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Abstract: Development of parameters for the fabrication of nanosized vectors is pivotal for its
successful administration in therapeutic applications. In this study, homogeneously distributed
chitosan nanoparticles (CNPs) with diameters as small as 62 nm and a polydispersity index (PDI)
of 0.15 were synthesized and purified using a simple, robust method that was highly reproducible.
Nanoparticles were synthesized using modified ionic gelation of the chitosan polymer with
sodium tripolyphosphate. Using this method, larger aggregates were mechanically isolated from
single particles in the nanoparticle population by selective efficient centrifugation. The presence
of disaggregated monodisperse nanoparticles was confirmed using atomic force microscopy.
Factors such as anions, pH, and concentration were found to affect the size and stability of nano-
particles directly. The smallest nanoparticle population was ~62 nm in hydrodynamic size, with
a low PDI of 0.15, indicating high particle homogeneity. CNPs were highly stable and retained
their monodisperse morphology in serum-supplemented media in cell culture conditions for up
to 72 hours, before slowly degrading over 6 days. Cell viability assays demonstrated that cells
remained viable following a 72-hour exposure to 1 mg/mL CNPs, suggesting that the nanopar-
ticles are well tolerated and highly suited for biomedical applications. Cellular uptake studies
using fluorescein isothiocyanate-labeled CNPs showed that cancer cells readily accumulate the
nanoparticles 30 minutes posttreatment and that nanoparticles persisted within cells for up to
24 hours posttreatment. As a proof of principle for use in anticancer therapeutic applications, a
[**C]-radiolabeled form of the anticancer agent doxorubicin was efficiently encapsulated within
the CNP, confirming the feasibility of using this system as a drug delivery vector.

Keywords: nanobiotechnology, drug delivery, chitosan, chitosan nanoparticles, doxorubicin,
FITC

Introduction

Drug delivery is an issue of critical importance in the quest for more effective and more
localized treatments and in the reduction of side effects associated with systemic modes
of delivery. The fabrication of new types of drug delivery vehicles offers the prospect
of increasing the potency and targeting of both currently approved drugs and emerg-
ing therapeutic materials. Nanoparticle drug delivery vehicles (diameters typically of
the order of 10-200 nm) possess multiple potential advantages, including higher drug
delivery efficiency,' increased drug efficacy and cytotoxicity,? as well as facilitation
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of penetration of various biological barriers such as the
mucosal membrane and tumor vasculature.* Moreover, the
application of drug-loaded nanoparticles has been reported
to overcome the drug-resistance characteristic of cancer cells,
by facilitating entry into cells through endosomal uptake
routes and surface binding, as opposed to the normal route
of administration of the drug alone.*

In recent years, reports on the synthesis of chitosan-
based nanoparticles have increased, especially in the field of
medical science, reflecting the advantages of this system in
biological applications. Chitosan is a carbohydrate polymer
derived from the deacetylation of chitin and is known to be
biodegradable and to possess unique immunological>® and
antibacterial characteristics.” Apart from being virtually
nontoxic to cells, chitosan chains can undergo a range of
chemical modifications, enabling the tailoring of properties
to specific applications and may be tracked in cells through
simple conjugation with fluorescent labels.® Typical modi-
fications include tailored functionalization of the chitosan
chains, most commonly using amino groups (-NH,).

The synthesis of chitosan nanoparticles (CNPs) can
occur through many routes, but the ionic gelation reaction
of chitosan with anionic and polar molecules has been more
thoroughly explored, mainly with glutaraldehyde,"> DNA,!
the chelator agent ethylenediaminetetraacetic acid,'" and
sodium tripolyphosphate (TPP)'? as potential cross-linkers
with chitosan. Calvo et al'? were among the first to describe
an ionic gelation route for the synthesis of CNPs using TPP.
While their methods produced nanoparticles in the size
range of 300—1,000 nm, it was concluded that nanoparticle
formation was feasible only for specific concentrations of
both chitosan and its cross-linker. Because CNPs can be
synthesized as delivery vectors or easily modified to confer
features such as ligand targeting and chemical labeling,
the initial size should preferably be very small in order to
maximize loading efficiency.!®* Encapsulation or further cus-
tomization of the nanoparticles via synthesis usually leads
to an expansion in size. Therefore, the ability to synthesize
ultra-small CNPs (<100 nm) as delivery vectors is critical
for drug delivery applications.

Contemporary CNP synthesis methodologies in the
literature have limitations, in particular, relating to nano-
particle size control, which hinder applications as potential
drug delivery vehicles. Conventional nanoparticle synthesis
often leads to the formation of large particles or aggregates
of smaller particles due to the mucoadhesive nature of
chitosan.'* Currently, there exists only limited insight into
what governs the size, formation, and distribution of CNPs

obtained via ionic gelation with TPP. Factors such as pH, the
fraction of free primary amino groups, solute concentration,
and the inclusion of purification steps such as sonication and
centrifugation all play a role in determining the physical
characteristics and stability of nanoparticle formation. In this
study, we describe a comprehensive optimization of these
parameters for robust and repeatable CNP synthesis.

