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Highly efficient nucleic acid encapsulation
method for targeted gene therapy
using antibody conjugation system
Seokbong Hong,1,3 Seung-hwan Jeong,1,2,3 Jang Hee Han,1,2 Hyeong Dong Yuk,1,2 Chang Wook Jeong,1,2

Ja Hyeon Ku,1,2 and Cheol Kwak1,2

1Department of Urology, Seoul National University College of Medicine, 03080 Seoul, South Korea; 2Department of Urology, Seoul National University Hospital, 03080

Seoul, South Korea
Gene therapy has surfaced as a promising avenue for treating
cancers, offering the advantage of deliberate adjustment of tar-
geted genes. Nonetheless, the swift degradation of nucleic acids
in the bloodstream necessitates an effective and secure delivery
system. The widespread utilization of poly(lactic-co-glycolic
acid) (PLGA) nanoparticles as drug delivery systems has high-
lighted challenges in controlling particle size and release prop-
erties. Moreover, the encapsulation of nucleic acids exacerbates
these difficulties due to the negatively charged surface of PLGA
nanoparticles. In this study, we aimed to improve the encapsu-
lation efficiency of nucleic acids by employing negatively
charged microbeads and optimizing the timing of the specific
formulation steps. Furthermore, by conjugating PSMA-617, a
ligand for the prostate-specific membrane antigen (PSMA),
with PLGA nanoparticles, we assessed the antitumor effects
and the efficacy of a nucleic acid delivery system on a prostate
cancer model. The employed technique within the nucleic acid
encapsulation system represents a novel approach that could be
adapted to encapsulate various kinds of nucleic acids. More-
over, it enables the attachment of targeting moieties to
different cell membrane proteins, thereby unveiling new pros-
pects for precise therapeutics in cancer therapy.
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INTRODUCTION
PLGA (poly(lactic-co-glycolic acid)) is a highly biocompatible and
biodegradable material. When introduced into the body, PLGA is
broken down into lactic and glycolic acids, which are subsequently ab-
sorbed.1 Hence, PLGA is widely utilized in the development of drug
delivery systems, and its safety has been validated by its inclusion in
commercially available drugs such as Zoladex (Goserelin) and Lupron
Depot (Leuprorelin).2 Although PLGA has been successfully employed
for the encapsulation of small chemically active pharmaceutical ingre-
dients (APIs), the encapsulation of nucleic acids is challenging. Nucleic
acids possess a phosphate group in their backbone that results in a
strong negative charge.3 Similarly, PLGA generally has a negative
surface charge, leading to electrical repulsion during the formulation
process.4 Consequently, encapsulating nucleic acids within PLGA is
challenging because of these electrostatic interactions.
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Various nucleic acids, such as DNA, mRNA, siRNA, andmiRNA, can
serve as APIs in gene therapy delivered by nanoparticles.5 However,
the efficient delivery of carriers is required to overcome the challenges
associated with gene therapy. To address this limitation, we developed
a method to achieve highly efficient encapsulation of nucleic acids
within PLGA nanoparticles conjugated with prostate-specific mem-
brane antigen (PSMA) ligands, thereby overcoming delivery
hurdles.4,6

PSMA is a membrane protein predominantly expressed in normal
prostate epithelial cells and PSMA expression increases significantly
in prostate cancer cells, ranging from 100 to 1,000 times higher
than that in normal prostate epithelial cells.7,8 Leveraging these
unique characteristics, PSMA-based theragnostic, diagnostic, and
therapeutic approaches have been extensively explored.2,9,10

In this study, we employed the PSMA ligand, specifically PSMA-617,
conjugated onto PLGA nanoparticles to precisely deliver siRNAs to
prostate cancer cells.11–13 We demonstrated the anticancer efficacy
of gene therapy in a prostate cancer model, highlighting the success
of our highly efficient nucleic acid encapsulation system.
RESULTS
Factors that increase the encapsulation rate in the formulation

of PLGA nanoparticles containing nucleic acids

Encapsulating nucleic acids within PLGA poses a challenge because
most APIs developed using PLGA as a drug delivery system are small
chemicals. This difficulty arises from the strongly negative charge of
nucleic acids, which is attributed to the presence of a phosphate group
in their backbone. Similarly, PLGA formulations typically exhibit
negatively charged surfaces, leading to electrostatic repulsion between
PLGA and nucleic acids. Consequently, encapsulating nucleic acids
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Figure 1. Schematic diagram of the entire process of PLGA nanoparticle formulation for high-efficiency nucleic acid encapsulation

Themethod of formulating PLGA nanoparticles to encapsulate nucleic acids such as plasmids and siRNA, and the technique for conjugating substances capable of targeting

specific biomolecules. This formulation encapsulates plasmids to achieve a diameter of approximately 500 mM, and the nanoparticle surface is based on a formulation

method that conjugates PSMA-617. The encapsulation method for other nucleic acids such as siRNA follows the same procedure, with the diameter determined by the

concentration levels of PLGA, PVA, etc. This is detailed in Figure S2. The conjugation is recorded based on PSMA-617, and the attachment of other materials such as

antibodies may require precise methodological adjustments depending on the case. PLGA, poly(lactic-co-glycolic acid); PLA, polylactic acid; PCL, polycaprolactone; PEG,

polyethylene glycol; DCM, dichloromethane; EDC, 1-ethyl-3-[3-dimethylaminopropyl]carbodiimide hydrochloride; NHS, N-hydroxysuccinimide.
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within PLGA nanoparticles is highly challenging because of electrical
repulsion.

