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Microglia have become a therapeutic target of many inflammation-mediated diseases in the central
nervous system (CNS). Recently, microRNA (miRNA) has been proposed as an important regulator of
immune responses. Specifically, miRNA-129-5p has been shown to play critical roles in the regulation of
microglia activation. We have demonstrated that biodegradable poly (lactic-co-glycolic acid) (PLGA)-
based nanoparticles (NPs) modulated innate immune cells and limited neuroinflammation after injury to
the CNS. In this study, we optimized and characterized PLGA-based NPs for miRNA-129-5p delivery to
utilize their synergistic immunomodulatory features for activated microglia modulation. A series of
nanoformulations employing multiple excipients including epigallocatechin gallate (EGCG), spermidine
(Sp), or polyethyleneimine (PEI) for miRNA-129-5p complexation and miRNA-129-5p conjugation to
PLGA (PLGA-miR) were utilized. We characterized a total of six nanoformulations through
physicochemical, biochemical, and molecular biological methods. In addition, we investigated the
immunomodulatory effects of multiple nanoformulations. The data indicated that the
immunomodulatory effects of nanoformulation, PLGA-miR with the excipient Sp (PLGA-miR+Sp) and PEI
(PLGA-miR+PEI) were significant compared to other nanoformulations including naked PLGA-based NP.
These nanoformulations promoted a sustained release of miRNA-129-5p and polarization of activated
microglia into a more pro-regenerative phenotype. Moreover, they enhanced the expression of multiple
regeneration-associated factors, while alleviating the expression of pro-inflammatory factors.
Collectively, the proposed nanoformulations in this study highlight the promising therapeutic tools for
synergistic immunomodulatory effects between PLGA-based NPs and miRNA-129-5p to modulate
rsc.li/nanoscale-advances activated microglia which will have numerous applications for inflammation-derived diseases.
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1 Introduction inflammatory M1 to alternative pro-regenerative M2.>® Thus,

microglia may exert diverging roles depending on the context of
The innate immune cells microglia reside in the central nervous microenvironmental events and signals. Microglia can become
system (CNS) parenchyma and regulate potent inflammatory activated within minutes after nerve injury, then subsequently
responses.”? Microglia become activated following exposure to  recruit neutrophils and force monocyte-derived macrophages
pathogen-associated molecular patterns (PAMPs) and/or (MDMs) to infiltrate into the disease or injury site.”* Activated
endogenous damage-associated molecular patterns (DAMPs) microglia begin to release various factors involved in neuro-
after injury to the CNS.>* Similar to macrophages/activated inflammation, such as cytokines, chemokines, growth factors,
monocytes, microglia develop different phenotypes depending reactive oxygen species (ROS), reactive nitrogen species (RNS),
on cues in the cells' surrounding environment. While their and prostaglandins, all of which can magnify inflammatory
phenotypes are not binary, microglia can be polarized into responses, thereby influencing astrocytes, oligodendrocytes,
distinct functional phenotypes as ranging from classical pro- neurons, and progressive demyelination. Thus, microglia acti-

vation is a hallmark of multiple inflammation-mediated

diseases on the CNS including multiple sclerosis (MS), Alz-
“Department of Pharmaceutical Sciences, College of Pharmacy, University of Kentucky, ~— heimer's disease, Parkinson's disease, West Nile Virus, and
789 S. Limestone, Lexington, KY 40506, USA. E-mail: jonghyuck.park@uky.edu; Tel: neuropathic pain after spinal cord injury (SCI).7‘8’13_15 Therefore,
:;];fjjl-zgjr;gj:d Brain Injury Research Center, College of Medicine, University of repress:ion Ot: microgli'al actiyation may have .therz?peutic
Kentucky, Lexington, KY, USA ’ ’ Potentlal for 1nf.lammatlo.n-der1ved neuronal deficits with the

intent of resolving neuroinflammation. Pharmacologic thera-

T Electronic  supplementary information (ESI) available. See DOI: . . ) ; X
https://doi.org/10.1039/d3na00149k peutic approaches targeting microglia employing small
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molecules, antioxidants, nanoparticles (NPs), and stem cells
may be useful to reprogram activated microglia, yet insufficient
data is available to establish guidelines.'***

The microRNA (miRNA) is a type of conserved non-coding
RNA which controls the expression of approximately 90% of
protein-coded genes.” Accumulated evidence has demon-
strated that dysregulation of miRNA has a significant impact on
the regulation of inflammatory responses.” The miRNA-
based therapeutic strategies targeting multiple genes result in
a broader specific response.>** Particularly, mimic miRNA-129-
5p (miR-129) has received significant attention as it can
suppress cell apoptosis and microglia-induced inflammatory
response as well as polarize their phenotype through high-
mobility group protein B1 (HMGB1)/toll-like receptor4 (TLR4)/
NF-«kB and leucinerich alpha-2-glycoprotein (LRG1)/p38
mitogen-activated protein kinases (MAPK) pathways.*?® As
a well-known maker of inflammatory mediators and cancer
therapy, HMGB1 is a direct target of miR-129.>*** Moreover,
HMGBA1 is passively released by necrotic and/or stressed cells as
well as by immune cells including activated microglia.”*>*

Poly (lactic-co-glycolic acid) (PLGA)-based NPs-mediated
delivery of miRNA indicated better efficacy on safe miRNA
delivery.**=** Moreover, previous studies demonstrated that the
physicochemical properties of PLGA-based NPs influence
immune cells reprogramming, specifically targeting pro-
inflammatory subsets of immune cells.**?*® These NPs are
made of Food and Drug Administration (FDA)-approved mate-
rial, which is stable at room temperature and can be a widely
utilized carrier for drugs, as well as gene transmission. Criti-
cally, PLGA-based NPs modulate innate immune cells without
the use of active pharmaceutical ingredients that can lead to off-
target effects in various inflammation-mediated diseases
including West Nile Virus, encephalitis, and SCL*"~*°

Although PLGA-based NP for miRNA delivery is promising,
they exhibited a burst release with poor encapsulation
efficacy.**** To overcome these obstacles, different approaches
have been applied including utilizing various polymer molec-
ular weights, the ratio of lactic acid to glycolic acid in the
copolymers, and PLGA concentration and the volume ratio
(water/oil phases), or incorporation of cationic excipients
admixing to RNA or cationic excipient conjugation with
PLGA.>»**¢ The primary goal of this study was to improve
existing approaches of miRNA encapsulation to develop a clini-
cally viable strategy that achieves an effective and sustained
release of miRNA with a favorable risk-benefit ratio to limit
immune responses for immunomodulation. In particular, aside
from miRNA protection by PLGA-based polymer vehicle, we
expect to get synergistic anti-inflammatory therapeutic effects
using miR-129 and PLGA-based NPs together. In this study, we
assessed multiple NP formulations to identify key NP design
parameters for mimic miR-129 delivery to provide a clinically
feasible immunomodulatory therapy targeting activated
microglia. We investigated essential physicochemical features
of multiple nanoformulations including cell internalization and
cytotoxicity, miR-129 encapsulation efficacy and release
kinetics, and immunomodulatory properties as the prioritiza-
tion criteria for nanoformulation selection.
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2 Experimental
2.1 Materials

