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Abstract.  Lipidoid nanoparticles (LNPs) are the delivery platform in Onpattro, the first 
FDA-approved siRNA drug. LNPs are also the carriers in the Pfizer-BioNTech and Mod-
erna COVID-19 mRNA vaccines. While these applications have demonstrated that LNPs 
effectively deliver nucleic acids to hepatic and muscle cells, it is unclear if LNPs could be 
used for delivery of siRNA to neural cells, which are notoriously challenging delivery tar-
gets. Therefore, the purpose of this study was to determine if LNPs could efficiently deliver 
siRNA to neurons. Because of their potential delivery utility in either applications for the 
central nervous system and the peripheral nervous system, we used both cortical neurons 
and sensory neurons. We prepared siRNA-LNPs using C12-200, a benchmark ionizable 
cationic lipidoid along with helper lipids. We demonstrated using dynamic light scattering 
that the inclusion of both siRNA and PEG-lipid provided a stabilizing effect to the LNP 
particle diameters and polydispersity indices by minimizing aggregation. We found that 
siRNA-LNPs were safely tolerated by primary dorsal root ganglion neurons. Flow cytom-
etry analysis revealed that Cy5 siRNA delivered via LNPs into rat primary cortical neurons 
showed uptake levels similar to Lipofectamine RNAiMAX—the gold standard commercial 
transfection agent. However, LNPs demonstrated a superior safety profile, whereas the 
Lipofectamine-mediated uptake was concomitant with significant toxicity. Fluorescence 
microscopy demonstrated a time-dependent increase in the uptake of LNP-delivered Cy5 
siRNA in a human cortical neuron cell line. Overall, our results suggest that LNPs are a 
viable platform that can be optimized for delivery of therapeutic siRNAs to neural cells.
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INTRODUCTION

Delivery of small interfering RNA (siRNA) is a promising 
strategy to treat pathologies as it allows genetic manipula-
tion with a greater degree of target specificity and fewer 
off-target effects (1, 2). Lipidoid nanoparticles (LNPs) are 
the carriers in Onpattro, the first LNP-based RNAi drug to 
gain FDA approval for the treatment of polyneuropathies 
caused by a rare and life-threatening disorder, hereditary 
transthyretin-mediated amyloidosis (3). The clinical utility 
of LNPs is further reiterated by the recent full and emer-
gency FDA approvals of the Pfizer-BioNTech (Comirnaty) 
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and Moderna COVID-19 mRNA vaccines, respectively (4, 
5). Based on the clinical success of LNPs in delivering siR-
NAs to hepatic and non-hepatic targets (6–8), we explored 
if LNPs could effectively deliver siRNA to neural cells. 
Neural cells are targets for drug delivery in multiple CNS 
disorders such as Alzheimer’s disease, Parkinson’s disease, 
ischemic stroke, peripheral nerve injuries, and neuropathic 
and inflammatory pain (8–12). The key challenge associ-
ated with the delivery of siRNA to neural cells is its poor 
accumulation and short duration of action inside cells.

The potent delivery characteristics of LNPs may allow 
them to be optimized for neural cell delivery. LNPs are 
primarily  composed  of  an  ionizable  cationic  lipidoid 
along with helper lipids like distearoylphosphatidylcho-
line (DSPC), polyethylene glycol-dimyristoyl glycerol 
(PEG-DMG),  and cholesterol  (12, 13).  Ionizable cati-
onic lipidoids allow higher encapsulation efficiencies and 
improved  intracellular  release via effective endosomal 
escape (14). Ionizable cationic lipidoids with pKa val-
ues between 6 and 7 acquire a positive charge at acidic 
pH and result in electrostatic interactions with the nega-
tively charged siRNA molecules leading to the sponta-
neous formation of LNPs. At physiological pH of 7–7.4, 
these obtain a neutral charge and thereby largely elimi-
nate the toxicity associated with cationic lipids such as 
Lipofectamine (15). This key feature renders the LNPs a 
superior safety profile compared to cationic transfection 
agents. The acidic microenvironment of endosomes lend 
the LNPs a positive charge because of which they asso-
ciate with negative anionic endosomal lipids leading to 
endosomal destabilization and improved siRNA release 
into the cytoplasm (15, 16).

Seminal studies by Langer, Anderson, and colleagues 
developed high-throughput lipidoid libraries consisting of 
thousands of ionizable cationic lipidoids and identified lead 
lipidoids based on their in vitro and in vivo delivery effica-
cies in rodents as well as non-human primates. Among those, 
the C12-200 lipidoid demonstrated the highest gene knock-
down efficacy and uptake in vitro (6, 17, 18). Therefore, we 
chose C12-200 lipidoid as the ionizable cationic lipidoid 
component of LNPs. LNP-based siRNA delivery harnesses 
several key advantages of LNP chemistry such as high trans-
fection efficiency, low toxicity and immunogenicity, protec-
tion of the payload from physiological enzymes to increase 
their metabolic stability, ability for ligand conjugation, and 
enhancing the overall pharmacokinetics of the delivered 
cargo (19–21). The novelty of our work lies in exploiting 
some of these cardinal features of LNPs to maximize siRNA 
uptake into neural cells, a notoriously challenging delivery 
target.

In this pilot study, we formulated siRNA-LNPs using 
C12-200 lipidoid and characterized their colloidal stabil-
ity using dynamic light scattering. We characterized their 

cytocompatibility with a panel of breast cancer cell lines and 
primary dorsal root ganglion cultures, a model of sensory 
neurons. We studied the qualitative and quantitative uptake 
of siRNA delivered via LNPs into neurons using fluores-
cence microcopy and flow cytometry, respectively. Despite 
mediating similar levels of siRNA uptake, we found that 
LNPs are a safe carrier and show no signs of toxicity in the 
neuronal models compared to the commercially available 
cationic lipid, Lipofectamine. These findings encourage the 
further optimization of LNPs for knockdown of therapeuti-
cally relevant neuronal targets.