One key formulation method employed to enhance the encapsulation
rate of nucleic acids involves the use of cations, such as calcium,14

which has demonstrated a high success rate of approximately 33%–

50% compared with the initial input. In this study, we propose an
alternative method that achieves highly efficient encapsulation of nu-
cleic acids, which is distinct from conventional cation-based formula-
tion approaches. Furthermore, we incorporated substance-PEG
conjugation during nanoparticle preparation to enable the specific
targeting of cell membrane proteins. This approach aims to address
the limitations of conventional PLGA nanoparticles, which rely
heavily on the enhanced permeability and retention (EPR) effect
when used as delivery vehicles for anticancer drugs, but face chal-
lenges when applied to scenarios with limited EPR effects, such as
prostate cancer.15

The water-in-oil-in-water (W/O/W) formulation method was used
for the encapsulation of hydrophilic substances, such as nucleic acids,
and nanoization was performed using sonication. Owing to the na-
ture of PLGA, the release time of internal substances in the blood
2 Molecular Therapy: Nucleic Acids Vol. 35 December 2024
can be controlled by adjusting the ratio of lactic acid to glycolic
acid, the use of polycaprolactone (PCL), and its molecular weight.16

The important factors for the high encapsulation rate of nucleic acids
that can be derived from the results of this study are (1) the concen-
tration of PLGA dissolved in the DCM solvent, (2) the concentration
of PVA, (3) the transition time from the formulation step [2, 4] to the
nanoization step [3, 5], and (4) the use of negatively charged microbe-
ads. The key factors that greatly affect the nucleic acid encapsulation
rate are the transition time from the formulation step [2, 4] to the
nanoization step [3, 5] and the use of negatively charged microbeads
(Figure 1). The plasmid encapsulation rate of the PLGA nanoparticles
was improved from 9% to 61% by adjusting these two factors
(Figures 2B and 2C).

To measure the efficiency of siRNA encapsulation in PLGA nanopar-
ticles, the nanoparticles were formulated with siRNA using the
method described in Figure 1, followed by quantification to assess
the encapsulation rate. After formulation, the PLGAwas dissolved us-
ing DCM solvent to release the siRNA, and the quantification method
employed was that of Chen et al.17 The concentration of input siRNA
used in the formulation was 1 nM, and the test was repeated three
times, yielding concentration results of 0.6799, 0.8879, and
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Figure 2. Plasmid and siRNA encapsulation rate of formulated PLGA nanoparticles

(A) Experimental procedure for measuring encapsulation rate. (B) Encapsulation rate table according to the time until the start of the nanoization step and the use of negatively

charged beads, which are the two factors that have the greatest impact on the plasmid encapsulation rate. (C) PCR results enabling the visual confirmation of plasmid

encapsulation rates under each condition. Representative conditions of the encapsulation rate measurement table. (1) Sufficient time (5 min) before nanoization and no

negatively charged particles. (2) Fast time until nanoization (1 min) and no negatively charged particles. (3) Sufficient time (5 min) before nanoization and use of negatively

charged particles. (4) Fast time until nanoization (1 min) and use of negatively charged particles. (D) Results for the encapsulation efficiency of siRNA when using PLGA

nanoparticles. (E) siRNA delivery by PSMA-617-conjugated PLGA nanoparticles in the prostate cancer cell lines 22Rv1 and LNCaP cells. PLGA, poly(lactic-co-glycolic acid);

DCM, dichloromethane.
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0.8217 nM, with an average value of 0.7965 nM, indicating a high
encapsulation rate (Figure 2D).

To verify the effectiveness of encapsulation and precise delivery of
siRNA by PSMA-617-conjugated PLGA (PSMA-PLGA) nanopar-
ticles, two prostate cancer cell lines were utilized. The prostate cancer
cell lines, 22Rv1 and LNCaP, were treated for 48 h with PSMA-PLGA
nanoparticles encapsulating either scrambled siRNA as a control or
siRNAs designed to knock down PSA and VEGF receptor 2
(VEGFR2), respectively (Figure 2E). It was revealed that PSMA-
PLGA nanoparticles containing siRNA were capable of knocking
down the target gene expression efficiently (Figure 2E).
The physicochemical properties of the nanoparticles formulated
using the proposed method are shown (Figure S1). For example,
when 5% PLGA and 1% PVA were used in the formulation, the
average diameter was 475.9 nm. The zeta potential was measured
as �23.87 mV. The diameter and zeta potential were measured
using a Zetasizer (NanoZS; Malvern Panalytical, Worcestershire,
UK). Field emission scanning electron microscopy (JSM-7800F,
JEOL, Tokyo, Japan) was used to check whether the spheres
were well formed. It was confirmed that most of the particles
formed spherical wells, and a deviation in the diameter of
each particle was also confirmed. The level of deviation differed
by approximately 7.3 times between the minimum and
Molecular Therapy: Nucleic Acids Vol. 35 December 2024 3
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maximum and was confirmed to be an appropriate level for a
bench-level study.

Among the factors that can have an effect mentioned above, the con-
centrations of PLGA and PVA affect the particle diameter in addition
to the encapsulation rate (Figure S2). Increasing the concentration of
PLGA slightly increased the encapsulation rate; however, the diam-
eter of the formulated nanoparticles increased. If the PVA concentra-
tion was approximately 1% in PLGA with a concentration of 7.5% or
higher, a particle group with a large standard deviation was formed if
sonication was not sufficiently performed. In the case of sonication,
the average size of the particles decreases over time; however, under
certain conditions, multiple peaks may occur, in which the particles
to be formulated are separated into two or more groups. When the
concentration of PVA increased, the encapsulation rate increased
slightly, and the average diameter of the particles increased. Several
problems can occur when the PVA content is greater than 5%. If
the concentration of PLGA is less than 5% in PVA (5% or more), mul-
tiple peaks may occur because of excessive sonication. When using
PLGA at a concentration of 7.5% or more and PVA at a concentration
of 5% or more, hardening occurred quickly and caused various prob-
lems. In this situation, if the sonication time is insufficient, the parti-
cles cannot form spheres and the polymer may clump together. In
addition, it appears that multiple peaks occurred under excessive
sonication.