All reagents were purchased from VWR (Radnor, PA) unless
otherwise specified. BV-2 cells were kindly provided by Michael
Sanders (Shea lab, University of Michigan). Dulbecco’s Modified
Eagle's Medium (DMEM/F12) was obtained from Life Technol-
ogies (Carlsbad, CA) and was supplemented with 10% heat
inactivated fetal bovine serum (Gibco). RNAse free water (non-
DEPC treated) was used at all steps of nanoparticles prepara-
tion, purification and manipulation. Cytation 7 and Epoch plate
reader were purchased from BioTek (Winooski, VT) and used for
absorbance and fluorescence intensity measurements, as well
as cell imaging. Cell culture 6 and 96 well flat-bottom plates and
flasks were purchased from Corning Costar Co. (Corning, NY).
Black sided 96 well plates were purchased from Cellvis
(Mountain View, CA). Mature miRNA-129-5p (CUUUUUGCG-
GUCUGGGCUUGC) with modification at 5" and 3’ ends (FAM
dye and amino group, respectively) was purchased from IDT
DNA (Coralville, IA) and used in all experiments. Dimethyl
sulfoxide (DMSO), sodium hydroxide, lipopolysaccharide (LPS)
were purchased from Sigma-Aldrich Chemicals (Atlanta, GA,
USA). Trypsin/EDTA, phosphate buffered saline (PBS), 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide) (MTT),
penicillin/streptomycin, BCA assay, Bel-Art™ SP Scienceware™
Flowmi™ cell strainers (400 pm) for 1000 pl pipette tips, and
UltraComp compensation beads were purchased from Thermos
Fisher (Waltham, MA). 8% paraformaldehyde was from Elec-
tron Microscopy Sciences (Hatfield, PA). Mouse TruStain FcX,
Zombie Green dye, CD80-PE-Dazzle, CD86-BV786, CD206-
Bv421, and CD163-PE were purchased from BioLegend (San
Diego, CA). IL-4 and IL-13 were purchased from STEM Cells
Technologies (Cambridge, MA). All chemicals were of analytical
grade and used without further purification.

2.2 Nanoparticles fabrication

First, carboxylated 50:50 PLGA (inherent viscosity = 0.17 dl
¢~ ") purchased from Akina PolySciTech (West Lafayette, IN) was
conjugated with Cyanine 5.5 (CY5.5) amine dye (Lumiprobe
corporation, Cockeysville, MD) and amine-miRNA-129-5p-FAM
using an  N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide
hydrochloride (EDC) (Sigma-Aldrich, St. Louis, MO)/N-hydrox-
ysuccinimide (NHS) (Thermo Fisher Scientific, Waltham, MA)
chemistry. The conjugates were purified by dialysis against DDI
and RNAse-free water, respectively and then freeze dried for
72 h. The miRNA PLGA nanoparticles were fabricated using an
oil-in-water double emulsion solvent evaporation method.
Briefly, 0.01-0.1 mg of miRNA-FAM, its complex with epi-
gallocatechin gallate (EGCG, Sigma-Aldrich, St. Louis, MO),
spermidine or polyethyleneimine branched (Sp and PEI, MW =
10 000), its conjugate with PLGA (0.01-1 mg) or a complex of its
conjugate with spermidine or PEI was mixed with some aliquot
of RNAse-free water to get total 100 pl of the aqueous phase. The
molar ratio miRNA : EGCG was 1:2, miRNA:Sp was 1:2 and
miRNA: PEI was 1:1. PLGA polymer and the polymer conju-
gated with CY5.5 dye (1% dissolved in

w/w) were

© 2023 The Author(s). Published by the Royal Society of Chemistry
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dichloromethane. Next, 1 ml of PLGA mixture was first emul-
sified with miRNA-contained aqueous phase and secondly, the
emulsion obtained was emulsified with 5 ml of 2% poly
(ethylene-alt-maleic anhydride) (PEMA, MW = 100-500 kDa,
Sigma-Aldrich, St. Louis, MO) solution using a Qsonica Q125
Sonicator Ultrasonic Homogenizer W/Probe 125 W (Cole-
Parmer, Vernon Hills, IL). In this study, poly(ethylene-alt-
maleic anhydride) was utilized at the last step of NPs fabrica-
tion to coat the NPs and provide a strong negative charge to the
NPs surface. Control blank NPs with FAM dye loaded (FAM NPs)
were prepared in the same way. The emulsion was magnetically
stirred at 750 rpm for faster evaporation of the organic solvent.
The colloidal suspensions were washed three times with RNAse-
free water by centrifugation of 14 000 g for 20 minutes. Ob-
tained NPs samples (Fig. 1) were filtrated using a 0.45 pm
syringe filter and stored at 4 °C, which filters the aggregated NPs
by multiple centrifugation steps and provides the fine suspen-
sion for the study.

2.3 Physicochemical characterization of the NPs

The morphological characterization of NPs was done by scan-
ning electron microscopy (SEM) (Hitachi S-4300) (Fig. 2a), and
the size, polydispersity index and zeta potential (Table. S1 in the
ESIT) was determined by using a dynamic light scattering (DLS)
instrument (Zetasizer, Malvern Nano ZS, Westborough MA). For
Fourier-transform infrared spectroscopy (FT-IR) analysis

miR-129+EGCG

PLGA-miR-129

L -miR-129
\AAW - PLGA
T IAAC"PLGA-mMiR-129 conjugate
[tWIMJ - Spermidine (Sp)
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miR-129+Sp
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(Fig. 2b and S1a in the ESIY), stock suspension of NPs was
freeze-dried for 72 h, and the obtained powder was analyzed by
FT-IR spectrometer equipped with an attenuated total reflection
(ATR) element (Nicolet iS50 nir, Thermo Scientific, Waltham,
MA), operated in the range 4000-400 cm ™' with accumulating
64 scans. Powder X-ray diffraction (pXRD) analysis (Fig. 2c and
S1b in the ESIT) was carried out using freeze dried samples as
well by placing each one on a low-mass mirrored plate. All
samples were shaped into a flat horizontal plane to avoid high
intensity spotting. Prepared samples were transferred to a mini
flex powder X-ray diffractometer (Rigaku Americas Corporation,
TX, USA). Scanning was performed between 2 and 40° 26 using
Cu Ko radiation at 40 kV and 15 mA. The step size was set to
0.020° at a scanning speed of 0.875° min~'. Dynamic vapor
sorption analysis (DVS) results are reported in Fig. 3(a) and (b).
Isotherms were generated on a DVS Resolution (Surface
Measurement Systems, Allentown, PA). Freeze-dried samples
were weighed before placed on a sample holder and suspended
from a hang-down wire in the sample compartment at 20 °C.
Total dry nitrogen gas flow rates of 200 scem were used for all
experiments. Samples were first dried at 20 °C, 0% RH for 170
minutes within the sample chamber. The instrument was pro-
grammed to increase the relative humidity (P/P, vapor pressure)
step-wisely, with each step held until equilibrium (Fig. S2 in the
ESIY). Equilibrium was said to be achieved when the change in
mass with respect to time (dM/dT) was less than 0.002% per min
for 10 minutes. The P/P, stages ranged from 0% up to 90% and

miR-129+PEI

PLGA-miR-129+Sp PLGA-miR-129+PEI

- Branched polyethylenimine (PEI)

