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Abstract: Our aim of this work was the development of positively charged D-a-tocopheryl glycol
succinate 1000 (TPGS)-chitosan nanocapsules (TCNs) as a non-viral vector for effective genome
editing. A two-step process was used to create cationic TCNs. TPGS was initially esterified using
succinic anhydride to add a carboxylic acid group. Then, using a complex coacervation technique,
ionic cross-linking was used to join the activated TPGS with chitosan. Fourier transform infrared
(FTIR) spectroscopy was used to validate the synthesis of TCNs. A gel retardation experiment was
performed to evaluate TCNs/pDNA complex entrapments at various N/P ratios (2:1, 5:1, and 10:1).
The physicochemical properties of the TCNs/pDNA complex were identified. Plasmid DNA was
protected from DNase I activity through TCN complexation. HEK293 and GTM3 cell lines were used
to test in vitro transfection efficiency. At N/P 5:1, TCNs/pDNA exhibited the maximum transfection
efficiency, which was comparable to Lipofectamine 3000™. Cellular uptake and localization studies
confirmed effective delivery of Cas9-GFP plasmids using TCNs. A T7 endonuclease mismatch
detection assay further demonstrated effective targeting and editing of the MYOC gene in HEK293
cells using our TCN delivery system. Based on these findings, cationic TCNs represent a promising
non-viral gene delivery platform for potential treatment of myocilin-associated glaucoma.
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1. Introduction

The quality of life of patients can be greatly impacted by genetic disorders that affect eyesight,
such as glaucoma [1]. Achieving optimal long-term gene expression through the effective transfer of
genetic material to target cells is essential for successful gene therapy [2]. Despite the widespread use
of viral vectors, the development of non-viral vectors is desirable due to the risks of viral vectors,
which are mostly related to immunogenicity and mutagenesis [3]. A broad family of artificial
complexes known as non-viral gene delivery systems is made up of a nucleic acid cargo, usually a
plasmid, and a variety of soft materials, including lipids, surfactants, and synthetic and biological
polymers [4].

Through the development of model organisms created by targeted modification and the repair of
disease mutations for therapeutic purposes, clustered regularly interspaced short palindromic repeats
(CRISPR) and CRISPR-associated (Cas) systems are potent tools for investigating and treating
genetic disorders [5]. The Cas9-based gene editing platform has been delivered using physical
techniques and viral vectors [6]. Non-viral vectors offer benefits over viral ones due to minimal
immunogenicity and the lack of endogenous virus recombination, which may reduce the likelihood
of both short-term and long-term negative consequences [7,8]. Additionally, compared to viral
vectors, non-viral vectors are often simpler to synthesize and generate on a large scale, and they may
be utilized to carry larger genetic payloads [9]. A successful gene delivery system should offer nano-
or micro-sized structures to facilitate endocytosis or phagocytosis, shield the negatively charged
phosphate nucleic acid backbone from anionic cell surface repulsion, and shield the nucleic acid
from intracellular and extracellular nuclease degradation.

Juvenile open-angle glaucoma, an early-onset variant of primary open-angle glaucoma (POAG),
has been demonstrated to be caused by mutations in the myocilin gene (MYOC) [10].
Myocilin-associated glaucoma is an excellent target for genome editing. The creation of many
nano-/microcarriers as a result of various targeting property alterations has led to recent
advancements in non-viral delivery methods [11]. Of these, cationic nanocarriers, which include
cationic liposomes, polymers, dendrimers, and peptides, are most frequently employed in gene
transfer as non-viral vectors [12-16]. They are made of positively charged lipids or polymers.
Through electrical contact, cationic nanocarriers may load and condense nucleic acids due to their
positively charged surface [12].