This report describes a systematic approach to producing
small, stable, and homogeneously dispersed CNPs using a
simple, highly reproducible synthesis route. We aimed to
rationalize the various factors that influence the formation of
CNPs and then utilize this knowledge to increase the synthesis
efficiency. The persistence and long-term stability of CNPs
in vitro was also investigated by dispersing the nanoparticles
in a cell culture environment for up to 6 days and observing
changes in particle morphology using atomic force microscopy
(AFM). Visualization of CNP uptake into cells was studied
by fluorescein isothiocyanate (FITC) labeling, to demonstrate
that the nanoparticle system could potentially enhance cellular
uptake. The feasibility of using the synthesized CNPs as vec-
tors in drug delivery systems was demonstrated in principle by
the encapsulation of radiolabeled [*C]-doxorubicin.

Materials and methods

Materials

Chitosan (low molecular weight), TPP, sodium dodecyl sul-
fate (SDS), 2,4,6-trinitrobenzene sulfonic acid (TNBS or
picrylsulfonic acid) solution (5% w/v), FITC, and phenazine
methosulfate (PMS) were purchased in powder form from
Sigma-Aldrich (St Louis, MO, USA) and were used without
further purification. Hydrochloric acid, glacial acetic acid, and
sodium hydroxide were purchased from Merck Chemicals
(Darmstadt, Germany). MTS (3-(4,5-dimethylthiazol-2-yl)-5-
(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2 H-tetrazolium)
was obtained from Promega Corporation (Fitchburg, WI,
USA). [14-"“C]-Doxorubicin (55 mCi/mmol) was acquired
from GE Healthcare Biosciences (Little Chalfont, UK) and
was resuspended as a 2 mM stock solution in Milli-Q water
and stored at —20°C. Bio-Spin 6 columns, used to purify the
samples, were purchased from Bio-Rad Laboratories Inc.
(Hercules, CA, USA). Silicon cantilever tips were used for
AFM analysis and were obtained from Nanosensors (Neuchatel,
Switzerland). Unless stated otherwise, all solutions were pre-
pared using distilled and deionized water.

Synthesis of CNPs

CNPs were prepared by ionic gelation reactions with TPP. The
concentrations of both chitosan and TPP used for synthesis
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are shown in Table 1. To prepare the chitosan solution (CS),
50 mg of chitosan powder was dispersed in 50 mL deionized
distilled water (1 mg/mL). Under vigorous stirring, 1% acetic
acid was added dropwise until the powder was completely
dissolved. The resulting CS was subsequently diluted to
various predetermined concentrations (Table 1) before being
adjusted to pH 5 using 0.5 M NaOH. TPP was dissolved
separately in deionized distilled water to a concentration of
1 mg/mL and adjusted to pH 2 with 0.1 M HCI. CNPs were
formed by mixing 600 UL of CS with increasing amounts
of TPP solution (20-250 uL) and incubation for 5 minutes
at room temperature. The nanoparticles were then collected
by centrifugation at 16,000 g for 90 minutes and the super-
natant was discarded. The pellet was resuspended in 1 mL
of deionized distilled water and 0.1 M acetic acid (50:1)
and dispersed in solution by vortexing. The suspension
was subjected to further centrifugation at 16,000x g for
45 minutes. The top 500 puL of the supernatant (contain-
ing the monodisperse CNPs) was collected and used for
further experimentation. Alternatively, the CNP-containing
supernatant was freeze-dried to remove any excess acetic
acid. The lyophilized CNP powder was then weighed before
subsequent analysis.

Synthesis of FITC-labeled CNPs

Fluorescently labeled chitosan solution (FITC-CS) was
prepared using methods previously reported.® Briefly, 1 mg/
mL chitosan was prepared as described in the “Synthesis of
CNPs” section and diluted to a working concentration of
0.5 mg/mL. The FITC solution was prepared by dissolving
0.00125 g of FITC powder in 5 mL of dimethyl sulfoxide
(DMSO) (0.25 mg/mL) and stirred in dark at 25°C, before
being diluted to a final concentration of 0.05 mg/mL in
DMSO. The conjugation of FITC to CS was performed by the
addition of 200 pL FITC (0.05 mg/mL) to 600 pL chitosan
(1.0 mg/mL). The mixture was then homogeneously mixed
using a pipette, prior to the addition of TPP to form FITC-
CNP. The synthesis of FITC-CNP was carried out using ionic

Table | The parameters used for nanoparticle synthesis

Parameter Chitosan TPP
Concentration pH Concentration pH
(mg/mL) (mg/mL)
CNP-F, 0.50 50 070 2.0-10.0
CNP-F, 0.25 50 035 2.0-10.0
CNP-F, 0.20 50 030 2.0-10.0

Notes: CNPs were synthesized according to three separate protocols: CNP-F,
CNP-F,, and CNP-F,.