AWy . PEMA
- Epigallocatechin gallate (EGCG)

o
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Fig. 1 Schematic diagram of all nanoformulations with the representative distribution of miRNA.
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Fig.2 NPs characterization. (a) Scanning electron microscopy (SEM) of NPs (scale bar is 1 um, x40k); (b) FTIR; and (c) X-ray diffraction patterns
of the nanoformulations (light green dash line: PLGA and magenta dash line: miRNA). The data demonstrated PLGA-incorporated surfactant
(PEMA), miR-129, and excipients. The FTIR and pXRD data for controls are presented in Fig. S1.¥

back down to 0% in 10% increments. The common sorption
and desorption Kkinetics and isotherms at varying humidity
(Fig. S2 in the ESIt) were replotted in water sorption kinetics
and isotherm hysteresis (Fig. 3(a) and (b)).

2.4 miRNA release study

The release profiles of miRNA from all nanoformulations were
carried out using Slide-A-Lyzer mini dialysis device (MWCOs =
10 kDa, Thermo Fisher, Waltham, MA). Shortly, 1 mg of freeze

3442 | Nanoscale Adv, 2023, 5, 3439-3452

dried nanoparticles was distributed in 1 ml of 0.1 M 2-(N-mor-
pholino) ethanesulfonic acid buffer (pH = 5.5) and placed into
the mini dialysis device against 5 ml of 0.1 M MES buffer
(release medium) to be incubated at 37 °C in an orbital open air
shaker (MaxQ, Thermos Fisher, Waltham, MA) at 70 rpm. At
designated time points, aliquots of release medium were taken
out from the dialysate and replaced by an equal volume of
release medium. Content of miRNA released were measured on
Cytation 7 plate reader (FAM dye fluorescence intensity) and
calculated in cumulative % (Fig. 3c).

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3na00149k

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 05 May 2023. Downloaded on 12/8/2025 5:44:39 PM.

(cc)

Paper

—
Q0
A d

()}
1

° —o-miR-129+EGCG
S —s—miR-129+Sp
©41 —+—miR-129+PEI
: —~PLGA-miR-129
93 T PLGA-miR-129+Sp
s —e—PLGA-miR-129+PEI
G271 ——FAMNPs
A
@1 1
=
0 o

N
(3}
w
(3}
H
(3}
[}
(3}
[~2]
(3}
N
(3}
[+
(3}

—_—
()
S’

View Article Online

Nanoscale Advances

(b)

160 - _
N —o—miR-129+EGCG
‘,’-140 1 —e—miR-129+Sp
@120 { —*miR-129+PEI
o —~+—PLGA-miR-129
2100 { -+ PLGA-miR-129+Sp
2 8o | —-PLGAmIR120+PEI
< —*—FAM NPs
£ 60 1
o
= 40 9
0
@ 20
0 —— g . ) \
40 50 90

60 70
% PIP,

» miR-129+EGCG » PLGA-miR-129

100 o miR-129+Sp PLGA-miR-129+Sp
°\‘: e miR-129+PEI ¢ PLGA-miR-129+PEI
% g0 - 1004 .
% L - ¥ i}
< 90 ¢ 3 i ? § .
Z 60 —o— miR-129+EGCG ] T ?
T —e—miR-129+Sp 280 - 3 .
S —o—miR-129+PEI u ; .
g PLGA-miR-129 70 ;3
E PLGA-miR-129+4Sp  ¢q_] H
O 20 —o—PLGA-miR-129+PEI 3

——FAM NPs 504 ? : : : :
0 . , : . : 10 20 50 125 250 500
0 100 200w, D 400 500 Loading miR-129 content, pg

Fig. 3 Nanoformulations characterization. Behavior upon exposure to the aqueous phase, miR-129 release kinetics and encapsulation efficacy.
DVS results are based on data presented in Fig. S2 in the ESI.{ (a) Water sorption kinetics and (b) isotherm hysteresis. (c) miR release kinetics for
different nanoformulations at pH 5.5 (conditions: 1 mg freeze-dried NPs (10 pg miR loaded) in 10 ml of MES buffer, at 37 °C using orbital shaker at
80 rpm). (d) Encapsulation efficacy (%) was calculated based on the equation: EE % = (W/W,) x 100%, where W is the final total amount of miR-
129 in the NPs suspension and W, is the initial quantity of miR-129 added during preparation.

2.5 Encapsulation efficacy

For loading capacity evaluation, the miRNA amount loaded per
unit weight of the nanoparticle was 1 mg. All washes during
nanoparticles suspension preparation were collected and
analyzed using Cytation 7 plate reader (FAM intensity). Encap-
sulation efficiency (EE %, Fig. 3d) was calculated using this
formula: (EE %) = (Wy/W;) x 100%, where W; is the final total
amount of miRNA in the NPs suspension and W; is the initial
quantity of miRNA added during preparation. Loading of
different quantities of miRNA was tested and EE was examined
(Fig. 3d). Size, charge and polydispersity index of the nano-
formulations with high content of miRNA loading was verified
(Fig. S3 in the ESIf).

2.6 Apoptosis assay

BV2 cells were seeded on 6 well plates at a density of 0.5 x 10°
cells per well and pre-treated with 10 pg ml~" LPS for 24 h.

© 2023 The Author(s). Published by the Royal Society of Chemistry

Then, the cells were exposed to control NPs and NPs contained
miRNA-129 (250 pg ml~ ), or PBS for 72 h. After the treatment,
the cells were washed twice with cold PBS and resuspended in
Annexin V Binding Buffer (ABB) at concentration 1 x 10° cells
per ml. Cells were transferred to 5 ml test tubes and stained in
100 pl of ABB with 5 pl of Annexin V-Pacific Blue and 10 ul of
propidium iodide (BioLegend, San Diego, CA) for 15 min at RT
in the dark. Then 300 pl of ABB was added to each tube and
analyzed on a BD FACSymphony A3 (BD Bioscience, San Jose,
CA). The cytograms and the summarizing plot are presented in
Fig. 4a, b and S4 in the ESI (controls).