Several TPGS—chitosan—based delivery systems have been reported in the literature, primarily
for drug delivery and ocular therapeutics. For example, TPGS—chitosan micelles have been explored
for glaucoma therapy using brinzolamide, showing enhanced corneal penetration and sustained
release [17]. Hybrid TPGS—chitosan nanocomposites have also been applied in oral drug delivery,
improving solubility and bioavailability of poorly permeable drugs [18]. Similarly, TPGS—chitosan
nanocapsules have been tested as antimicrobial or antifungal carriers [19]. However, to our
knowledge, the application of TPGS—chitosan nanocapsules as non-viral vectors for genome editing
has not been reported. We are the first to explore their potential as CRISPR/Cas9 delivery vehicles,
specifically targeting MYOC gene editing for glaucoma therapy, thereby extending the use of this
biocompatible system beyond conventional drug delivery.
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2. Materials and methods

The chemicals used in this study were procured from Sigma-Aldrich Inc. (St. Louis, MO, USA).
Low molecular weight chitosan (LMW) was obtained (Cat. No. 448869, CAS 9012-76-4), while
D-a-Tocopherol polyethylene glycol 1000 succinate (TPGS) was purchased (Cat. No. 57668, CAS
9002-96-4). Succinic anhydride was supplied (Cat. No. 239690, CAS 108-30-5), and
4-(Dimethylamino)pyridine (DMAP) was procured (Cat. No. 107700, CAS 1122-58-3). Every
chemical utilized was of commercial analytical quality and did not require additional purification.
Gibco (Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA) provided the Dulbecco's modified
eagle medium (DMEM), foetal bovine serum (FBS), sodium pyruvate, penicillin streptomycin
(PenStrep®), trypsine-DTA, and Opti-MEM.

2.1. Plasmids

The following plasmids were used in this study:

e pGFP reporter plasmid: Encoding enhanced green fluorescent protein (eGFP), purchased
from Addgene (catalog n0.64904). Throughout the manuscript, pDNA and pGFP are used
interchangeably to refer to this plasmid.

e pSpCas9(BB)-2A-GFP (px458): A plasmid expressing SpCas9 and GFP, obtained from
Addgene(catalog no. 48138).

e sgRNA-MYOC construct: An sgRNA targeting the MYOC locus (sequence:
5'-GTTCTTCTGTGCACGTTGC-3") was cloned into the px458 backbone following the
protocol of Jain et al. [10].

All plasmids were propagated in E. coli DH5a and purified using a commercial plasmid
purification kit (Qiagen, catalog n0.12943) prior to use in experiments.

2.2. Preparation of nanocapsules
2.2.1.  Activation of TPGS

TPGS was initially esterified using succinic anhydride to functionalize it with a carboxylic acid
group. To achieve this, 30 mL of anhydrous dichloromethane was used to dissolve 3.00g of pre-dried
TPGS (1.95 mmol), 0.39g of succinic anhydride (3.90 mmol), and 024 g of
4-Dimethylaminopyridine (DMAP) (1.95 mmol). The mixture was stirred at 300 rpm under a
nitrogen atmosphere at room temperature for 24 hours. To eliminate unreacted succinic anhydride,
the product was dialyzed (Spectra/Por, MWCO 1000, U.S.A.) against 1:1 (v/v) water/ethanol for 72
hours after being precipitated in 20mL of cold diethyl ether [20,21].

2.2.2.  TPGS-Chitosan Nanocapsules (TCN)
The polyelectrolyte complex coacervation technique was used to conjugate the carboxylic acid
groups of TPGS with chitosan (Figure 1) [22]. To achieve this, 10mL of 1% glacial acetic acid were

used to dissolve 7 mg of chitosan. Furthermore, 10 mL of distilled water were used to dissolve 14 mg
of activated TPGS. Next, drops of the TPGS solution were added to the chitosan solution. A
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magnetic stirrer was used to agitate the mixture at 400-600 rpm [23].
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Figure 1: Schematic diagram of the synthesis process of TCNs. (A) TPGS was initially
esterified using succinic anhydride to functionalize it with a carboxylic acid group. (B) The
polyelectrolyte complex coacervation technique was used to conjugate the carboxylic acid

groups of activated TPGS with an amine group of chitosan to form positively charged
TCNs.

2.3. Complex formation of nanocarriers with plasmid DNA

After adding the proper quantity of TCNs to pGFP in N/P ratios (2:1, 5:1, and 10:1), the mixture
was incubated for 20 minutes at room temperature [24].

2.4. Fourier transform infrared (FTIR) spectroscopy

The spectrum data of TPGS, TPGS-COOH, chitosan, and TCNs were recorded using a FTIR
spectrophotometer (Bruker alpha spectrophotometer, USA). After preparing the sample pellets with
KBr, they were scanned for transmittance using a 4004000 cm ™' scanning range, with a fixed

resolution of 2 cm™!.