Abbreviations: CNP, chitosan nanoparticle; TPP, sodium tripolyphosphate; F, synthesis
formulation.

gelation methods as described in the “Synthesis of CNPs”
section. A volume of 200 uL of TPP (0.7 mg/mL at pH 2.0)
was added to 800 UL of FITC-CS and homogeneously mixed
to ensure a uniform mixture is obtained. Finally, the resulting
FITC-CNP solution was purified by centrifugation using the
steps described earlier in the “Synthesis of CNPs” section.

Analysis of CNP size distribution by
dynamic light scattering and laser

Doppler velocimetry

The size distribution of the synthesized CNPs was evalu-
ated by dynamic light scattering (DLS) and laser Doppler
velocimetry using a Malvern Zetasizer Nano ZS instrument
(Malvern Instruments, Malvern, UK). Samples were mea-
sured in disposable polystyrene zeta cuvettes at 25°C, with
each measurement preceded by a 30-second equilibration
time. Readings were replicated six times per analysis run,
and each sample run was replicated independently six times
to ensure consistency in data acquisition.

Analysis of CNP morphology and

estimation of size by AFM

The morphology, size, and surface topology of the syn-
thesized CNPs were analyzed using AFM on an Asylum
MFP-3D AFM microscope (Asylum Research, Goleta, CA,
USA). Lyophilized CNP pellets were initially resuspended
in deionized distilled water, drop-coated onto microscope
slides, and left to dry in covered Petri dishes for 12 hours
at room temperature. The slides were then mounted onto
the instrument for imaging. Imaging was performed using a
silicon AFM tip at a scan rate of 1.5 Hz using the noncontact
mode. All AFM images were processed and displayed using
the Argyle Light application (Asylum Research).

Determination of the fraction of free —NH2
groups in CNPs by the TNBS assay

The TNBS assay was performed to determine the fraction of
free primary amino groups in the CNPs and to, subsequently,
verify their role in the formation of the nanoparticles. TNBS
reacts preferentially with primary amino groups to form a
chromophore readily measured by colorimetric means at
335 nm. The assay used was a modification of methods
previously described." Briefly, 150 uL of each CNP sample
was mixed with an equal volume of 0.05% TNBS and then
incubated at 37°C for 3 hours. Following incubation, 150 puL
0of 10% SDS and 125 uLL 1 M HCI were added to terminate the
reaction. A portion (200 uL) of the mixture was transferred to
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a 96-well plate and the absorbance was measured at 335 nm.
The fraction of free amino groups in each CNP preparation
was determined using the following equation:

Fraction of free amino groups (%)

A f CNP
- O O % 100% (1)
A, of chitosan (at same concentration)

Cell culture and evaluation of CNP

cytotoxicity in vitro using the MTS assay
Human kidney cancer cells (786-O) were purchased from
the American Type Culture Collection (Manassas, VA, USA)
and were maintained in RPMI medium (Thermo Fisher
Scientific, Waltham, MA, USA) supplemented with 10%
fetal calf serum (Trade Scientific, Sigma-Aldrich, St Louis,
MO, USA) in a humidified incubator at 37°C and 5% CO,.
An MTS assay was performed to evaluate any toxicity of the
CNP preparations toward the cells.

Approximately 100 UL of cells was seeded into 96-well
plates at a density of 10° cells per well and allowed to grow
for 24 hours prior to treatment. CNP samples were diluted
serially from the highest concentration of 1 mg/mL. A volume
of 50 UL of each concentration was pipetted into each well
in quadruplicate. Treatment proceeded for 72 hours under
cell growth conditions. Prior to the assay, MTS and PMS
powders were dissolved separately in phosphate-buffered
saline to a concentration of 1.6 mg/mL. Both solutions were
sterile-filtered and mixed at a ratio of 6:1 in a Falcon tube.
The solution was used immediately for the assay and 50 uL
was pipetted into each well of the plate, before incubating
for a further 3 hours at 37°C. The MTS absorbance was then
measured on a microplate reader at 490 nm.

Time-dependent particle stability studies
of synthesized CNPs in cell culture media
CNP samples were prepared as previously described in the
“Synthesis of CNPs” section and were incubated at 37°C in
RPMI medium (Thermo Fisher Scientific) for different time
periods up to 72 hours. Following incubation, the medium
was drop-coated onto microscope slides, dried, and analyzed
using AFM through the methods noted in the “Analysis of
CNP morphology and estimation of size by AFM” section.