2.7 Cell viability test

BV2 cells were seeded (4000 cells per well, N (wells) = 10) in 96-
well plates for 24 h. Then cells were incubated with 100 pl of the
NPs samples at different concentrations (5-500 pg ml™*)
reconstituted in the cell culture medium for 24-72 h at 37 °C.
After, the cells were rinsed twice with PBS and then 100 pl of

Nanoscale Adv., 2023, 5, 3439-3452 | 3443


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3na00149k

Open Access Article. Published on 05 May 2023. Downloaded on 12/8/2025 5:44:39 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale Advances

miR-129+EGCG

View Article Online

Paper

miR-129+PEI

Necrotic
3186

late apoptic
668

Necrotic
013

miR-129+Sp

0 10° 10* 10° "o 10° ) 10t 10°
AnnexinV Annexin V Annexin V
PLGA-miR-129 PLGA-miR-129+Sp PLGA-miR-129+PEI
Necrotic late apoptic 3 late apoptic
024 L 283
“F v
,;‘ A ”:.
> AL -
4.‘ 3 3 i <
' ase
0 10 1|o‘ 10° "o “'no’ “‘-o‘ "|o°
AnnexinV AnnexinV AnnexinV
(b) (c) [ 50 pg/mi [ 125 ug/mi 250 pg/ml
100 ulive u early apoptlc* u late apoptic necrotic
90 {3 * 100 - T
80 4 * O\o
2 704 2 754
§ 60 | 3
o o
S 0 % 50
£ 40 ©
S 30 > 254
20 1
10 4 T
0 ' ‘ P RL P R L QP
P L @ R & & & . \\b N Q,O fl?-‘x Q! {f}x o w\‘v\ 3
A X SR Y. 2 o \gs‘\ VOE W 7 N KV & NNV &
7 NV 7 & A NV D B P L&y
2 3 & @& « & ¥ N Q&S O &S
N N & ov' & N Ay & & 0 2 N
& & & O 3 £ & N Q O?‘ el
QY < QY v

Fig. 4 Cytotoxicity analysis. (a and b) The results of Annexin V/PI assay via flow cytometry (a) and summarizing the plot (b). In both cases, BV-2
cells were treated with LPS for 24 h followed by 72 h exposure to all nanoformulations. See flow cytometry controls in Fig. S4 in the ESI.T N = 3/
group, error bars = SD, p-value: *p < 0.05 compared to LPS in mean % of live cells. (c) MTT test results; N = 5/group, error bars = SD, p-value: *p <

0.05.

5 mg ml~! MTT reagent in cell culture medium without phenol
red was added to each well of the plate and the plate was
incubated for 3.5 h at 37 °C. The assay was completed by aspi-
rating the MTT reagent and adding 100 pl of DMSO. A plate was
placed on orbital shaker for 15 min at RT to help the formazan
crystals dissolve. Optical density (OD) in each well was deter-
mined at 550 nm by Epoch plate reader and expressed in %
(Fig. 4c).

3444 | Nanoscale Adv, 2023, 5, 3439-3452

2.8 Cell uptake study

BV2 cells were seeded in 6 well plate at a density of 2 x 10° cells
per well and left to adhere overnight. Cell culture medium was
replaced on Opti-MEM 1x and cells were then pre-treated with
10 pg ml~" LPS for 24 h. After that step, the cells were treated
with 250 pg NPs per ml of Opti-MEM 1x. At the end of treat-
ment, the cells were washed 3 times with PBS, and 400 ul of
0.5% trypsin/EDTA was added remove cells from the plastic

© 2023 The Author(s). Published by the Royal Society of Chemistry
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substrate. Cells were collected by adding 500 pl of PBS, centri- performed using CFX Connect RT system (Bio-Rad, Hercules,
fuge at 1000 rpm for 5 min at 4 °C. Cells pellets were distributed CA) with the following parameters:*” 95 °C for 15 min, then 40
in 0.3 ml of PBS and analyzed on a BD FACSymphony A3 (BD cycles of 94 °C for 15 s, 55 °C for 30 s and 70 °C for 30 s. The
Bioscience, San Jose, CA). The cytograms obtained and plot in  results of RT-PCR are presented in Fig. 5c.

MFI are presented in Fig. 5(a) and (b).

2.10 Nitric oxide (Griess) assay

BV2 cells were seeded (500 000 cells per ml) in 96-well plates,
incubated overnight, and then pre-treated with 10 ug ml~" LPS.
NPs were loaded to cells after 24 h and kept for 72 h in the
incubator at 37 °C. The culture supernatants were collected and
processed (N = 5) according to the manufacture protocol.

2.9 RT-PCR analysis

RNA was extracted from cells using miRNeasy Mini Kit (Qiagen,
Germany) according to the manufacturer's instructions. The
RNA quantification was performed using Epoch plate reader
(BioTek) and RNA concentration was adjusted to 20 ng pl ™.
Reverse transcription for all RNA extracts was performed using
the miScript II RT kit (Qiagen, Germany) according to the
manufacturer's instructions using the 96-well T100 thermal
cycler (Bio-Rad, Hercules, CA). The cDNA was further utilized as
a template for real-time PCR with the miScript SYBR Green PCR
Kit and miScript Primer Assays (Hs_RNU6-2_11, MMu_miRNA- Mouse VEGF, IL-1B, IL-10, IL-13, and IL-6 ELISA kits were used
129-5p; Qiagen Germany). Quantitative RT-PCR (qRT-PCR) was (Quantikine ELISA Kit from R&D Systems, Minneapolis, MN) to

Samples absorbance was measured by Epoch plate reader at
540 nm (+20 nm) and the intensities were normalized to the live
cells based on MTT data (Fig. 7a).

2.11 ELISA assay
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Fig. 5 NPs interactions with activated BV-2 cells: (a) cellular NPs uptake analyzed by flow cytometry histograms cell count. (b) The quantitative
plot of NPs uptake from flow cytometry was expressed in median fluorescent intensity (MFI) (FAM intensity). N = 3/group, error bars = SD, p-
value: **p < 0.01 and ****p < 0.0001. There was no difference between PLGA-miR-129+Sp and PLGA-miR-129+PEl (P = 0.057). (c) miR-129
expression from BV-2 cells treated with 125 pg ml™ or 250 ug ml~* of each of the NP formulations. N = 3/group, error bars = SD, p-value: *p <
0.05, **P < 0.01 and ****p < 0.0001. The expression level of MiR-129 treated with 250 pg ml=* of NPs was significantly higher compared to 125
ng ml~ of NPs (P < 0.01). For the relative quantification of miR-129 expression, the 2722°T method and an unpaired t-test were accomplished by
using the miRNA U6 for normalization. The differences in gene expression were presented as fold ratios from the LPS group.
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determine the cytokine and growth factor amounts released by
BV2 cells after pre-treatment with 10 pg ml~" LPS for 24 h and
following treatment with control NPs and miRNA-NPs for 72 h.
The culture supernatants were collected and processed (N = 5)
according to the manufacture's protocol. Samples absorbance
was measured by Epoch plate reader at 450 nm (+20 nm) and
with the reference wavelength at 540 nm (Fig. 7(b) and (c)).

