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ABSTRACT: Zwitterionic chitosan nanoparticles (ZCNPs) were conveniently
obtained by a one-step aerosol method, and their potential for the production of
biocompatible materials was investigated. A low-molecular-weight chitosan was
conjugated with succinic anhydride to produce zwitterionic chitosan (ZC). Collison-
atomized ZC droplets were simultaneously UV-irradiated and dried in a tube furnace
in a one-step aerosol process to produce particles. The observed cytotoxicities of
ZCNPs (8S =+ 3.9% cell viability) were similar to unmodified chitosan nanoparticles
(CNPs, 88 + 6.6%) and UV-irradiated ZCNPs (83 + 3.3%). The aerosol process
described in this work allowed facile production and modification of CNPs, which

could then be employed for biomedical purposes.

B INTRODUCTION

Chitosan, a natural, nontoxic, biocompatible, and biodegradable
polymer, is widely used as a gene transfection reagent,' in
scaffolds for tissue engineering,” as a drug delivery substance,’
and in polymeric coatings for nanoparticles.* Because of their
cationic properties, however, chitosans are easily cleared by the
reticuloendothelial system, severely limiting drug delivery to
target tissues.” From this point of view, chitosan modification is
required to mask the cationic surface and to reduce opsonization®
for use in a wide range of biomedical applications, including the
condensation and intracellular delivery of genetic material.””

The limited solubility of chitosan at neutral pH provides a
unique oplportunity to form nanoparticle—drug/gene delivery
platforms," but it is also an obstacle if one intends to use
chitosan under physiological conditions."" Zwitterionic chitosan
(ZC), created by the amidation of primary amines of chitosan
with succinic anhydride, has recently been reported as a modified
form of chitosan that is soluble at neutral pH and can be used as a
macromolecular drug carrier.">”* Modified chitosan shows a
unique pH-dependent charge profile, which, in principle, could
be conveniently exploited to create a pH-sensitive coating on the
cationic carrier surface.'?

Many formulations of chitosan-based systems exist as colloidal
liquids, usually synthesized using time-consuming batch wet
chemical processes and which are generally stable only for short
periods of time. Also, some polymer-based systems are
specifically designed to be gradually degradable by hydrolysis,
making long-term storage in liquid form not a viable option.'*¢
In addition, many formulations are unstable as liquid suspensions
for a variety of reasons, including degradation of the carrier and/
or active substance, formation of insoluble aggregates, and
unwanted loss of bioactivity.'”*® One approach for overcoming
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such stability limitations is to formulate and store dry powders. In
contrast with classical wet chemical methods, aerosol processing
involves a much more limited number of preparation steps. It
also produces material continuously, allowing for a strai§htfor-
ward collection of powders and generating low waste.”” Dry
particles can be formulated in the aerosol state by atomizing
liquid solutions in an appropriate carrier gas and removing
solvent from the resulting particles.”® Processing is highly
reproducible, relatively easy to scale up, and offers uniform
particle-size distributions.*"

The purpose of the present work is to fabricate ZC
nanoparticles (ZCNPs) using a one-step aerosol method and
to explore the effects of UV irradiation on its surface charge and
in vitro cytotoxicity. Chitosan was first modified into ZC and
then aerosol-processed and collected to assess in vitro
cytotoxicity in HeLa cells using chitosan as a benchmark.
Photolytic reactions caused by UV irradiation may induce an
increase in surface polarity on the ZCNPs. The rise in the surface
polarity of particles is probably due to the photodegradation of
glycosidic bonds and pyranose rings.”> Free radicals formed
during UV irradiation may react with atmospheric oxygen,
leading to the formation of different types of carbonyl and
hydroxyl groups altering the surface property of the ZCNPs.

B METHODS

Aerosol Fabrication of ZC. ZCNPs were synthesized by the
modification of a method reported by Xu et al.'> Chitosan (1 g, M,,: 15
000 Da, Polysciences, U.S.) was dissolved in 800 mL of 1 v/v % acetic
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Figure 1. Schematic illustration of photoassisted fabrication of ZCNPs using a one-step aerosol system of a collison atomizer, a UV irradiator, and a
heated tube reactor. NMR spectra of pure chitosan nanoparticles and ZCNPs are also shown as insets.

acid solution. The chitosan solution was stirred for 30 min at room
temperature. A solution of succinic anhydride in acetone was added to
the chitosan solution in the desired molar ratio of succinic anhydride to
chitosan amine (An/Am ratio) and was stirred for 30 min at room
temperature. For example, for an An/Am ratio of 0.3, 150 mg of succinic
anhydride was added to 1 g of chitosan. After stirring for 30 min, 0.1 M
NaOH was added to the mixture until the pH of the reaction mixture
reached 8. The mixture was then stirred for 15 h at room temperature.
The reaction mixture was dialyzed against water (molecular weight
cutoff: 3500), whose pH was adjusted to 10 to 11 with 1.0 M NaOH.