2.5. Electrophoretic mobility and enzymatic digestion assays

Gel electrophoresis was used to assess the electrophoretic mobility of the TCNs-pGFP
complexes. In comparable TCNs-pGFP complexes with varying N/P ratios (2:1, 5:1, and 10:1),
100ng of pGFP (10 ng/pL) were combined with 4 pL of loading buffer, loaded onto agarose gels (1%
w/v), and electrophoresed in TAE buffer at 6 V/cm for 60 minutes. After 15 minutes of SYBR Gold
staining, the gels were visualized using a transilluminator [25]. The TCNs-pGFP complex was
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electrophoresed on 1% agarose gels to evaluate pGFP encapsulation inside particles and protection
from external DNase 1. In short, 10 pL of an aqueous dispersion of TCNs-pGFP complex at various
N/P ratios were loaded onto a gel after being incubated with 5 pL of DNase I (5 mg/mL in Tris
solution) for 15-20 minutes at 4-8°C. The gel was also loaded with an identical volume of untreated
TCNs containing the equivalent amount of pGFP. Free plasmid DNA (pGFP) served as a positive
control [26].

2.6. Characterization of the TCNs-pDNA complex

Using photon correlation spectroscopy and Dynamic light scattering (DLS), the average particle
size of the TCNs-pDNA complex was ascertained. Using a Zetasizer Nano ZS device (Malvern
Instruments Ltd., Malvern & Worcestershire, UK), the measurements were carried out at 25°C. Using
the same device, the zeta potential of the TCNs-pDNA complex dispersion was determined by
electrophoretic mobility at 25°C. For each particle size and zeta potential tested, all samples were
diluted 20-fold in water before being analyzed [27].

2.7. Cell culture, in vitro transfection study

The culture media for HEK293 and GTM3 cells included 10% FBS, 100 units/mL of penicillin,
and 100 pg/mL of streptomycin. In 25 cm? polystyrene tissue culture flasks, cells were cultured at 37°C
in a humidified environment with 5% COa. The cells were cultured overnight to approximately 70%
confluence after being seeded at a density of 3x10° cells/well on 24-well sterile culture plates. After
removing the media the next day, cells were given two washes in preheated phosphate-buffered
saline (PBS) before the addition of new serum-free DMEM medium [28-30].

Cells were cultured for six hours after TCNs-pDNA with various N/P ratios (2:1, 5:1, and 10:1)
and introduced to the wells at a concentration of 5 pg plasmid/well. The cells were treated with
Lipofectamine 3000™, which was used as a control in serum-free DMEM (pDNA 800 ng/3.0 uL
Lipofectamine 3000™ per well). Six hours later, DMEM supplemented with 10% FBS was added to
the serum-free medium, and it was incubated for an additional 48 hours at 37°C in a humidified
environment with 5% CO.. Transfection efficiency was assessed by fluorescence microscopy.
GFP-positive cells were counted manually from fluorescence microscopy images (40x%
magnification). For each well, five randomly selected fields of view were analyzed, and the
percentage of transfected cells was calculated by averaging across these fields [31].

2.8. Cas9-GFP expression plasmid transfection with TCNs

The plasmid pSpCas9(BB)-2A-GFP, which fused 2A-GFP to Cas9 to enable the detection of
Cas9 expression in the transfected cells, was utilized to assess the wild-type Cas9 expression plasmid
transfection efficiency of TCNs [13,32].

HEK?293 and GTM3 cells were placed on cover slips in a 24-well plate at a density of 2x10*
cells/well and grown for 24 hours in order to detect the GFP expression and intracellular distribution
of transfection. The cells were transfected with TCNs/pSpCas9 (BB)-2A-GFP at a 5:1 ratio and 5 pg
plasmid/well after being plated at 5x10* cells/well in a 24-well plate. After 48 hours, cells were fixed
for 15 minutes at room temperature using 4% paraformaldehyde (pH 7.4 in PBS). Cells were
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counterstained with DAPI to stain nuclei. Fluoromount™ Aqueous Mounting Medium was used to
mount the slides, and confocal laser scanning microscopy (CLSM, Zeiss-700) with a 20x objective
was used to view the slides [33-35].

