
Citation: Almatroudi, A.; Alsahli,

M.A.; Syed, M.A.; Khan, A.A.;

Rahmani, A.H. Regulation of

Pro-Inflammatory Macrophage

Polarization via Lipid Nanoparticles

Mediated Delivery of

Anti-Prostaglandin-E2 siRNA. Curr.

Issues Mol. Biol. 2023, 45, 1–11.

https://doi.org/10.3390/

cimb45010001

Academic Editor:

Yoshitaka Miyamoto

Received: 14 October 2022

Revised: 12 December 2022

Accepted: 12 December 2022

Published: 20 December 2022

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Article

Regulation of Pro-Inflammatory Macrophage Polarization via
Lipid Nanoparticles Mediated Delivery of
Anti-Prostaglandin-E2 siRNA
Ahmad Almatroudi 1 , Mohammed A. Alsahli 1 , Mansoor Ali Syed 2 , Amjad Ali Khan 3 and Arshad
Husain Rahmani 1,*

1 Department of Medical Laboratories, College of Applied Medical Sciences, Qassim University,
Buraydah 52571, Saudi Arabia

2 Translational Research Lab, Department of Biotechnology, Faculty of Natural Sciences, Jamia Millia Islamia,
New Delhi 110025, India

3 Department of Basic Health Science, College of Applied Medical Sciences, Qassim University,
Buraydah 52571, Saudi Arabia

* Correspondence: ah.rahmani@qu.edu.sa

Abstract: Pro-inflammatory macrophage polarization is crucial in acute inflammatory diseases
like Acute lung injury (ALI), and acute respiratory distress syndrome (ARDS). Prostaglandin E2
(PGE2) is believed to promote inflammation in such cases. Therefore, our study aimed to deliver
anti-prostaglandin E synthase 2 small interfering RNA antibodies (anti-PGE2-siRNA) through lipid
nanoparticles (LNPs) in RAW264.7 (The murine macrophage cell line) to find a possible cure to the
acute inflammatory diseases. LNPs were synthesized by using thin layer evaporation method and
were characterized by dynamic light scattering (DLS), Zeta potential, SEM and TEM analysis. The
obtained NPs were spherical with an average size of 73 nm and zeta potential +29mV. MTT assay
revealed that these NPs were non-toxic in nature. Gel retardation assay displayed 5:2 ratio of siRNA
and NPs as the best siRNA:LNPs ratio for the delivery of siRNA into cells. After siRNA delivery
by using LNPs, real time gene expression analysis revealed significant decrease in the expression of
PGE2. Western blot results confirmed that silencing of PGE2 gene influence inducible nitric oxide
synthase (iNOS) and interlukin-1β (1L-1β), markers involved in pro-inflammatory macrophage
polarization. Our study revealed that LNPs synthesized in present study can be one of the effective
methods to deliver anti-PGE2-siRNA to control pro-inflammatory macrophage polarization for the
treatment of acute inflammatory response.
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1. Introduction

Macrophages are highly plastic in nature and thus they can be polarized into sev-
eral subsets under different stimuli. Bacterial lipopolysaccharide (LPS) can stimulate
macrophages to their inflammatory state while IL-4 can stimulate them into anti-
inflammatory phenotype [1,2]. A highly complex set of regulatory network governs this
macrophage polarization [3]. Proinflammatory macrophages generally kill pathogens
and present their antigens to the adaptive immune system [4]. Subsequently, the anti-
inflammatory cells resolve inflammation and repair the damage [5]. The balance of the
two phenotypes is crucial during inflammation or injury. In acute respiratory distress
syndrome (ARDS), acute lung injury (ALI), and during foreign body response (FBR) this
balance is somewhat disrupted [6,7]. Continuous M1 polarization can release excessive
proinflammatory cytokines like interleukin-1 (IL-1), nitric oxide (NO), tumor necrosis
factor-α (TNF-α), and reactive oxygen species (ROS) to induce a severe inflammatory
response [6,8]. Prostaglandin E2 (PGE2) significantly influences the progression of the
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inflammatory response by macrophages [9]. Their production is markedly increased in
inflamed tissues, and they help to produce the key symptoms of severe inflammation [10].
Recently, PGE2 was reported to augment M1 polarization. Suppression of PGE2 also pro-
moted M2 macrophage polarization and decreased the allergic airway inflammatory cell
infiltration in Abx-treated mice [11]. Therefore, PGE2 can be a potential therapeutic target
to attenuate M1 polarization. Some new strategies are in progress to down-regulate the
expression of PGE2 and prevent M1-induced severe inflammation [12].

