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Background: Inefficient cellular delivery and poor intracellular accumulation are major draw-
backs towards achieving favorable therapeutic responses from many therapeutic drugs and biomol-
ecules. To tackle this issue, nanoparticle-mediated delivery vectors have been aptly explored as
a promising delivery strategy capable of enhancing the cellular localization of biomolecules and
improve their therapeutic efficacies. However, the dynamics of intracellular biomolecule release
and accumulation from such nanoparticle systems has currently remained scarcely studied.
Obijectives: The objective of this study was to utilize a chitosan-based nanoparticle system as
the delivery carrier for glutamic acid, a model for encapsulated biomolecules to visualize the
in vitro release and accumulation of the encapsulated glutamic acid from chitosan nanoparticle
(CNP) systems.

Methods: CNP was synthesized via ionic gelation routes utilizing tripolyphosphate (TPP) as a
cross-linker. In order to track glutamic acid release, the glutamic acid was fluorescently-labeled
with fluorescein isothiocyanate prior encapsulation into CNP.

Results: Light Scattering data concluded the successful formation of small-sized and mono-
dispersed CNP at a specific volume ratio of chitosan to TPP. Encapsulation of glutamic acid as
a model cargo into CNP led to an increase in particle size to >100 nm. The synthesized CNP
exhibited spherical shape under Electron Microscopy. The formation of CNP was reflected
by the reduction in free amine groups of chitosan following ionic crosslinking reactions. The
encapsulation of glutamic acid was further confirmed by Fourier Transform Infrared (FTIR)
analysis. Cell viability assay showed 70% cell viability at the maximum concentration of
0.5 mg/mL CS and 0.7 mg/mL TPP used, indicating the low inherent toxicity property of this
system. In vitro release study using fluorescently-tagged glutamic acids demonstrated the release
and accumulation of the encapsulated glutamic acids at 6 hours post treatment. A significant
accumulation was observed at 24 hours and 48 hours later. Flow cytometry data demonstrated a
gradual increase in intracellular fluorescence signal from 30 minutes to 48 hours post treatment
with fluorescently-labeled glutamic acids encapsulated CNP.

Conclusion: These results therefore suggested the potential of CNP system towards enhanc-
ing the intracellular delivery and release of the encapsulated glutamic acids. This CNP system
thus may serves as a potential candidate vector capable to improve the therapeutic efficacy for
drugs and biomolecules in medical as well as pharmaceutical applications through the enhanced
intracellular release and accumulation of the encapsulated cargo.
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Introduction

The efficacy of many drugs and therapeutic moieties is
dependent on their effective uptake and accumulation into
a targeted area.' Thus, several factors such as in vivo per-
sistence, biologic barrier-crossing capacities, and precise
local uptake in adequate concentrations are paramount for
achieving meaningful therapeutic responses. Use of con-
ventional pharmacotherapies has often been associated with
poor in vivo stability, short in vivo persistence, decreased
intestinal permeation, low cellular transport capacity, and
nonselective delivery, which often compromise any biologic
efficacies.?® Although the discovery of candidate therapeutic
compounds remains exponential, herein lies a need to develop
a system to increase their cellular accumulation and uptake
for maximum therapeutic efficacy.

Nanotechnology has been spurring great research trac-
tions in both biologic and medical fields, especially for drug
delivery applications.** Nanoparticle-based approaches for
pharmaceutical and medical applications have been attributed
as a novel platform to address and remedy limitations of con-
ventional drug delivery strategy. The use of nanoparticles as
efficient delivery carriers requires them to not only be able to
permeate tissues and accumulate inside cell, but they must also
be capable to efficiently release the payloads into the cells.
The capacity of nanotherapeutics to passively or actively accu-
mulate into many different cell types has been well reported
in a few studies.*!®!? These nanosized carriers provide a
mechanism for local delivery of therapeutic molecules while
controlling the impact of side effects.® Nanoparticles have
also been shown to possess unique properties and functions as
delivery carriers owing to their “size effects”, which promote
better penetration through various body compartments.’

In recent years, reports on the synthesis and development
of chitosan-based nanoparticle systems for delivery of a
multitude of therapeutic agents and biomolecules including
gene, protein, and peptide drugs have increased.®'° Recent
focus has been shifted to the elucidation of cellular uptake
mechanism of chitosan nanoparticles (CNPs).!'"!3 Regard-
less of nanoparticle entry, CNPs were found to efficiently
accumulate in cells more than free drugs, where the accu-
mulation suggested an enhanced therapeutic response of the
carried cargo.'*!* However, there exists no report that tracks
the eventual release of those molecules after uptake of the
nanoparticles into cells. Additionally, the dynamic release
properties of encapsulated biomolecules from CNPs at the
cellular level has also yet to be elucidated in the literature.
The therapeutic efficacy of drugs, which is dependent on their
accumulation into cells, requires that its efficient release and
accumulation into cells be assessed and confirmed. Therefore,

there lies a need to study the release and localization of the
encapsulated cargo for designing an efficient vector capable
of improving drug potency through intracellular cargo release
and accumulation.

In this study, chitosan-based nanoparticles were syn-
thesized, characterized, and used as a delivery carrier for
glutamic acid (GA) as a model biomolecule for encapsula-
tion. To elucidate release mechanisms and dynamics of the
system, fluorescently labeled GA as the cargo was synthe-
sized. CNPs were synthesized through ionic gelation routes
and optimized for encapsulation of fluorescently labeled GA
(fGA). The resulting biomolecule-encapsulated nanoparticles
were then characterized using various physicochemical
methods. The potential of this nanoparticle system toward
enhancing intracellular amino acid accumulation and release
was then subsequently assessed using an in vitro cell line
model, 786-0 kidney cancer cells. Fluorescence micro-
scopy was utilized to monitor the time-based release profiles
and localization of the f{GA from the nanoparticle system.
Fluorescence-activated cell sorting (FACS) analysis was used
to quantitatively assess the accumulation of fGA in 786-O
cells, and thus subsequently verify the observations from
fluorescence microcopy.

Materials and methods

Materials

Chitosan (low molecular weight), sodium tripolyphosphate
(TPP), L-GA, fluorescein 5(6)-isothiocyanate (FITC), picr-
ylsulfonic acid solution (5% w/v), sodium dodecyl sulfate,
EDTA, 10x PBS, dimethyl sulfoxide (DMSO), thiazoyl blue
tetrazolium bromide, and 4,6-diamidino-2-phenylindole
dihydrochloride (DAPI) were purchased from Sigma-Aldrich,
St. Louis, MO, USA and used without further purification.
RPMI media 1640, antibiotic-antimycotic, 0.25% trypsin-
EDTA (1x), and fetal bovine serum were purchased from
Gibco, Life Technologies, Gaithersburg, MA, USA. Sodium
hydroxide pellet, hydrochloric acid, 37% formaldehyde, and
acetic acid glacial were obtained from Friendemann (Park-
wood, WA, Australia). 786-O cells were purchased from
American Type Culture Collection, VA, USA.