Physical encapsulation of ['*C]-
doxorubicin within synthesized CNP

Radiolabeled ['*C]-doxorubicin was used as a model drug
for encapsulation to evaluate the potential of the CNP as a

vehicle for drug delivery. Briefly, | mM ["*C]-doxorubicin
stock was prepared in deionized distilled water. The drug
was added to 200 uL TPP (0.35 mg/mL, pH 2) to a final
concentration of 3.0 uM and the mixture was stirred for
15 minutes at room temperature. CNP formation was then
initiated by addition of 600 uL CS (0.25 mg/mL, pH 5).
The CNP preparation was then purified through a Bio-Spin
6 column (Bio-Rad Laboratories Inc., Hercules, CA, USA)
to remove unreacted CS and TPP molecules, as well as free
[**C]-doxorubicin from solution. A sample of the resulting
CNP-['*C]-doxorubicin was added to 1 mL of ReadySafe
Scintillation Cocktail fluid (Beckman Coulter, Fullerton,
CA, USA) and then analyzed using a Wallac 1410 Scintilla-
tion Counter (Pharmacia, Vantaa, Finland) to determine the
amount of encapsulated ["“C]-doxorubicin. The efficiency of
encapsulation was calculated as follows:

Encapsulation efficiency (%)

Concentration of [4(]

_ —doxorubicin in purified CNP — Dox (CPM) < 100

Concentration of ["*C]
—doxorubicin used for encapsulation (CPM)

2)

Results and discussion

CNPs were successfully formed through ionic gelation
of chitosan, with TPP acting as the cross-linking moiety.
By modifying the methods previously described in the
literature,'>!¢!” we were able to synthesize homogeneously
dispersed nanoparticles <100 nm in size, consistently with
low polydispersity index (PDI) values, via a simple and eas-
ily reproducible synthesis route. However, it was interesting
to note that although similar reports have been described for
CNP synthesis, incongruence in particle size data can be
observed. Therefore, it was concluded that while parameters
for nanoparticle formation remain predominantly unchanged,
particle size differed in most studies. This indicated that
particle size was not determined by the concentration of chi-
tosan or TPP used but is instead determined by various other
factors. In order to determine the effects of chitosan and TPP
concentrations on CNP size and distribution, three different
parameter sets (termed CNP-F , CNP-F, and CNP-F,) were
adapted for nanoparticle formation (Table 1). The PDI was
used as an indicator for nanoparticle stability and uniformity
of formation. The PDI value reflects the nanoparticle size
distribution; samples with a wider range of particle sizes have
higher PDI values, while samples consisting of evenly sized
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particles have lower PDI values. In our studies, a lower value
indicates more monodisperse CNPs and greater particle stabil-
ity, while higher values show lower particle stability and the
presence of aggregated CNPs.

Formation of CNPs

CNP samples were formed through the cross-linking of
chitosan chains by TPP via amino group ionic interactions.
Figure 1 (inset) summarizes the fraction of free primary

amino groups remaining in the CNPs, together with their
respective size distributions and PDI values for all three
chitosan:TPP ratios. These results showed that the fraction
of free primary amino groups decreased with TPP, indicat-
ing an increase in the cross-linking interactions between the
cationic amino groups of chitosan and the anionic TPP to
form nanoparticles. DLS data showed that the formation of
nanoparticles under 100 nm required a minimum of 50 puL
of TPP, producing CNPs of sizes 96+1.4 nm, 83+1.0 nm,
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Figure | Influence of TPP volume on CNP size and polydispersity index.

Notes: CNPs were synthesized under parameter sets (A) CNP-F,, (B) CNP-F,, and (C) CNP-F,, represented by line (particle size) and bar (polydispersity index) graphs.
The pH values of chitosan and TPP used were 5 and 2, respectively. Insets show free -NH, groups with regard to TPP volume. Error bars represent the SEM averaged from

three independent replicates of the experiment.

Abbreviations: CNP, chitosan nanoparticle; SEM, standard error of the mean; TPP, sodium tripolyphosphate; F, synthesis formulation.
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and 8243.9 nm with PDI values of 0.35, 0.29, and 0.36,
respectively (Figure 1A—C). The PDI further decreased
with subsequent additions of TPP and resulted in the for-
mation of more uniform and homogeneously distributed
nanoparticles. At 200 uL TPP addition, nanoparticles with
the smallest size and lowest PDI were formed for all three
parameter sets (73.3+1.5 nm for CNP-F , 61.7620.13 nm for
CNP-F,, and 62.240.9 nm for CNP-F,), while the PDI was
0.12, 0.15, and 0.15, respectively. Above 200 uL of TPP
addition, the particle size and PDI increased significantly.
At 250 uL TPP addition, PDI values increased to 0.63 in
CNP-F |, 0.79 in CNP-F, and 0.64 in CNP-F,, while particle
size increased to 35629 nm, 29249 nm, and 267£13 nm in
the CNP-F , CNP-F,, and CNP-F, formulations, respectively.
On the basis of these observations, the optimal TPP volume
(volume of TPP needed for synthesis of smallest, stable, and
lowest-PDI-valued CNPs) for CNP synthesis was 200 uL
(to 600 uL CS), giving a CS:TPP volume ratio of 3:1 for
efficient CNP synthesis.