2.9. T7 Endonuclease 1 assay

Forty-eight hours after TCN—Cas9/sgRNA (MYOC) was delivered, genomic DNA was isolated
from HEK293 cells and subjected to T7 Endonuclease 1 (T7E1) analysis. The CRISPR/Cas9 system
was  designed to target the MYOC gene using the sgRNA  sequence
5'-GTTCTTCTGTGCACGTTGC-3' adjacent to a PAM (NGG) motif [36,37]. Genomic DNA from
transfected cells was PCR-amplified at the MYOC nuclease target site using forward primer
(MYOC F: 5'-GTTCTTCTGTGCACGTTGC-3") and reverse primer (MYOC _R:
5'-CTGGTCCAAGGTCAATTGGT-3’) in 25 pL reactions containing high-fidelity DNA polymerase
(manufacturer and catalog number). The PCR was performed under the following conditions: Initial
denaturation at 95°C for 3 min; 35 cycles of denaturation at 95°C for 30 s, annealing at 58°C for 30 s,
and extension at 72°C for 30 s; followed by a final extension at 72°C for 5 min, yielding an amplicon
of approximately 420 bp. Amplicons were denatured and re-annealed (95°C for 5 min, ramped down
to 25°C at —0.1°C/s) to generate heteroduplex DNA, which was then digested with 1 uL T7E1 (10
U/uL, New England Biolabs) in 20 uL cleavage reactions containing 1x NEBuffer 2 and 200 ng
purified DNA for 15 min at 37°C. The digested products were resolved on 2%—-3% agarose gel, and
band intensities were quantified to estimate the indel frequency [38,39].

2.10.  Statistical analysis

All experiments were performed at least in triplicate unless otherwise specified. Data are
presented as mean + standard deviation (SD). Statistical analyses were performed using GraphPad
Prism (version X; GraphPad Software, San Diego, CA, USA). Particle size, zeta potential, and
transfection efficiency data were analyzed using one-way analysis of variance (ANOVA) followed by
Tukey’s post hoc test for multiple comparisons. A p-value < 0.05 was considered statistically
significant.

3. Results and discussion
3.1. Preparation of nanocarriers and complex formations with plasmid DNA

The succinic anhydride esterification process successfully activated the carboxylic acid moieties
of TPGS, enabling covalent attachment to the amino groups of chitosan through amide bond
formation (Figure 1). The resulting modified chitosan co-polymers, prepared with two different
degrees of TPGS grafting, were expected to offer a biocompatible platform for enhancing the
therapeutic efficacy of drugs with limited permeability, consistent with previous findings [18,40].
This structural modification not only improved solubility and stability but also enhanced the potential
of chitosan-based carriers for nucleic acid delivery.

Beyond in vitro validation, the translational applicability of TCNs depends largely on their
feasibility for large-scale production. The polyelectrolyte complex coacervation method employed in
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this study demonstrated distinct advantages, being simple, cost-effective, and adaptable to industrial
processes. Earlier studies have confirmed the reproducibility of this method for nanoparticle
fabrication, and our preliminary scale-up experiments (data not shown) further supported these
observations. TCNs maintained consistent particle size distribution and surface charge, with
batch-to-batch variation below 5%, underscoring the robustness of the process. These findings
suggested that TCNs can be manufactured in a scalable and reproducible manner, which is essential
for advancing them toward clinical translation.
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Figure 2. FTIR pattern of TPGS, TPGS-COOH, Chitosan, and TCNs.(A) TPGS
characteristic bands alkyl-CH stretching (2866.59 cm™!), -C=0O stretching vibration
(1738.33 cm™"), OH group (3502.31 cm™!), PEG chain's —-CHz group (1346.87 cm™!) are
observed; (B) -C=0 stretching vibration (1735.54 c¢cm'), indicating that the TPGS
activation (TPGS-COOH) had been effectively synthesized; (C) Characteristics bands of
chitosan are observed for hydroxyl (-OH) stretching (3546.73 cm™!) and the -NH2 group
band (3355.88 cm!); and (D) The amide (-CO-NH-) stretching (1637.33 ¢m™') band
confirms the establishment between the carboxyl function of TPGS-COOH and the
amine functional group of chitosan to form TCNss.