Synthesis of nanoparticles

CNPs were synthesized by ionic gelation route with TPP
as a cross-linker, using methods modified from previous
studies by Masarudin et al.'® Briefly, chitosan solution (CS)
was prepared at a concentration of 1 mg/mL in deionized
distilled water containing 1 mL acetic acid (1.0% v/v) and
was stirred until the powder was fully dissolved. The CS
was then diluted into three different working concentrations,
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Table | Parameters used for CNP formation. CNPs were
synthesized according to three different formulations (denoted
CNP-F,, CNP-F,, and CNP-F,)

Parameter Concentration of Concentration of
CS used (mg/mL) TPP used (mg/mL)

CNP-F, 0.1 0.2

CNP-F, 0.25 0.35

CNP-F, 0.5 0.7

Abbreviations: CNP, chitosan nanoparticle; CS, chitosan solution; TPP, tripoly-
phosphate.

as shown in Table 1. The resulting CSs were then adjusted
to pH 5. TPP solution was prepared at a concentration of
1 mg/mL. Similarly, 25 mg/mL TPP powder was dissolved in
25 mL deionized water and subsequently diluted into working
concentrations indicated in Table 1. The resulting TPP solu-
tions were then adjusted to pH 2. All working chitosan and
TPP solutions were centrifuged at 4,000 rpm for 45 minutes
and the supernatant was collected. As shown in Table 1, three
different formulations of CNPs were spontancously formed
by mixing 600 uL CS with increasing concentrations of TPP.
The resulting CNPs were then centrifuged at 13,000 rpm for
20 minutes. The 40% of CNP-containing supernatant was
then collected and diluted with 60% deionized distilled water
for further analysis and experimentation.

Synthesis of GA-encapsulated nanoparticles
(GA-CNPs)

GA solution was prepared by dispersing GA powder in 10 mL
deionized distilled water and was stirred at 80°C until fully
dissolved. Concurrently, CS and TPP solutions were prepared
according to the protocols described earlier. In this study,
GA was encapsulated into CS using methods modified from
a previous study by adding drugs to CS prior to addition of
TPP."” GA encapsulation was achieved by adding 250 uL
GA at different concentrations to 600 uL. CS (0.5 mg/mL)
prior to the addition of TPP. The GA—CS mixture was then
incubated at room temperature for 10 minutes, and GA-
CNP formation was initiated by addition of 250 uL. TPP
(0.7 mg/mL). The resulting GA-CNP was used for further
analyses and experimentation.

Encapsulation efficiency of GA within CNP

Trinitrobenzene sulfonic acid (TNBS) assay was used to
evaluate the capacity of CNPs to encapsulate GA and to sub-
sequently demonstrate their potential as a drug delivery vehi-
cle. The optimized CNP parameter (CNP-F,) and GA-CNP
were prepared as described earlier. The nanoparticles were
centrifuged at 13,000 rpm for 40 minutes. The supernatant
from each centrifuged sample was collected and mixed with

100 uL of 0.05% TNBS solution, before being incubated in a

water bath at 37°C for 3 hours. Following incubation, 100 uL

of the mixture was then transferred into a 96-well plate. A

volume of 100 uL of 10% SDS and 75 uL of 1 M HCl were

added into each well containing samples to terminate the

reaction. The absorbance was then recorded at 335 nm and

the amount of free GA expressed as the fraction of free amine

groups was calculated using the following equation:

1. A,,, of free amine groups of GA = A, of GA-CNP —
A, of CNP

2. A, ofencapsulated GA= A,  of GA used — A, of free
amine groups of GA

3. Encapsulation efficiency of GA (%) = (A
lated GA)/(A... of used) x 100%

535 of encapsu-

335

Synthesis of FITC-labeled GA-CNPs

FITC solution was prepared by dispersing 1 mg FITC
powder into 1 mL DMSO. Approximately 50 uL FITC was
then added to 200 uL. GA solution and was incubated for
20 minutes in the dark at 24°C. The mixture of FITC-GA
was then added to 600 L CS solution (0.5 mg/mL) and was
further incubated for 15 minutes. A volume of 250 uL of
TPP (0.7 mg/mL) was added to 850 pL of the total mixture
and was thoroughly mixed to ensure that a homogeneous
suspension was obtained. The FITC-GA-encapsulated CNP
was then stored at 4°C for further analyses.

Analysis of nanoparticle size and distribution by
dynamic light scattering

The size and distribution of synthesized CNP, GA-CNP,
and FITC-labeled GA-CNP were analyzed by dynamic light
scattering (DLS) using a Zetasizer Nano ZS (Malvern, PA,
USA). The sample was directly loaded into a disposable
cuvette provided and equilibrated for 90 seconds. Analysis
was then performed at 25°C and repeated three times per
analysis run to obtain a consistent reading.

Quantification of the percentage free primary amine
groups in nanoparticles using TNBS assay

TNBS assay was conducted to determine the percentage of
excess primary amine group (NH,) of chitosan, and to verify
the role of primary amine groups in the formation of CNP.
This method was modified from previous studies.'**' Briefly,
100 puL of CNP samples was mixed with 100 uL of TNBS
solution (0.05% v/v) and was incubated in a water bath at
37°C for 3 hours. Following incubation, 100 puL of the mix-
ture was transferred into a 96-well plate. A volume of 100 uL
of 10% (w/v) SDS and 75 pL (1.0 M) HCI were added into
each well containing samples to terminate the reaction. The
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absorbance was monitored at 335 nm and the fraction of free
amine groups was calculated using the following formula'®:

A, of CNP

—3 % 100%
A, of chitosan

Fraction of free amine groups =

Fourier transform infrared (FTIR) analysis of CNP

Liquid samples of CNP, GA-loaded CNP, and FITC-GA-
encapsulated CNP were freeze dried for 3 days preceding
FTIR analysis using a Scanvac, CoolSafe Freeze Dryer
(Labogene, Lillerod, Denmark) at —90°C under 0.8—4.0 hPa
pressure. The absorption spectra of all powder samples were
recorded on a Perkin Elmer Spectrum 100 IR Instrument
(Shelton, CT, USA), operating from 280 to 4,000 cm™.