Small-interfering RNAs (siRNAs), also known as short interfering RNA or silencing
RNA, are a type of double-stranded non-coding RNAs that functions through the RNA
interference (RNAi) pathway. They are usually 20–24 base pairs (commonly 21 bp) long,
making them similar to miRNA [13]. They have recently been demonstrated to induce
transcriptional gene silencing in humans [14]. An RNA-induced silencing complex (RISC)
system (an endogenous enzyme system), initiates gene silencing with siRNA. In theory,
specific siRNA can target and silence any gene. Thus, it can be used to down-regulate
the expression of PGE2. However, several significant obstacles prevent siRNA from being
delivered for therapeutic applications. First, in biological fluids, ”naked” siRNAs are
unstable and easily are destroyed by nucleases, resulting in their poor accumulation at
target sites [15]. Second, because of its large size, (13 to 15 kDa), and negative charges,
siRNA cannot cross the cell membrane [16]. Moreover, systemically injected siRNAs
can accumulate in the liver and kidney. The kidneys remove siRNA from circulation
and excrete them [17]. To get over these aforementioned obstacles, suitable delivery
vehicles are consequently required. Lipid-based nanoparticles (LNPs) such as liposomes are
frequently used for nucleic acid delivery within target cells. The LNPs are biocompatible,
biodegradable, less toxic, structurally flexible, and can be easily produced on a large
scale [18–20]. Therefore, LNPs can be an ideal vehicle for the delivery of siRNAs.

This work was designed to combat acute inflammation and control the proinflamma-
tory M1 polarization by silencing PGE2 through LNP-mediated Si-RNA delivery.

2. Materials and Methods
2.1. Chemicals and Reagents

RAW264.7 (The murine macrophage cell line) was procured from NCCS, Pune, India.
Dulbecco’s Modified Eagle Medium (DMEM) (Gibco, Grand Island, NY, USA), FBS (heat
inactivated) (Gibco, Grand Island, NY, USA) and 1% antibiotic-antimycotic (Gibco, Grand
Island, NY, USA) were purchased. Trizol reagent (Ambion, Elk Grove, CA, USA, cDNA
synthesis kit (verso, cDNA synthesis kit, Thermo Scientific, Waltham, MA, USA), SYBR
green (PowerUp™ SYBR™ Green Master Mix, Applied Biosystems, Thermo, Waltham,
MA, USA) were purchased. All routines chemicals were purchased from local supplier.

2.2. Synthesis of Nanoparticles

Synthesis of lipid nanoparticles (LNPs) is done by a thin layer evaporation method [21].
In brief, DSPC, cholesterol, and polyethylenimine (PEI) (4:1:2) were dissolved in Chloroform
and Methanol (1:1) and kept on magnetic stirrer for 4 hr at 25 ◦C and 200 rpm. Next, the
solvent was evaporated using a rotary evaporator (DLAB RE-100 Pro) at 50 ◦C, 40 RPM,
to obtain a thin layer. The obtained thin layer of lipids was dispersed in doubled distilled
water by sonication (Sonics, Vibra cell VCX 500) at 50 amplitude (10 s on-off cycle) for
10 min and extruded using a 200 nm then 100 nm polycarbonate membrane at 50 ◦C to
control the LNPs size.

2.3. Characterization of LNPs

Nano Zetasizer system (Malvern Instruments) was used for dynamic light scattering
(DLS) analysis at 25 ◦C, 0.8872 mPas medium viscosity, and 1.59 medium refractive index
for the evaluation of hydrodynamic size distribution of the particles, zeta potential and
disparities in the colloidal sample. The analysis was done after loading the material into a
quartz microcuvette and measurements was done accordingly.
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Transmission electron microscopy (TEM-Philips, EM-410LS, JEOL, Osaka, Japan) and
Scanning electron microscopy were used to examine the morphology of LNPs (SEM). For
TEM analysis, a little drop of the highly diluted sample was evenly distributed throughout
the copper grid and dried at room temperature. Similarly, samples were prepared for SEM
analysis followed by gold coating in a sputter coater to examine the samples. Micrographs
were captured on SEM (Nova NanoSEM 450, at accelerating voltage of 5 keV.

2.4. Cell Culture and Maintenance

RAW264.7 (murine macrophage cell line) was procured from NCCS, Pune, India, and
maintained in Dulbecco’s Modified Eagle Medium (DMEM) (Gibco, Grand Island, NY,
USA) supplemented with 10% FBS (heat inactivated) (Gibco, Grand Island, NY, USA) and
1% antibiotic-antimycotic (Gibco, Grand Island, NY, USA). Cells were incubated at 37 ◦C in
a humidified incubator saturated with 5% CO2. These macrophages were stimulated by
LPS treatment (100 ng/mL).

2.5. Biocompatibility of the LNPs

Biocompatibility was assessed using MTT assay [22,23]. Briefly, 7 × 103 cells
(RAW264.7) in their exponential growth phase were seeded in a 96-well plate and kept in
an CO2 incubator at 37 ◦C for 24 h. Different concentrations of LNPs were used to treat
the cells and after 24 h, 20µL MTT reagent was added in each well and incubated for 4 h.
Formazan crystals were dissolved by adding 150µL of DMSO in each well. Absorbance
was measured using a microplate reader at 590 nm (imark BIO-RAD microplate reader).
The percentage viability of cells was calculated using following equation:

% Viability = 100 − [(Absorbance of control − Absorbance of treated)/Absorbance of control] * 100

2.6. Binding Efficiency of siRNA with LNPs through Gel Retardation Assay

Different quantities of LNPs (1–7 µg) were made to react with a fixed amount of siRNA
(10 µg) for 5 min at room temperature. The mixture was run on the denaturing agarose gel
(1.5 %) at 100 V for 20 min to find the best combination ratio of siRNA:LNP.