3.2. FTIR analysis of TPGS, chitosan, TPGS-COOH, and TCNs

FTIR spectroscopy was used to identify the effectively synthesized TPGS-COOH and TCNs.
TPGS's distinctive peak is visible in Figure 2A. In particular, the aliphatic portions of the molecule
were responsible for the alkyl-CH stretching band seen at 2866.59 cm™'. At 1738.33 cm ™!, the -C=0
stretching vibration is seen, and at 3502.31 cm™, the final OH group is visible. The stretching peaks
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of (-C-O-) are seen at 1101.71 and 1282.42 cm™'. At 1460.67 cm™!, the aromatic ring's stretching
—C—C— peak is apparent. The PEG chain's —CH2 group has an odd peak at 1346.87 cm™".

Figure 2B shows the FTIR spectrum of TPGS-COOH. The presence of the methyl group is
shown by the —C-H stretching vibration that is seen at 2867.71 cm™!. At 1735.54 cm™!, the strong
—C=O0 stretching vibration is very visible, indicating that the TPGS activation (TPGS-COOH) has
been effectively synthesized. At 3502.03 cm™!, TPGS-COOH molecules with the terminal hydroxyl
functional band are particularly visible. Because of the presence of hydroxyl (-OH) stretching, the
precise peak band occurs at 3546.73 cm™! in the chitosan spectral data (Figure 2C). At 3355.88 cm™!,
the -NH2 group band is seen. The C-H stretching band is seen at 2852.37 cm™' and 2924.22 cm™..
The vibrations of C-O stretching and -NH bending are observed at 1378.46 cm™! and 1557.54 cm™!,
respectively. At 1153.14 and 1064.13 cm ™!, precise C-O-C stretching band vibrations are observed [17].
The amide (-CO-NH-) stretching vibrations appear at 1637.33 cm ™! in the TCNs spectra (Figure 2D).
The acquired peak verifies the formation of a connection between the amine functional group of
chitosan and the carboxyl function of TPGS-COOH.

3.3. Electrophoretic mobility and enzymatic digestion assays

An electrophoretic mobility assay was conducted to examine the mobility of TCN—plasmid
complexes and unbound plasmid. The plasmid band, which shows the movement of free plasmid into
the gel, is observed in lane 1 of the gel (Figure 3). The full complex formation of all free plasmids is
indicated by the absence of free plasmid bands in lanes of TCNs-pDNA complexes (lanes 3,5,7) with
ratios of 2:1, 5:1, and 10:1. The gel wells in these samples show the only staining. The capacity of
the complexes to shield the pPDNA from enzymatic digestion was demonstrated by electrophoresis
analyses conducted following DNase I incubation [14]. The digestion of free pPDNA was confirmed
by gel electrophoresis following DNase I incubation; no bands are observed (Figure 3, lane 2). In
contrast, TCN-pDNA complexes resisted DNase I degradation and remained visible in gel wells
(Lanes 4,6,8), confirming protection of pDNA. It should be noted that this assay provides only
qualitative evidence of DNA protection; quantitative analysis (e.g., QPCR) was not performed in this
study.

M 1 2 3 4 5 6 7 8

ittt

Figure 3. Agarose gel (1%) electrophoresis for DNase I protection assay. Lane M: DNA
marker; Lane 1: Pre pGFP plasmid; Lane 2: pGFP plasmid digested with DNase I; Lanes
3, 5, and 7: TCN-plasmid (pDNA/pGFP) complexes at N/P ratios of 2:1, 5:1, and 10:1,
respectively; and Lanes 4, 6, and 8: DNase I-digested TCN—plasmid (pDNA/pGFP)
complexes at the same ratios. Note: pDNA and pGFP are used interchangeably in this
study to refer to the same GFP-expressing plasmid.
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The protective effect of TCNs against DNase [ degradation is primarily attributed to
electrostatic interactions between the positively charged amino groups of chitosan and the negatively
charged phosphate backbone of DNA. This strong electrostatic attraction results in DNA
condensation, effectively shielding it from nuclease attacks. The high zeta potential (> +20 mV)
observed in our complexes reflects a sufficient cationic charge density that promotes stable
condensation. In addition, steric hindrance arising from the nanocapsule matrix may further limit
enzymatic access to the condensed DNA. Together, these mechanisms explain the observed
resistance of TCNs—DNA complexes to nuclease degradation.