2.12 Flow cytometry

Cells were seeded (300 000 cells per ml) in 6-well plates, incubated
overnight, and then treated with NPs at 0.5 pg ml~" concentration
in cell culture medium without phenol red for 24 h. Following,
culture medium was aspirated, cells were rinsed twice with PBS,
and detached by using 0.25% trypsin/EDTA solution. THP-1 cells
were treated similarly, but before exposing them to NPs, they were
treated with PMA 20 ng ml ™" for 24 h, then washed and rested for
24 h. The positive controls for M1 and M2 macrophage were
prepared by cells treatment either with 40 ng ml ™" of IL-4/IL-13 or
combination 10 ng ml~" LPS with 20 ng ml" IFNy for 24 h. After
treatment cell pellets were re-suspended in flow wash buffer (1%
BSA + PBS + 0.1% sodium azide) for 10 min at RT, and then cells
were stained with anti-mouse or anti-human antibodies (BV421
CD206, AF647 CD209 and APC/Fire750 CD80, Pe-Cy5CD80). After
washing with PBS, cells were stained on ice with Zombie NIR at 1 :
500 dilution for 20 min. After staining, cells were washed twice
with 1 ml of flow wash buffer (1% BSA + PBS + 0.1% sodium azide)
and fixed with 500 pl of 1% paraformaldehyde in PBS for 30 min
on ice. After that, 1 ml of flow wash buffer was added to each tube,
and cells were centrifuged at 1000 rpm for 5 min at 4 °C. Before
analysis, cell pellets were re-suspended in 300 pl of flow wash
buffer and filtrated using 70 um strainer. We performed flow
cytometry study using BD FACSymphony A3 (BD Bioscience, San
Jose, CA) with FlowJo software (v10.6.2). Three separate flow
cytometry studies were done.

2.13 Statistical analysis

We performed a one or two-way ANOVA and Tukey's post hoc
test for the multiple comparisons, or Student's ¢-test were used
for the statistical analysis. The Kolmogorov-Smirnov normality
test was employed. P-value (alpha, «, 0.05) was used as a cut-off
thus P-value larger than 0.05 is considered as passing the
normality test. Type II errors (Beta, B) were controlled at 0.2 level
for all the statistical tests and o = 0.05 to achieve reasonable
statistical power analyses (power = 0.8). Equal variance (ANOVA
Model) was validated and assumed for each study. For appro-
priate sample size, conservative effect size 0.25 was employed
for each study. The data were analyzed by G* Power Software,®
Prism 9 (GraphPad Software, La Jolla, CA, USA) and OriginPro
(Northampton, MA, USA). Data are showed as mean =+ SD and
differences of p < 0.05 were considered as statistically
significant.

3 Results & discussion

Microglia mediate multiple facets of neuroinflammation,

including cytotoxicity, repair, regeneration, and
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immunosuppression due to their ability to acquire diverse
activation states and phenotypes.>* We designed six miR-129-
PLGA NP formulations (Fig. 1) and tested their immunomodu-
lation properties on LPS-activated immortal microglia cell line
(BV-2 cells) modeling neuroinflammation. To improve existing
strategies for enhancing miR-129 loading capacity and release
profile, we applied three approaches. Initially, the PLGA poly-
mer matrix solution was premixed with PLGA-CY5.5 conjugate
and then combined with (1) a preset mixture of miR-129 with
one of the following excipients-epigallocatechin gallate (EGCG),
spermidine (Sp), or polyethyleneimine (PEI) branched to get
miR-129+EGCG, miR-129+Sp, or miR-129+PEI formulations, (2)
miR-129 conjugate to PLGA for PLGA-miR-129 formulation, and
(3) a preset mixture of PLGA-miR-129 with one of the excipients
to get PLGA-miR-129+Sp or PLGA-miR-129+PEI formulations.
Our pre-screening investigations and the results in Fig. 3(c) and
(d) demonstrate that miR-129+EGCG reveals poor encapsula-
tion efficiency as well as unfavorable release kinetics with about
80% burst release in the first 30 minutes. Therefore, we exclude
any alternative variation with EGCG in this study. Previous
studies indicate that EGCG can be an effective excipient for
complexation with small interference RNA,*** yet we were
unable to demonstrate such benefits of EGCG for miRNA
delivery. All NP formulations were fabricated using the oil-in-
water double emulsion solvent evaporation method described
previously.** The excipients were chosen based on the previ-
ously reported data of their successful use. It was demonstrated
that EGCG facilitated RNA condensation by low-molecular-
weight polymers,*>** whereas Sp conjugated to PLGA*® and PEI
anchored into PLGA-based NPs helped with better incorpora-
tion of miRNA via electrostatic complexation.>® We character-
ized all nanoformulations obtained in terms of their
morphology, size, zeta potential, physical state and stability,
composition, interaction with the aqueous phase, and miR-129
release kinetics. Fig. 1 demonstrates the structure of the NPs
based on summarized physicochemical properties. Close to
sphere-shaped nanoparticles had a smooth surface with
hydrodynamic radius and NPs size determined by Scanning
Electron Microscope (SEM) images (Fig. 2a and Table. S1 in the
ESIT). All NPs had negative charge due to carboxyl groups of
PLGA and PEMA coating at the last step of NPs fabrication since
the previous study indicated that negative surface charged NPs
enhance cellular binding association through scavenger recep-
tors such as Macrophage Receptor with Collagenous Structure
(MARCO) and the class A scavenger receptor SR-AI/IL.?*%

The results of FTIR and pXRD analysis of the nano-
formulations confirmed PEMA, miR-129, and the excipients
incorporated into the PLGA matrix (Fig. 2(b) and (c)). The
spectral domain (1750-1450 cm™ ') shown in Fig. 2b contains
absorption bands due to in-plane double bond stretching
vibrations of the bases, whereas the spectral domain (800-
600 cm ') is commonly assigned to the out-of-plane vibrations
of bases.*® The uracil peak at 1645 cm ! is observed in the miR-
129 spectrum as well as in the miR-129+EGCG (Fig. 2b and S1 in
the ESIt). The same band was shifted to 1700 cm ™" in the PLGA-
miR-129 conjugate and the conjugate-based nanoformulations.
A new band in all nanoformulations and the conjugate (vs. FAM