2.7. RNA Extraction and Real-Time Quantitative PCR

Realtime PCR was performed to check the mRNA expression of target genes. Fol-
lowing the manufacturer’s instructions, RNA was extracted from the siRNA treated
RAW264.7 cell line using Trizol reagent (Ambion, Elk Grove, CA, USA). Then, using a cDNA
synthesis kit (verso, cDNA synthesis kit, Thermo Scientific, Waltham, MA, USA) cDNA
was synthesized. To perform qPCR, cDNA was diluted 1:20 times. With the use of SYBR
green (PowerUp™ SYBR™ Green Master Mix, Applied Biosystems, Thermo, Waltham,
MA, USA), the mRNA levels were assessed. The Real-time PCR System QuantStudio
6 Flex (Applied Biosystems, Waltham, MA, USA) was used for the experiment, and the
thermocycling settings were as follows: initial denaturation 95 ◦C for 5 min, denaturation
95 ◦C for 30 s, annealing (54 ◦C) for 35 s, and extension 72 ◦C for 40 s. Data was analyzed
by the Livak (∆∆Ct) method [23]. Following primers are used to detect the expression of
target genes by qRT-PCR analysis: PGE2: Forward-5′ GAA GGA CTG AGA TCA AAT TCT
C 3′, Reverse-5′ ATG ACA GAG GAG TCA TTG AG 3′, B-ACTIN: Forward- 5′ TGA CCC
AGA TCA TGT TTG AG 3′, Reverse- 5′ ATC CCA TCA CAA TGC CTG 3′, iNOS: Forward-
5′ TCC TGG AGG AAG TGG GCC GAA G 3′, Reverse- 5′ CCT CCA CGG GCC CGG TAC
TC 3′,IL-1β: Forward- 5′ TCA GGC AGG CAG TAT CAC TC 3′, Reverse- 5′ CAT GAG TCA
CAG AGG ATG GG 3′.

2.8. Protein Extraction and Western Blot

RIPA lysis buffer (Thermo scientific, USA) supplemented with protease and phos-
phatase inhibitor (Thermo scientific, USA) was used to extract the protein. A Bio-Rad
kit was used to quantify the extracted protein and was quantified by Bradford assay kit
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(Bio-Rad, Hercules, CA, USA). SDS-PAGE was used to resolve the protein, which was
subsequently transferred onto PVDF membrane. After the membrane had been blocked
with 5% skimmed milk, the primary mouse monoclonal antibody, Anti-iNOS (BioLegend,
USA) and Anti-IL-1β antibodies (sc-12742, Santa Cruz Biotechnology, Inc., Santa Cruz,
CA, USA) were added onto the membrane for an overnight incubation at 4 ◦C. It was
followed by an incubation with HRP-conjugated secondary antibody at room temperature
for 1 h. Thereafter, protein bands were visualized using Chemi-Doc XRS (Bio-Rad) by ECL
substrate (Bio-Rad).

2.9. Statistical Analysis

All the experiments were run in triplicate. Data were expressed as the mean ± SEM.
GraphPad Prism 3.0 software (San Diego, CA, USA) was used for the statistical analyses.
One-way ANOVA and Dunnett tests were further used. Values of p < 0.05 were considered
statistically significant

3. Results
3.1. Synthesis and Characterization of LNPs

LNPs were successfully synthesized using the above-mentioned protocol. Movement
of the particle is random and translational. Surface charge on the NPs causes adsorption
of solvent (creating hydration layer), forming corona and make it more complex thus
causing altered surface of the particle. The scattered light is not only by the NPs but it
is a constructive particle (NP and hydration layer) that scatter the light. DLS determine
the hydrodynamic size of the particle which is the hypothetical measurement and not the
ac-tual size of the synthesized NP. Therefore, DLS provide indicative size [24,25]. In the
present study, DLS analysis revealed the hydrodynamic size of 154 nm [Figure 1].

DLS data is used to calculate PDI, typically depicts the intensity of light scattered
by various fractions of the particles differing in their size. Our DLS data showed PDI
(Poly-dispersity index) as 0.163 and this indicates that particles are considerably mono-
disperse in nature not in aggregating form. More PDI value mean more heterogenous NPs
are there. DLS has very low resolution which is the limitation of the technique [26]. For
example, DLS is unable to distinguish between particles of 90 and 110 nm size because it is
an intensity-based technique [27] and a broad peak with high PDI can appear. While to
confirm the actual size, number-based technique such as TEM is needed [28]. Therefore,
DLS data do not corroborate with TEM images. Since, hydrodynamic size is usually greater
than the actual size [22,29].