3.4. Characterization of TCNs-pDNA complexes

A variety of TCN-pDNA complex ratios (2:1, 5:1, and 10:1) were subjected to particle size
analysis using DLS. The average particle sizes were 234 nm, 239 nm, and 248 nm for the 2:1, 5:1,
and 10:1 ratios, respectively. Thus, all complexes remained in the sub-250 nm range, suitable for
cellular uptake. Figure 4A presents a representative DLS profile for the optimized 5:1 ratio, which
showed a Z-average size of 239 nm with a unimodal distribution. The same complexes were also
analyzed for zeta potential, which remained above +20 mV across all ratios, indicating stable
condensation of pDNA with TCNs. Figure 4B shows the representative zeta potential distribution for
the 5:1 ratio (mean +22.7 mV).
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Figure 4. Characterization of TCN-pDNA complexes at the optimized N/P ratio of 5:1. (A)
Dynamic light scattering (DLS) analysis showing average particle size distribution

(Z-average: 239 nm; single peak at 323 nm). (B) Zeta potential distribution of the same

complexes (mean +22.7 mV).

3.5. Cell culture transfection study
To determine transfection efficiencies of the TCNs for pDNA, we employed the eGFP reporter
gene. Transfection efficiency of TCNs-pDNA complexes in HEK293 and GTM3 cells followed the

order 5:1 > 10:1 > 2:1. Stable TCN—pDNA complexes were formed and used to transfect cells with
high efficiency in vitro (Figure 5).
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At the optimized N/P ratio of 5:1, transfection efficiencies reached approximately 90% in
HEK?293 cells and 81% in GTM3 cells. These values were obtained by manual counting of
GFP-positive cells using fluorescence microscopy. In both cell lines, the transfection efficacy of
TCNs-pDNA complexes at the 5:1 ratio was nearly identical to that of Lipofectamine 3000™.

Statistical analysis confirmed that TCNs at the 5:1 ratio achieved efficiencies not significantly
different from Lipofectamine 3000™ (p > 0.05), whereas complexes at 2:1 and 10:1 ratio were
significantly lower (p < 0.05). These findings support the potential of TCNs as a safe and effective
non-viral vector formulation for ocular gene delivery.
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Figure 5. Transfection efficiency of TCNs in HEK293 and GTM3 culture cells at 24 h
post-transfection. (A) Percentage of GFP-positive cells determined by manual counting
under fluorescence microscopy at 40x magnification. TCN—pGFP complexes were tested
at N/P ratios of 2:1, 5:1, and 10:1, and compared with Lipofectamine 3000™ (positive
control). At the optimized 5:1 ratio, transfection efficiency was comparable to
Lipofectamine 3000™., (B) Representative fluorescence microscopy images of HEK293
and GTM3 cells transfected with TCN—pGFP complexes at N/P ratios of 2:1, 5:1, and
10:1, and Lipofectamine 3000™ (positive control). Scale bar = 50 um (magnification
40x).

3.6. Cas9-GFP expression plasmids transfection with TCNs

To make it easier to detect Cas9 expression in the transfected cells, the plasmid
pSpCas9(BB)-2A-GFP, also known as px458, was utilized. This plasmid combines the reporter gene
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GFP with the Cas9 expression cassette. Both HEK293 and GTM3 cells show transfection efficiency
with TCNs+pSpCas9-GFP (Figure 6). To differentiate between intracellular and surface-localized
TCNs+pSpCas9-GFP, Confocal Laser Scanning Microscopy (CLSM, Zeiss-700) observation was
performed. Images of cellular uptake at 24 h are shown in Figure 6. The intracellular fluorescent
signal from TCNs+pSpCas9-GFP is green and that of nuclei is blue.

DAPI MERGED

GFP

Figure 6. Cellular uptake of TCNs labeled with Cas9-GFP.Confocal Laser Scanning
Microscopy (CLSM) images showing cellular uptake and expression of the
TCN-pCas9—GFP complex after 24 h incubation with HEK and GTM3 cells. The images
are the projection of x-y sections. TCNs were labeled with Cas9-GFP (green), and cell
nuclei were stained with DAPI (blue). Magnification: % 10.