© 2023 The Author(s). Published by the Royal Society of Chemistry
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dye loaded blank PLGA based NPs (FAM NPs) on Fig. S1a in the
ESIt) can be found at 1550-1564 cm™ ' and assigned to the
bending vibration of amide II. FAM-NPs were used as a control
groups. The sugar band of »(C-O) ribose (1084 cm™') in the
miR-129 spectrum was shifted to 1087-1090 cm ™" in the PLGA-
miR-129 formulation. The weak peak at 1048 cm ™" in miR-129
is assigned to the C-O-C stretching and the combination of
the C-O stretching and C-O bending in miR-129. A small shift
of this band (1050-1051 cm ") can be found in PLGA-miR-129
(Fig. 2b). The small bands at 696-704, 806-811, 850-860 cm ™"
and 743-749 cm™ ' in the nanoformulations correspond to the
out-of-plane ring modes of the guanine, ribose-phosphate
vibrations, and pyrimidine ring (uracil and/or cytosine) of
miR-129, respectively (Fig. 2b).>* The peaks in the NPs spectra at
1397, 1426, 1454, and 1754 cm ™' are ascribed to the bending
vibration of carbonyl groups (C=0) of PLGA (Fig. 2b and S1a in
the ESIT). The peak at 1474 cm™ ' in miR-129+Sp NPs is attrib-
uted to bending vibrations of the aminopropyl group of Sp. The
peak around 3230 cm™ " indicated the hydroxyl groups of EGCG
in miR-129+EGCG (Fig. 2b). As shown in Fig. S1b in the ESI, T the
XRD patterns of initial polymers (PLGA, PEMA, and PEI) exhibit
no sharp peaks and only wide diffraction ones (5.2 to 7.4°, 12.6
to 19.2°; 16.8 to 20.2°; 10 to 29.4°) that indicates the amorphous
state of the polymers was used. As expected, all nano-
formulations exist in an amorphous form even in the case of Sp
and EGCG, which individually displayed high crystallinity
(Fig. 2c and S1b in the ESIt). The latter confirms Sp and EGCG
underwent the crystal-to-amorphous transition due to effective
entrapment into PLGA mass. However, there are miR-129 peaks
(28.7 and 32°) in miR-129+EGCG that imply re-crystallization of
miR-129 upon solvent evaporation and its entrapment at the
NPs surface. The peak of PEMA (around 18°) was observed in
miR-129+Sp and may indicate that a bigger amount of PEMA
adsorbed on these NP surfaces compared to other nano-
formulations (Fig. 2¢). The characteristic crystalline peaks of
miR-129 occurred in PLGA-miR-129 at 27.8° and 32.0° as well
(Fig. 2c and S1b in the ESIt), however the sharp peaks of miR-
129 disappeared in the XRD spectra of the rest of the nano-
formulations indicating that miR-129 was successfully encap-
sulated within them.

Characterizing the mechanical stability of nanoformulations
at increasing relative humidity is also important in the assess-
ment of storage lifetimes and can predict both polymer degra-
dation and payload release kinetics.** This analysis was
performed by dynamic vapor sorption (DVS). The water
adsorption-desorption isotherms by DVS, depicting mass
changes as a function of varying relative humidity at constant
temperature, are presented in Fig. 3 and S2 in the ESI.{ The
degree and rate of water sorption can be influenced by encap-
sulation, controlling particle size, and changing the degree of
crystallinity. Higher levels of moisture absorption may cause
a plasticizing effect on the NPs, softening and deforming the
NPs, filling their porous volume and interfering with the
payload interaction with components of the NPs.**** Sorption
mass change (%) at different % P/P, displays high water sorp-
tion for miR-129+Sp, miR-129+EGCG, and PLGA-miR-129
formulations perhaps due to an allocation of the excipients
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and miR-129 on or close to the outer surface of NPs increasing
its hydrophilicity (Fig. 3a). Other reasons might be a higher
PEMA content presenting in the miR-129+Sp and PLGA-miR-129
formulations and higher crystallinity of miR-129+Sp and PLGA-
miR-129 formulations (Fig. 2(b) and (c)) that increased water
sorption.® Nanoformulation miR-129+PEI showed a significant
decrease in water sorption and nanoformulation, and PLGA-
miR-129+Sp and PLGA-miR-129+PEI showed minimal mass
change even at the high % P/P, values (70-90%) (Fig. 3a and in
the ESIT). Each excipient being a hydrophilic component may
contribute to swelling and mass change as water-moistening
enhanced the wettability of the sample. Accumulation of
water adsorbed on the NPs surface may lead to the NPs swelling
first and then catalyzing PLGA matrix erosion resulting in
a generation of some pores into the NPs volume. In general, the
adsorption/desorption process is not fully reversible at the same
% P/P,, and a larger moisture content is observed during the
desorption process; a phenomenon called hysteresis.*®
Sorption-induced swelling in various soft structures brings to
hysteresis when there is a difference between adsorption and
desorption isotherms. The degree of hysteresis in a formulation
is a good indicator of the ability to maintain structural integrity.
According to DVS results, the least stable samples are PLGA-
miR-129, miR-129+Sp, and miR-129+EGCG displaying huge
hysteresis (Fig. 3b). The miR-129+PEI has a little hysteresis at
a low % P/P, may be associated with water molecule intercala-
tion in narrow pore spaces leading to irreversible changes in the
pore structure.”” Hysteresis isotherms of PLGA-miR-129+PEI
and PLGA-miR-129+Sp formulations with only minimal hyster-
esis indicate that despite being moisture sensitive at high
pressure, they are most stable with fewer sorption sites for
hydrogen bond formation than other samples. DVS data
correlates well with the miR-129 release profile (Fig. 3c). High
retention of moisture is considered an unfavorable trait for the
maintenance of the structure and therefore a burst release of
the entrapped payload and poor sustainability can be expected.
It is known that pharmacokinetics (PK) is associated with the
degradation rate and the drug release of PLGA-based NPs. Both
are influenced by a number of factors such as the initial
molecular weight, monomer composition ratio of PLGA matrix
(i.e., lactic acid/glycolic acid ratio), payload nature, processing
method, polymer crystallinity, polymer end-capping, water
absorption, pores, pH, and glass transition temperature.’®>®
Different types of payload release patterns can be obtained from
PLGA particles, in particular mono-, bi-, or tri-phasic drug
release kinetics. Generally, an initial rapid payload release
phase (“burst release”) is often met for PLGA-based NPs.***° The
release curve of the miR-129+EGCG (Fig. 3c) corresponds to the
common hydrophilic compound release pattern, the biphasic
release that is characterized by the initial burst (80%) and
saturation (i.e., zero-order release) which is unfavorable.*® The
initial miR-129 burst release phase as in the case of miR-
129+EGCG and miR-129+SP might be attributable to the release
of oligonucleotide adsorbed onto the surface, to the diffusion of
oligonucleotide located close to the surface.’®* The miR-
129+Sp release curve demonstrates combined release kinetics
(monophasic/biphasic): small burst release (about 15%),
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sustained release and short saturation. The 80% miRNA release
was observed after 230 h at pH 5.5. Different miRNA patterns
are reported in other works with similar approaches using
spermidine and PLGA NPs: 80% miRNA released from the NPs
after 48 h at pH 5 and 8% of microRNA released in 8 days of
incubation at 37 °C under a static condition.®* Apparently,
diverse release kinetics in our case may be associated with NPs
coating with PEMA and NPs size as well as release study
conditions. Like the miR-129+Sp formulation, the PLGA-miR-
129 formulation showed combined release kinetics but
without any burst release phase (Fig. 3¢). Conjugation of miR-
129 with PLGA might contribute to solubility/hydrophobicity
of miR-129 and distribution within the PLGA matrix that led
to a change in diffusion rate, thus improving the release
kinetics (Fig. 3c). The PLGA-miR-129+Sp sample displayed
fluent sustained release of the miR-129 close to monophasic
release from a single homogeneous phase ending by some
saturation phase (Fig. 3c). The release curves of miR-129+PEI
and PLGA-miR-129+PEI formulations represent the triphasic
pattern (i.e., phase I, phase II, and phase III).>® The small initial
miR-129 burst release effect is due to the rapid release of
surface-bound molecules, the second phase (steady controlled
release) is related to diffusion and hydrolysis, and the third
phase is a result of bulk erosion.*® Interestingly, Arora et al.
showed that PLGA NPs loaded with miR-150 mimics and PEI as
a condensing agent could release ~20% of their cargo within
336 h at pH 7.4.°> At the same release conditions (pH 7.4), it was
found double higher % of released miRNA from PLGA-PEI-miR-
21i NPs after 60 h.®® These conflicts may be due to different
study design parameters including PLGA composition, encap-
sulation conditions, final NPs size, and release study condi-
tions. Complexation of PLGA-miR-129 conjugate with PEI
allowed a heterogeneous distribution of the miR-129 within
PLGA nanocarriers, with more concentration at the core area
(aqueous phase) and less at peripheries providing slow triphasic
release (Fig. 1 and 3c). Thus, three of our six nanoformulations
(miR-129+PEI, PLGA-miR-129+Sp, and PLGA-miR-129+PEI) may
ensure the prolonged release of miR-129 owing to the optimal
distribution of miR-129 within PLGA-based NPs (in high-density
areas) (Fig. 3c) and high stability in the aqueous phase (no
hysteresis) (Fig. 3b). Encapsulation efficacy is a crucial param-
eter that permits varying the NPs concentration for in vivo study.
The encapsulation efficacy and miR-129 loading content were
studied (Fig. 3d and S3a in the ESIt). Encapsulation efficacy was
calculated using the equation mentioned above. All nano-
formulations displayed miR-129 content-dependent loading
capacity (EE, %) with the highest EE found for PLGA-miR-
129+Sp and PLGA-miR-129+PEI and the lowest ones for miR-
129+EGCG and miR-129+Sp (Fig. 3d). Surprisingly, EE for miR-
129+PEI formulation in about 78% matches the value obtained
in the study mentioned above using PEL®* Entrapment of miR-
129 as the PLGA-miR-129 conjugate showed a beneficial trend
in EE value reaching near 80% at the highest miR-129 content
we tested (Fig. 3d). Thereby, the combination of conjugation
and complexation approaches allowed reaching 85-98%
encapsulation efficacy. The most promising nanoformulations
at the highest loading content (125-500 pg of miR-129 per 1 mg
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of NPs) were characterized using a Zetasizer to measure size,
polydispersity index (PdI) and zeta potential (Fig. S3a and b in
the ESIf). It can be noted that the nanoformulations’ size
enlarged slightly (6-8%) as well as PdIs with loading amount
growth. In addition, insignificant change was seen for zeta
potentials (Fig. S3b in the ESIY).