Morphologic analysis of CNP using electron
microscopy

Morphologic features and particle size of CNP, GA-CNP,
and FITC-labeled GA-CNP were observed under field emis-
sion scanning electron microscopy (FESEM) and transmis-
sion electron microscopy (TEM). All liquid samples were
diluted prior to analysis using deionized distilled water.
Approximately 20 uL of the samples was diluted into 500 puL
deionized distilled water and sonicated for 1-2 minutes.
An aluminum stub was then dropwise coated with the sample
and dried at 55°C for 3 days. Preceding the analysis, samples
were coated with gold and visualized using a FEI Nova
Nanosem 230 FESEM (Kensington, Sydney, Australia).
The magnification and voltage used were 100,000x and
5.00 kV, respectively. For TEM analysis, the samples were
diluted into deionized distilled water. Few drops of the
samples were diluted into 500 pL distilled water. A drop of
the diluted samples was then coated onto a copper grid and
was air dried at room temperature. The samples were then
analyzed using a TECNAI G2 F20 (Pleasanton, CA, USA)
transmission electron microscope utilizing voltages from 20
to 200 kV and standard magnification from 22X to 930 kx.
Images were acquired using an SC1000 ORIUS CCD (Pleas-
anton, CA, USA) camera.

Establishment of cell lines and cytotoxicity evaluation
of CNP by MTT assay

Human kidney cancer cells (786-O) were maintained in
RPMI 1640 medium supplemented with 10% fetal bovine
serum (FBS) and 1% antibiotic penicillin/streptomycin. Cells
were stored in an incubator at 37°C with 5% CO,. MTT
assay was performed to evaluate the in vitro cytotoxicity of
the synthesized CNP using protocol modified from previous

study.'® Briefly, 786-0 kidney cancer cells were seeded into
96-well plates at a density of 0.8x10* cells/well and incubated
for 24 hours to reach 80% confluence. Prior to cellular treat-
ment, CNP samples were serially diluted by a factor of 2. The
following day, cells were treated with 100 uLL. CNP samples
per well for 24 hours. At the end of the treatment period,
media containing the samples were replaced with 150 uL
fresh media. Prior to the assay, MTT solution was prepared
by dissolving MTT powder in PBS at a concentration of
5 mg/mL and was sterile-filtered. Approximately 30 uL
of the MTT solution was then pipetted into each well and
incubated for 4 hours in order to allow the reaction to occur.
After 4 hours, 150 UL of the total volume from each well
was taken out and 100 UL of DMSO was pipetted into each
well. The mixture was carefully pipetted up and down several
times to solubilize the crystal formazan. The absorbance was
then measured at 570 nm. The percentage of cell viability
was calculated using the following equation'®:

Percentage of cell viability

A, of CNP
= - x100%
A, of control (cell without treatment)

In vitro visualization of GA release and localization
FITC-labeled GA-CNPs were prepared following the steps
described earlier. 786-O kidney cancer cells were seeded
into six-well plates at a density of 5.0x10° cells/well and
were incubated for 24 hours. On the next day, cells were
treated with 200 UL of the samples and incubated at different
time points (30 minutes, 6 hours, 24 hours, and 48 hours).
Prior to cell visualization, the medium from each well was
discarded and the cells were washed once with 1x PBS.
Approximately 2 mL of 4% formaldehyde was added into
each well to fix the cells and incubated for 3—5 minutes in
an incubator. The formaldehyde was then discarded and the
cells were washed twice with 1x PBS. A volume of 2 mL
DAPI solution (0.5 pg/mL) was added to each well to stain
the cell nucleus. The cells were then further incubated for
5 minutes. Following incubation, DAPI was discarded and the
cells were washed thrice with 1x PBS before fresh medium
was added. The release and localization of GAs was observed
under an IX3P2F/Olympus fluorescence inverted microscope
(Olympus, Hamburg, Germany).

Detection of FITC signal from intracellular fGA
through FACS analysis

Flow cytometry analysis was conducted to assess the accu-
mulation of fGA in a single cell using FACS analysis. In this
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analysis, 786-O cells were seeded into six-well plates at a den-
sity of 5.0x10° cells/well and allowed to grow for 24 hours.
After 24 hours of incubation period, the cells were then
treated with 150 UL of freshly prepared fGA-encapsulated
CNP (fGA-CNP) and were incubated at 30 minutes, 6 hours,
24 hours, and 48 hours. Prior to the analysis, medium from
each well was discarded and the cells were rinsed twice with
1x PBS. The cells were then subsequently harvested through
trypsinization and centrifuged at 1,000 rpm for 5 minutes.

This method was modified from Xing et al."” The cell
pellet was then resuspended in 1 mL MACS buffer (10%
FBS + 2 mM EDTA + 1x PBS). The fluorescence signal
from each sample was then detected using a NovoCyte Flow
Cytometry Instrument (Acea Biosciences Inc., San Diego,
CA, USA). Cells were gated at 10,000 events per analysis
of run. The number of cells showing positive FITC signal
was then quantified and compared with the negative control
(nontreated cells).

Results and discussion

Measurement of particle size and
distribution by DLS

Particle size and distribution of CNP

CNPs were successfully formed through ionic cross-linking
between the protonated amine groups of chitosan and the
phosphate groups of TPP, using the previously described
methods.!® Three sets of different CNP parameters were used,
assigned CNP-F , CNP-F,, and CNP-F.. Figures 1-3 indicate

the smallest CNP size produced at 250 uL TPP addition to
CS for all CNP formulations (70.64£1.04 nm for CNP-F ,
71.07£1.00 nm for CNP-F,, and 65.6914.86 nm for CNP-F,).
CNPs with the smallest polydispersity index (PDI) values
were also produced at this TPP volume (0.17 for CNP-F ,
0.17 for CNP-F,, and 0.18 for CNP-F,). The PDI value reflects
the size distribution of nanoparticles. Samples consisting of
homogeneous and evenly sized particles would give smaller
PDI value as an indicator of uniform particle distribution,
while a sample having a wider range of particle sizes would
give a higher PDI value. Following the addition of 50 uL
TPP, particle size and PDI values showed a decreasing trend
that was observed up to 250 uL. TPP addition.

The decrease in particle size and PDI value with TPP
volume was consistent with the increased availability of
TPP molecules to electrostatically interact with protonated
amine groups of CS molecules.!” As more volume of TPP is
added into CS, the degree of cross-linking between CS and
TPP is increased because more anionic sites of TPP are avail-
able to be accessed by CS.?” The increase in intermolecular
cross-linking of chitosan and TPP condensed the particles
into more compact structure and smaller particle size with
uniform distribution.?! Because cross-linking reduces the
number of free amine groups on CS, the ionic interaction of
TPP molecule with amine groups of already formed CNP is
less likely to occur. Consequently, self-aggregation between
different nanoparticles is prevented, which is consistent with
the nanoparticles being uniformly distributed at addition of
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Figure | Influence of TPP volume on size and PDI value of CNP-F.