TEM and SEM analysis revealed spherical shape of NPs with an average size of 64 nm
and 73 nm respectively. Spherical shape is an indication of the presence of large sur-face
area for interactions with siRNA moieties. The most crucial characteristic for the in vivo
integrity and biological fate of NPs is their particle size [30]. The development of car-riers
that are the right size is crucial for the field of delivery of various moieties into the cell.
Particle size <100 nm indicates that these NPs could easily penetrate the cell to show their
effect [31].

Zeta potential of LNPs was observed to be +29 mV. The electric potential of NPs is
re-ferred as zeta potential, and it is influenced by both the composition of the particles
and the dispersing media. The colloidal suspension system is thought to be stable when it
contains NPs with zeta potentials greater than +30 mV or less than −30 mV, which inhibits
NP aggregation [32]. Since the zeta potential obtained in the study is near +30 mV, we
can conclude that the LNPs are stable. Moreover, positive potential indicates that our NPs
could bind to negatively charged nucleic acid [Figure 1].
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cytotoxic to the RAW264.7 even at concentrations as high as 30 μg/ml. This strengthened 
the idea that they can be used as siRNA delivery agent without causing any adverse effect 
[Figure 2]. 

Figure 1. Physical characterization of lipid nanoparticles. (A) Appearance of lipid nanoparticles
(LNPs) solution, (B) SEM analysis of LNPs (C) TEM analysis of LNPs (D) Size distribution by DLS
and, (E) Zeta potential.

3.2. Biocompatibility of the LNP

The cell metabolic activity by MTT analysis revealed that synthesized LNP were not
cytotoxic to the RAW264.7 even at concentrations as high as 30 µg/mL. This strengthened
the idea that they can be used as siRNA delivery agent without causing any adverse effect
[Figure 2].
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Figure 2. MTT assay to calculate IC50 for synthesized LNP.

3.3. Binding Efficiency of siRNA with Lipid Nanoparticle (LNPs)

Optimizing the delivery parameters and siRNA transfer into cells depend on nanopar-
ticles’ ability to form complexes with siRNA ex vivo. To evaluate how well the nanoparticles
and siRNA interacted, the gel retardation experiment was used. After 10 µg of siRNA was
incubated with 1–7 µg of NPs and were run for agarose gel electrophoresis. Because of
the bigger size, siRNA complexes with the NPs and remain in the loading holes in the
agarose gel and could not be moved by the electric field. The detected bands indicated the
presence of free siRNA, and siRNA-LNPs complexes showed concentration-dependent
gel retardation. The best ratio of siRNA:LNPs was found to be 5:2 where no bands were
detected in the gel but in the wells and beyond this ratio, we observed no bands of free
siRNA in the gel. It indicates that to load 10 µg siRNA completely 4 µg LNPs is required
[Figure 3].
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3.4. Detection of Gene-Silencing through qRT-PCR

Gene-silencing efficiency of nanoparticle-delivered siRNA is observed by delivering,
4 µg of nanoparticles and 10 µg of siRNA mixture in RAW264.7 (siRNA + LPS + LNPs)
in a 6 well plate. In another set of cells, mixture of 4 µg of LNP and 10 µg of scrambled
RNA (scrambledRNA + LPS + LNPs) were added. The cells were incubated for 24 h.
RNA was extracted as well as studied further using quantitative real-time PCR. As shown
in Figure 4, the mRNA level of PGE2 was significantly reduced by LNP-delivered anti-
PGE2-siRNA in LPS stimulated cells (siLPS + LNPs) as compared to the LNP-delivered
scrambled in LPS stimulated cells (scLPS + LNPs). This silencing of PGE2 gene expression
indicated possibility of augmentation of macrophage induced inflammation. This was
further confirmed by assessing the expression of pro-inflammatory markers iNOS and
IL-1β [Figure 4].
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3.5. Western Blot

Western blot analysis revealed a significant decrease in the expression of iNOS in
LPS stimulated cells (siLPS) when anti-PGE-2-siRNA was delivered via LNPs to them as
compared to the control i.e., scrambled RNA delivered cells (scLPS + LNPs). This indicates
that inhibition of PGE2 expression is inhibiting iNOS expression affecting M1 polarization
[Figure 5].
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4. Discussion

