluorescence of the curcumin-loaded PCL- NPs (yellow) is
located in the cytoplasm around the nucleus (blue, stained by DAPI),
indicating that the PCL-NPs is internalized into the cells (Fig. 8).

According to qPCR analysis, nestin expression was significant-
ly lower in RA-loaded NPs than RA (10uM) and RA (0.2 pM). On
the other hand, the B-tubulin gene expression was markedly higher
inRA-loaded NPs (1.411+0.021-fold, p <0.0001) and (2.591 fold,
p <0.0001) compare to the NPs and RA (0.2 uM), respectively.

MAP-II gene expression was significantly higher in RA-loaded
NPs (3.819 fold, p<0.0001) and (2.757 fold, p <0.0001) compared
to RA (0.2 uM) and NPs, respectively (Fig. 9).

-

| &

Hemolysis activity (%)
~
o

PCL-NPs concentration

Fig. 7. Hemolysis assay. A: visual inspection of the tubes containing diluted total blood after exposure to PCL-NPs. B: Percentage of hemolysis
induced by PCL-NPs (Concentrations between 200 pg/ml and 12.5 pg/ml).

Fig. 8. Cell uptake analysis. The cells were stained by DAPI (blue) and the curcumin-loaded nanoparticles (yellow). A: left image from DAPI
channel; B: center image from the yellow fluorescent channel; C: right image from combined green fluorescent protein channel and DAPI channel.
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The immunofluorescence analysis showed the expression of
neural markers, including B tubulin IIT and MAP-2 at the protein
level in both RA (10pM) and RA-loaded NPs after 7 days of dif-
ferentiation (Fig. 10).

Discussion

The polymeric nanoparticle (PNP) has shown to be a suitable
option for growth factor delivery. Furthermore, the microfluidic
systems revealed the ability to overcome the disadvantages and
limitations represented by the conventional methods of NPs synthe-
sis (6, 11, 32). Therefore, in the present study, RA-loaded NPs were
synthesized using a microfluidic system to enhance the entry of
RA and induction of TMMSC:s differentiation to neural-like cells.

To promote the quality of NPs by microfluidic systems, the
design parameter of the microchip, such as channels diameter,
length, and angles, the local position must be adopted to the desired
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Fig. 9. qPCR analysis. The column ratio is the expression rate of genes
compared to cultivated TMMSCs on TCPS. The GAPDH was used as
an endogenous control for relative quantification. Data are represented
as mean = SD. Asterisks show significance p <0.001.

RA-(10uM)

RA-NP

condition, including pressure, temperature, chemical compatibility,
and concentration (33). Here, the results of synthesized NPs have
approved that the microchip has been designed and fabricated in
a suitable adoption to the employed operational conditions. On
the other hand, microfluidic systems can decrease the exposure
of induction factors to the rough situation during processing, an
essential issue in delivery systems (7,11-13).

In the present study, the PCL NPs were synthesized using mi-
crochips, and the physical-chemical properties were characterized.
The results showed that the microfluidic system could precisely
control the size, PDI, morphology, and increased reproducibility
of NPs synthesis.

The size and surface charge are the most important physico-
chemical properties of NPs that determined cell interactions and
cellular uptake (34). It was declared that the therapeutic effects of
RA-loaded PCL NPs would depend on internalization and drug
release of the NPs by target cells. Here, the cellular uptake assay
showed the internalization of RA-loaded NPs into the TMMSCs.
The researchers reported that the maximum uptake rate of NPs in
human retinal pigment epithelium (ARPE-19) cells were increased
as particles’ size decreased from 250 nm to 50 nm (31). However,
in agreement with our study, the result showed that microfluidic
systems had synthesized the suitable size of NPs (120 nm) for
cellular uptake. However, in this study, the charge of PCL-NPs
synthesis is negative and penetrates TMMSCs two hours after in-
cubation. Several studies have established that NPs with negative
charges can competently overwhelm the anionic cell membrane
and uptake to cells (35-37). This phenomenon could be attributed
to the fact that NPs surface charges are dynamic and may change
over time in reaction to biological and environmental situations
that resulted in some unintentional biological responses of NPs
and therapeutic outcomes (34).

PCL is one of the most common Food and Drug Adminis-
tration (FDA) approved biopolymers used in delivery systems.
In the present study, the MTT assay results showed that PCL-
NPs (30 pg/mL) had no significant effect on cell viability. In
agreement with our research Lin et al (38) showed that PCL-NPs
(25ug/ml) had no significant cytotoxicity on cells for up to 4
days. Besides, contrary to our study on day 6, they reported that

Merged

i

Fig. 10. Immunostaining analysis. The TMMSCs were cultivated and exposed with RA, PCL-NPs for 7 Day and the expression of f§ tubulin III

(A) and MAP-II (B) proteins was analyzed.
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PCL-NPs reduced viability in retinal pigment epithelium cell
line (ARPE-19). This difference could be attributed to the diver-
sity between the cell type, NPs concentration, and NPs fabrica-
tion method. Another critical element in the development of NPs
systems is blood compatibility. The interaction of materials with
blood components can cause lysis of erythrocytes. The hemolysis
assay results showed that the PCL-NPs concentrations lower than
50 pg/ml decreased the blood lysis.

In the present study, the RA was loaded in PCL-NPs at 7.8 %
using the microfluidic method. The FTIR analysis revealed the
presence of RA in the fabricated PCL-NPs without changing
chemical composition. The result confirms the efficiency of NPs
in the drug’s local delivery. Only 25 % of loaded RA was re-
leased in the first 4 hours, and more than 70 % of the loaded RA
remained in NPs formulation because the fabricated NPs could
internalize in the cell after 2 h. The other same study showed that
high stability and controlled release of nanoparticles during cell
uptake cause internalization of more drugs into the cell (39). It
was stated that the RA release profile from NPs has a content-de-
pendent manner due to its hydrophobic nature (40). Inconsistent
with our study, Shakiba and co-workers reported more than 80 %
of'loaded RA (10 % w/v) released in the first 3 days from a PCL-
PEG-PCL micelle (40).

In the present study, the RA molecule delivered by PCL-
NPs induced the neuronal differentiation of TMMSCs. The result
showed that the expression of neuronal marker genes, including
Beta-tubulin III and MAP-2, increased in RA-loaded PCL NPs.
Beta- tubulin III and MAP-2 are known as the neuron-specific
markers that promote the microtubule network’s assembly and
stability, respectively(41, 42).

Beta- tubulin III and MAP-2 are immature postmitotic neu-
rons and mature neural markers, respectively, used as in vitro and
in vivo neural detection(43, 44). Although most in vitro studies
demonstrated that RA could promote neurogenesis in stem cells
(45), high concentration of RA (> 10 uM) has a toxicological ef-
fect on cells (46). Due to this limitation, finding new methods for
transferring low RA concentrations into stem cells could positively
impact cell viability and neural differentiation. In this study, NPs
loaded with a low concentration of RA using microfluidic systems
and their effects on the neural differentiation of TMMSCs were
examined. However, the result showed high expression of neural
markers (- tubulin IIT and MAP-2) documented in TMMSCs after
treating RA-loaded PCL NPs (0.2 uM loading RA). On the other
hand, the results showed that fabricated NPs using microfluidic
systems could internalize RA into stem cells with a low amount
of RA concentration, transfer to the cytoplasm - nuclear, and dif-
ferentiated stem cells toward neuron-like cells.

Study highlights
Fabricated retinoic acid-loaded PCL Nanoparticles using mi-
crofluidic systems could internalize a low amount of Retinoic

acid concentration into stem cells for differentiation into neuron-
like cells.
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