However, the transition time from the formulation stage [2, 4] to the
nanoization stage [3, 5] and the use of negatively charged microbeads
seem to have a significant effect on the encapsulation rate. To confirm
the effects of these two factors on the nucleic acid encapsulation rate,
the formulation was prepared under the following 16 conditions.
First, in the two steps [2, 4] in which negatively charged microbeads
are used, 4 conditions occur, depending on whether negatively
charged microbeads are used. In addition, 4 conditions occurred by
dividing the conditions for the transition time to [3, 5] into 1 and
5 min. Sixteen conditions were created by multiplying the numbers
of the two cases (Figure 2B). In conclusion, the shorter the conversion
time to [3, 5] and the more negatively charged the microbeads, the
higher the nucleic acid encapsulation rate. In addition, to visually
confirm the results, the plasmid encapsulation rate of the nanopar-
ticles formulated under the following four conditions was measured
using 1% agarose gel electrophoresis. Regardless of the stage, a total
of four conditions were divided into two: use of negatively charged
microbeads and conversion time to nanoization in all stages: 1 and
5 min. (1) Sufficient time (5 min) before nanoization and no nega-
tively charged microbeads. (2) Fast time to nanoization (1 min) and
no negatively charged microbeads. (3) Sufficient time (5 min) before
nanoization and the use of negatively charged microbeads. (4) Rapid
time until nanoization (1 min) and use of negatively charged mi-
crobeads. When checking the results after electrophoresis, the highest
encapsulation rate compared with the input was obtained when the
conversion time to nanoization was short, and when negatively
charged microbeads were used. It seems that a reduction in the tran-
sition time to step 5 has a greater effect on the improvement in the
4 Molecular Therapy: Nucleic Acids Vol. 35 December 2024
encapsulation rate than the transition time to step 3 among the tran-
sition times to nanoization. In addition, the use of negatively charged
microbeads in step 4 appeared to have a greater effect on the increase
in the nucleic acid encapsulation rate than the use of negatively
charged microbeads in step 2.

Profile of formulated PLGA nanoparticles

For the formulated PLGA particles, it was confirmed that there was
minimal size change in PBS over 24 h for both the 480 and 200 nm
models (Figure S5A). This indicates that the formulated PLGA nano-
particles remain stable in PBS without significant physical change. For
the 200 nm model, the encapsulation efficiency of siRNA was found
to be almost similar to that of the 480 nm model (Figure 2D), indi-
cating minimal variation in encapsulation efficiency with respect to
size (Figure S5B).

In addition, the degradation of PLGA nanoparticles and the release
profile of the encapsulated siRNA were assessed under specific condi-
tions. The formulated PLGA nanoparticles were placed in PBS, 10%
FBS, and mouse serum, and the extent of degradation and release pro-
files weremeasured. The degradation of PLGA nanoparticles was slow-
est in PBS and fastest inmouse serum. Inmouse serum, it was observed
that over 40% of the nanoparticles degraded within 2 days of exposure
(Figure S5C). Correspondingly, siRNA release was slowest in PBS and
fastest in mouse serum, with over 70% of siRNA being released after
more than 50 h of exposure in mouse serum (Figure S5D).

Furthermore, the conjugation efficiency of PSMA-617 and the change
in conjugation rate over time were measured. The results showed that
approximately 0.73 mg out of 1 mg of input PSMA-617 was conju-
gated, indicating a conjugation rate of about 73% post-formulation,
with the remaining 26% being quantified in the flowthrough (Fig-
ure S5E). The decoupling rate of PSMA-PLGA over time was also
investigated, revealing that there was minimal decoupling of
PSMA-PLGA in PBS within 24 h (Figure S5F).

Immune response and biocompatibility of PSMA-PLGA

nanoparticle

The immune response to siRNA treatment delivered through PSMA-
PLGA nanoparticles was assessed in a mouse model. Serum cytokine
levels were analyzed 2 and 24 h after intraperitoneal injection of
siRNA-containing PSMA-PLGA nanoparticles. The proinflamma-
tory cytokines, including INF-g, IL-1b, IL-17A, and TNF-a, showed
no changes. Similarly, the levels of anti-inflammatory cytokines,
including IL-10 and IL-12, were unchanged after siRNA treatment
(Figure S3A). Complement activation was also assessed by measuring
C5a and C3a levels in serum following siRNA treatment. The levels of
C5a and C3a remained unchanged 24 h after treatment with siRNAs
encapsulated into PSMA-PLGA nanoparticles (Figure S3B). Interest-
ingly, the immune response in tumors was somewhat different. The
expression of interferon-responsive genes was evaluated in tumor ly-
sates 24 h after siRNA treatments. siPSA treatment doubled the
mRNA expression of IFN-a, IFN-b, IFN-g, IFNAR1, IFNGR1, and
STAT1. This effect was even more pronounced in siVEGFR2-treated
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tumors, which showed significantly higher mRNA expression levels
of these genes (Figure S3C). The activation of interferon-responsive
genes may contribute to building anti-tumor immunity and
enhancing anti-tumor effects. This finding suggests that the immune
response to siRNAs was evoked in tumors specifically, and not sys-
temically, due to the selective delivery system using PSMA-PLGA
nanoparticles.