Cytotoxicity of all nanoformulations was examined with
Annexin V/PI assay and MTT test (Fig. 4). Annexin V/PI assay via
flow cytometry and summarized numeric data of the Annexin V/
PI assay were shown in Fig. 4(a) and (b). All possible controls of
Annexin V/PI assay were presented in Fig. S4 in the ESLT In
comparison to LPS only treatment group, all miR-129-contained
nanoformulations displayed inhibition of apoptosis of BV-2
cells caused by LPS. It was reported that miR-129 can
suppress apoptosis by regulating BCL-2 and caspase-3 expres-
sion.”*** The data indicated that miR-129+EGCG and miR-
129+Sp formulations had relatively less anti-apoptotic effects
compared to other nanoformulations. MTT test showed the
nontoxic behavior of all nanoformulations toward microglia
cells indifferently to NPs concentrations tested (Fig. 4c). The
exception was observed in the FAM-NPs group which showed
a drastic drop in cell viability (up to 58.4%) at 250 pg ml ™.

Subsequently, besides identifying more effective NP designs
for mimic miRNA therapy, we investigated the immunomodu-
latory effects of miR-129 and PLGA NPs for activated microglia.
The immunomodulatory effects of each of the nano-
formulations were examined on LPS-activated BV-2 cells
through in vitro analysis in comparison to control FAM-NPs
group. Among the nanoformulations, the miR-129+EGCG
formulation demonstrated unfavorable miR-129 release
kinetics and the least potency compared to the rest of the
nanoformulation based on our NP selection prioritization
criteria (Fig. 1-4). Therefore, nanoformulation miR-129+Sp,
miR-129+PEl, PLGA-miR-129, PLGA-miR-129+Sp, and PLGA-
miR-129+PEI were selected for the following in vitro study.
Initially, we investigated the cellular NPs uptake and the
expression of miR-129 (Fig. 5). The cellular uptake was
measured by FAM signal (miR-129-FAM) using flow cytometry
and the most representative cytograms are presented in Fig. 5a.
The data indicated that the cellular NP uptake was concentra-
tion dependent. In all nanoformulation groups, the cellular NP
uptake levels were significantly increased at 250 pg ml™* and the
highest values were collected for PLGA-miR-129+Sp and PLGA-
miR-129+PEI formulations (Fig. 5(a) and (b)). Although the
cellular NPs uptake levels showed a trend toward greater
expression in PLGA-miR-129+Sp formulation compared with
PLGA-miR-129+PEI formulation, there were no significant
differences between the two nanoformulations (P = 0.057,
Fig. 5b). Microimages of the BV-2 cells after NP treatment were
taken by Cytation 7 plate reader and presented in Fig. S5 in the
ESIL.f The data indicated that delivered NPs were taken up by
activated BV-2 cells, which were colocalized with miR-129
(vellow). Subsequently, the expression level of miR-129 in BV-2
cells treated with the NPs was analyzed via qRT-PCR (Fig. 5c).
All formulations effectively upregulated the expression of miR-
129, indicating that our nanoformulations successfully deliv-
ered target miRNA-129 to activated cells. We discovered fairly
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close miR-129 expression patterns for activated BV-2 cells
treated with PLGA-miR-129+Sp and PLGA-miR-129+PEI in both
concentrations, but the expression levels of miR-129 were
concentration-dependent, which was correlated with cellular
NP uptake (Fig. 5(b) and (c), P < 0.01 125 ug ml~ " vs. 250 pg ml~*
in Fig. 5c¢).