EXPERIMENTAL SECTION

Materials

1,2-Distearoyl-sn-glycero-3-phosphocholine (DSPC) 
(850365P) and 1,2-Dimyristoyl-rac-glycero-3-methoxy-
polyethylene glycol-2000 (PEG-DMG) (8801518) were 
obtained from Avanti Polar Lipids (Alabaster, AL). Cho-
lesterol (8667) and Cy5-labeled siRNA were procured 
from  Sigma-Aldrich  (St.  Louis, MO).  1,1′-((2-(4-(2-
((2-(bis (2 hydroxy dodecyl) amino) ethyl) (2hydroxy-
dodecyl) amino) ethyl) piperazin1yl) ethyl) azanediyl) 
bis(dodecan-2-ol) (C12-200), an ionizable cationic lipi-
doid, was a generous gift from Alnylam Pharmaceuticals 
(Cambridge, MA). Quant-iT RiboGreen RNA Assay Kit 
(R11490) was purchased from Life Technologies (Carls-
bad, CA). Triton X-100 was procured from Acros Organ-
ics  (Morris Plains, NJ). Heat-inactivated  fetal bovine 
serum  (FBS)  and  phosphate-buffered  saline  (PBS) 
were  purchased  from  Hyclone  Laboratories  (Logan, 
UT). TrypLE express, RPMI + GlutaMAX-I (1X), and 
DMEM/F-12 were purchased  from Life Technologies 
Corporation (Grand Island, NY). MCF-7, MDA-MB-231, 
and BT-549 cell lines were generously provided by Dr. 
Jane Cavanaugh (Duquesne University). Human corti-
cal neuron cell line (HCN-2) (CRL-10742) and primary 
rat cortical neurons (RCN) (A10840-02) were purchased 
from ATCC (Manassas, VA) and Thermo Fisher Scien-
tific  (Frederick, MD)  respectively.  siGFP  (AM4626), 
siGAPDH (Silencer Select GAPDH siRNA) (4390849), 
siTRPV1 (5′ GCG CAU CUU CUA CUU CAA CTT 3′, 3′ 
TTC GCG UAG AAG AUG AAG UUG 5′) [4390828 (Assay 
ID 554887)], and control,  inverted siTRPV1 (5′ CAA 
CUU CAU CUU CUA CGC GTT 3′, 3′ TTG UUG AAG UAG 
AAG AUG CGC 5′) [4390828 (Assay ID 554886)] were 
procured from Thermo Fisher Scientific (Austin, TX). 
RNeasy Mini Kit (74104) and QIAshredder (79654) were 
procured from Qiagen (Qiagen, Germantown, MD). High-
capacity cDNA Reverse Transcription Kit (4368813) was 
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purchased from Thermo Fisher Scientific (Thermo Fisher, 
Waltham, MA). Forward (AAG GAT GGA ACA ACG GGC 
TAG) and reverse primers (TCC TGG TAG TGA AGA TGT 
GGG) (299688565) for TRPV1 were procured from Inte-
grated DNA Technologies (Coralville, IA). All reagents 
were used as received unless stated otherwise.

Preparation of siRNA‑Loaded LNPs (siRNA‑LNPs)

LNPs were prepared using previously reported methods (7). 
Briefly, the ionizable cationic lipidoid C12-200, DSPC, cho-
lesterol, and PEG-DMG were dissolved in ethanol at a molar 
ratio of 50/10/38.5/1.5. The concentrations and volumes 
used for LNP preparation are shown in Table I. A 1 mg/mL 
solution of siRNA was prepared in 10 mM citrate buffer, 
pH 4.0. The “slow mixing” and “fast mixing” protocols are 
defined based on the speed used during the addition of the 
lipid/ethanolic phase to the aqueous phase. For the “slow 
mixing” method, the entire volume of the lipid phase was 
added to the aqueous phase instantaneously (in a single shot) 
followed by vortexing the mixture for 30 s while maintain-
ing the Fisher benchtop vortexer knob at position “7.” For 
the “fast mixing” protocol, the lipid phase was added drop-
wise to the aqueous phase under continuous vortexing for 
30 s while maintaining the Fisher benchtop vortexer knob 
at position “7.” A precalculated volume of 1X PBS pH 7.4 
was then added to the LNPs to adjust the final siRNA con-
centration to 400 nM. All the formulations were made at a 
final siRNA concentration of 400 nM, and cationic ioniz-
able lipidoid/siRNA w/w ratio was maintained at 5:1, unless 
stated otherwise.

Agarose Gel Electrophoresis

Agarose gel electrophoresis was performed to qualitatively 
confirm the encapsulation of siRNA in LNPs. Briefly, sam-
ples were loaded in a 2% agarose gel prepared in 1× Tris-
borate buffer containing 0.05% ethidium bromide. Samples 
pre-mixed with 1× RNA loading buffer were electrophoresed 
in an Owl EasyCast B2 Mini Gel Electrophoresis System 
(Thermo Fisher Scientific, St. Louis, MO) for 90 min. The 
gel was imaged under UV light using a Gel Doc system 
(ProteinSimple, San Jose, CA).

Determination of the Extent of siRNA Loading 
UsingRiboGreen RNA Assay

The extent of siRNA loading in the prepared LNPs was 
measured using the Quant-iT RiboGreen RNA Assay Kit 
by following the manufacturer’s instructions. RiboGreen is 
a fluorescent dye, which, in its free form, exhibits minimal 
fluorescence, but when bound to a nucleic acid, it fluoresces 
with an exceptionally high intensity that is directly propor-
tional to the amount of nucleic acid (22). Total siRNA con-
tent is defined as the amount of encapsulated and non-encap-
sulated/free siRNA in the LNPs. The difference between the 
total and free siRNA was used to calculate the amount of 
siRNA encapsulated within the LNPs. A fresh sample of two 
µg/mL dsRNA stock solution was prepared each time with 
1× Tris-EDTA (TE), and the standard curve was generated at 
concentrations ranging from 0 to 1000 ng/mL. An equivalent 
amount of free siRNA sample was prepared in 1× TE, and 
LNPs were lysed with 2% Triton X-100 in 1× TE to meas-
ure the “total” siRNA content. The fluorescence intensities 

Table I  Representative 
Formulation Scheme for LNPs

Component w/w% in final 
LNP mixture

Stock concentra-
tion (mg/mL)

Volume of the stock 
solution required 
(μL)

Ethanolic phase
C12-200 50 1 12.5
Cholesterol 38.5 1 3.1
PEG-DMG 1.5 0.5 13.6
DSPC 10 0.5 16.9
Ethanol 78.9
Total ethanolic phase volume 125
Aqueous phase
siRNA 400 nM 1 2.5
10 nM citrate buffer 122.5
PBS 250
Total aqueous phase volume 375
Final volume of LNPs prepared (μL) 500
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were measured on a SYNERGY HTX multi-mode reader 
(Winooski, VT) at an excitation wavelength of 485 nm and 
an emission wavelength of 528 nm. The % encapsulation 
efficiency was calculated using the Eq. 1.

Dynamic Light Scattering

The average particle diameters, polydispersity indices, and 
zeta potentials of the blank and siGFP-loaded LNPs were 
measured by dynamic light scattering (DLS) using a Mal-
vern Zetasizer Pro (Malvern Panalytical Inc., Westborough, 
PA) over a period of 7 days with intermittent storage at 2–8 
°C and upon storage at 37 °C for 24 h. We also performed 
the colloidal stability analysis of LNPs 24-h post-prepa-
ration in 1× PBS and in samples supplemented with FBS 
(10%) to determine the serum stability of LNPs. The pre-
pared LNPs were diluted to a siRNA concentration of 40 nM 
using 10 mM 1× PBS pH 7.4 for particle size measurements 
and using deionized water for zeta potential measurements. 
All measurements were carried out in triplicate, and the data 
are presented as average +/- standard deviation (SD) and are 
representative of at least five-six independent experiments 
(measurement errors <5%).