The liver enzymes and renal function were not affected by the
siRNA treatments delivered through PSMA-PLGA nanoparticles
(Figure S4A). In addition, there was no observed hemolytic activity
associated with PSMA-PLGA nanoparticles containing siRNAs
(Figures S4B and S4C).
Specificity of PSMA-PLGA nanoparticle on prostate cancer cells

To assess the targeted cellular interaction of formulated nanopar-
ticles, a fluorescence microscope was utilized to observe the interac-
tion between the prostate cancer cell line 22Rv1 and the nanopar-
ticles. Specifically, PSMA-617-conjugated PLGA nanoparticles were
developed to encapsulate plasmids, with the inclusion of an FITC
linker to visualize the plasmid-containing nanoparticles. It was
evident that nanoparticles lacking PSMA-617 conjugation did not
bind to 22Rv1 cells and remained suspended (Figure 3A). In contrast,
nanoparticles in the PSMA-617-conjugated state exhibited strong
adherence to the 22Rv1 cells (Figure 3B). Further confirmation of
the PSMA-PLGA’s specific targeting capability was pursued through
co-culturing experiments. Co-cultures involving myofibroblast cells
Molecular Therapy: Nucleic Acids Vol. 35 December 2024 5
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(C2C12 cell line) and 22Rv1 cells, a representative CRPC cell line ex-
pressing PSMA, were established. Upon treatment with plasmid-
encapsulated PSMA-PLGA within this co-culture system, it was
demonstrated that PSMA-PLGA selectively adhered solely to 22Rv1
cells and not to myofibroblasts (Figure 3C).

To evaluate the tissue specificity of PSMA-PLGA nanoparticles in an
in vivo model, RFP-expressing PSMA-PLGA nanoparticles were in-
jected intraperitoneally into a 22Rv1 tumor-bearing mouse. RFP
expression was assessed in the kidney, liver, prostate, and tumors,
revealing specific positive expression in prostate tissue, particularly
in the 22Rv1 tumor (Figure 3D). This indicates that PSMA-PLGA
nanoparticles can be specifically delivered to PSMA-positive tissues
in an in vivo model.

Cell uptake rate according to molecular weight of PEG

conjugated to nanoparticles

Polyethylene glycol (PEG) is used in polymer formulations to prevent
hepatic clearance.18 In this study, PEG was used to conjugate mole-
cules capable of targeting membrane-specific proteins. Because the
length of the PEG molecule is determined by the molecular weight
of PEG, it was assumed that the cellular uptake rate of the nanopar-
ticles could differ depending on the molecular weight of PEG. The
formulated nanoparticles were used to measure the intracellular up-
take rate. After treating the cultured cells with the formulated nano-
particles for 4 h, they were detached using trypsin (Gibco, Thermo
Fisher, Waltham, MA). RIPA Buffer (ab156034, Abcam, Cambridge,
UK) was used to destroy the cell membrane and centrifugation was
performed. Only the supernatant was used to purify the plasmids.
The purified plasmid was regarded as the output and the intracellular
uptake rate was calculated (Figure 4A). The cells were treated with
nanoparticles formulated using PEG of different molecular weights.
6 Molecular Therapy: Nucleic Acids Vol. 35 December 2024
The obtained plasmids were loaded onto each lane of a 1% agarose
gel and electrophoresed. The molecular weights of the largest and
smallest PEGs used were more than 10 times different between the
largest and the smallest (minimum, 2 kDa; maximum, 20 kDa
PEG) (Figure 4B). In conclusion, nanoparticles formulated using
3 kDa PEG showed the best cellular uptake rate, and the cellular up-
take rate decreased as the molecular weight of PEG increased
beyond 3 kDa.

PSMA-PLGA nanoparticles can precisely deliver siRNA to

prostate tumors

The cellular proliferation of 22Rv1 cells was evaluated under treat-
ment with siRNAs, including scrambled siRNA as a control, as well
as siPSA and siVEGFR2. The siPSA and siVEGFR2 were encapsulated
into PSMA-PLGA nanoparticles and administered to the cells. The
proliferation of 22Rv1 cells was significantly inhibited by the siPSA
and siVEGFR2 treatments delivered via PSMA-PLGA nanoparticles
(Figure 5A).

A xenograft model was established using the 22Rv1 cell line to
experiment with the delivery of siRNA in vivo. Each mouse was
dosed with 2 mg/g of siRNAs, which were encapsulated into
PLGA nanoparticles either with or without PSMA-617 conjugation.
A total of six doses was administered over 2 weeks. Administration
was carried out via intraperitoneal injection. Control tumors denote
the use of scrambled siRNA. After the 2 weeks of treatment, tumors
were harvested and analyzed for the expression of target genes ac-
cording to each siRNA treatment. The immunoblot analysis re-
vealed that intraperitoneal injection of siRNA encapsulated into
PSMA-PLGA efficiently downregulated the PSA and VEGFR2 level
according to siPSA and siVEGFR2 RNA treatment, respectively
(Figure 5B). Furthermore, siPSA and siVEGFR2 specifically
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diminished PSA and VEGFR2 expression, respectively, when deliv-
ered through PSMA-PLGA nanoparticles. In contrast, siPSA and si-
VEGFR2 treatments with PLGA nanoparticles without PSMA-617
conjugation failed to reduce the target gene expression. As ex-
pected, the control tumors showed expression of PSA and
VEGFR2. (Figure 5C). To ensure the effect of siVEGFR2 in tumor
tissues, the tumor lysates were analyzed with ELISA, which showed
dramatically reduced expression of VEGFR2 compared with con-
trol and siPSA-treated tumors (Figure 5D). Interestingly the sys-
tematic treatment of siRNA using PSMA-PLGA prevented tumor
growth significantly by 64.7% and 69.6%, respectively (siPSA and
siVEGFR2, p < 0.01) (Figures 5E and 5F).