Notes: A volume of 20-300 uL TPP was added into 600 uL CS. Bar graph represents particle size and line graph represents PDI. The particle size and PDI value decreased
with increasing TPP volume. The smallest particle size and PDI value were produced at 250 uL TPP volume. Error bars represent SEM from triplicate independent
experiments, where n=3. *Significant difference from 20 puL TPP addition at P<<0.05. "Significant difference from 20 uL TPP addition at P<0.0l. Highly significant difference
from 20 pL TPP addition at P<<0.001. “Significant difference from 50 pL TPP addition at P<<0.05. “Significant difference from 50 uL. TPP addition at P<<0.01.
Abbreviations: CNP, chitosan nanoparticle; CS, chitosan solution; PDI, polydispersity index; TPP, tripolyphosphate.
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Abbreviations: CNP, chitosan nanoparticle; CS, chitosan solution; PDI, polydispersity index; TPP, tripolyphosphate.
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volume for all CNP parameters inferred formation of nano-  report that the formation of small-size and monodispersed CNP
particles with uniform and homogeneous distribution in the  is governed by pH of both CS solution and TPP solution. In this
colloidal system. However, addition of higher TPP volumes  study, CS at pH 5 was used to form CNP. Chitosan has a pK_ of
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Positively charged amine groups react with negatively charged
TPP to form CS-TPP complex by ionic cross-linking.** In
this study, CS at pH 5 was used compared to more acidic or
alkaline CS pH. CS at more acidic pH value exhibits extended
conformation because of higher degree of amine protonation
resulting in increased repulsive force of CS chain.?® Due to this
strong electrostatic repulsion, CNPs prepared at more acidic
CS pH are merely unstable and tend to form large particle
size.?® CS at pH 5 has less extended CS chain because of lower
degree of amine protonation. Due to compact CS chain and
weakened electrostatic repulsion, the formation of small CNP
size is favored at this pH value compared to more extended CS
structure.?’ Conversely, CS at pH above 6.5 starts to become
insoluble, leading to deprotonation of -NH*, to NH,.*” At this
point, fewer -NH', are available to be accessed by TPP anion.
The weak cross-linking density between —NH*, and negatively
charged TPP results in larger particle size.”®

The pH of TPP plays a significant role in the formation
of small and evenly sized CNP as well. In this study, TPP at
pH 2 was used to cross-link the CS. TPP in aqueous solvent
has an initial pH 0of 9.7 and dissociates to give both hydroxyl
ion (OH") and phosphoric ion."” At this alkaline pH, TPP
becomes more reactive to CS as both OH~ and phosphoric
ions may compete with each other to cross-link with free
NH",.*” Highly reactive TPP may cause the formation of
aggregates and larger particles size. Additionally, the usage
of TPP at alkaline pH to form CNP had, in turn, increased
the pH of CS-TPP system as well, causing rapid deproto-
nation of amine groups, which was less favorable for the
formation of smaller-sized particles.** On the contrary, TPP
at acidic pH produced only phosphoric ions, PO >, which
are readily available to ionically cross-link with the NH,* of
CS inducing formation of smaller-sized particles. Such an
occurrence was also reported in previous studies,”’ where
larger-sized particles and higher PDI values were noticeable
when utilizing TPP at pH 9.5, while those prepared at pH 5.5
produced particles with smaller size and lower PDI value.
A separate study reports that the formation of smaller-sized
CNP with homogeneous distribution was achieved by using
TPP at pH 2.'¢ Therefore, in the present study, TPP at pH 2
was used to cross-link CS in the formation of CNPs.

However, addition of TPP at pH 2 was suggested to decrease
the pH of CNP system, which had in turn increased the conduc-
tivity of CNP as a result of higher H" ion concentrations.?® The
increase in H* ions causes the protonation of more amine groups
within CS chain. At higher TPP volumes (>250 uL), this pro-
tonation may disrupt the intramolecular linkages between CS
and TPP in already-formed CNP,'® which, therefore, caused the
particle size to increase at 300 uL. TPP addition, which were

133.63+26.88 nm for CNP-F , 183.83+15.89 nm for CNP-F,,
and 169.43+1.72 nm for CNP-F.,.

It was noted that the formulation CNP-F, (Figure 3)
produced particles with smaller mean particle size distribu-
tion patterns as opposed to the other two CNP formulations:
CNP-F, and CNP-F, (Figures 1 and 2). CNP-F, produced
particle size <200 nm at 20 uL TPP addition in comparison
to CNP-F, and CNP-F,, which yield much larger particle size,
above 300 nm at the same TPP volume. Collectively, it can be
inferred that CNP-F, (0.5 mg/mL CS with 0.7 mg/mL TPP)
had the best concentration of CS and TPP for CNP synthesis,
whereas 250 pL was the optimum TPP volume needed for
synthesis of smallest particles (<100 nm) with lowest PDI
value. The synthesis of small-sized particles with uniform
distribution was achieved at 250 uL TPP volume regardless
the concentration of CS and TPP used. Therefore, it can be
deduced that the efficient synthesis of CNPs was predomi-
nantly influenced by specific CS:TPP volume ratio.

Encapsulation of GA into CNP

The optimized CNP parameter (CNP-F, at 250 uL TPP
volume) was used to synthesize GA-CNPs. GA was encap-
sulated within CNP through initial electrostatic interaction
between negatively charged GA with positively charged CS.
As shown in Figure 4, a general expansion in particle size was
recorded in GA-CNP samples synthesized at different molari-
ties of GA. In comparison to CNP-F,, GA-CNP conferred
an increase in particle size where the mean particle diameter
increased with GA molarity (107.43£3.45 nm for 0.05 M
GA, 121.33£2.25 nm for 0.1 M GA, and 184.60%x1.11 nm for
0.2 M GA). It was thought that, as a higher concentration of
GA was used, there were higher amounts of GA molecules
accommodated into CNP causing the particle to further
expand in size. However, regardless of the molarity of GA
used, this observed expansion in particle size only occurred
following the addition of GA, and was, therefore, evident of
the successful GA accommodation into CNP where all other
parameters used for synthesis of CNP and GA-CNP remained
the same. Such an observation was consistent with previous
study, where CNP size increased following encapsulation of
molecules into the nanoparticle.?*

Encapsulation efficiency of GA within CNP

The encapsulation efficiency of GA was determined to verify
the amount of GA in the CNP core. For this purpose, the TNBS
assay was used to quantitatively determine the fraction of free
primary amine group in GA. This fraction was subsequently
used to determine the loading efficiency of GA by determining
the amount of encapsulated GA within CNP. The amount of
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Figure 4 Size and PDI value of particles before and following encapsulation of GA into CNP-F,.

Notes: Bar graph represents particle size and line graph represents PDI. The particle size increased to > 100 nm along with the increase in GA molarity. Error bars represent
SEM from triplicate independent experiments, where n=3. ***Highly significant difference from CNP, 0.05 M GA-CNP, and 0.1 M GA-CNP at P<0.001.