Cell Culture

MCF-7 and BT-549 cells were maintained in RPMI + Glu-
taMAX (1×) supplemented with 10% FBS. MDA-MB-231 
cells were maintained in DMEM/F-12 1:1 medium supple-
mented with 2.5 mM L-glutamine + 15 mM HEPES buffer + 
110 mg/L sodium pyruvate + 10% FBS. The growth medium 
was changed every 48 h. Primary rat dorsal root ganglion 
(DRG) cultures were  isolated using previously reported 
methods (23). DRG cultures were maintained in DMEM/
high glucose (4.5 g/L glucose) media supplemented with 
2.5 mM L-glutamine + 15 mM HEPES buffer + 110 mg/L 
sodium pyruvate + 10% FBS. Human cortical neuron cell 
line was maintained in DMEM/high glucose (4.5 g/L glu-
cose) medium supplemented with 10% FBS. Primary rat cor-
tical neurons were maintained in Neurobasal Plus Medium 
supplemented with 200 mM GlutaMAX I and B-27 Plus 
supplement. All cultures were maintained in a humidified 
incubator at 37°C and 5%  CO2.

Cytocompatibility of LNPs

MCF-7, MDA-MB-231, BT-549 cells, and primary rat DRG 
neurons were seeded in a clear, flat-bottom Poly-D-Lysine-
coated 96-well plate (Azer Scientific, Morgantown, PA) for 
the cytocompatibility studies. MCF-7, MDA-MB-231, and 

(1)% siRNA encapsulation efficiency =
(Amount of total siRNA in the sample − Amount of free siRNA in the sample)

Amount of total siRNA in the sample
× 100%

BT-549 cells were seeded at a density of 5,000 cells/well, 
and DRG neurons were seeded at a density of 1,500 cells/
well. Untreated cells were used as a control in all studies. 
Cells were transfected for 4 h with LNPs containing 50 nM 

of siRNA in complete growth medium in a volume of 50 μL/
well. We also treated cells with increasing doses of siRNA-
LNPs (10, 25, 50, 75, and 100 nM siGFP-loaded LNPs) to 
determine any possible effects of siRNA/lipid dose escala-
tion on cytocompatibility. Post-transfection, the transfection 
mixture was replaced with 200 μL of fresh complete growth 
medium/well followed by a 24-h incubation at 37 °C and 5% 
 CO2. The relative intracellular ATP levels were measured 
using the CellTiter-Glo Luminescence Assay (ATP assay) 
24-h post-transfection using the previously described meth-
ods (24–26). The levels of ATP directly correlate with the 
cell numbers used here as a measure of cell viability. The 
ATP levels of the treatment groups were measured against 
those of the control, untreatedcells. Briefly, 60 μL of the 
complete growth medi and 60 μL of CellTiter-Glo 2.0 rea-
gent were added to each well of the 96-well plate. The plate 
was incubated for 15 min in dark at room temperature in 
an incubator shaker (Thermo Fisher Scientific, Waltham, 
MA). Following incubation, 60 μL of the mixture from each 
well was transferred to a flat-bottom, white opaque 96-well 
plate (Azer Scientific, Morgantown, PA). The luminescence 
was measured using SYNERGY HTX multi-mode reader 
(BioTek Instruments, Winooski, VT). Relative ATP levels 
(%) were calculated for the transfection groups by normaliz-
ing them to the luminescence of the untreated cells as shown 
in Eq. 2.

Cy5 siRNA Uptake into Primary Rat Cortical Neurons 
Using Flow Cytometry

Primary rat cortical neurons (RCN) were plated in a clear, 
flat-bottom Poly-D-Lysine-coated 24-well plate (Genesee 
Scientific, San Diego, CA) at a density of 50,000 neurons/
well in Complete Neurobasal Plus media and were allowed 
to acclimatize at 37 °C and 5%  CO2  for 4–5 days. Cy5 
siRNA-containing LNPs were prepared as described earlier 
and diluted with the Complete Neurobasal Plus medium to 
a final Cy5 siRNA concentration of 50 nM. The neurons 
were incubated with the transfection mixture for 24 h. The 
transfection mixture contained either naked Cy5 siRNA or 
Cy5 siRNA-LNPs with PEG-DMG (+ PEG-DMG) or Cy5 
siRNA-LNPs without PEG-DMG (− PEG-DMG) or Cy5 

(2)Relative ATP levels(%) =
Luminescence from cells treated with samples

Luminescence from untreated cells
× 100
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siRNA-Lipofectamine RNAiMAX complexes diluted in 
complete growth medium. Post-exposure, cells were gently 
removed from the wells and collected in microcentrifuge 
tubes. The cell suspension was centrifuged at 300 g for 
5 min and the pellet was resuspended in 500 µL 1 × PBS. 
Cells were then analyzed using an Attune NxT Acoustic 
Focusing Cytometer  (Singapore)  equipped with Attune 
NxT software. The fluorescence intensity of Cy5 siRNA 
was detected at an excitation wavelength of 638 nm and 
an emission wavelength of 720/30 nm. A total of 30,000 
events were recorded for each sample. Histogram plots were 
obtained from the Attune NxT software. Cells were gated 
using forward vs. side scatter plots to exclude dead cells and 
cell debris. Untreated cells were used as negative-staining 
controls to set a gate for Cy5-negative and Cy5-positive 
populations. Data are presented as a percentage of Cy5-
positive (Cy5 ( +)) events.

Cy5 siRNA Uptake by Fluorescence Microscopy 
in a Human Cortical Neuron Cell Line

We used fluorescence microscopy to determine the uptake 
of Cy5 siRNAinto a human neuronal cell line. Human cor-
tical neurons (HCN-2) were seeded in a clear, flat-bottom, 
Poly-D-Lysine-coated 48-well plate (Genesee Scientific, 
San Diego, CA) at a density of 7,000 cells/well. The cells 
were cultured in complete growth medium in a humidified 
incubator at 37 °C and 5%  CO2 for 1–2 weeks while replen-
ishing the growth medium every other day. After 4–5 days 
of culturing, the media was replaced with 175 μL of the 
transfection mixture. The transfection mixture consisted 
of either Cy5 siRNA-LNPs or Cy5 siRNA-Lipofectamine 
RNAiMAX complexes containing 50 nM or 100 nM of Cy5 
siRNA or naked Cy5 siRNA diluted in complete growth 
medium. Cells were incubated with the transfection mixture 
for 2, 4, and 24 h at 37 °C and 5%  CO2. After the respective 
time points, the cells were washed once using pre-warmed 
PBS before adding 0.5 mL of the complete, phenol red-
free growth medium/well. Untreated cells and cells treated 
with Cy5 siRNA-Lipofectamine RNAiMAX complexes 
were used as negative and positive controls, respectively. 
Cells were imaged using an Olympus IX 73 epifluorescent 
inverted microscope (Olympus, Center Valley, PA) to detect 
Cy5 signals at excitation and emission wavelengths of 651 
nm and 670 nm, respectively.