Schematic diagrams of the one-step aerosol fabrication used for these
experiments are shown in Figure 1. A particle free air flow, which was
controlled by a mass flow controller (3810DS, Kofloc, Japan), had a flow
rate of 3 L min~', and was used as the operating gas for atomizing the
prepared ZC solution. The droplets were then exposed to 254 nm
radiation (LOT-ORIEL, Germany) in a heated tube reactor (760 yW
cm™? intensity and 90 °C wall temperature, 1.7 min residence time) to
apply phototreatment and simultaneous solvent extraction of the
droplets. Figure 1 also shows the '"H NMR (Inova 300, Varian, U.S.)
spectra of the ZCNPs and chitosan nanoparticles (CNPs). The CNPs
showed signals at chemical shifts of 2.5 to 2.7 ppm (assigned to
—NHCOCH,CH,COOH), 3.5 to 4.5 ppm [H2 of N-acetyl glucos-
amine (GlcNAc), H3—H6 of GlcNAg, and glucosamine (GlcN)], and
4.8 ppm (H1 of GIcN). The ZCNPs (An/Am = 0.5) showed additional
signals at chemical shifts of 3.15 ppm (H2 of GIcN) and 4.3 ppm
(-NHCOCH,CH,COOH).**

Instrumentation. Size distributions of aerosol particles were
measured using a scanning mobility particle sizer (SMPS), consisting
of a differential mobility analyzer (3081, TSI, U.S.), electrostatic
classifier (3080, TSI, U.S.), condensation particle counter (3776, TSI,
U.S.), and soft X-ray charger (4530, HCT, Korea). The SMPS system,
which was used to measure the mobility equivalent diameter, was

operated at a sample flow of 0.3 L min~’, a sheath flow of 3.0 L min~/,
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and a scan time of 135 s (measurement range: 15.1—661.2 nm). The
mass (m) of the CNPs and ZCNPs was measured using a microbalance
(DV215CD, Ohaus, Switzerland) and also confirmed via the following
equation

m=Qt, fo (D) Cu(D)) dD, i~

where Q is the flow rate of nitrogen gas, t, is the sampling time, n(DP) is
the fractional collection efliciency, and Cm(DP) is the mass
concentration of particles.

Transmission electron microscope images (CM-100, FEI/Philips,
U.S.) were obtained at an accelerating voltage range of 46—180 kV.
Specimens were prepared for examination by direct electrostatic aerosol
sampling at a sampling flow of 0.5 L min™" and an operating voltage of §
kV using a nanoparticle collector (NPC-10, HCT, Korea).

For Fourier transform infrared (FTIR) spectroscopy analysis,
samples were prepared using polytetrafluoroethylene media substrate
(0.2 pm pore size, 47 mm diameter, 11807-47-N, Sartorius, Germany)
by physical filtration (i.e., mechanical filtration mainly by diffusion, of
particles on the surfaces of the substrate), and the spectra were recorded
on a Nicolet 6700 FTIR spectrometer (Thermo Electron, U.S.). The
spectra were taken for samples in the range of 4000—400 cm™ in
absorbance mode.

The zeta potentials of ZCNPs/plasmid DNA (pDNA) complexes
were determined using a zeta potential analyzer (Nano ZS-90, Malvern
Instruments, U.K.). The ZCNPs were mixed with pDNA and incubated
at room temperature for 30 min. The complexes were then diluted with
doubly deionized water to an appropriate concentration. Measurements
of the zeta potential were carried out at 25 °C and calculated using the
manufacturer’s supplied software. The measurements were performed
in triplicate, and the results were reported as means.

In Vitro Cytotoxicity. The cytotoxicity of the ZCNPs was evaluated
using HeLa cells via the MTS [3-(4,5-dimethyl-thiazol-2-yl)-5-(3-
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carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium] assay.
Cells were cultured in 200 mL of Dulbecco’s modified Eagle medium
(DMEM, Carlsbad, U.S.) supplemented with 10% fetal bovine serum
(FBS) at 37 °C, 5% CO,, at 95% relative humidity. The cells were seeded
in a 96-well microtiter plate (Nunc, Germany) at densities of 1 X 10°
cells well™". After 24 h, the culture media was replaced with serum-
supplemented culture media containing the ZCNPs (1 mg mL™"), and
the cells were incubated for 24 h. MTS reagent (30 L) was then added
to each well. Cells were incubated for an additional 2 h. Absorbances
were measured using a microplate reader (Spectra Plus, TECAN,
Switzerland) at a wavelength of 490 nm. The cell viability (%) was
compared with that of the untreated control cell in media without
ZCNPs and calculated using [A]eq: [A]control X 100%, where [A],. is the
absorbance of the wells with ZCNPs and [A] o iS the absorbance of
the control wells. All experiments were performed in triplicate, and the
results were reported as means and standard deviations. Statistical
analyses were performed using Student’s ¢ test. The differences were
considered significant for p < 0.05.