The striking decrease in particle size and PDI with TPP
volume was consistent with the increased availability of TPP
molecules to interact with the free amino groups of chitosan.
As the nanoparticle forms, additional incorporation of the
anion is suggested to further augment cross-linking between
chitosan chains within the nanoparticle, thus explaining the
decrease in CNP size with increasing TPP. This increase in
internal cross-linking causes the chitosan chains to become
more tightly bound within the particle, therefore condensing
the particle further, leading to a gradual decrease in size.
Because cross-linking also reduces the availability of free
primary amino groups on chitosan, self-aggregation between
different nanoparticles is prevented. This is consistent with
the nanoparticles being more homogeneously distributed
in size, along with lower PDI values. Such an interaction
has been previously modeled in polymeric micelles,'®!"
explaining the dynamics between the chitosan polymer and
its cross-linker in our system.

The pH of chitosan used also favored the formation
of smaller-sized nanoparticles. Chitosan chains are more
constricted at pH 5 compared to solutions with more acidic
pH, as a result of the greater number of hydrogen bond
interactions within its structure due to a lower degree of
amine protonation.”® This compaction of chains allows for
formation of much denser particles when cross-linked with
TPP, as opposed to a more linear chitosan chain. However,
the addition of TPP also decreases the pH of the CNP suspen-
sion further, causing the protonation of more amine groups
(Figure 2). At higher levels of TPP (>200 uL), protonation

may disrupt the ionic linkages between chitosan and TPP in
the CNP, therefore causing the nanoparticles to aggregate.

In this study, we noted the simple yet pivotal role of
applying various centrifugation steps in the synthesis route
of CNP. Performing centrifugation steps at fixed intervals
during nanoparticle synthesis was vital for the isolation of
smaller and more homogeneously dispersed CNPs from the
preformed particle aggregates. Due to Brownian motion,
particles in the CNP colloidal solution sediment and col-
lide with each other at different rates, according to size.”!
During synthesis, the resulting CNP solution comprises both
single and larger aggregated CNP particles. By considering
the different sizes of the CNP, separation of smaller single,
uniform nanoparticles from the larger, aggregated particles
was accomplished by applying fixed centrifugation steps at
various intervals of the synthesis route. When centrifugation
was omitted from the synthesis route, we found that the CNP
size significantly increased. The PDI and distribution peaks
obtained from DLS were also noticeably higher without
centrifugation, indicating the presence of CNP particles with
a larger distribution in size, due to the presence of particle
aggregates in the suspension. Such nanoparticle aggregation
was also observed in samples visualized using AFM (data not
shown), in which CNP preparations supplemented with cen-
trifugation steps appeared as uniform, single nanoparticles
compared to aggregated larger particles in CNP preparations
that had not been subjected to centrifugation.

Influence of pH and concentration
on CNP formation, stability, and particle

size distribution

There have been numerous reports on the synthesis of
chitosan and chitosan-modified nanoparticles in recent
literature.?>* In this study, we systematically explored the
factors that influence CNP formation and stability. Although
it has been postulated that nanoparticle size and formation is a
direct consequence of the chitosan concentration used,” there
is no consistency in size distribution among these studies.
We therefore investigated the role of TPP as a cross-linker
and also TPP reactivity as a critical factor in the production
of uniform CNP populations.

Figure 2 shows the influence of pH of TPP on the for-
mation and stability of CNPs based on their PDI and size
data obtained from DLS. These results show that formation
of stable and homogeneously dispersed CNPs depended
significantly on the pH of TPP used for synthesis. CNP syn-
thesis using TPP at pH 2 produced the smallest particle size
(73.3 nm, 62.2 nm, and 67.9 nm for parameter sets CNP-F ,
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CNP-F,, and CNP-F,, respectively). TPP at pH 10 produced
the largest nanoparticles for CNP-F, (403.7 nm), while CNP
synthesized using TPP at pH 9 was the largest for CNP-F,
(796.0 nm) and CNP-F, (789.0 nm). Collectively, particle
size and PDI indexes were found to increase with both pH
and the concentration of chitosan and TPP used, but they
were more prominently influenced by the pH.

It is postulated that the pH of TPP affects the electronega-
tive potential of the molecule in its reaction with free amine
groups in chitosan. At lower pH values, TPP becomes less
reactive for chemical interactions with chitosan because it is

buffered by more positive ions in solution (H,0* and H*). TPP
therefore reacts with fewer amino groups of chitosan (NH,"),
leading to the formation of smaller-sized nanoparticles that
are more monodisperse. However, TPP at more basic pH is
more reactive in solution due to lower positive ion buffering,
which increases its affinity for interaction not only with the
free amine groups of chitosan but also with the free amine
groups of already formed CNPs (Figure 3). Size and PDI
data obtained from DLS showed that TPP was most reac-
tive at = pH 7 for all three CNP formulations. Cross-linking
between the nanoparticles by TPP causes agglomeration and
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Notes: TPP at lower pH is buffered by more positive ions and therefore is less reactive with chitosan. TPP at higher pH is buffered by fewer positive ions and therefore has
more affinity for reactions with chitosan, often cross-linking not only chitosan chains but also the formed CNPs, to cause agglomeration/aggregates.