Statistical Analysis

The data is expressed as mean ± standard deviation (SD), 
wherever applicable. Comparative statistical analyses were 
performed using either one-way, two-way ANOVA or 
one-sample t and Wilcoxon tests using GraphPad Prism 9 
(GraphPad Software, San Diego, CA). Bonferroni’s multiple 

comparisons test was performed for comparative analyses 
using one-way ANOVA, wherever applicable. Tukey’s and 
Šídák’s multiple comparisons tests for statistical compari-
sons were performed using two-way ANOVA, wherever 
applicable. Alpha was set at 0.05.

RESULTS

Determination of the Extent of siRNA Loading Using 
the RiboGreen Assay

We used the RiboGreen assay as a quantitative measure to 
determine the extent of siRNA encapsulation within the 
LNPs (Fig. 1) and used agarose gel electrophoresis as a 
qualitative tool to confirm the absence of “free” or unen-
trapped siRNA (Supplementary Fig. 1).  Triton  X-100 
was used to lyse the LNPs resulting in the extraction of 
the entrapped siRNA to measure the “total” siRNA (total 
siRNA = entrapped  siRNA + free  siRNA).  Fluorescence 

Fig. 1  Extent of siRNA encapsulation in LNPs prepared at different 
mixing  speeds  determined  by  the  RiboGreen  assay.  The  extent  of 
siRNA  encapsulation  in  LNPs  (± PEG-DMG)  was  calculated  using 
the  following  equation: 
(Amount of total siRNA in the sample−Amount of free siRNA in the sample)

Amount of total siRNA in the sample
× 100% .  SiRNA-LNPs 

were initially prepared in 10 mM citrate buffer and further diluted to 
a final  siRNA concentration  of  50  nM using  1 × PBS. Data  are  pre-
sented  as  mean ± SD  of  n = 3 samples. Statistical comparisons were 
made using two-way ANOVA. *p < 0.05 and ns, non-significant
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readout from LNPs not treated with Triton X-100 is indica-
tive of the amount of free/non-encapsulated siRNA. Two 
different mixing speeds used during LNP formulation, slow 
vs. fast, were compared for determining their effects on % 
siRNA encapsulation. The values increased from 74.4% at 
slow mixing to 83.8% at faster mixing speeds for LNPs pre-
pared without the inclusion of PEG-DMG, whereas we did 
not observe a significant increase in siRNA loading for LNPs 
prepared with PEG-DMG at the different mixing speeds.

Colloidal Stability of siRNA‑Loaded LNPs

Physicochemical characteristics of nanocarriers such as 
particle diameter, polydispersity index (PDI), and surface 
charge (zeta potential) are influential determinants of their 
biological activity (27–29). Published studies have reported 
significant effects of physicochemical characteristics of 
nano-sized systems on the overall delivery efficacy (30–33). 
Particle characteristics of self-assembled systems such as 
LNPs can vary over time during storage potentially affecting 
their biological activity. We also anticipated that neural cells 
may show a slower rate of particle uptake compared to non-
neuronal cells owing to limited endocytosis/other uptake 
pathways. We therefore measured the changes in particle 
diameters and zeta potentials of the LNPs over a period of 7 
days where the samples were refrigerated interim. Surface 
coating of nanoparticles using PEG- DMG has been reported 
to improve their pharmacokinetic profile by reducing the 
recognition by the mononuclear phagocyte system (34–36). 
We studied the effect of PEG-DMG in stabilizing LNPs by 
comparing LNPs prepared in the presence (+) and absence 
(−) of PEG-DMG. We compared the particle parameters of 
blank LNPs and siRNA-loaded LNPs to study the effect of 
siRNA encapsulation on the resulting particle characteristics.

Blank LNPs  (+PEG-DMG)  showed  average  particle 
diameters of about 250 nm which increased to about 350 nm 
on day 7. In contrast, the diameters of LNPs (-PEG-DMG) 
were about 900-nm post-preparation and increased to 4 µm 
after 7 days (Figure 2a). A similar trend was observed for 
the PDI values of blank LNPs, i.e., an initial PDI of 0.32 
increased to 0.4 after 7 days for LNPs (+PEG-DMG) and 
an initial PDI of 0.5 increased to 1.8 after 7 days for LNPs 
(−PEG-DMG) (Figure 2b). We observed a few statistically 
significant changes in the particle diameters, PDI values, and 
zeta potential of the prepared LNPs over the period of 7 days 
(Supplementary Table 1). The narrow polydispersity indi-
ces and smaller average particle diameters demonstrate the 
stabilizing effect of PEG-DMG in the LNPs. siGFP-loaded 
LNPs (with PEG-DMG) showed average particle diameters 
of about 120 nm which increased to about 200 nm on day 
7 (Figure 2a). Their initial PDI values of ca. 0.2 increased 
to about 0.3 after 7 days (Figure 2b). From this observa-
tion, we can infer that siRNA loading in the LNPs results in 

an additional stabilizing effect to the respective blank LNP 
counterparts resulting in narrow and consistent PDI values 
and particle diameters.

The cationic lipidoid, C12-200, in the LNPs resulted in 
a net positive charge to the blank LNPs. Blank LNPs con-
taining PEG-DMG showed slightly lower zeta values (6–10 
mV) compared to blank LNPs without PEG-DMG (9–12 
mV) (Figure 2c) that is likely explained by the insertion of 
PEG chains in between the C12-200 lipidoids or due to the 
formation of a PEG monolayer around C12-200 (37). As 
seen from Figure 2c, siGFP-loaded LNPs showed a negative 
zeta potential compared to their blank LNP counterparts. 
Although the changes were not statistically significant, the 
zeta potentials of the siGFP-loaded LNPs decreased over the 
7-day period from −5.91 to −19.12 mV. Overall, the aver-
age particle diameters and polydispersity indices do not 
vary significantly over a period of 7 days. However, zeta 
potential values of siGFP-LNPs decreased over a period of 
7 days. Despite the apparent numerical differences in the 
zeta potentials, a one-way ANOVA analysis revealed that 
the differences were not significant.