Abbreviations: CNP, chitosan nanoparticle; GA, glutamic acid; PDI, polydispersity index.

encapsulated GA in the synthesized GA-CNP was determined
by calculating the absorbance difference between the total
amounts of GA added during the nanoparticle synthesis against
the amount of GA present in the supernatant after centrifuga-
tion. The amount of GA present in the supernatant was deter-
mined spectrophotometrically by reading the absorbance at 335
nm. Table 2 shows the percentage of encapsulation efficiency
(% EE) of different GA concentrations used to synthesize GA-
CNP. Approximately 67.49% of 0.05 M GA (0.034 M) was
encapsulated into CNP, whereas about 64.15% (0.064 M) and
61.92% (0.124 M) of 0.1 and 0.2 M GA used were entrapped
into CNP, respectively. Encapsulation was achieved as GA
readily interacts ionically with CS prior to the TPP addition.
GA, which is negatively charged, has a high affinity toward
positively charged CS in the solution. Electrostatic interaction
between these oppositely charged molecules was thought to
allow GA to reside in close proximity to CS before CNP forma-
tion. The subsequent addition of TPP that cross-link with CS
allows the GA to be physically entrapped within the forming
CNP. As shown in Table 2, the encapsulation efficiency of GA

Table 2 Percentage of encapsulation efficiency of GA using
different GA molarities

Molarity Percentage of

of GA (M) encapsulation
efficiency

0.05 67.49+1.40

0.1 64.15£1.43

0.2 61.92+0.41

Note: Data are presented as mean * standard error of the mean.
Abbreviation: GA, glutamic acid.

decreased as the molarity of GA increased. This suggests that
the encapsulation efficiency was not necessarily governed by
how much GA is used for encapsulation, but by the occurrence
ofionic interaction between both moieties. Because encapsula-
tion of GA into CNP was driven by electrostatic interaction
between positively charged CS and negatively charged GA, the
availability of NH,* of CS is an important factor that influences
the interaction and, therefore, GA encapsulation efficiency.
Upon addition of GA into CS, GA electrostatically interacts
with NH," and assembles itself in close proximity to CS because
of attractive forces that existed between these two oppositely
charged molecules. Such an occurrence reduces the fraction of
free NH," available for another incoming GA to interact with.
The availability of free NH,* further decreased with subsequent
additions of GA. At this point, only a small fraction of GA can
interact with the remaining NH,*. Consequently, addition of
more GA did not further increase the encapsulation efficiency
but led to a higher amount of free GA and lower encapsula-
tion efficiency. A similar observation was reported in a study
where the encapsulation efficiency of 5-fluorouracil (5-FU), a
negatively charged chemotherapeutic drug, into CNP decreased
as the amount of 5-FU used increased. The % EE reduced from
69.69 to 29.98 as the 5-FU concentration increased from 0.5
to 5.0 mg/mL.* In this study, similar methods were not done
to determine the encapsulation efficiency of fGA. Because
the encapsulation process of fGA is thought to be similar with
GA, we expect a similar data of encapsulation efficiency for
both GA-CNP and fGA-CNP. Therefore, only encapsulation
efficiency of GA was determined. The physical encapsulation
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of GA correlated well in relating to the expansion of particle
size as measured by DLS. This observation, thus, inferred the
potential of CNP as a drug delivery vehicle on the basis of its
capacity to encapsulate GA.

Encapsulation of fGA-CNP

To track the release of GA from CNP, GA was tagged with
FITC through chemical conjugation of the isothiocyanate
group to the N-terminal of GA. Three different GA concentra-
tions (0.05, 0.1, and 0.2 M) were fluorescently labeled with
FITC prior to encapsulation into CNP. As shown in Figure 5,
the particle size of f{GA-CNP was found to increase signifi-
cantly from CNP for all concentrations of GA used, which
were 182.7423.73 nm for 0.05 M f{GA-CNP, 270.40%1.55 nm
for 0.1 M fGA-CNP, and 291.90£8.86 nm for 0.2 M fGA-
CNP. This increase was a consequence of FITC being suc-
cessfully tagged to the GA, thus increasing its molecular size.
The subsequent accommodation of the labeled amino acid
into CNP, therefore, led to the increase in size. Similarly,
PDI values also increased to 0.30520.015 for 0.05 M fGA-
CNP, 0.20£0.009 for 0.1 M fGA-CNP, and 0.192+0.017 for
0.2 M fGA-CNP. However, only the PDI value in 0.05 M
fGA-CNP showed significant increase from CNP. The sig-
nificant increase inferred that there was a mixed population
of nanoparticles in the colloidal system, where the smaller
size corresponded to CNP, whereas the much larger particles
corresponded to the presence of f{GA-CNP. The increase in
both particle size and PDI value was thought to occur as a
transition of the f{GA-CNP formation from CNP.

Quantification of free amine groups of CNP by
TNBS assay

The proposed mechanism for CNP formation was through
ionic cross-linking between protonated amine groups of CS
and TPP anion. During this interaction, NH," is utilized by
phosphate ion of TPP to form CNPs. The reaction of TNBS
with primary amines generates a yellow, highly chromogenic
product readily measured at 335 nm.>! To verify the role of
the amine group in the formation of CNPs, TNBS assay was
utilized to quantify free amine groups in the samples. Figure 6
shows a gradual decreasing trend in free amine groups of CS
from 50 to 300 wL TPP addition for all CNP parameters. The
lowest fraction of free amine groups was obtained after addi-
tion of 300 uL TPP volume for all CNP formulations; 85.3%
for CNP-F , 81.1% for CNP-F,, and 76.1% for CNP-F,. These
decreasing trends were suggested to occur as an evidence of
utilization of amine groups by phosphate ions to form nano-
particles. Addition of more TPP volume was suggested to
increase the cross-linking interaction between these two func-
tional groups. The reduction of free amine groups with TPP
cross-linking was reported in a previous study where TPP
cross-linking not only reduced the crystallinity of the CS-
TPP beads but also decreased the amino binding site on CS
for metal ions uptakes, thus resulting in a decrease of copper
(I1) ion, Cu?* adsorption.* In a recent study, Masarudin et al'®
described the utilization of amine group by TPP during CNP
formation reflected by the TNBS assay where a decreasing
trend in the fraction of free amine groups was observed fol-
lowing TPP addition. The free amine groups were found to
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CNP-F, 0.05 M fGA-CNP

0.1 M fGA-CNP 0.2 M fGA-CNP

Figure 5 Size and PDI value of particles before and following encapsulation of f{GA into CNP-F,.