HEK 293

GTM3

3.7. T7 endonuclease I assay

The CRISPR/Cas9 system introduces targeted double-strand breaks at specific genomic loci
through the guidance of a single guide RNA (sgRNA) [41]. Cas9 recognizes protospacer adjacent
motif (PAM) sequences in the DNA and cleaves at the complementary sgRNA-binding site. DNA
breaks are subsequently repaired by the non-homologous end joining (NHEJ) pathway, often
resulting in insertions or deletions (INDELs). These INDELs create mismatches (heteroduplexes)
when PCR products spanning the target site are denatured and re-annealed, which can then be
recognized and cleaved by T7 endonuclease I.

To assess MYOC gene editing in vitro, genomic DNA was isolated from HEK?293 cells treated
with TCN—Cas9/sgRNA (MYOC). The target MYOC locus was amplified by PCR, and the amplicons
were denatured and re-annealed to enable heteroduplex formation. Subsequent digestion with T7
endonuclease I revealed cleavage products, confirming the presence of CRISPR/Cas9-induced INDEL
mutations (Figure 7). Compared with untreated negative controls, TCN-Cas9/sgRNA
(MYOC)—treated cells showed distinct cleavage bands, demonstrating efficient MYOC gene
disruption mediated by the TCN delivery system.
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Although we demonstrated robust in vitro efficacy of TCNs for CRISPR/Cas9-mediated MYOC
gene editing, future work is needed to validate their therapeutic potential in vivo. One limitation of the
current study is that DNA protection against DNase [ was assessed only qualitatively using agarose gel
electrophoresis. Quantitative qPCR analysis was not performed; however, we recognize this as an
important next step and recommend it as a future validation to determine the precise extent of plasmid
retention following nuclease challenge. Given the established safety of chitosan and TPGS, we
anticipate favorable tolerance in ocular tissues. For clinical translation, TCNs could be adapted for
topical administration (eye drops) or intracameral injection, both of which are minimally invasive and
suitable for glaucoma therapy. These studies will be essential to establish the long-term safety and
therapeutic viability of TCN-mediated non-viral gene delivery for myocilin-associated glaucoma.

Figure 7. T7 Endonuclease I assay of MYOC gene editing in HEK293 cells. Genomic
DNA was PCR-amplified at the MYOC target locus (~420 bp), re-annealed to form
heteroduplexes, and digested with T7 endonuclease I. Lane M: DNA marker (100 bp
ladder; major bands indicated at 100, 200, 300, 400, and 500 bp). Lane 1: TCNs—Cas9 only
(uncut PCR product, ~420 bp). Lane 2: TCN—Cas9/sgRNA (MYOC), showing cleavage
bands at ~280 bp and ~140 bp in addition to the full-length band, confirming INDEL
formation. Lanes 3—4: untreated negative controls, showing intact ~420 bp PCR product.
A faint low-molecular-weight band in lane 4 is attributed to nonspecific PCR byproducts
and does not indicate editing.

4. Conclusions

In this study, we developed positively charged D-o-tocopheryl glycol succinate 1000
(TPGS)-chitosan nanocapsules as a non-viral vector for plasmid delivery in genome editing
applications. Cationic TPGS—chitosan nanocapsules (TCNs) were synthesized through a two-step
reaction involving functionalization of TPGS with succinic anhydride followed by ionic crosslinking
with chitosan via a complex coacervation method. FTIR spectroscopy confirmed successful
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conjugation of TPGS and chitosan. DNase protection assays demonstrated that plasmid DNA
complexed with TCNs was shielded from enzymatic degradation. The nanocapsules showed particle
sizes below 250 nm and zeta potentials above +20 mV. Transfection efficiency at an N/P ratio of 5:1
was comparable to Lipofectamine 3000™ in both HEK293 and GTM3 cells. Transfection of both
HEK293 and GTM3 cells was achieved using TCNs+Cas9-GFP. Furthermore, T7E1 assays indicated
successful targeting of the MYOC locus in HEK293 cells. Taken together, these findings provide
proof-of-concept for TCNs as a promising non-viral nanocarrier system for future
CRISPR/Cas9-based gene therapy applications in glaucoma.
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