The colloidal stability of siGFP-loaded and blank-loaded 
LNPs was measured using dynamic light scattering at 0 
(immediately after preparation) and 24-h post-preparation 
upon storage at 37 °C (Figure 3). We also studied the effect 
of PEG-DMG in stabilizing LNPs by preparing LNPs with 
(+) and without (−) PEG-DMG. Blank LNPs (+PEG-DMG) 
showed an average particle diameter of about 167.8 nm that 
shifted to about 159.8 nm 24-h post storage at 37 °C. In con-
trast, the diameters of LNPs (−PEG-DMG) were about 345.5 
nm post-preparation and increased to 471.1 nm 24-h post 
storage at 37 °C (Figure 3a). A similar trend was observed 
for the PDI values of blank LNPs, i.e., an initial PDI of 0.09 
decreased to 0.06 for LNPs (+PEG-DMG) and an initial PDI 
of 0.3 increased to 0.4 for LNPs (−PEG-DMG) 24-h post 
storage at 37 °C (Figure 3b). We found a similar trend for 
the particle diameters and dispersity indices of siGFP-loaded 
LNPs, both (+) and (−) PEG-DMG, 24-h post storage at 37 
°C (Figure 3a and b). siGFP-loaded LNPs (+PEG- DMG) 
showed an average particle diameter of about 163.2 nm that 
shifted to about 157.2 nm 24 h-post storage at 37 °C. In 
contrast, the diameters of LNPs (−PEG-DMG) were about 
442.2 nm post-preparation and decreased to 390.7 nm 24-h 
post storage at 37 °C (Figure 3a). For the dispersity indices, 
an initial value of 0.09 decreased to 0.06 for siGFP-loaded 
LNPs (+PEG-DMG), and an initial value of 0.31 shifted 
to 0.32 for LNPs (−PEG-DMG) 24-h post storage at 37 °C 
(Figure 3b). Nevertheless, the observed changes in particle 
diameters and dispersity indices of blank LNPs (+ PEG-
DMG) and siGFP-loaded LNPs (+ and – PEG-DMG) 24-h 
post storage at 37 °C were statistically insignificant. How-
ever, we noted a significant increase in the particle diameters 
(*p < 0.05) and dispersity indices (****p < 0.0001) of blank 
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LNPs (-PEG-DMG) likely due to the absence of PEG-DMG 
and the siGFP cargo—which are known to provide a stabi-
lizing effect by inhibiting particle-particle aggregation and 
via complexation of the negatively charged siRNA with the 

positively charged C12-200, respectively. Noteworthy, we 
noted a similar trend of the stabilizing effects of PEG-DMG 
and the siGFP cargo in Figure 2.

Fig. 2  Colloidal  stability of blank or  siGFP-loaded LNPs measured 
using dynamic  light  scattering. SiGFP-LNPs were  initially prepared 
in 10 mM citrate buffer and further diluted to a final siRNA concen-
tration of 50 nM using 1 × PBS (pH 7.4). The samples were stored at 
2–8 °C while not in use. Z-average particle diameters (a), dispersity 

indices (b), and zeta potentials (c) were measured on a Malvern Zeta-
sizer  Pro.  Data  are  presented  as  mean ± SD  of  n = 3 measurements. 
Statistical comparisons were made using one-way ANOVA or one-
sample t and Wilcoxon tests. *p < 0.05, **p < 0.01, ***p < 0.001, and 
****p < 0.0001
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Fig. 3  Colloidal  stability  of  blank-  or  siGFP-loaded  LNPs  imme-
diately after preparation (0 h) and upon storage at 37 °C for 24 h 
measured using dynamic light scattering. SiGFP-LNPs were initially 
prepared in 10 mM citrate buffer and further diluted to a final siRNA 
concentration  of  50  nM using  1 × PBS  at  a  final  pH  of  7.4  for  par-
ticle size and PDI measurements and using deionized water for zeta 
potential measurements. The samples were stored at 37 °C for 24 h. 

Z-average particle diameters (a), polydispersity indices (b), and zeta 
potentials (c) were measured  on  a Malvern  Zetasizer  Pro. Data  are 
presented as mean ± SD of n = 3 measurements. Statistical significance 
was determined using  two-way ANOVA Tukey’s  and Šídák’s multi-
ple comparisons tests. *p < 0.05, ***p < 0.001, ****p < 0.0001 and ns, 
non-significant
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Blank LNPs containing PEG-DMG showed slightly nega-
tive zeta potentials (−5 to −7 mV) that shifted to slightly 
cationic values (3 to 4 mV), whereas the zeta potentials 
of blank LNPs without PEG-DMG were about −13 mV 
that increased to about −2 mV 24-h post storage at 37 °C 
(Figure 3c). siGFP-loaded LNPs (+ PEG-DMG) showed a 
zeta potential of −1.2 mV that increased to about 4.6 mV, 
whereas the LNPs (−PEG-DMG) counterparts showed a zeta 
potential of −9.8 mV that increased to about −9.1 mV 24 
h- post storage at 37°C (Figure 3c). Despite the apparent 
numerical differences, it should be noted that the measured 
zeta potentials reflect electrostatically neutral samples, and 
a two-way ANOVA analysis revealed that the differences 
were not significant.

The particle diameters of siGFP-LNPs (+PEG-DMG) con-
taining 10% FBS was measured using dynamic light scat-
tering to determine the effect of serum proteins on the col-
loidal stability of LNPs. We specifically chose siGFP-LNPs 
(+PEG-DMG) to study the effect of serum since the presence 
of siRNA and PEG-DMG resulted in the maximum stability 
of LNPs with respect to particle diameters and dispersity 
indices (Figure 2a and b). We first measured the particle 
diameter of a control sample containing 10% FBS in PBS 
(Figure 4a) that showed an average particle diameter of 19.6 
nm, whereas siGFP-LNPs (+PEG-DMG) in PBS showed 
an average particle diameter of about 170 nm (Figure 4b). 
We observed distinct  intensity size distributionpeaks for 
the blank 10% FBS as well as LNP samples (Figure 4a and 
b). We then measured the particle diameter of siGFP-LNPs 
(+PEG-DMG) that was supplemented with 10% FBS. Fig-
ure 4c shows two distinct peaks denoting peaks correspond-
ing to 10% FBS and the siGFP-LNPs (+PEG-DMG) at 20.2 
nm and 80.5 nm, respectively. The overlay size distribution 
plot demonstrated a “shift” in the siGFP-LNPs (+PEG-DMG) 
peak towards the left (lower particle diameters) when the 
LNPs were supplemented with 10% FBS as opposed to those 
in PBS (80.5 nm vs 170 nm) (Figure 4d). We speculate that 
the observed decrease in diameter is suggestive of the addi-
tional stabilizing effects of serum (10% FBS) on the LNP 
diameters. This, in fact, may be beneficial/favorable for LNP 
uptake (Figure 7 and Figure 8) as neurons may preferentially 
internalize smaller compared to larger LNPs.

The correlation  function  is  a  statistical  analysis  tool 
for measuring the non-randomness in a data set that is 
depicted here as a correlogram. A correlogram is a plot of 
the correlation coefficient G (τ) vs time (µs) (Figure 5). The 
Y-intercept of the correlogram is indicative of the signal 
to noise ratio and the presence/absence of multiple scatter-
ing. A Y-intercept of ~0.9–1.15 indicates a good signal in 
the absence of multiple scattering. Samples with multiple 
scattering show a Y-intercept of ~0.6–0.8, and samples with 

number fluctuations show a Y-intercept of ~1.15–1.4 (38). 
As observed from Table II, the Y-intercept values for all 
the LNP groups over a period of 7 days ranged from 0.8 to 
1.1 that is indicative of a good signal-to-noise ratio in the 
absence of multiple scattering and number fluctuations.