Notes: Three different molarities of GA were used (0.05, 0.1, and 0.2 M). Bar graph represents particle size and line graph represents PDI. The particle size increased
to >100 nm along with the increase in GA molarity. Error bars represent SEM from triplicate independent experiments, where n=3. *Highly significant difference from CNP-F,
at P<<0.001. ®Significant difference from 0.05 M GA-CNP at P<<0.01. Highly significant difference from 0.05 M fGA-CNP at P<<0.001.

Abbreviations: CNP, chitosan nanoparticle; fGA, fluorescently labeled glutamic acid; PDI, polydispersity index.
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Notes: A volume of 50-300 pL TPP was added into 600 uL CS. Percentage of free amine groups for all CNP formulations reduced by addition of more TPP volume. Error

bars represent SEM from triplicate independent experiments, where n=3.

Abbreviations: CNP, chitosan nanoparticle; CS, chitosan solution; TPP, tripolyphosphate.

gradually decrease following addition of 20 uL. TPP up to
250 pL where the minimum fraction of free amine groups
remaining was about 20%—-30%.'¢ Therefore, the evidence of
reduced amine groups with TPP cross-linking can be used to
suggest the successful formation of CNP in this study.

Morphology and size of CNP, GA-CNP,

and fGA-CNP

Observations under FESEM

Morphologic analysis of CNPs under FESEM discerned
a discrete and spherical shape of particles with diameters
under 100 nm as shown in Figure 7. A similar appearance
of CNPs was also observed in previous studies.***! The
different surface characteristics and morphology of CNPs
from CS and TPP molecules suggested that the nano-sized
CNP system was formed through association between these
molecules and constituted a population of spherical particles.
The differences in surface characteristics of CNPs from CS
and TPP molecules were significant, as smaller-sized CNPs
can only be formed through cross-linking between CS and
TPP molecules at a specific volume ratio as exhibited by
DLS data. The size distribution of CNPs obtained from
FESEM corresponds well to data obtained through DLS
analysis, in which the mean particle size was in the range of
50-100 nm at the optimum CNP formulation. The particle
size expanded above 100 nm following encapsulation of
GA. The expansion in particle size reflects the successful
incorporation of GA molecule into CNP. The particles existed
in spherical shapes and were distributed as single particles

without any sign of aggregation, consistent with a previous
study.* Following encapsulation of fGA, the particle size
increased to over 100 nm. The system existed as a mixed
population of nanoparticles having diameter above 100 nm,
which corresponded to CNPs, and the much larger particles
(>100 nm) corresponded to the GA-CNP and fGA-CNP.
This observation was similar to the data elucidating particle
size distribution patterns obtained through DLS analysis and
thus reaffirmed our postulation on the successful loading of
fGA molecules within CNP.

Observations under TEM

TEM analysis revealed a dark and dense internal structure of
CNPs, indicating the formation of compact particle structure,
as shown in Figure 8. Similar appearances were also reported
in previous studies.'”* Before GA and fGA encapsulation,
the particle sizes were about 30—-50 nm in diameter and were
uniformly distributed as spherical-shape particles without any
sign of aggregation. The CNP size obtained from TEM was
slightly smaller than the size obtained from DLS analysis
and FESEM. A similar observation was reported where CNP
viewed under TEM was found to be distinct and spherical in
shape and smaller in size than those measured by DLS. This
could be attributed to the dehydration of the nanoparticles
during sample preparation for TEM imaging. Additionally,
DLS measures the hydrodynamic layers that form around
particles in colloidal system, leading to the overestimation
of particle size.*** 7 The incorporation of GA and f{GA mol-
ecules let the particle expand further. The particles exhibited
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Figure 7 Morphology of CS, TPP, CNP, GA, GA-CNP, and fGA-CNP under field emission scanning electron microscopy.

Notes: CNP exhibited a discrete and spherical shape with diameters less than 100 nm. Following encapsulation of GA and fGA molecules, particle sizes increased above 100 nm.
Abbreviations: CNP, chitosan nanoparticle; CS, chitosan solution; fGA, fluorescently labeled glutamic acid; TPP, tripolyphosphate.

dense and dark structure as a result of the GA and f{GA  formed and the encapsulation of f{GA into CNP has occurred.

molecules being compactly fitted within the particles. These =~ Similar observations were reported in previous studies where

observations reinforce our postulation from previous DLS  the encapsulation of drugs into CNP led to the expansion in
and FESEM analyses that the CNP system has successfully  particle size.*>*
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Figure 8 Transmission electron microscope images of CNP, GA-CNP, and fGA-CNP.
Notes: CNPs appeared as spherical-shaped particles ranging from 30 to 50 nm with a dark and dense internal structure indicating the formation of compact particle
structure. The particle size expanded to over 100 nm following addition of GA and fGA molecules, suggesting the successful encapsulation of these molecules within CNPs.
Abbreviations: CNP, chitosan nanoparticle; fGA, fluorescently labeled glutamic acid.

FTIR analysis of CNPs

FTIR is used to determine the presence of a variety of
functional groups in a molecule or compound, and thus,
can be used to deduce successful formation of the nano-
particle samples in this study. Figure 9A shows distinctive
characteristic peaks for CS, TPP, and CNP. A broad peak at
3,353 cm™! was identified in pure CS, corresponding to —-NH
stretching of NH,, group.** In CNP, this peak was present at
3,334 cm™ as a broad peak in regions between 3,300 and
3,400 cm™! because of the overlapping of OH™ ions stretching
peak at the same region and due to the hydrogen bonding
interaction.*> A sharp peak at 1,641 cm™ was attributed to
NH vibration in NH,* ions*® and this peak was found at a
similar region around 1,634 cm™! in CNP. Meanwhile, the
peak at 887 cm™ attributed to P-O-P stretching was detected
in pure TPP. This peak was found in cross-linked CNP as
well at 896 cm™ but at a lower intensity in comparison to
pure TPP. Similar observations were also reported in previ-
ous studies.’®¥ This confirmed the involvement of P-O-P
groups in the formation of CNPs. As the nanoparticle formed,

there was a less amount of free P-O-P groups that remained
unreacted, which subsequently showed as a lower-intensity
peak compared to pure TPP. Notably, the functional groups
found in CS were not detectable in TPP and vice versa but
CNPs displayed characteristic peaks of both CS and TPP.
Thus, it can be inferred that formation of CNPs, a hybrid of
CS and TPP molecules, has occurred.