Abbreviations: CNP, chitosan nanoparticle; TPP, sodium tripolyphosphate.

hence a higher PDI value as the size distribution increases due
to the presence of both the nanoparticles and their aggregates
in solution.

Morphology and appearance of CNPs
Figure 4 shows the AFM images of nanoparticles with a
spherical morphology <100 nm in size. The size distribution of
CNPs obtained from AFM was slightly smaller than the equiva-
lent size data obtained from DLS analysis; DLS measures the
hydrodynamic diameter of particles, whereas AFM sizes arise
from direct tip—particle interactions. Analysis of the AFM data
indicated size ranges of 68—75 nm for CNP-F , 48-61 nm for
CNP-F,, and 45-65 nm for CNP-F, (Figure 4A-C, respec-
tively) at a CS:TPP volume ratio of 3:1.

While some aggregates were evident in the AFM images
(Figure 4), this appears to be a consequence of the sample-
drying procedure, arising from the decrease in solvent volume
surrounding the nanoparticles. The nanoparticles synthesized
at parameter sets CNP-F,, CNP-F,, and CNP-F, were con-
sistently similar in shape and were distributed as discrete
spherical nanoparticles. Particle size was largest in CNP-F,
and smallest for CNP-F,, and was influenced by the concen-
tration of both the chitosan chain and its cross-linker.

A homogeneous distribution of nanoparticles was appar-
ent in samples purified with the extra centrifugation step
during synthesis, while nanoparticle aggregation was appar-
ent in CNP samples not subjected to centrifugation. CNPs
purified through centrifugation showed smaller sizes with

a much lower PDI, and these were observed with AFM as
homogeneously distributed nanoparticles. In contrast, CNP
samples prepared without centrifugation were observed as
clearly larger, aggregated nanoparticles. For aggregated
nanoparticles, the PDI values were typically >0.5 (data not
shown).

Stability of synthesized CNPs in

cell culture media

Both in vitro and in vivo nanoparticle stability is a key factor
for the efficiency of delivery vectors. The nanoparticles need
to remain stable in the extra- and intracellular environments
long enough to be able to release their cargo into the cell
or target tissue and to provide sufficient protection for the
drug cargo on its journey to the target. In order to determine
nanoparticle structure stability over time, the synthesized
CNPs were incubated in RPMI media supplemented with
serum for 72 hours under standard cell growth conditions.
Following incubation, surface morphology analysis was
performed using AFM, as shown in Figure 5.

These results showed that the synthesized nano-
particles maintained their spherical structure in the
serum-supplemented RPMI media for up to 72 hours.
The size distribution of the nanoparticles (determined
via AFM imaging) showed an increase after incubation.
The nanoparticles continued to swell for up to 96 hours of
incubation (data not shown), which was most likely due
to the adsorption of water or other surrounding molecules
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Figure 4 Surface morphology of synthesized (A) CNP-F, (B) CNP-F, and (C) CNP-F, analyzed using AFM.
Note: Surface scans were replicated thrice for image consistency and to detect occurrences of any sample drift during analysis.

Abbreviations: AFM, atomic force microscopy; CNP, chitosan nanoparticle.

through external surface pores.” At 48—72 hours incubation,
nanoparticle size had increased more than three-fold. The
synthesized CNPs were found to be stable in the media for
at least 5 days posttreatment with cells in vitro, a time frame
that is anticipated to be sufficient for the delivery of biomol-
ecules such as drugs and nucleic acids in cellular treatments.
Following 6-days’ incubation, a fraction of the nanoparticles
started to form hollow ring-like structures and considerable
formation of aggregates was observed (Figure 5), indicating
an initiation of nanoparticle degradation in the media. The
presence of CNPs in media declined further at subsequent
time points and was not detected 30 days posttreatment as
the nanoparticles had been dissolved into the media (data
not shown).

There is little discussion of the mechanisms of CNP
degradation in the current literature. We speculate that
nanoparticle degradation in this study was caused by changes
in the physiological environment,'® such as pH and tem-
perature, over time. Nanoparticle deterioration is thought
to occur predominantly through a reversed cross-linking
process of the NH,~TPP linkage, due to changes in pH of the
media. Changes in media pH over time alter the ionization
of =NH,* groups of chitosan (pKa =6.3) and at higher pH,

the electrostatic affinity between the amine group and TPP
decreases.?® This reduced affinity then lowers their cross-
linking interaction. This causes large pores and gaps to form
at the nanoparticle surface, which in turn allow the ingress of
water molecules and hence an increase in particle size over
time. Collisions associated with Brownian motion promote
the possibility of aggregation of unstable CNPs over time.
Degradation may also be caused by nanoparticle leaching
via the hydrolysis of chitosan chains throughout prolonged
incubation times. Such a phenomenon has been described in
previous literature and is more prominent in nanoparticles
incubated at higher temperatures.?*?’