B RESULTS AND DISCUSSION

Figure 2 summarizes the size distribution measurements of
ZCNPs. The geometric mean diameter (GMD), geometric
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Figure 2. Aerosol size distributions of CNPs and ZCNPs.

standard deviation (GSD), and total number concentration
(TNC) of the CNPs were 164.6 nm, 1.71, and 1.23 X 10° cm ™,
respectively. Analogous data for ZCNPs (An/Am = 0.3) and
ZCNPs (An/Am = 0.7) with and without UV irradiation were
noted in Table 1. The size distribution of the ZCNPs (An/Am =

Table 1. Aerosol Size Distributions of CNPs and ZCNPs

GMD GSD TNC
case (nm) (=) (particles cm™)
CNPs 164.6 1.71 1.23 x 10°
ZCNPs (An/Am = 0.3) 176.5 1.67 1.06 x 10°
UV-ZCNPs (An/Am = 0.3) 180.4 1.68 1.16 x 10°
ZCNPs (An/Am = 0.7) 189.7 1.69 1.12 X 10°
UV-ZCNPs (An/Am = 0.7) 1952 1.69 122 x 10°

0.7) was slightly larger than that for ZCNPs (An/Am = 0.3). This
implies that a higher An/Am ratio may induce an increase in the
aerosol size, and the UV irradiation did slightly increase the size
distribution.

TEM images (Figure 3) indicate that all ZCNPs have roughly
spherical shapes, with smooth surfaces. Particles are also well-
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separated. The particles exhibit boundaries between a core (dark,
dense solid) section and a shell (bright, light solid) section. The
formation of spherical particles is attributed to the slow
convective drying rate, for which the time for liquid evaporation
was greater than the time required for supersaturated particles at
a liquid—vapor interface to migrate back toward the droplet
center. The Peclet number, Pe, is a dimensionless number that
expresses the relative time-scales for diffusion (D4*/45,) and
convective drying (7).

D 2
Pe = —¢
4Td6v

)

For the present case, conditions were such that Pe < 1, ensuring
that migration of solutes from the interface toward the droplet
center was sufficient to keep up with convective drying. When
An/Am ratio increased from 0.3 to 0.7, there was no observable
change in particle morphology. Similarly, UV-irradiated particles
showed similar morphology. This indicates that the ZCNPs were
not significantly dissociated or oxidized during UV irradiation.
The mean-mode diameters of the ZCNPs (0.3 An/Am) and their
UV-treated cases were 178 + 8.9 and 181 =+ 9.3 nm, respectively.
The same data for ZCNPs (0.7 An/Am) were 188 + 10.0 and
193 + 11.3 nm, respectively, and these data are consistent with
the data described in Figure 2 and Table 1

To clarify the structural modifications of the CNPs from
succinic anhydride- and UV-treated nanoparticles, we obtained
FTIR spectra of CNPs and ZCNPs particles (Figure 4). For
CNPs, the IR spectrum exhibits the typical absorption bands at
3359, 2920, and 2880 cm ™", which attributed, respectively, to the
stretching vibrations of —OH, —CH,, and —CHj; groups.24
Characteristic bands at 1683, 1566, and 1382 cm™' can be
assigned to amide I (C=0 stretch), amide II (C—N stretch, C—
N—H bend), and amide III (C—N stretch, C—N—H bend),
respectively. The band peaks at 1409 and 1316 cm ™" correspond
to the vibrations of the —OH and —CH groups in the pyranose
ring. For ZCNPs, a prominent band at 1565 cm ™" was assigned to
the bending vibration of N—H amides (amide II) due to the
existence of succinyl groups (N-succinylation).” This bending
vibration in the case at An/Am = 0.7 was more distinct than that
of An/Am = 0.3. Moreover, in the case at An/Am = 0.7, a band at
1720 cm™" was ascribed to the —C=O carbonyl stretching
vibration of amides (amide I) and O-succinylation in addition to
N-succinylation, explaining the high degree of succinylation of
chitosan. Also, the appearance of the peak at 2370 cm™'
corresponding to the —CN group confirmed the incorporation
of the succinyl groups on the chitosan backbone. Table 2
summarizes the position of bands in IR spectra of ZCNPs before
and after UV irradiation. The A_qy/A mige ratio for ZCNPs
calculated from the IR data was smaller than that for CNPs due to
a partial conjugation of the amine groups of chitosan with
succinyl groups. The results also show that the position of the
bands did not change significantly with UV irradiation. The
A_on/Amige ratio for ZCNPs decreased after UV irradiation,
especially in the case at An/Am = 0.7. We attribute these changes
to photodegradation process of the pyranose rings, resulting in
the formation of the carbonyl and amide groups.”® The C—N
bond strength in the amide group is low (~53 kcal mol™") and
can be readily photolyzed, and the resulting radical may abstract
hydrogen to form an amine. This mechanism was observed in the
case of both aliphatic and aromatic polyamides at the 254 nm
irradiation.**
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Figure 4. FTIR spectra of CNPs and ZCNPs samples.