Our last study was devoted to the verification of NPs whether
NPs can reprogram the activated microglia by LPS from pro-
inflammatory phenotype to anti-inflammatory phenotype. We
utilized flow cytometry, Nitric Oxide (NO) assay, and ELISA to
examine the NPs-mediated alteration of the main biomarkers
from the activated microglia (Fig. 6 and 7). Since the efficacy of
NPs was concentration dependent, we employed 250 pug ml~* of
NPs for the following investigations. Initially, LPS-mediated
activated microglia indicated pro-inflammatory phenotype
(CD80"8"/CD86"8"/CD163'°"/CD206'°Y).  However,  anti-
inflammatory markers, CD206 and CD163, were upregulated
in comparison to the LPS group, whereas pro-inflammatory
markers, CD80 and CD86, were found to be intensively down-
regulated in LPS-activated BV2 cells after treatment with PLGA-
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miR-129+Sp and PLGA-miR-129+PEI formulations (Fig. 6(a) and
(b)). Other nanoformulations stimulated the expression of anti-
inflammatory factors as well compared to LPS treated group yet
were less effective. In addition, NPs significantly attenuated
LPS-induced NO production in activated BV-2 cells (Fig. 7a). A
decrease in NO production can be observed for all nano-
formulations with a concentration-dependent tendency (Fig. 7a
and S6 in the ESIT). Almost equal effect on NO production was
revealed for three nanoformulations (PLGA-miR-129, PLGA-
miR-129+Sp and PLGA-miR-129+PEI) compared to other
formulations (P < 0.05). All miR-129 contained nano-
formulations were able to regulate the expression of pro-
inflammatory and anti-inflammatory factors (Fig. 7b, ¢ and S6
in the ESIT). The expression of pro-inflammatory cytokines
including IL-6 and IL-1B was downregulated in LPS-activated
microglia after treatment with NPs, while the expression of
anti-inflammatory factors vascular endothelial growth factors
(VEGF), IL-10 and IL-13 was restored and even exceeded the
PBS-treated group. Our previously published study indicated
that PLGA-based NPs were internalized by innate immune cells
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Fig.7 The immunomodulatory effects of nanoformulations. (a) Results

of NO (Griess) assay in response to the NPs treatment with 250 pg ml™%.

N = 3/group, error bars = SD, p-value: ****p < 0.0001 vs. LPS group and #p < 0.05. NO content was normalized to the live cells based on MTT
data. (b and c) The expression level of anti- and pro-regenerative factors. Anti-regenerative factors IL-6 and IL-1f (b) and pro-regenerative
factors TGF-B, VEGF, IL-10, and IL-13 (c) levels were investigated in response to the NPs treatment (250 pg ml™) via ELISA. The expressions of
both anti- and pro-regenerative factors were significantly altered by NPs. In all cases, BV-2 cells were treated with LPS for 24 h followed by a 72 h

exposure to nanoformulations. N = 5/group, error bars = SD, p-value: *
and ####p < 0.0001.

leading to the modulation of immune cells' gene expression and
function without active biologics.*® The expression levels of NO
and pro-inflammatory factors in PLGA-miR-129+Sp and PLGA-
miRNA-129+PEI were significantly reduced compared to the
control blank NP group (Fig. 7(a) and (b)), indicating that the
synergistic immunomodulatory effects between miR-129 and
PLGA-based NPs on activated microglia. Although the expres-
sion level of pro-regenerative factors showed a trend toward
greater in PLGA-miR-129+Sp and PLGA-miR-129+PEI compared
to the control empty NP group, there were no substantial
differences between groups. It was confirmed that localized
expression of IL-10 can drive microglia and macrophage
polarization from pro-inflammatory phenotype to anti-
inflammatory phenotype and reduce neutrophil
infiltration.®*” IL-13 has been reported to induce microglia
alternative activation and inhibit the expression of pro-
inflammatory factors, thereby providing neuroprotection after
injury.®® The expression level of VEGF was vastly raised by
nanoformulation treatments. VEGF can mediate neuronal
restorations through three major mechanisms: stimulating
angiogenesis and modulating vascular permeability, direct
neuroprotection, and promoting neurogenesis.®>’® In previous
work, VEGF down-regulated the expression levels of IL-1B and
TNF-o. and shifted activated microglia to anti-inflammatory

3450 | Nanoscale Adv, 2023, 5, 3439-3452

*p < 0.01and ****P < 0.0001 against LPS group, #P < 0.05, **#P < 0.001,

phenotype. Furthermore, VEGF is involved in several signaling
pathways, such as PI3K/Akt, Erk/MAPK, VEGF/SphK, JNK, and
P38 MAPK pathways in charge of the neuroprotective and nerve
regenerative processes.®*”* Therefore, reprogramming of acti-
vated microglia post-translationally to attenuate the whole
spectrum of anti-regenerative expressions will provide the
potential therapeutic opportunity to modulate neuro-
inflammation after injury and limit its adverse consequences.

Collectively, we selected PLGA-miR-129+Sp and PLGA-miR-
129+PEI as the most promising nanoformulations since they
demonstrated more effective characterizations for target miRNA
delivery and immunomodulation for activated microglia
compared to all prepared nanoformulations considering our
selection criteria.

4 Conclusion

Microglia play critical role in multiple inflammatory responses-
mediated neurological disorders. There is an increasing need
for the development of efficient and non-invasive strategies to
treat neuroinflammatory aspects by means of microglia activa-
tion regulation. The development of clinically viable miRNA-
mediated therapy to reprogram the function of activated
microglia represents a novel immunotherapeutic strategy for

© 2023 The Author(s). Published by the Royal Society of Chemistry
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the treatment of multiple inflammation-mediated diseases. We
designed effective nanoformulations that allowed for improved
target miRNA encapsulation and release kinetics. In this study,
we have underscored the synergistic effects of PLGA-based NPs
and miR-129 to attenuate inflammatory response in activated
microglia. Our selected nanoformulations regained the
expression level of miR-129, restored LPS-altered health condi-
tions of microglia, converted the phenotype of microglia, and
stimulated the production of multiple pro-regenerative factors.
For further study, we will investigate the anti-inflammatory
effects of two of the most promising nanoformulations (PLGA-
miR-129+Sp and PLGA-miR-129+PEI) through in vivo inflam-
matory responses-mediated diseases on the CNS models
including neuropathic pain after SCI or MS and expect to
observe enhanced PK and efficient performance.
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