Intracellular FITC—CNP accumulation

In order to determine whether the small, monodispersed
CNPs conferred enhanced particle accumulation in treated
cells, the nanoparticles were fluorescently labeled with
FITC for visualization of cellular entry. Cells were treated
with FITC-CNP and viewed at three specific time inter-
vals: 30 minutes, 6 hours, and 24 hours, to observe any
time-dependent cellular uptake. Figure 6 shows that intra-
cellular nanoparticle uptake occurred as early as 30 minutes
post-cell treatment. FITC-labeled CNP (FITC-CNP) was
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Figures 5 The persistence and stability of CNPs in vitro.

Notes: Synthesized nanoparticles were incubated in cell culture conditions for up to 72 hours and then imaged using AFM. The CNP was found to swell up in size but stable
up to a period of 96 hours, by which time the particles form aggregates and dissociate to form ring-like structures. Surface scans were replicated thrice for image consistency
and to detect occurrences of any sample drift during analysis.

Abbreviations: AFM, atomic force microscopy; CNP, chitosan nanoparticle; RPMI, cell culture medium.
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visualized as spherical green dots under ultraviolet excita-
tion, while similar fluorescence was not observed in control
cells without treatment (Figure 6D). At the 30-minutes’
treatment interval, FITC—CNP appears to reside in close
proximity to the cell, outlining the cellular membrane, with
a few particles appearing inside cells (Figure 6A). However,
significant accumulation of intracellular FITC-CNP was
observed at 6 hours posttreatment, surrounding the nucleus
or persisting in the cytoplasm. Interestingly, a stronger
fluorescence and cell smearing was observed as shown in
Figure 6B. While this observation was unique, the increase
in FITC intensity between early and late particle uptake was
expected, from previously related reports.”® The intensity
of fluorescence and cell smearing significantly increased
24 hours posttransfection (Figure 6C), and the persistence of
spherical green dots suggesting the presence of FITC-CNP
became less apparent. This transition from spherical dots
to smears was thought to be contributed by the cleavage of
FITC from CNP, thus releasing the fluorophore into intracel-
lular space. Because FITC—CNP efficiently resides in cells,
the FITC smearing was only observed inside the cells and
not in the extracellular matrix. Therefore, the results could
lead toward an elucidation of cell uptake routes that involve
a time-dependent, dynamic physiological change such as an
endocytosis-based pathway. Intracellular smearing due to
FITC cleavage from FITC-CNP would also reinforce our
suggested nanoparticle degradation pathway previously dis-
cussed in the “Stability of synthesized CNPs in cell culture
media” section.

100
90
80
70

60

40

% cell viability

30

20

10

0 1 2 4 8

FITC

Figure 6 Studies on uptake of FITC-labeled CNPs into 786-0 human kidney
cancer cells.

Notes: Cells were treated for (A) 30 minutes, (B) 6 hours, and (C) 24 hours time
points before visualization under a fluorescent microscope. Nanoparticles were
observed to progressively enter cells as early as 30 minutes, and they persisted
intracellularly for up to 24 hours, demonstrating an enhanced uptake and retention
in cancer cells. No fluorescence was detected in wells containing (D) cells only.
Abbreviations: CNP, chitosan nanoparticle; FITC, fluorescein isothiocyanate.
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Figure 7 Cell viability testing of 786-O cells by the MTS assay.

Notes: Cells were incubated for 72 hours at 37°C with CNP-F,, CNP-F,, and CNP-F,. Dotted horizontal line denotes 50% cell death.
Abbreviations: CNP, chitosan nanoparticle; MTS, 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium; F, synthesis formulation.
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Figure 8 Encapsulation of"“C-Dox into CNP.
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TPP + Dox + CS

Notes: Doxorubicin was physically encapsulated during CNP formation; an effect that was found to occur only when the drug was complexed with the anion TPP before
nanoparticle synthesis. Error bars represent the standard deviation (SD) averaged from three independent replicates of the experiment.
Abbreviations: '*C-Dox, radiolabeled ['*C]-doxorubicin; CNP, chitosan nanoparticle; CS, chitosan solution; TPP, sodium tripolyphosphate.

Cell cytotoxicity analysis of CNPs

The MTS assay was performed on human kidney cancer
786-0 cells treated with CNP preparations to measure any
inherent cytotoxicity of the nanoparticles in vitro. Cells were
treated with different concentrations of the nanoparticles
for 72 hours and were assessed for cell viability as shown in
Figure 7. On the basis of the cell viability results obtained,
all three CNP formulations were found to be nontoxic to the
786-0 cells. At the maximum treatment dosage of 1.0 mg/
mL, cell viability was 78%, 85%, and 89% for CNP formula-

Centrifuged

450

400
350 -

300 -
250 -

200 -
150 -

100 -

Particle size (diameter in nanometers)
n
o

CNP

o

CNP-["“C]-
doxorubicin

1
ll
1
|
1
1
1
1
1
ll
1
1
1
1
I
|
1
|
:
1
1
1
1
1
1
1
1
1
1
|
1
1
1
1
1
1
1
1
1
t

tions F, F,, and F,, respectively. Cell viability appeared to
reach a plateau >1.0 mg/mL; treatment beyond this concen-
tration did not reduce cell viability (data not shown).