Cytocompatibility of C12‑200‑LNPs

We studied the cytocompatibility of the prepared C12-200/
siGAPDH LNPs with MCF-7, MDA-MB-231, and BT-549 
cells as these cell models are known to overexpress TRPV1, 
a neuronal target for siRNA delivery (Figure 6a) (39). We 
also studied the compatibility of C12-200/siTRPV1 LNPs 
with primary rat dorsal root ganglion (DRG) neurons (Fig-
ure 6b). We specifically chose primary rat DRG neurons 
due to their high expression of TRPV1 (38, 39). TRPV1 
is reported to be expressed in 60% of the peripheral nocic-
eptors present in the DRG (40) and is a potential neuronal 
target for gene knockdown. CellTiter-Glo assay (referred 
henceforth as the ATP assay) was used the study cytocompat-
ibility of LNPs. The ATP assay is a simple and straightfor-
ward technique wherein the readout in relative luminescence 
units (RLU) can be directly correlated with the ATP levels 
in the cells. RLU of the untreated cells were normalized to 
100% cell viability. Untreated cells and cells treated with a 
synthetic polycation, polyethylenimine (PEI) served as the 
negative and positive controls, respectively. As we expected, 
MCF-7, MDA-MB-231, BT-549 cells, and primary DRG 
neurons treated with PEI (50 μg/mL), a synthetic polycation 
known to induce apoptosis, showed a 50–60% reduction in 
cell viability (41). However, MCF-7, MDA-MB-231, and 
BT-549 incubated with C12-200/siGAPDH LNPs were well-
tolerated, with cell viabilities >95% 24-h post-transfection 
(Figure 6a). Similarly, siTRPV1-loaded C12-200 LNPs were 
well tolerated (cell viabilities of ca. 100%) by primary DRG 
neurons (Figure 6b). We tested the effect of siRNA dose 
escalation by incubating MDA-MB-231 cells with increas-
ing concentrations of siRNA-LNPs (10, 25, 50, 75, and 
100 nM siGFP-loaded LNPs). We noticed cell viabilities 
>85% 24-h post-transfection (Figure 6c) suggesting that 
higher siRNA and concomitantly higher lipid doses were 
well-tolerated by the cells. There was a significant differ-
ence (p<0.0001) in the % cell viabilities of cells treated with 
siRNA-LNPs compared to those treated with the positive 
control, PEI (20% cell viability).

Flow Cytometry Analysis of Cy5 siRNA Uptake 
into Primary Rat Cortical Neurons

After confirming that LNPs had little-to-no effect on cell 
viability, we next wanted to determine if LNPs were taken 
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up by neurons. Because of their commercial availability as 
well as their non-mitotic nature similar to that of the primary 
rat DRG neurons, primary rat cortical neurons were used to 
quantify the uptake levels of Cy5 siRNA using flow cytom-
etry. Lipofectamine RNAiMAX, a cationic lipid, was used 
as a positive control. Flow cytometry is a quantitative tool 
for single-cell analysis to measure thefluorescence emitted 
from a single cell (42). The dead cells/debris were likely 

removed at the centrifugation step during the sample pro-
cessing, and as a result, we did not observe any dead cells 
or debris (Figure 7a, left) that are typically found at the bot-
tom left corner of the SSC-A vs. FSC-A plot (43). We then 
analyzed whether the cells were present in a monodisperse 
cell suspension to allow for single cell analysis. The forward 
scatter distributions for height vs. area (FSC-A v/s FSC-H) 
showed a linear profile for about 92% of the recorded events 

Fig. 4  Intensity  size  distribution  plots  demonstrating  the  colloidal 
stability  of  siGFP-loaded  LNPs  (+ PEG-DMG)  supplemented  with 
10% FBS. a A blank sample consisting of 10% FBS in 1 × PBS was 
used to understand the serum protein-mediated scattering. b SiGFP-
LNPs (+ PEG-DMG) were initially prepared in 10 mM citrate buffer 

and  further  diluted  to  a  final  siRNA  concentration  of  50  nM  using 
1 × PBS. LNPs supplemented with 10% FBS were measured to deter-
mine their serum stability. d An overlay depicts the pattern of the size 
distribution obtained for all the LNP samples
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which indicated a single-cell suspension (Figure 7a, right). 
We analyzed untreated cells and gated out the auto fluores-
cence (Figure 7b, left). Thus, a shift of signal to the right of 
the histogram gate (R1 region) was considered to signify 
that the cell was Cy5-positive (+). The proportion of Cy5 (+) 
cells directly corresponds to the % uptake of Cy5 siRNA in 
the neurons as represented by the individual histogram plots 
for the different groups (Figure 7c).

We then analyzed the % uptake of Cy5 siRNA encapsu-
lated in LNPs prepared with (+) and without (−) the inclu-
sion of PEG-DMG. Around 92–94% (Figure 7c (yellow)) 
and 81–83% (Figure 7c (brown)) cells were Cy5 (+) when 
transfected with Cy5 siRNA-LNPs prepared with and with-
out  the inclusion of PEG-DMG, respectively. Figure 7d 
shows the relative Cy5+ cells in each of the indicated groups 
in reference to the untreated (blue) and positive control-
treated (green) groups. The rightward shift in intensities 
of Cy5 (+) cells for all the groups in comparison with the 
controls are demonstrated in the overlay histogram plot in 
Figure 7e. As expected, the % uptake of Cy5 siRNA was 
least in cells treated with free Cy5 siRNA and greatest in 
cells treated with LNPs (+PEG-DEMG) and Cy5 siRNA/
Lipofectamine RNAiMAX complexes (Figure 7e and f). 
Furthermore, as seen in Figure 7e, we saw a greater uptake 
of LNPs with PEG-DMG as compared  to  those without 

PEG-DMG. Particle sizes of LNPs play one of the major 
roles  in determining uptake levels, and therefore,  lower 
diameter particles may allow efficient cellular internaliza-
tion. Furthermore, a significant difference in the uptake of 
Cy5 siRNA was observed when transfected with naked Cy5 
siRNA and Cy5 siRNA-LNPs (± PEG-DMG) (Figure 7e and 
f). This reiterates the need for a safe and efficient transfec-
tion agent to maximize the uptake of siRNA in neurons, a 
hard-to-transfect cell type.

Around 94–96% of the cells were Cy5 (+) for the Lipo-
fectamine RNAiMAX group  indicating efficient uptake 
(Figure 7b right and f). Charge-based interactions of cati-
onic  lipids with  the  anionic  cell membranes  allow  for 
higher uptake as compared to neutral or negatively-charged 
particles. About 44–46% of the cells were Cy5 (+) for the 
naked Cy5 siRNA transfection group (Figure 7c (red)). The 
difference between the uptake mediated by LNPs (+ PEG-
DMG) and Lipofectamine RNAiMAX was statistically non-
significant (Figure 7f). Despite the similar levels of uptake 
among the LNP(+PEG-DMG) and Lipofectamine groups, it 
must also be pointed out that the uptake mediated by Lipo-
fectamine RNAiMAX was accompanied with noticeable cell 
stress/toxicity upon visual observation under a microscope, 
whereas LNPs showed a superior safety profile.