DISCUSSION
Therapeutic agents that use nucleic acids are continuously being
developed for various diseases, because they can accurately remove
Molecular Therapy: Nucleic Acids Vol. 35 December 2024 7
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target genes owing to the complementarity of DNA.19 Nucleic acid
therapeutics are highly accurate but easily destroyed by enzymes
and immune mechanisms.20 Therefore, a drug delivery system
capable of delivering and modifying nucleic acids to a target site
is required. PLGA is a polymer that can form nano- and micro-
sized spheres with desired diameters and conjugate desired mole-
cules to the surface of nanoparticles. It is widely used in drug
delivery systems. However, because the surface of the polymer is
negatively charged during formulation, it is difficult to encapsulate
nucleic acids with a strong negative charge in the backbone. In this
study, a method for formulating PLGA nanoparticles with a high
nucleic acid encapsulation rate and targeting specific cell mem-
brane proteins was proposed. In particular, a nanoparticle formu-
lation capable of directly targeting prostate cancer cells by targeting
PSMA was designed. Factors affecting the nucleic acid encapsula-
tion rate include the concentrations of PLGA and PVA, use of
negatively charged microbeads in the formulation, and transition
time from the formulation stage to the nanoization stage. The
encapsulation rate slightly increased as the concentration of
PLGA and PVA increased, but it seemed to have a greater effect
on particle size than on encapsulation. This is thought to occur
because the diameter of the formulated particles increases as the
concentration of PLGA and PVA increases, and the electrical
repulsive force between the polymer and nucleic acid decreases to-
ward the center of the particle. The use of negatively charged mi-
crobeads during formulation and the transition time from the
formulation stage to the nanoization stage significantly affected
the nucleic acid encapsulation rate. When negatively charged mi-
crobeads are used, the encapsulation efficiency of nucleic acids is
thought to increase because the polymer is expected to be posi-
tioned between the nucleic acid and negatively charged microbe-
ads, which are expected to repel each other. Although the reason
for the increase in the encapsulation rate during the transition
from the formulation to the nanoization stage is unclear, it is
interpreted that the physical dispersion force is greater than the
electrical repulsion during the physical dispersion process. When
hardening occurs due to PVA in a physically dispersed state, it is
interpreted to affect the improvement in the encapsulation rate
to some extent.

Although the nanoparticle formulation method presented in this
study offers promising advances in targeted therapy, it has certain
limitations and future perspectives that should be considered.
Currently, the formulation method is at the laboratory level and re-
quires further development to enable mass production for industrial
applications. In addition, the target material attachment method
demonstrated high efficiency, specifically with PSMA-617. However,
additional research is necessary to explore its applicability to other
materials. If the method presented in this study is further developed
for industrial use, it holds great potential for widespread application
in pharmaceuticals, functional food materials, and cosmetic formula-
tions. It is crucial to address these limitations and conduct further
investigations to enhance the scalability and versatility of the nano-
particle formulations for targeted therapies.
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MATERIALS AND METHODS
Formulationmethod to encapsulate plasmidwith high efficiency

using PLGA

PLGA nanoparticles decompose into glycolic acid and lactic acid
in vivo and release active substances inside the cells. The main
component of nanoparticles is PLGA, which is widely used in
the research and development of drug delivery systems.2 However,
the use of PLGA for nucleic acid encapsulation has several disad-
vantages. As PLGA is negatively charged, it is repelled by other
materials with negative charge. Because nucleic acids have a strong
negative charge due to the phosphate group of the backbone, it is
difficult to encapsulate them using PLGA. In this study, a method
for the high-efficiency encapsulation of nucleic acids in PLGA is
presented.