The slight decrease of cell viability at higher concentra-
tions of CNP was most probably caused by material leaching
from the nanoparticles. While CNP stability studies showed
that nanoparticles retain their structure throughout the assay
period, it is worth noting that during this time frame, changes
in cell culture environments, such as pH, may lead to slow
degradation of the particles.
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Figure 9 Difference in nanoparticle size and PDI value before and after addition of '“C-Dox, represented by line (particle size) and bar (polydispersity index) graphs.
Notes: The synthesized nanoparticles were purified using Bio-Spin 6 columns and separated based on size through centrifugation steps. Error bars represent the standard

deviation (SD) averaged from three independent replicates of the experiment.

Abbreviations: '“C-Dox, radiolabeled ["“C]-doxorubicin; CNP, chitosan nanoparticle; PDI, polydispersity index; TPP, sodium tripolyphosphate.
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Physical encapsulation of ['*C]-

doxorubicin within synthesized CNPs
[**C]-Doxorubicin was physically encapsulated using the
formulation CNP-F, to demonstrate the potential of CNP
as a drug delivery vehicle. The use of ['*C]-doxorubicin
allows a more accurate quantification of the amount of drug
encapsulated in nanoparticles, compared to less-sensitive
fluorometric detection methods. In this study, 3.0 uM of the
drug was initially complexed with either CS or TPP before
CNP formation. Ideally, during cross-linking between CS
and TPP, the drug becomes physically entrapped within
the CNP. The amount of [**C]-doxorubicin detected by
scintillation analysis before and after encapsulation is
shown in Figure 8. Interestingly, our findings suggest that
encapsulation of ['*C]-doxorubicin only occurs when the
drug is complexed with the anion TPP prior to CNP forma-
tion. Results indicate that 0.51 uM ["*C]-doxorubicin was
encapsulated in the synthesized CNP following purification,
a 17% efficiency in encapsulation. No encapsulation was
observed when the drug was complexed with CS before
CNP formation or when added to the solution after CNP
formation (Figure 8). Encapsulation of the drug also led
to a substantial increase in CNP size, as shown in Figure
8. Particle size increased from 143.2+1.0 nm in CNP to
397.0+0.4 nm in CNP-["*C]-doxorubicin samples, and PDI
increased from 0.223 to 0.433 in CNP-["*C]-doxorubicin
samples as compared to CNP without the drug. When
the particles were purified by centrifugation to remove
aggregates and to preserve only single nanoparticles, size
distribution exhibited a four-fold increase from 63.5t1.3 nm
to 270.3+25.6 nm between purified CNP and CNP-["*C]-
doxorubicin samples, respectively (Figure 9).

Scintillation analysis has revealed that the physical entrap-
ment of [“C]-doxorubicin into CNP relied significantly on the
interaction and proximity of oppositely charged molecules
present in solution during CNP formation. Doxorubicin,
which is positively charged, becomes closer in proximity
with the anionic molecule TPP when complexed in solution,
due to the interactions between their charges. Thus, during
CNP formation, the drug has a greater probability of passive
encapsulation within the nanoparticle. However, when the
drug is precomplexed with the cationic molecule chitosan,
encapsulation is not possible due to repulsions between the
two molecules that precede nanoparticle formation. Such
charge interactions between doxorubicin and chitosan have
been previously observed, and it has also been reported that
the inclusion of a polyanion increased doxorubicin encapsula-
tion efficiency into CNPs."”

Conclusion

We have successfully devised a highly reproducible, simple,
and inexpensive route for the synthesis of monodisperse CNPs.
Nanoparticles synthesized by all three formulations described
herein were <100 nm in size, as confirmed by both DLS and
AFM analysis. Parameters such as TPP concentration, pH,
and chitosan concentration were found to significantly affect the
formation of the nanoparticles. The nanoparticles were persis-
tent in cell culture medium for up to 6 days posttreatment and
diffused into media from 7 days posttreatment. Nanoparticles
entered cells as early as 30 minutes and efficiently accumulated
in cells within 24 hours posttransfection, without any designa-
tion of cell efflux. The synthesized CNPs were able to efficiently
encapsulate ["“C]-doxorubicin, and encapsulation was criti-
cally dependent on the sequence of components added during
synthesis. Further formulations of these monodisperse nano-
particles, with respect to chemical modifications such as poly-
ethylene glycol conjugation and the addition of tumor-targeted
peptides, are anticipated to yield vectors suitable for delivery of
drugs and small interfering RNAs to tumors in vivo.
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