Fig. 5  Representative cor-
relogram and intensity size dis-
tribution plots of siGFP-loaded 
LNPs (+ PEG-DMG). siGFP-
LNPs were initially prepared in 
10 mM citrate buffer and further 
diluted to a final siRNA concen-
tration of 50 nM using 1 × PBS 
at a final pH of 7.4 prior to 
particle size measurements on a 
Malvern Zetasizer Pro

Table II  Comparison 
of the Y-Intercept in the 
Autocorrelograms from the 
Colloidal Stability Data (Fig. 2) 
at Different Time Points

Groups Y‑intercept

Day 0 Day 1 Day 3 Day 5 Day 7

Blank LNPs (with PEG‑DMG) 0.98 0.98 0.94 0.89 0.8
Blank LNPs (without PEG‑DMG) 0.99 1.3 1 1 0.9
siGFP LNPs (with PEG‑DMG) 0.96 0.93 0.9 0.86 0.87
siGFP LNPs (without PEG‑DMG) 1 1.1 1.1 0.96 0.88
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Fig. 6  C12-200  LNPs  are  cytocompatible  with  TRPV1-expressing 
breast  cancer  cell  line panel  (a),  rat  primary DRG neurons  (b), and 
MDA-MB-231 cells (c). Cells were incubated with LNPs containing 
50 nM siGAPDH (a), 50 nM siTRPV1 (b), and the indicated concen-
trations of siGFP-LNPs (c) for 4 h. Untreated cells and cells treated 

with  PEI  (50  μg/mL)  were  used  as  negative  and  positive  controls, 
respectively.  Cell  viability  was  determined  24  h  post-transfection 
using a CellTiter-Glo luminescence viability assay, and the data were 
normalized to untreated cells. Data represents mean + SD (n = 6)
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Fluorescent Microscopy Analysis of Cy5 siRNA 
Uptakein a Human Cortical Neuron Cell Line

We studied the effect of exposure time on the uptake of 
LNPs by incubating the cells for 2, 4, or 24 h. PEGyla-
tion is known to regulate the uptake kinetics of LNPs into 
cells (44). We compared the differences in uptake for LNPs 
prepared with/without PEG-DMG. Although Lipofectamine 
RNAiMAX is a gold standard transfection agent for RNA 
molecules, it is also quite toxic to cells owing to its strong 
cationic nature. Therefore, it was unsurprising when we saw 
changes in morphology indicating cell death, just 2 h after 
Lipofectamine RNAiMAX was added to cortical neurons, 
while untreated cells continued to appear spindle-shaped and 
healthy (Figure 8a).

For this experiment, cells were incubated either with 
naked Cy5  siRNA, Cy5  siRNA LNP with  PEG-DMG, 
with Cy5  siRNA LNP without  PEG-DMG, with  Lipo-
fectamine RNAiMAX Cy5 siRNA, or were left untreated. 

We qualitatively compared the fluorescence intensity among 
the cells treated with the above samples. Cells treated with 
naked Cy5  siRNA showed  less  intense  fluorescent  sig-
nals as compared to cells treated with Cy5 siRNA-LNPs 
(± PEG-DMG) for the 2- and 4-h incubation time points 
(Figure 8a, b). However, we saw a noticeable increase in 
siRNA uptake 24-h post-transfection (Figure 8c). The next 
pivotal observation was the difference in uptake from the 
LNPs (± PEG-DMG) groups. As mentioned earlier, PEG-
DMG plays a key role in determining the physical stability 
of LNPs as it allows to maintain lower particle diameters by 
inhibiting particle aggregation (35).LNPs formulated with 
PEG-DMG showed a time-dependent increase in the uptake 
of Cy5 siRNA as opposed to LNPs. We observed thata few 
cells did not show Cy5 siRNA signals when treated with Cy5 
siRNA-LNPs (+ PEG-DMG) 2- and 4-h post-transfection, 
whereas 24 h post-treatment, almost all the cells showed 
signals corresponding to Cy5 siRNA.A zoomed in image 
of cells treated with LNPs containing 50 nM Cy5 siRNA is 

Fig. 7  Uptake of LNPs into rat primary cortical neurons determined 
using flow cytometry  analysis. Cells were  transfected  for 24 h with 
the indicated samples in a 24-well plate. Cy5 siRNA-Lipofectamine 
RNAiMAX complexes and untreated cells were used as positive and 
negative controls, respectively. Data are presented as percentages of 
positive  cells  for Cy5  (Cy5  ( +)).  SSC-A  vs. FSC-A and FSC-H vs. 
FSC-A plots of untreated cells demonstrating monodispersed cells 

(a),  untreated  and  Cy5  siRNA/Lipofectamine  RNAiMAX-treated 
cells (b), cells treated with the indicated samples (c), overlay histo-
grams comparing Cy5  ( +) cells  in each  treatment group  in compar-
ison to the controls (d), overlay histograms (e), and % Cy5 siRNA 
uptake by  the neurons  for  the  respective groups  (f). The histograms 
are  representative  of  quadruplicate  samples.  Statistical  comparisons 
were made using one-way ANOVA. ****p < 0.0001
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presented in Figure 8d to show image resolution. This par-
ticularly depicts the uptake of Cy5 siRNA LNPs associated 
with diffuse cytoplasmic fluorescence.

DISCUSSION

The goal of this pilot study was to determine if LNPs based 
on the benchmark C12-200 lipidoid can be used for siRNA 
transfection into neurons, a notoriously challenging yet 
clinically unmet/interesting delivery target. We propose that 
the well-documented delivery advantages of LNPs including 
their high levels of siRNA encapsulation, favorable phar-
macokinetics, limited immune activation, uptake into target 
cells, and efficient endosomal escape for siRNA into the 
cytoplasm (13, 42, 43) make them interesting candidates for 
neural delivery applications.

In this pilot study, we prepared and characterized C12-
200 LNPs using DLS. The RiboGreen assay is a well-vali-
dated quantitative method to determine the % siRNA load-
ing in LNPs (44, 45). Encapsulation of siRNA in the LNPs 
for the slow and fast mixing (without PEG-DMG) speeds 
was about 74.4% and 83.8%, respectively. LNPs with and 
without PEG-DMG (for fast mixing speed) showed encap-
sulation efficiencies of about 71.4% and 83.8%, respec-
tively (Figure 1) which were comparable to the entrapment 
of siRNA reported for some of the top LNP candidates 
(46). Although we did not find a significant difference in 
the encapsulation efficiencies of LNPs prepared with and 
without PEG-DMG,  the  inclusion of PEG-DMG serves 
other vital roles, i.e., maintaining lower particle diameters 
by inhibiting particle aggregation and providing a stealth 
effect for longer circulation times in vivo (34, 35). We fur-
ther studied the physicochemical stability of the prepared 
LNPs and compared the stabilizing effect provided by the 
inclusion of PEG-DMG and siRNA in the LNPs. We utilized 
siGFP as the model siRNA to compare the siRNA-loaded 
and blank LNP counterparts prepared both with and with-
out PEG-DMG. We observed a non-significant increase or 
change in the particle diameters, polydispersity indices, and 
zeta potential over a 1-week storage period at 2–8 °C for all 
the samples (Figure 2). Nevertheless, the particle diameters 
differed significantly for blank vs. siRNA-loaded LNPs and 

LNPs with vs. LNPs without PEG-DMG (Figure 2a). A simi-
lar trend was also observed for the polydispersity indices of 
blank and siRNA-loaded LNPs, both with and without PEG-
DMG (Figure 2b). Our data demonstrated that both siRNA 
loading and PEG-DMG provided a stabilizing effect to the 
LNPs by maintaining lower particle diameters and uniform 
dispersity indices over a period of 7 days. The stabilizing 
effects of siRNA and PEG-DMG on the resulting particle 
diameters and dispersity indices were noted when the LNPs 
were stored for 24 h at 37°C (Figure 3). LNPs showed fur-
ther lower particle diameters (ca. 80.5 nm) when sizes were 
measured in the presence of serum (10% FBS) suggestive 
of the additional serum-mediated stabilization (Figure 4).