For nucleic acid encapsulation, the overall formulation of the nano-
particles was a W/O/W formulation designed to encapsulate the
plasmid inside the innermost layer. Formulation consists of a total
of nine steps (Figure 1). The first step was the preparation of the
encapsulated substance. In step 1, the nucleic acids (ex. DNA,
RNA, plasmids, etc.) encapsulated in biodegradable nanoparticles
were dissolved in an appropriate water-soluble solvent. In this study,
plasmid dissolved in distilled water (DW) at a concentration of
1 mg/mL was used. The second step is the “W/O formulation” step,
in which DW in which nucleic acids are dissolved (the result of 1)
is dropped drop by drop into the organic solvent (a state in which
PLGA, PCL, PLA, etc., are dissolved in organic solvents such as
DCM (dichloromethane) and chloroform at a concentration of
2.5%–7.5%) being homogenized at high speed (more than
3,000 rpm). PLGA (P2191-5G, Sigma-Aldrich, Burlington, MA)
and DCM (Sigma-Aldrich) were used in this study. It is recommen-
ded that the decrease in 1 should not exceed 5% of the total organic
solvent capacity. In this process, the addition of negatively charged
microbeads improves the encapsulation rate of nucleic acids. In this
study, a cation-exchange resin (POROS, Thermo Fisher Scientific,
Waltham, MA) was used as the negatively charged microbead. The
third stage is the “Nanoization I” stage, where the result of 2 is soni-
cated to break the particle size down to the nano level. If it takes less
than 1 min from process 2 to the start of process 3, it is helpful for
improving the encapsulation rate of nucleic acids. The fourth step
is the “W/O/W formulation” step, in which the product of 3 is drop-
ped drop by drop into the PVA (Sigma-Aldrich) solution being ho-
mogenized at high speed (more than 3,000 rpm). It is recommended
that the dropping result 3 should not exceed 5% of the total volume of
the PVA solution (the concentration of the PVA solution used was
1%–5% PVA). In this process, the addition of negatively charged mi-
crobeads improves the encapsulation rate of nucleic acids. The nega-
tively charged microbeads added in step 4 have a more significant
effect on the encapsulation rate than those added in step 2. The fifth
stage is the “Nanoization II” stage, where the result of 4 is sonicated to
break the particle size down to the nano level. If it takes less than
1 min from process 4 to the start of process 5, it is helpful for
improving the encapsulation rate of nucleic acids. The time until
the start of sonication at that stage has a more significant effect on
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the result than the same process at stage 3. The sixth step was evap-
oration, in which the internal organic solvent from the result of 5
was evaporated using a homogenizer (Coretech, HMZ-30DN, Any-
ang-si, Republic of Korea). The seventh step is the purification step,
which removes the negatively charged microbeads. This process can
be omitted when the negatively charged microbeads do not signifi-
cantly affect the subsequent experiments. One method of removing
negatively charged microbeads is the use of positively charged col-
umns. This method can be used when a substance capable of targeting
a specific cell membrane protein cannot be conjugated to the nano-
particle surface. If a positively charged column is used, a flowthrough
with negatively charged microbeads removed can be obtained. The
second method of removing negatively charged microbeads involves
attaching excess recombinant cell membrane proteins to membranes,
such as PVDF (Millipore, Burlington, MA), and attaching formulated
nanoparticles to the proteins. The flowthrough was then removed,
and the nanoparticles attached to the membrane were removed.
This method can be used when a substance capable of targeting a spe-
cific cell membrane protein is conjugated to the nanoparticle surface.
The second method has a very good degree of purification compared
with the first method, but takes a long time and loses a certain volume
of nanoparticles produced. Therefore, the yield can be increased by
repeating the flowthrough the membrane several times. The eighth
step is the “Purification II” step, where nanoparticles are precipitated
by centrifugation and then washed with water three or more times.
The final step is “Lyophilization,” which removes most of the super-
natant by centrifuging the washed nanoparticles. Then, after freezing
at a temperature below �70�C, lyophilization is performed using a
lyophilizer (FreeZone 6+, Labconco, Kansas City, MO).

In addition, specific cells can be targeted by conjugating an appro-
priate substance (antibody or a small molecule) to the nanoparticle
surface. In this study, PSMA-617 (HY-117410, MedChemExpress,
Monmouth Junction, NJ), which can target PSMA, a cell membrane
protein in prostate cancer, was conjugated to the nanoparticle sur-
face.21 Specific molecules are conjugated using PEG, which is known
to help avoid hepatic clearance. The conjugation of PSMA-617 to
PEG can target PSMA on the surface of prostate cancer cells, thereby
increasing their permeability into the tumor cells. For conjugation,
PEG-NH2 (Sigma-Aldrich), which has an amine group at the PEG
end, was used as the nanoparticle formulation. When the amine
group of PEG-NH2 and the carboxyl group of PSMA-617 were
used to form a peptide bond and conjugate, PSMA-617-conjugated
PEG was produced and used for nanoparticle formulation. When a
peptide bond was formed and conjugated using the amine group of
PEG-NH2 and the carboxyl group of PSMA-617, PSMA-617-conju-
gated PEG was produced and used for nanoparticle formulation.
Conjugation proceeds at the “PSMA-617 (or other targets) conjuga-
tion” step [3-2] of the entire formulation step. In the first step
of conjugation, the carboxyl group of PSMA-617 was reacted
with 1-ethyl-3-[3-dimethylaminopropyl]carbodiimide hydrochlo-
ride. The product was reacted with N-hydroxysuccinimide. The
O-acylisourea intermediate was produced as a byproduct of the reac-
tion, and the reaction was stopped using 2-mercaptoethanol at an
appropriate level. When PEG-NH2 was added to generate a peptide
bond, conjugation with the previously added reacted PSMA-617
occurred. Subsequently, the result of [3-2] is mixed with that of 3
and the subsequent 4 W/O/W formulation step proceeds.

Method for measuring plasmid and siRNA encapsulation rate by

PLGA formulation

The amount of plasmid prepared in the formulation [1] step was used
as the input (Figures 2A–2C). After completion of the entire formu-
lation process, the lyophilized nanoparticles were dissolved in DCM.
The amount of plasmid was considered as the output. The input and
output amounts were measured using NanoDrop (ND-2000, Thermo
Fisher Scientific) or agarose gel electrophoresis to calculate the encap-
sulation rate.

The quantification of siRNA was performed using the stem-loop RT-
PCR method as described by Chen et al.17 (Figure 2D). The quantifi-
cation was carried out following themanufacturer’s protocol, utilizing
the TaqManMicroRNAReverse Transcription Kit (4366596, Applied
Biosystems, Waltham, MA). The siRNA sequences and primers
were designed using the AccuTarget Predesigned siRNA program
(Bioneer, Daejeon, Republic of Korea).