PGE2 is derived from arachidonic acid and is a major physiologically active lipid.
PGE2 is abundantly produced during acute inflammation and edema and is blocked by
NSAIDs, can resolve the inflammation [33,34]. But these drugs can cause serious effects
on gastrointestinal and cardiovascular system [35]. To downregulate PGE2 here we de-
signed or synthesized lipid nanocarriers using DSPC:Cholestrol:PEI system. Synthesis was
con-firmed by DLS, Zeta analyzer SEM and TEM analysis. 2:5 ratio of NPs and siRNA
was a suitable ratio identified by gel retardation assay. The procedure successfully deliver
siR-NA to the macrophage cells RAW264.7 to silence PGE2 gene and further inflamma-
tory pathways and macrophage polarization markers were assessed. PGE2 is involved in
macrophage metabolism during inflammation and these cells are crucial for immunolog-ic
response, pathogen response, tissue repair, regeneration [36], and metabolism thus main-
taining tissue homeostasis [33,37–39]. Similarly, M1 macrophages also release the potent
pro-inflammatory cytokine IL-1β. Due to the activation of the NF-kB and MAPK cascades,
very high quantities of IL-1β are present in M1 polarized macrophages, while M2 polarized
macrophages do not contain any IL-1β protein [40,41]. Downregulation of IL-1β expression
is an indication towards anti-inflammatory M2 macrophage polarization and reduction
in M1 polarization [42]. IL-1β can be produced and induce inflammation in response to
the Toll-like receptor 4-ligand lipopolysaccharide (LPS). Recently, in murine bone marrow-
derived macrophages, it has been reported that PGE2 can induce an inflammatory response
by stimulating the production of 1L-1β through cAMP/protein kinase signaling and inhibit-
ing TNF-alpha [43]. PGE2 was also reported to boost the ability of LPS to induce pro-1L-1β
expression. Similarly, suppression of PGE2 can affect the LPS-induced 1L-1β expression
adversely through a positive feedback loop. Similar observations are also made in our
study. We observed that nanoparticle-mediated silencing of PGE2 significantly decreased
LPS-induced 1L-1β expression and inflammatory response.

The study indicates that expression of IL-1β also decreased in siLPS + LNPs as com-
pared to scLPS + LNPs. These results affirmed that siRNA mediated silencing of PGE-
2 can decrease proinflammatory polarization of macrophages via affecting iNOS and
IL-1β expressions.

Limitation of this study, PEI-based liposomes were synthesized along with DSPC
which is known for its lower toxicity. However, in the current scenario toxicity of nanopar-
ticles was only checked against the cell line and further work needs to be done on the
animal model in order to acquire the complete information related to their siRNA leakage,
accumulation in the reticuloendothelial system, release from the body and stability in the
circulatory system.
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5. Conclusions

In the quest of gene delivery system, Lipid nanoparticles gene delivery system
might be very prominent and safe. In the present study, PEI based lipid nanoparticles
were synthesized with positive zeta potential. Successful PGE2 siRNA delivery using
DSPC:Cholestrol:PEI nanoconjugates showed less toxicity to RAW264.7 macrophages and
higher gene delivery efficiency. Inhibition of PGE2 significantly reduce inflammatory mark-
ers in LPS treated macrophages. From this study we can conclude that DSPC:Cholestrol:PEI
nanoconjugates can be served as good biocompatible and efficient nanocarrier system for
the inhibition of selected genes in the cellular system.

Author Contributions: Conceptualization, A.A., M.A.S., A.H.R. and A.A.K.; methodology, A.A.,
M.A.S., A.A.K., M.A.A. and A.H.R.; investigation, A.A., M.A.A., A.A.K. and A.H.R.; writing—original
draft preparation, A.A., M.A.S., A.A.K. and A.H.R.; writing—review and editing, A.A., M.A.S., A.A.K.,
M.A.A. and A.H.R.; supervision, A.A. and M.A.A. All authors have read and agreed to the published
version of the manuscript.

Funding: This work is supported by grant number 10194-cams1-2020-1-3-I from the Deanship of
Scientific Research, Qassim University, Saudi Arabia.

Institutional Review Board Statement: The animals were maintained at animal facility of the College
of Applied Medical Sciences (CAMS) accordance with the guidelines of the Qassim University on
Animal Care. The animal experiments were carried out as per the guidelines of CAMS, Qassim
University and approved by the Institutional Animal Ethics Committee (10194-Cams1-2020-1-3-I),
CAMS, Qassim University.

Informed Consent Statement: Not applicable.

Data Availability Statement: All data have been included within the manuscript.

Acknowledgments: The authors gratefully acknowledge Qassim University, represented by the
Deanship of Scientific “Research, on the financial support for this research under the number (10194-
cams1-2020-1-3-I) during the academic year 1441 AH/2020 AD”.

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

References
1. Orecchioni, M.; Ghosheh, Y.; Pramod, A.B.; Ley, K. Macrophage polarization: Different gene signatures in M1(Lps+) vs. Classically

and M2(LPS-) vs. Alternatively activated macrophages. Front. Immunol. 2019, 10, 1–14. [CrossRef] [PubMed]
2. Ahmad, S.; Zaki, A.; Manda, K.; Mohan, A.; Syed, M.A. Vitamin-D ameliorates sepsis-induced acute lung injury via augmenting

miR-149-5p and downregulating ER stress. J. Nutr. Biochem. 2022, 110, 109130. [CrossRef] [PubMed]
3. Chen, X.; Tang, J.; Shuai, W.; Meng, J.; Feng, J.; Han, Z. Macrophage polarization and its role in the pathogenesis of acute lung

injury/acute respiratory distress syndrome. Inflamm. Res. 2020, 69, 883–895. [CrossRef] [PubMed]
4. Slauch, J.M. How does the oxidative burst of macrophages kill bacteria? Still an open question. Mol. Microbiol. 2011, 80, 580–583.