The spectra patterns of GA and GA-CNP are shown in
Figure 9B. There were few peaks of GA and CNP that existed
in GA-CNP that can be used to show the occurrence of GA
loading into CNP. The peaks at 1,640 and 3,020 cm™" belong
to NH bending of NH, group and OH" ions of pure GA,*
while the peak of NH vibration in NH,* of CNP was found
at a similar region that was at 1,634 cm™'. Following GA
encapsulation, the OH™ ions peak was subsequently observed
at 3,026 cm™', whereas the peaks of both NH vibration in NH,*
and NH bending of NH, group overlapped at 1,638 cm™". The
peak at 1,798 cm™' was assigned to C=0 stretching of GA¥
and this peak shifted to 1,826.42 cm™ in GA-CNP, indicating
the suggested presence of GA in GA-CNP samples.
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Figure 9 Infrared spectra of (A) CS, TPP, and CNP, (B) CNP, GA, and GA-CNP, (C) FITC, GA-CNP, and fGA-CNP.
Abbreviations: CNP, chitosan nanoparticle; CS, chitosan solution; fGA, fluorescently labeled glutamic acid; TPP, tripolyphosphate; FITC, fluorescein 5(6) isothiocyanate.
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The sharp peak observed at 2,003 cm™ denotes the strong
absorption intensity of the freely moving and nonbonded
isothiocyanate (NCS) group in pure FITC?*® (Figure 9C). This
peak disappeared following encapsulation of f{GA into CNP.
The loss of this peak in f{GA-CNP was due to the NCS group
being chemically bonded to GA to let the labeling reaction
occur. At this point, the fGA became chemically inert and
lost its ability to absorb energy and vibrate. Hence, there were
no detectable peaks at the similar region around 2,000 cm™
following encapsulation of fGA. The peak at 3,422 cm™
belongs to NH stretching of NH, group in CNP, whereas
the peak at 1,638 cm™' corresponds to NH bending of NH,
group of GA. The appearance of the similar peaks, at 3,392
and 1,637 cm™', respectively, in fGA-CNP might suggest the
successful loading of fGA into CNP.

In vitro cytotoxicity evaluation of CNP

For any nanoparticles to be an ideal drug delivery carrier, it
is critical that their efficacy be evaluated for safe transport
of various drugs and biomolecules in vivo and illicit low
toxicity. Therefore, an evaluation on the potential toxic
effects of these nanoparticles is required, given that the
mechanisms through which nanoparticles may induce their
toxic effects remain obscure. In this study, the potential
cytotoxicity of CNP-F, formulation as a delivery carrier for
GA was evaluated using MTT assay. In this study, MTT
assay was performed on 786-O human kidney cancer cell
line to evaluate the toxicity of CNP. Figure 10 illustrates the
percentage of cell viability following 24 hours of treatment
of 786-0 cells with CNP-F, formulation. At the maximum
treatment dosage of 0.5 mg/mL, CNP induced approximately
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30% cell death. The low cytotoxicity properties of CNPs have
been previously described in the current literature. A previous
study reports that about 90% of A549 cells remained viable
following 24 hours of treatment with 0.1 mg/mL PEGylated
oligochitosan and PEGylated chitosan nanocomplexes.'
Separately, Richardson et al*® described that regardless of the
different low molecular weights of CS used, CS was found
to be nontoxic against L132 human embryonic lung cells
and CCRF-CEM human lymphoblastic leukemia cells up to
a concentration of 0.5 mg/mL where the percentage of viable
cells was more than 80 and 70 for CCRF-CEM cells and
L132 cells, respectively. As the CS concentration increased
up to 1 mg/mL, the percentage of viable CCRF-CEM cells
remained at 70, whereas the cell viability of L132 cells was
slightly reduced to about 60.* CNPs are generally reported
as nontoxic to normal cells as well.**° On the basis of cell
viability and ample evidence on low toxicity profile of CS
from previously reported studies,'***° the CNP formulation
(CNP-F,) used in this study was found to be of low toxicity
to the cells. This observation then inferred the feasibility and
suitability of CNP as a candidate for drug delivery vehicle.

Visualization of in vitro release and
accumulation of FITC-GA from CNP

using fluorescence microscopy

The release profile and accumulation of fGA as the encap-
sulated cargo model was visualized at four specific time
intervals: 30 minutes, 6 hours, 24 hours, and 48 hours using
fluorescence microscopy. Figure 11 shows the release and
accumulation of fGA from CNP at different time points
under fluorescence microscopy. No green fluorescence was
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Figure 10 Cell viability of 786-O cells following 24 hours of treatment with CNP-F,.

Notes: Error bars represent SEM from a triplicate independent experiment, where n=3. *Significant difference from control at P<<0.05. The colored lines represent the

percentage of cell viability following 24 hours treatment with CNP-F,.
Abbreviation: CNP, chitosan nanoparticle.
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observed in nontreated (control) and CNP-treated cells,
indicating that no inherent autofluorescence was exhibited by
the cells. The absence of fluorescence in FITC-treated cells
after 24 hours indicated the incapacity of FITC to permeate
into the cell without the aid of a delivery vector, similarly
observed in a previous report.’! Interestingly, the presence of

Merged DAPI-FITC channel

30 min

6 hours

24 hours

48 hours

Figure 11 (Continued)

green fluorescence was only observed when cells were treated
using fGA-CNP samples. It was observed that at 30 minutes
posttreatment with fGA-CNP, intracellular fluorescence
was barely detected. However, a stronger fluorescence was
observed 6 hours posttreatment and this signal was observed
to gradually increase 24 hours posttreatment with f{GA-CNP.
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Figure |1 In vitro cellular release of fGA (green) from CNPs into 786-O cells.

Notes: DAPI was used to stain the cell nucleus (blue). Gradual increase in fluorescence was observed from 30 minutes to 48 hours treatment point with f{GA-CNP. No green
fluorescence was observed in cells treated with CNP, fluorescein 5(6)-isothiocyanate, and fGA. (Images were acquired at 100x magnification with 50 pm scale bar).
Abbreviations: CNP, chitosan nanoparticle; DAPI, 4,6-diamidino-2-phenylindole dihydrochloride; fGA, fluorescently labeled glutamic acid.

At 48 hours, the reduction in intracellular FITC signal was
observed. Such occurrence is most likely because of a few
reasons such as fast rates of FITC photobleaching upon
exposure to excitation light and quenching of the FITC
fluorescence under slightly acidic conditions.>* The absence
of fluorescence after 24-hour treatment with fGA suggested

that the physical encapsulation of GA within the CNP is a
prerequisite for efficient accumulation and localization into
cells, further showing the advantageous properties of CNP as
apotent delivery vector. Because the green fluorescence was
detectable inside the cells, it can be deduced that the observed
fluorescence was caused by the release of the GA that was
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being tagged with FITC after taking into consideration that
FITC and fGA were not able to permeate into the cells.