Method for confirming target cell attachment of formulated

nanoparticles

By attaching the FITC-linker to the nucleic acid, it is possible to
confirm the encapsulation of the nucleic acid and its attachment to
the target cell simultaneously using a fluorescence microscope
(Figures 3A–3C). Nucleic Acid Labeling Reagents (MIR3225, Mirus
Bio LLC, Madison, WI) were used for the FITC linker, and the attach-
ment method was based on the corresponding reagent protocol. A Le-
ica fluorescence microscope (DMI4000B, Leica, Wetzlar, Germany)
was used. The encapsulation of nucleic acids can be confirmed by
the fact that the nanoparticles emit green fluorescence. Target cell
attachment was confirmed by attaching the green nanoparticles to
the target cell membrane. To confirm specific attachment to the target
cells, target and non-target cells were co-cultured. In this study,
PSMA-617, which targets PSMA, a membrane protein in prostate
cancer, was conjugated to nanoparticles. The 22Rv1 CRPC cell line
was used as the target cell,22–24 and the C2C12 cell line, a myoblast
that does not express PSMA, was used as the non-target cell line.
To distinguish target cells from non-target cells, target cells were
stained blue, and non-target cells were stained red and co-cultured.
Both cell lines were obtained from the ATCC (Manassas, VA). Before
co-cultivation, C2C12 myoblasts were stained with CellTracker Red
CMTPX (Thermo Fisher Scientific), and 22Rv1 cells were stained
with CellTracker Blue CMHC (Thermo Fisher Scientific).

Method for measuring cell intake of PLGA nanoparticles

The lyophilized state after formulation was used as the input (Fig-
ure 4). After treating the cells with nanoparticles for more than 4 h,
the cells were collected by centrifugation. Thereafter, the membrane
was destroyed and centrifuged again to remove sinking debris, and
the supernatant was separated and purified. A plasmid preparation
Molecular Therapy: Nucleic Acids Vol. 35 December 2024 9
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kit (Invitrogen,Waltham,MA) was used for preparation. The amount
of purified plasmid was used as the output. Electrophoresis was per-
formed on a 1% agarose gel to determine the amount of plasmids
entering the cells compared with the input.

Cell lines and culture

In this study, the prostate cancer cell lines 22Rv1 and LNCaP, as
well as the myoblast C2C12, were employed. All three cell lines
were purchased from ATCC. They were cultured at 37�C in a 5%
environment using RPMI-1640 medium. The medium composition
included 10% FBS (Gibco, Thermo Fisher) and 1% antibiotic-anti-
mycotic (Gibco, Thermo Fisher). To verify the selective binding of
formulated nanoparticles, co-cultures of 22Rv1 and C2C12 cell lines
were conducted. For the intracellular delivery of siRNA experi-
ments, the 22Rv1 and LNCaP cell lines were utilized. The 22Rv1
cell line was also used in cytotoxicity assays and in the construction
of xenograft models.

Method for confirming siRNA delivery in cell lines and animal

models

To verify siRNA delivery in cell lines, prostate cancer cell lines 22Rv1
and LNCaP were employed. Both types of prostate cancer cell lines
were acquired from ATCC. The 22Rv1 and LNCaP cell lines were
cultured for 48 h after treatment with PSMA-617-conjugated PLGA
nanoparticles, using RPMI-1640 medium. During the cultivation
period, the LNCaP cell line was treated with 10 nM DHT. The target
mRNAs for the treated siRNA are PSA and VEGFR2, respectively. Af-
ter 48 h of nanoparticle treatment, cells were collected and total RNA
was extracted using TRIzol (Thermo Fisher Scientific). Subsequently,
a cDNA synthesis process was conducted. This was followed by per-
forming qPCR to confirm the knockdown of the target mRNA. The
TOPscript cDNA synthesis kit (Ezynomics, Daejeon, Republic of Ko-
rea) was used for cDNA synthesis, and the SYBR Green quantitative
RT-qPCR kit (Sigma-Aldrich) was used for qPCR. The siRNA and
primers for PSA and VEGFR2 used in the experiments were designed
and manufactured by Bioneer’s AccuTarget Predesigned siRNA pro-
gram (Bioneer).

The experiments on mice were conducted in accordance with the
approval (24-0066-S1A0(1)) from the Institutional Animal Care
and Use Committee of Seoul National University Hospital. To inves-
tigate siRNA delivery in vivo, a xenograft model was established using
the 22Rv1 cell line. For the construction of the xenograft model, male
BALB/c-nude mice, 6 weeks old, were utilized. Each mouse was in-
jected subcutaneously with 1 � 107 cells mixed 1:1 with Matrigel
(BD, Franklin Lakes, NJ). Treatment with PSMA-617-conjugated
PLGA nanoparticles was initiated once the average tumor volume
reached 100 mm3, administered via intraperitoneal injection six times
over a 2-week period. Tumor volume was measured thrice weekly us-
ing Vernier calipers, and tumor weight was assessed post-necropsy.
Following necropsy, 50 mg of tumor tissue from each mouse was
collected and grouped for analysis. Protein was then isolated from
these samples for the assessment of siRNA delivery and knockdown
via western blotting. In addition, the embedded tumor tissues were
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used for immunohistochemistry studies. The reduction of VEGFR2
by siRNA in the xenograft model was additionally quantified using
the VEGFR2 Mouse ELISA Kit (EMVEGFR2, Invitrogen).
Method for conducting immunohistochemistry experiments

