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Fabrication of Chitosan Nanoparticles with
Aggregation-Induced Emission Characteristics
and Their Applications in Long-Term Live Cell
Imaging
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Chitosan with tetraphenylethene pendants (TPE-CS) are synthesized by reaction between
amine and isothiocyanate groups of chitosan and tetraphenylethene (TPE), respectively. Nan-
oparticles of TPE-CS (TPE-CS NPs) are fabricated by ionic gelation method. The NPs are uni-

form in size, spherical in shape, monodispersed, and positive

in surface charge. The suspension of TPE-CS NPs emits strong T -
blue fluorescence under photoexcitation due to the aggrega- |3 %o+
tion-induced emission characteristics of the TPE moieties. The ’ oo

NPs can be internalized into cytoplasm through endocytosis
pathway and retain inside the live cells to image the cells.
Cytotoxicity assay reveals that TPE-CS NPs are cytocompat-
ible and thus can be used for long-term live cell imaging.
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TPE-CS NPs

1. Introduction

Fluorescence imaging has emerged as an important
modality for studying biological and biochemical proc-
esses with spatial and temporal resolution.!! The crossover
of nanotechnology and fluorescence imaging in recent
years has bolstered the progress in a variety of areas in
particular early-stage cancer diagnosis, tracking drug, or
gene delivery vehicles, and monitoring cancer treatment.[?!
Typical nanomaterials for fluorescence imaging include
fluorescent organic nanoparticles (NPs) and inorganic
semiconductor quantum dots (QDs). ODs are highly lumi-
nescent and resistant to photobleaching and have been
commonly used for cell labeling and imaging.?! The in
vivo application of QDs, however, has been limited because
of their inherent toxicity from the heavy metal constitu-
ents.[34 For example, Ye et al.l5l have recently reported that
most cadmium from initial QDs accumulates in the liver,
spleen, and kidneys of the rhesus macaques for 3 months
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B Scheme 1. (A) Synthetic route of TPE-CS and (B) schematic illustration of the fabrication of TPE-CS NPs by ionic gelation method.

after intravenous injection. Therefore, the development of
new class of fluorescent NPs with improved biocompati-
bility, photostability, and biodegradability is an imperative
task for NPs to be employed for in vitro long-term live cell
tracking and in vivo cancer imaging

Chitosan (CS), a linear polysaccharide consisting of
N-acetyl-glucosamine (acetylated) and glucosamine
(deacetylated) repeating units, is non-toxic, biodegrad-
able, and non-immunogenic, representing an ideal mate-
rial for biomedical applications.[?>¢] CS can be easily mod-
ified through chemical reaction because of its abundant
reactive amine and hydroxyl groups on the backbone.[”]
Through functionalization, CS NPs can be used as a carrier
for the delivery of antitumor drugs!® and genes.!®! Fluores-
cent agents are covalently attached to CS and the resultant
materials can be applied as reporters for imaging, tracing,
and analysis.?>1%] However, light emission from CS NPs is
rather weak due to the emission quenching caused by the
aggregation of fluorophores in the solid state.l''] Aggrega-
tion of the conventional fluorophores normally decreases
the light emission because of the strong intermolecular
n—n stacking interactions, which promote the formation
of detrimental species such as excimers or exciplexes.!*?]

To overcome this problem, fluorescent agents with
aggregation-induced emission (AIE) characteristics are
used to label CS. Propeller-like molecules, such as hexa-
phenylsilole and tetraphenylethene (TPE), are nonemis-
sive in solution but induced to emit efficiently by aggre-
gation formation.'3 Restriction of intramolecular
motion (RIM) is proposed to be the main cause for the
AIE effect.['>14 previously, we have successfully fabri-
cated strongly fluorescent silica NPs hybridized with AIE
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molecules and explored their applications for cell
imaging.[* The silica NPs, however, are not biodegrad-
able. Herein, we report the synthesis of TPE conjugated
CS (TPE-CS) and the sequent fabrication of TPE-CS NPs by
using ionic gelation method. The NPs exhibit strong fluo-
rescence and low cytotoxicity, making them well suited
for cell imaging. The investigation of endocytosis and
exocytosis processes of the NPs shows that these NPs can
retain inside live cells for a long period of time, thus ena-
bling long-term cell imaging and tracking.