Although LNPs are deemed to be safe and are well-tol-
erated by most of the cells, determining their safety and 
tolerability in neural cells was our primary aim. As shown in 
Figure 6, LNPs were deemed to be well-tolerated by primary 
DRG neurons as evident by >95% cell viabilities. Increasing 
the dose of siRNA (and concomitantly the dose of the lipids) 
did not alter the safety profile of LNPs (Figure 6c). Estab-
lishing the safety profile of LNPs with neural cells allowed 
further evaluation of their uptake in neural cell lines. We 
studied the uptake of Cy5 siRNA-loaded LNPs in primary 
rat cortical neurons and a human neuronal cell line using 
flow cytometry and fluorescence microscopy, respectively. 
Previously, Howard et al. and Thiramanas et al. studied the 
cellular uptake of Cy5 siRNA using flow cytometry (47, 
48). As PEG-DMG is known to stabilize the LNPs with 
resulting lower particle diameters and thus have an impact 
on their cellular uptake, we compared LNPs prepared with 
(+) and without (−) PEG-DMG. We used the siRNA com-
plexes of  the cationic transfection agent, Lipofectamine 
RNAiMAX, as a positive control. The cell-associated fluo-
rescence (Cy5 (+) neurons) for the Cy5 siRNA-LNPs (+ 
PEG-DMG) group was about 94%—2-fold greater than the 
neurons transfected with naked Cy5 siRNA group (Figure 7 
c, e, and f). As expected, despite its transfection-induced 
toxicity, Cy5 siRNA-Lipofectamine RNAiMAX-treated 
cells demonstrated the highest proportion of Cy5 (+) cells 
(Figure 7 c, e, and f). On the other hand, cells treated with 
LNPs appeared healthy and showed no visible signs of tox-
icity, highlighting the safety of LNPs over cationic trans-
fection agents like Lipofectamine RNAiMAX. There was 
a significant difference in the uptake of neurons transfected 
with naked Cy5 siRNA as compared to the neurons trans-
fected with the LNPs (both with and without PEG-DMG) 
emphasizing the need for an effective transfection agent for 
neural cell uptake (Figure 7f).

We also performed fluorescence microscopy to qualita-
tively study the uptake of Cy5 siRNA into neural cells. A 
technical caveat of such qualitative assessments is rooted 
in the fact that the observed/apparent fluorescent intensities 
are not normalized to cell number. The cells appeared to 

Fig. 8  Cellular  uptake  of  Cy5  siRNA  determined  using  fluorescent 
microscopy. HCN-2 cells (human cortical neuron cell line) were incu-
bated  for  2  h  (a), 4 h (b), and 24 h (c) with the indicated samples 
containing  50  nM Cy5  siRNA.  Panel  (d)  represents  the  zoomed-in 
image depicting HCN-2 cells incubated with LNPs with PEG-DMG. 
Scale bar = 50 µm. Cells were imaged using an Olympus IX 73 epif-
luorescent inverted microscope to detect Cy5 signals at excitation and 
emission wavelengths of 651 nm and 670 nm, respectively. Images 
are representative of n = 3 independent wells

◂
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be healthy and spindle-shaped in all the treatment groups 
except for the Lipofectamine RNAiMAX group where cells 
appeared stressed and rounded as early as at the 2 h time-
point (Figure 8a). As described earlier, we speculate that this 
is due strong cationic nature of Lipofectamine RNAiMAX. 
We did not observe a greater uptake for cells treated with 
LNPs at 100 nM siRNA concentration (Supplementary Fig-
ure 2). Nearly all the cells in the field showed Cy5 fluores-
cent signals 24-h post-exposure (Figure 8c) compared to 
the 2 and 4 h time points (Figure 8 a and b), suggesting that 
neural cells require a longer transfection time compared to 
non-neural cells. LNPs formulated with PEG-DMG showed 
a time-dependent increase in the uptake of Cy5 siRNA. The 
time dependent uptake of LNPs formulated with PEG-DMG 
was in agreement with the PEG-DMG dissociation kinetics 
as predicted by Mui et al. (49). The PEG-lipid component 
of the LNPs undergoes desorption from the surface of LNPs 
which results in efficient uptake of the cargo into the cells 
(50). Studies have reported desorption rates of PEG-DMG 
from the LNPs at a rate of 45%/h only after which LNPs 
were taken up by cells (49). We observed a similar trend 
of Cy5 siRNA uptake when neurons were transfected with 
LNPs (+ PEG-DMG). At the 2 and 4 h time points, most 
(but not all) of the cells had efficiently taken up the LNPs. 
However, 24-h post-treatment, almost all the cells in the 
field of view showed fluorescent puncta corresponding to 
Cy5 siRNA.The effects of RNAiMAX-mediated toxicity 
were evident via altered cell morphology seen in the phase 
contrast images.

Overall, both flow cytometry and fluorescent microscopy 
analysis in cortical neurons demonstrated efficient uptake 
of siRNA delivered using LNPs in the absence of notice-
able toxicity, while the cationic Lipofectamine RNAiMAX-
mediated uptake was concomitant with significant cellular 
toxicity. Based on these findings, we conclude that LNPs are 
a safe carrier for siRNA delivery to neural cells. We are cur-
rently screening a pre-existing LNP library prepared using 
different lipidoid chemistries to identify LNP candidates 
for safe and efficient neuronal gene knockdown. We antici-
pate that the results of these studies will set the foundation 
for using LNPs for neural cell transfection in a variety of 
CNS diseases. While our approach validates using LNPs for 
uptake of siRNA into neural cells, their knockdown efficacy 
and therapeutic index remain an open question which we are 
currently investigating.

CONCLUSION

SiRNA-loaded LNPs remained stable over a period of 7 days 
and were well-tolerated by neural cell models, allowing their 
further exploration for gene silencing. Although the LNPs 

are comparable to Lipofectamine RNAiMAX in facilitating 
siRNA uptake into cortical neurons, the ionizable cationic 
LNPs are safer and well-tolerated compared to the cationic 
Lipofectamine RNAiMAX. PEG-DMG served a crucial role 
in maintaining lower particle diameters that likely resulted 
in efficient uptake into primary rat cortical neurons. Our 
findings suggest that LNPs hold promise for further silenc-
ing of therapeutically relevant neuronal targets like TRPV1.
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