A recent study by Masarudin et al'® demonstrated that
cellular internalization of FITC-tagged CNP may occur
as carly as 30 minutes posttreatment. Therefore, it can be
suggested that the cellular internalization of f{GA-CNP had
occurred prior to the release of fGA. At 6 hours posttreat-
ment, the f{GA was found to be released into the cellular
membrane and the cytoplasm. A significant accumulation
of f{GA was observed 24 hours later. Drug release from CS-
based nanoparticles is influenced by a few factors, mainly
cross-linking density, pH, and enzymatic reactions taking
place in the physiologic environment. In this study, we
postulate that the release of fGA from CNP was through
surface degradation of the nanoparticles based on sequential
data obtained from the fluorescence microscopy (Figure S1).
The fGA-CNP was thought to be internalized through non-
specific electrostatic interactions with the negatively charged
cell membrane.*'>* Following cellular internalization, the
fGA-CNP-enclosed vesicles were transited from early
endosomes to late endosomes before finally fusing with the
lysosome. As the f{GA-CNPs are shuttled from endosome to
lysosome, they experienced a drop in pH gradient, from a
neutral (pH 7.4) to acidic pH (pH 4.5-5).3457 This acidic
environment was suggested to cause surface degradation
of the CNP polymer. Additionally, the cleavage of B-1,4
glycosidic linkages between N-acetyl-D-glucosamine of CS
monomers by glycoside hydrolase enzyme within lysosome
initiated the degradation of CNP.%%* As time progressed from
6 to 48 hours, the gradual and constant degradation resulted
in a mass loss of CNP polymer, therefore inducing more
GA release. This proposed mechanism of GA release may
explain the occurrence of stronger fluorescence observed at
24 hours. The accumulation of CNP degradation products
was thought to increase the osmolarity of lysosome, causing
an ingress of water molecules, thus resulting in rupture of the
lysosome membrane and subsequent release of their content
into cytosol.® The gradual increase in the green fluorescence
from 30 minutes to 48 hours implies the time-dependent
release and controlled accumulation of GA over time. These
observations thus delineate the capacity of CNP to deliver
the entrapped GA into cells prior to their intracellular release
and controlled accumulation.

Detection of fluorescence signal of fGA
through flow cytometry analysis

In this study, flow cytometry analysis was conducted to
quantitatively analyze the presence of fluorescence signals
from fGA released intracellularly, and to subsequently

verify data on intracellular GA accumulation obtained from
fluorescence microscopic analysis. Figure 12 shows the
fluorescence signal profile of cells at different treatment
time points. This histogram plots an FITC signal against
the number of positive events (cells showed positive FITC
signal) detected. Approximately 0.05% of the nontreated cells
expressed a positive FITC signal, a negligible fluorescence
signal most likely due to the presence of autofluorescing
organelles or intracellular proteins. It was observed that
the number of cells that showed positive FITC signal at
30 minutes posttreatment did not significantly differ from the
control. This data corresponded well with the observations
under fluorescence microscopy, where no fluorescence was
detectable at this treatment time point. Following 6 hours
of incubation period, 28.82% of the total cell population
showed an occurrence of positive FITC signal. The number
of positively expressed FITC signal cells increased up to
80.41% and 99.97% post 24 hours and 48 hours treatment
points. Interestingly, the cells treated with CNP and FITC
showed negative FITC signal, which was in accordance with
the observations under fluorescence microscopy. Meanwhile,
about 4.71% of the total cell count produced positive FITC
signal following 24 hours of treatment with fGA. It can be
suggested that f{GA can still readily enter the cells by itself.
However, the fluorescence signal was much weaker com-
pared to that produced by the cells treated with f{GA-CNP at
the same 24-hour treatment. This observation implies that
the efficient intracellular delivery and accumulation of GA
was achieved through encapsulation of this molecule into
CNP as a delivery vector.

The number of positively expressed FITC signal cells
at 648 hours of treatment appeared to be much higher
compared to those observed under fluorescence micro-
scopy mostly likely because of the higher sensitivity of
flow cytometry in detecting fluorescence signal compared
to the fluorescence microscope. However, it is noteworthy
to mention that regardless the major number of cells show-
ing positive FITC signal at every time point, there was a
gradual increase in fluorescence intensity from 30 minutes
to 48 hours post transfection. The shift to higher fluorescence
signal (full overlay) at later time points was a result of GA
being efficiently accumulated from CNP into cellular com-
partment over prolonged incubation period. The increase
in fluorescence signal was consistent with the observations
through fluorescence microscope. These observations, thus,
reaffirm our postulation on the potential of CNP as a delivery
vector capable of enhancing the intracellular delivery of GA
and controlling their accumulation over a prolonged period
of time.
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Figure 12 Detection of fluorescence signal of fGA in 786-O cells through flow cytometry analysis.
Notes: Fluorescence profile of cells treated with f{GA-CNP for 30 minutes, 6 hours, 24 hours, and 48 hours. No FITC signal was detected in nontreated cells (control)
and cells treated with CNP FITC and fGA. The fluorescence peaks shifted to the right (higher fluorescence intensity) from 30 minutes to 48 hours treatment time point

(full overlay).

Abbreviations: CNP, chitosan nanoparticle; fGA, fluorescently labeled glutamic acid; FITC, fluorescein 5(6)-isothiocyanate.

Conclusion

Small and monodispersed CNP at a diameter <100 nm were
successfully formed through simple ionic gelation route. The
accommodation of GA into CNP core increased the particle
sizes to > 100 nm, which was confirmed by DLS and electron
microscopy analysis. The formation of CNP and GA loading
were verified through TNBS assay and FTIR analysis. CNP
synthesized at 0.5 mg/mL CS was found to be nontoxic to
the 786-0 cells, suggesting the feasibility of this system as

a drug delivery carrier. fGA was released from CNP and
accumulated into cells as early as 6 hours posttreatment. The
efficient accumulation of f{GA was observed 24 and 48 hours
later. As time went by, the green fluorescence increased from
30 minutes time point to 48 hours posttreatment, suggesting
that the intracellular release and controlled accumulation of
fGA were successfully achieved through the encapsulation
of GA into this CNP system. In future, formulation of these
CNP with conjugation of specific targeting ligand would be
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advantageous for in vivo selective delivery of drugs, proteins,
or macromolecules.
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Figure S| The proposed mechanism of GA release from CNP.

Notes: fGA-CNP entered cells through nonspecific endocytosis and subsequently fused with endosome and lysosome. Decrease in pH gradient caused surface degradation
of CNP polymer. The action of glycoside hydrolase enzyme within lysosome enhances further degradation of CNP. Gradual degradation resulted in a mass loss of CNP
polymer, therefore inducing GA release. The accumulation of CNP degradation products increased the osmolarity of lysosome, inducing an ingress of water molecules,
thereby resulting in rupture of the lysosome membrane and subsequent release of their content into cytosol.

Abbreviations: CNP, chitosan nanoparticle; fGA, fluorescently labeled glutamic acid.
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