[CrossRef] [PubMed]
5. Das, A.; Sinha, M.; Datta, S.; Abas, M.; Chaffee, S.; Sen, C.K.; Roy, S. Monocyte and macrophage plasticity in tissue repair and

regeneration. Am. J. Pathol. 2015, 185, 2596–2606. [CrossRef]
6. Patel, U.; Rajasingh, S.; Samanta, S.; Cao, T.; Dawn, B.; Rajasingh, J. Macrophage polarization in response to epigenetic modifiers

during infection and inflammation. Drug Discov. Today 2017, 22, 186–193. [CrossRef]
7. Zaki, A.; Ali, M.S.; Hadda, V.; Ali, S.M.; Chopra, A.; Fatma, T. Long non-coding RNA (lncRNA): A potential therapeutic target in

acute lung injury. Genes Dis. 2021, 9, 1258–1268. [CrossRef]
8. Anderson, J.M.; Rodriguez, A.; Chang, D.T. Foreign body reaction to biomaterials. Semin. Immunol. 2008, 20, 86–100. [CrossRef]
9. Williams, J.A.; Shacter, E. Regulation of Macrophage Cytokine Production by Prostaglandin E2. J. Biol. Chem. 1997, 272,

25693–25699. [CrossRef]
10. Ricciotti, E.; FitzGerald, G.A. Prostaglandins and inflammation. Arterioscler. Thromb. Vasc. Biol. 2011, 31, 986–1000. [CrossRef]
11. Kim, Y.-G.; Udayanga, K.G.S.; Totsuka, N.; Weinberg, J.B.; Núñez, G.; Shibuya, A. Gut dysbiosis promotes M2 macrophage

polarization and allergic airway inflammation via fungi-induced PGE2. Cell Host Microbe 2014, 15, 95–102. [CrossRef] [PubMed]
12. Eliopoulos, A.G. Induction of COX-2 by LPS in macrophages is regulated by Tpl2-dependent CREB activation signals. EMBO J.

2002, 21, 4831–4840. [CrossRef] [PubMed]
13. Carthew, R.W.; Sontheimer, E.J. Origins and Mechanisms of miRNAs and siRNAs. Cell 2009, 136, 642–655. [CrossRef] [PubMed]
14. Morris, K.V. siRNA-mediated transcriptional gene silencing: The potential mechanism and a possible role in the histone code.

Cell. Mol. Life Sci. 2005, 62, 3057–3066. [CrossRef] [PubMed]

http://doi.org/10.3389/fimmu.2019.01084
http://www.ncbi.nlm.nih.gov/pubmed/31178859
http://doi.org/10.1016/j.jnutbio.2022.109130
http://www.ncbi.nlm.nih.gov/pubmed/35988833
http://doi.org/10.1007/s00011-020-01378-2
http://www.ncbi.nlm.nih.gov/pubmed/32647933
http://doi.org/10.1111/j.1365-2958.2011.07612.x
http://www.ncbi.nlm.nih.gov/pubmed/21375590
http://doi.org/10.1016/j.ajpath.2015.06.001
http://doi.org/10.1016/j.drudis.2016.08.006
http://doi.org/10.1016/j.gendis.2021.07.004
http://doi.org/10.1016/j.smim.2007.11.004
http://doi.org/10.1074/jbc.272.41.25693
http://doi.org/10.1161/ATVBAHA.110.207449
http://doi.org/10.1016/j.chom.2013.12.010
http://www.ncbi.nlm.nih.gov/pubmed/24439901
http://doi.org/10.1093/emboj/cdf478
http://www.ncbi.nlm.nih.gov/pubmed/12234923
http://doi.org/10.1016/j.cell.2009.01.035
http://www.ncbi.nlm.nih.gov/pubmed/19239886
http://doi.org/10.1007/s00018-005-5182-4
http://www.ncbi.nlm.nih.gov/pubmed/16314933


Curr. Issues Mol. Biol. 2023, 45 10

15. Choung, S.; Kim, Y.J.; Kim, S.; Park, H.-O.; Choi, Y.-C. Chemical modification of siRNAs to improve serum stability without loss
of efficacy. Biochem. Biophys. Res. Commun. 2006, 342, 919–927. [CrossRef]

16. Leung, A.K.K.; Tam, Y.Y.C.; Cullis, P.R. Lipid nanoparticles for short interfering RNA delivery. Adv. Genet. 2014, 88, 71–110.
[CrossRef]

17. Huang, Y.; Hong, J.; Zheng, S.; Ding, Y.; Guo, S.; Zhang, H.; Zhang, X.; Du, Q.; Liang, Z. Elimination pathways of systemically
delivered siRNA. Mol. Ther. 2011, 19, 381–385. [CrossRef]

18. Beloqui, A.; Solinís, M.Á.; Rodríguez-Gascón, A.; Almeida, A.J.; Préat, V. Nanostructured lipid carriers: Promising drug delivery
systems for future clinics. Nanomed. Nanotechnol. Biol. Med. 2016, 12, 143–161. [CrossRef]