using a confocal microscope

Tumor tissues, as well as kidney, liver, and prostate tissues obtained
from a necropsy of the 22Rv1 xenograft model, were fixed, pro-
cessed for tissue processing, and embedded. Paraffin blocks were
sectioned to prepare slides. For immunohistochemistry, the paraffin
on the slides was melted at 60�C for 20 min. Subsequently, a rehy-
dration process was carried out. Initially, the slides were kept in
xylene for 30 min, then changed to fresh xylene for 5 min, three
times. Thereafter, the slides were treated for 5 min each in a solu-
tion of xylene and ethanol in a 1:1 ratio, 100% ethanol, 95% ethanol,
85% ethanol, and 75% ethanol. They were then rehydrated in DW
for 2 min. Afterward, the slides were placed in 10 mM citrate
(pH 6.0) containing 0.05% Tween 20 and heated at 80�C for
20 min for antigen retrieval, then cooled to room temperature.
They were washed twice for 2 min each in PBST. Blocking was
done at room temperature for 1 h in PBS containing 0.05% Triton
X-100 and 5% goat serum. The primary antibodies were treated
overnight at 4�C in PBST with 1% goat serum at a 1:50 ratio.
The primary antibodies were as follows: anti-PSA (ab140337, Ab-
cam), anti-VEGFR2 (ab115805, Abcam). After three 2-min washes
in PBST, the secondary antibodies were attached. The secondary an-
tibodies were treated at room temperature for 30 min at a ratio of
1:200 for antibodies and 1:1,000 for DAPI. The secondary anti-
bodies were as follows: anti-rabbit IgG H&L (ab150077, Abcam),
anti-mouse IgG H&L (ab150115, Abcam). Following three more
2-min washes in PBST, an anti-fading solution (ab104135, Abcam)
was applied, and the slides were covered with a cover glass. The
slides were then imaged using the confocal equipment Leica
STED CW (Leica Microsystems).
Measurement method of PLGA nanoparticle degradation and

siRNA release profile

The degradation extent of the nanoparticles was measured using the
mass loss method. An initial mass of 1 mg of nanoparticles was used
for each condition. The nanoparticles were incubated at 37�C in
mouse serum, 10% FBS, and PBS. Subsequently, the solvent was
removed, and the dried mass of the precipitated nanoparticles was
measured. Measurements were taken at 24-h intervals over 10 days.
The degradation extent of the nanoparticles was determined by the
ratio of remaining mass to initial mass.

To measure the release of siRNA, siPSA was encapsulated in PLGA
nanoparticles. An initial amount of 1 mg of siPSA was encapsulated,
and the release extent was measured using stem-loop RT-PCR. The
released siRNAwas measured based on the supernatant remaining af-
ter the precipitated nanoparticles were removed. Measurements were
taken every 12 h, up to a final time point of 144 h.
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Measurement of immune response profiling induced by

treatment with PSMA-PLGA nanoparticles encapsulating

siRNAs

Blood was collected via cardiac puncture for the assessment of cyto-
kine and complement changes after nanoparticle injection. For cyto-
kine analysis, blood was drawn at 2 and 24 h post-injection to evaluate
both acute and mid-term responses of pro-inflammatory and anti-in-
flammatory cytokines. Complement changes were measured 24 h
after nanoparticle injection. The collected blood was coagulated,
and serum was separated for each analysis. Cytokines were measured
using the Luminex 200 Instrument System (Invitrogen) at the Protein
Immunology Core Facility of the Translational Research Institute,
Seoul National University Hospital. For complement analysis, C5a
and C3a levels were measured using theMouse Complement Compo-
nent C5a DuoSet ELISA (DY2150, R&D Systems, Minneapolis, MN)
and the Mouse Complement C3a ELISA Kit (Colorimetric) (NBP2-
70037, Novus Biologicals, Centennial, CO), respectively. The relative
mRNA levels of interferon-responsive genes were measured by qPCR
from RNA isolated from the tumor tissues of the 22Rv1 xenograft
model.

Measurement of bio-compatibility induced by treatment with

PSMA-PLGA nanoparticles encapsulating siRNAs

Each siRNAwas encapsulated in PSMA-617-conjugated PLGA nano-
particles. The encapsulated siRNAs were injected intraperitoneally at
a dose of 2 mg/g per mouse. For hepatotoxicity evaluation, blood was
collected via cardiac puncture after nanoparticle injection. Aspartate
aminotransferase and alanine aminotransferase levels in the obtained
serum were measured at 340 nm using colorimetric assay kits
(BioSystems, Cairo, Egypt). In addition, serum creatinine levels
were measured at 490 nm using a Creatinine-Colorimetric kit
(MDSS, Hannover, Germany).

The measurement of hemolysis for hematocompatibility assessment
was conducted as follows. Fresh whole blood was anticoagulated us-
ing ethylenediaminetetraacetic acid dipotassium salt and then
diluted with 0.9% saline. Samples at different concentrations were
then added and incubated at 37�C for 1 h. Saline (0.9%) was used
as the negative control, and DW was used as the positive control.
After incubation, the supernatant was collected by centrifugation
and measured at 545 nm using an ultraviolet-visible spectropho-
tometer (DU800, Beckman Coulter, Brea, CA). The hemolytic activ-
ity was calculated as the percentage difference between the absor-
bance of the test sample and the negative control, divided by the
difference between the absorbance of the positive control and the
negative control.

Measurement of coupling efficiency and time-dependent

decoupling of PSMA-617

To measure the conjugation efficiency of PSMA-617 during the
formulation of nanoparticles, the formed nanoparticles were precip-
itated, re-dissolved, and the amount of PSMA in the solution was
quantified. In addition, the amount of PSMA in the supernatant,
excluding the precipitated particles, was quantified to measure the
amount of uncoupled PSMA remaining. To determine if decoupling
occurs after formulation, the nanoparticles were placed in PBS for 1,
6, 12, and 24 h, followed by precipitation and dissolution to quantify
the amount of released PSMA. The quantification of PSMA was con-
ducted using NMR at the Korea Polymer Testing and Research
Institute.
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