Table 2. Position of Bands in FTIR Spectra of CNPs and ZCNPs Samples

groups
—OH —NH stretching C=0 amide I bond —NH bending in amide group

samples bands position (cm™) A_on/Amide
CNPs 3359 3282 1683 1566 1.33
ZCNPs (An/Am = 0.3) 3355 3286 1687 1564 113
UV-ZCNPs (An/Am = 0.3) 3356 3284 1677 1564 1.0
ZCNPs (An/Am = 0.7) 3351 3255 1708 1587 1.04
UV-ZCNPs (An/Am = 0.7) 3336 3251 1710 1562 0.88

The zeta potential of the CNPs and ZCNPs was measured at
different pH values. The ZCNPs were positive at acidic pH and
negative at basic pH (Figure 5). The isoelectric point of ZCNPs
decreased from 7.2 to 5.0 with an increase in the An/Am ratio
from 0.3 to 0.7. The polarity did not change markedly, but the
polarity of the surface increased with UV irradiation. The
increase in the polarity of the samples indicated efficient
photooxidation on the surface, with the formation of new polar
groups on the polymer backbone. ZC macroradicals formed
during UV irradiation may interact with each other; then, these
radicals can undergo recombination. In particular, the active OH
radicals derived from irradiated ZCNPs can interact with succinyl
macromolecules and produce new radicals and macroradicals. In
ZCNPs, macromolecules there are many OH groups on the
chitosan molecule; therefore, many active OH radicals and
macroradicals can be formed. The zeta potentials of CNPs/
pDNA and ZCNPs/pDNA complexes are described in Table 3
The data show that the net negative charge of the complexes
varied with different surface properties. The increased negative
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potentials are attributed to binding between ZCNPs and
negatively charged pDNA.

The cytotoxicity of the ZCNPs/pDNA complexes at different
concentrations, such as 1, 5, 10, 20, and S0 ug mL™}, was
evaluated by MTS assay in HeLa cells, in comparison with
CNPs/pDNA (Figure 6). Results show that the range of average
cell viability with the different mass concentrations was 78—90%
for all of the tested ZCNPs. It was observed that the ZCNPs
exhibited a higher toxicity at a high particle concentration.
Nevertheless, the range of cell viability was similar to that
observed for CNPs (83—93%). This implies that the aerosol-
fabricated ZCNPs warrant further investigation. The slightly
higher cytotoxicity of the ZCNPs was considered to be a
consequence of damage from interactions with plasma
membranes or other cellular compartments.”” Therefore, the
fact that the cell viability of all ZCNPs was slightly lower
suggested that the modification of chitosan was acceptable in
vitro. On the basis of this, we are currently modifying this method
that is appropriate (comparable to lipofectamine, one of
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Figure S. Zeta potential of CNPs and ZCNPs samples.

Table 3. Zeta Potential of pPDNA Complexes with ZCNPs
Samples

samples/pDNA polyplexes zeta potential (mV)
CNPs —1.64 + 0.66
ZCNPs (An/Am = 0.3) —14.1 + 211
UV-ZCNPs (An/Am = 0.3) —15.6 + 2.85
ZCNPs (An/Am = 0.7) —32.8 + 441
UV-ZCNPs (An/Am = 0.7) —39.1 + 5.58
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Figure 6. Cytotoxicity of ZCNPs in HeLa cells in comparison with
CNPs.

commercial transfection reagents) for gene delivery into HeLa
cells at the in vitro level.

Bl CONCLUSIONS

The photoassisted one-step aerosol fabrication of ZCNPs has
been performed, and their cytotoxicity was evaluated in vitro. It
was shown that the zwitterionic modification of chitosan could
achieve a change in the surface charge properties and that this
could be further modified by UV irradiation during aerosol
fabrication. Compared with CNPs, the cell viability upon
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exposure to ZCNPs suggested that they have low toxicity, even
in the UV irradiation cases. These results will provide some
useful evidence of fabrication, which is efficient, green, scalable,
and generalizable to biomedical purposes, such as antimicrobial
agents, stabilizing agents, and drug carriers.
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