19. Dong, Y.; Siegwart, D.J.; Anderson, D.G. Strategies, design, and chemistry in siRNA delivery systems. Adv. Drug Deliv. Rev. 2019,
144, 133–147. [CrossRef]

20. Dai, C.C.; Huang, W.; Yang, J.; Hussein, W.M.; Wang, J.; Khalil, Z.G.; Capon, R.J.; Toth, I.; Stephenson, R.J. Polyethylenimine
quantity and molecular weight influence its adjuvanting properties in liposomal peptide vaccines. Bioorg. Med. Chem. Lett. 2021,
40, 127920. [CrossRef]

21. Zaki, A.; Aziz, M.N.; Ahmad, R.; Ahamad, I.; Ali, M.S.; Yasin, D.; Afzal, B.; Ali, S.M.; Chopra, A.; Hadda, V.; et al. Synthesis,
purification and characterization of Plectonema derived AgNPs with elucidation of the role of protein in nanoparticle stabilization.
RSC Adv. 2022, 12, 2497–2510. [CrossRef]

22. Yasin, D.; Zafaryab, M.; Ansari, S.; Ahmad, N.; Khan, N.F.; Zaki, A.; Alam Rizvi, M.M.; Fatma, T. Evaluation of antioxidant and
anti-proliferative efficacy of Nostoc muscorum NCCU-442. Biocatal. Agric. Biotechnol. 2019, 17, 284–293. [CrossRef]

23. Sauler, M.; Bazan, I.S.; Lee, P.J. Cell Death in the Lung: The Apoptosis-Necroptosis Axis. Annu. Rev. Physiol. 2019, 81, 375–402.
[CrossRef] [PubMed]

24. Bhattacharjee, S. DLS and zeta potential—What they are and what they are not? J. Control. Release 2016, 235, 337–351. [CrossRef]
[PubMed]

25. Kaszuba, M.; Connah, M.T.; McNeil-Watson, F.K.; Nobbmann, U. Resolving Concentrated Particle Size Mixtures Using Dynamic
Light Scattering. Part. Part. Syst. Charact. 2007, 24, 159–162. [CrossRef]

26. Zhao, X.; Zhu, S.; Song, Y.; Zhang, J.; Yang, B. Thermal responsive fluorescent nanocomposites based on carbon dots. RSC Adv.
2015, 5, 15187–15193. [CrossRef]

27. Kim, K.-H.; Xing, H.; Zuo, J.-M.; Zhang, P.; Wang, H. TEM based high resolution and low-dose scanning electron nanodiffraction
technique for nanostructure imaging and analysis. Micron 2015, 71, 39–45. [CrossRef]

28. Cumberland, S.A.; Lead, J.R. Particle size distributions of silver nanoparticles at environmentally relevant conditions. J. Chromatogr.
A 2009, 1216, 9099–9105. [CrossRef]

29. Hoshyar, N.; Gray, S.; Han, H.; Bao, G. The effect of nanoparticle size on in vivo pharmacokinetics and cellular interaction.
Nanomedicine 2016, 11, 673–692. [CrossRef]

30. Xu, L.; Wang, X.; Liu, Y.; Yang, G.; Falconer, R.J.; Zhao, C.-X. Lipid Nanoparticles for Drug Delivery. Adv. NanoBiomed Res. 2022,
2, 2100109. [CrossRef]

31. Raval, N.; Maheshwari, R.; Kalyane, D.; Youngren-Ortiz, S.R.; Chougule, M.B.; Tekade, R.K. Importance of Physicochemical
Characterization of Nanoparticles in Pharmaceutical Product Development. In Basic Fundamentals of Drug Delivery; Elsevier:
Amsterdam, The Netherlands, 2019; pp. 369–400.

32. Tsuge, K.; Inazumi, T.; Shimamoto, A.; Sugimoto, Y. Molecular mechanisms underlying prostaglandin E2-exacerbated inflamma-
tion and immune diseases. Int. Immunol. 2019, 31, 597–606. [CrossRef] [PubMed]

33. Hohjoh, H.; Inazumi, T.; Tsuchiya, S.; Sugimoto, Y. Prostanoid receptors and acute inflammation in skin. Biochimie 2014, 107,
78–81. [CrossRef] [PubMed]

34. Hart, F.D.; Huskisson, E.C. Non-steroidal anti-inflammatory drugs. Current status and rational therapeutic use. Drugs 1984, 27,
232–255. [CrossRef] [PubMed]

35. Wynn, T.A.; Vannella, K.M. Macrophages in Tissue Repair, Regeneration, and Fibrosis. Immunity 2016, 44, 450–462. [CrossRef]
[PubMed]

36. Mosser, D.M.; Hamidzadeh, K.; Goncalves, R. Macrophages and the maintenance of homeostasis. Cell. Mol. Immunol. 2021, 18,
579–587. [CrossRef]

37. Xue, Q.; Yan, Y.; Zhang, R.; Xiong, H. Regulation of iNOS on Immune Cells and Its Role in Diseases. Int. J. Mol. Sci. 2018, 19, 3805.
[CrossRef]

38. Xiong, H.; Zhu, C.; Li, F.; Hegazi, R.; He, K.; Babyatsky, M.; Bauer, A.J.; Plevy, S.E. Inhibition of interleukin-12 p40 transcription
and NF-kappaB activation by nitric oxide in murine macrophages and dendritic cells. J. Biol. Chem. 2004, 279, 10776–10783.
[CrossRef]

39. Giordano, D.; Li, C.; Suthar, M.S.; Draves, K.E.; Ma, D.Y.; Gale, M.; Clark, E.A. Nitric oxide controls an inflammatory-like Ly6C hi
PDCA1 + DC subset that regulates Th1 immune responses. J. Leukoc. Biol. 2011, 89, 443–455. [CrossRef]

40. Dinarello, C.A. Biologic basis for interleukin-1 in disease. Blood 1996, 87, 2095–2147. [CrossRef]
41. Scotton, C.J.; Martinez, F.O.; Smelt, M.J.; Sironi, M.; Locati, M.; Mantovani, A.; Sozzani, S. Transcriptional profiling reveals

complex regulation of the monocyte IL-1 beta system by IL-13. J. Immunol. 2005, 174, 834–845. [CrossRef]

http://doi.org/10.1016/j.bbrc.2006.02.049
http://doi.org/10.1016/B978-0-12-800148-6.00004-3
http://doi.org/10.1038/mt.2010.266
http://doi.org/10.1016/j.nano.2015.09.004
http://doi.org/10.1016/j.addr.2019.05.004
http://doi.org/10.1016/j.bmcl.2021.127920
http://doi.org/10.1039/D1RA08396A
http://doi.org/10.1016/j.bcab.2018.12.001
http://doi.org/10.1146/annurev-physiol-020518-114320
http://www.ncbi.nlm.nih.gov/pubmed/30485762
http://doi.org/10.1016/j.jconrel.2016.06.017
http://www.ncbi.nlm.nih.gov/pubmed/27297779
http://doi.org/10.1002/ppsc.200601035
http://doi.org/10.1039/C4RA13417F
http://doi.org/10.1016/j.micron.2015.01.002
http://doi.org/10.1016/j.chroma.2009.07.021
http://doi.org/10.2217/nnm.16.5
http://doi.org/10.1002/anbr.202100109
http://doi.org/10.1093/intimm/dxz021
http://www.ncbi.nlm.nih.gov/pubmed/30926983
http://doi.org/10.1016/j.biochi.2014.08.010
http://www.ncbi.nlm.nih.gov/pubmed/25179301
http://doi.org/10.2165/00003495-198427030-00004
http://www.ncbi.nlm.nih.gov/pubmed/6368185
http://doi.org/10.1016/j.immuni.2016.02.015
http://www.ncbi.nlm.nih.gov/pubmed/26982353
http://doi.org/10.1038/s41423-020-00541-3
http://doi.org/10.3390/ijms19123805
http://doi.org/10.1074/jbc.M313416200
http://doi.org/10.1189/jlb.0610329
http://doi.org/10.1182/blood.V87.6.2095.bloodjournal8762095
http://doi.org/10.4049/jimmunol.174.2.834


Curr. Issues Mol. Biol. 2023, 45 11

42. Martinez, F.O.; Gordon, S.; Locati, M.; Mantovani, A. Transcriptional profiling of the human monocyte-to-macrophage dif-
ferentiation and polarization: New molecules and patterns of gene expression. J. Immunol. 2006, 177, 7303–7311. [CrossRef]
[PubMed]

43. Zasłona, Z.; Pålsson-McDermott, E.M.; Menon, D.; Haneklaus, M.; Flis, E.; Prendeville, H.; Corcoran, S.E.; Peters-Golden, M.;
O’Neill, L.A.J. The Induction of Pro–IL-1β by Lipopolysaccharide Requires Endogenous Prostaglandin E2 Production. J. Immunol.
2017, 198, 3558–3564. [CrossRef] [PubMed]

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

http://doi.org/10.4049/jimmunol.177.10.7303
http://www.ncbi.nlm.nih.gov/pubmed/17082649
http://doi.org/10.4049/jimmunol.1602072
http://www.ncbi.nlm.nih.gov/pubmed/28298525

	Introduction 
	Materials and Methods 
	Chemicals and Reagents 
	Synthesis of Nanoparticles 
	Characterization of LNPs 
	Cell Culture and Maintenance 
	Biocompatibility of the LNPs 
	Binding Efficiency of siRNA with LNPs through Gel Retardation Assay 
	RNA Extraction and Real-Time Quantitative PCR 
	Protein Extraction and Western Blot 
	Statistical Analysis 

	Results 
	Synthesis and Characterization of LNPs 
	Biocompatibility of the LNP 
	Binding Efficiency of siRNA with Lipid Nanoparticle (LNPs) 
	Detection of Gene-Silencing through qRT-PCR 
	Western Blot 

	Discussion 
	Conclusions 
	References