2. Results and Discussion

2.1. Preparation and Characterization of TPE-CS NPs

TPE-CS was synthesized by addition reaction between the
primary amines on CS and the isothiocyanate group on
TPEITC (Scheme 1A). The product was characterized by H
NMR and FTIR from which satisfactory analysis data were
obtained. Thenewpeakspresentatthearomaticregionofthe
'H NMR spectra with chemical shift around 7.22-7.17 ppm
indicate the conjugation of TPEITC to the CS skeleton
(Figure S1, Supporting Information). According to the peak
integrals of the aromatic units of TPE and the carbohy-
drate of CS, the substitution degree of TPE is calculated to
be 4.13% (molar ratio). The disappearance of the isothio-
cyanate bond (N=C=S) characteristic peak at 2045 cm™
in the FTIR spectrum further supports the successful con-
jugation of TPE to CS in the product (Figure S2, Supporting
Information).

Nanoparticles of TPE-CS were fabricated by using ionic
gelation method (Scheme 1B). TPE-CS was dissolved in
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acetic acid aqueous solution to form the cationic amino
groups and then into the solution was dropwisely added
sodium tripolyphosphate (TPP) solution under constant
stirring. The TPE-CS NPs were formed through the inter-
and intrachain crosslinking of the positively charged
amino groups of CS and the negatively charged phosphate
groups of TPP[81%] This method is simple and under mild
condition while avoiding the use of toxic cross-linking
agent such as glutaraldehyde.[?!

Analysis by dynamic light scattering (DLS) reveals the
average hydrodynamic diameter of TPE-CS NPs is 170 nm
with a small polydispersity of 0.13 (Figure S3A, Supporting
Information). Under transmission electron microscope
(TEM), we found that TPE-CS NPs are monodispersed with
spherical shapes (Figure S3B, Supporting Information).
The particle sizes are smaller than that measured by DLS
owing to the shrinkage of the NPs under high vacuum in
the TEM chamber. Thanks to the abundant amino groups
on the CS backbones, the surface of TPE-CS NPs is posi-
tively charged when the pH of the solution is up to 7.0
from zeta potential analysis (Figure S4, Supporting Infor-
mation). Such property may facilitate the uptake and
internalization of the TPE-CS NPs to cells.

2.2. Light Emission

Photoluminescence (PL) spectra of TPE-CS NPs, TPE-CS,
and CS NPs were measured in 1% acetic acid aqueous
solution (adjusted to pH 2.5). TPE-CS is faintly fluorescent
when dissolved in acidic solution while the suspension
of TPE-CS NPs is strongly emissive (Figure 1A). At low pH,
TPE-CS is water soluble and the TPE pendants can enjoy
intramolecular motions, which lead to weak fluorescence
according to the AIE principle. The intramolecular motions
are impeded when TPE-CS is fabricated into NPs, or when
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the pH is adjusted to 7.0 where TPE-CS is no longer soluble
(Figure 1B). At pH 7.0, the PL intensity of TPE-CS NPs is also
increased due to the shrink of the NPs. Without the TPE
units, CS NPs are nonemissive at either pH 2.5 or 7.0. The
differences in PL intensity can be clearly observed under
UV illumination as shown in the photographs of Figure 1
and S5 (Supporting Information).

2.3. Cytotoxicity

To evaluate the biocompatibility of TPE-CS NPs as a live
cell imaging agent, the cytotoxicity was investigated
using 3-(4,5-dimethylthiazol-2-yl)-2,5- diphenyltetrazolium
bromide (MTT) assay. MTT can reflect the mitochondrial
activity of cells and represent a parameter for their meta-
bolic activity. As shown in Figure 24, the cytotoxicity of
NPs is dose-dependent after exposure to cells for 24 h. The
viability is 90.42%, 87.72%, and 84.25% at the concentration
of 25, 50, and 75 pg mL7, respectively, indicating TPE-CS
NPs are highly biocompatible for live cell imaging.

2.3. Cell Imaging

Owing to the AIE property, the PL intensity of TPE-CS NPs is
increased along with the increase of the NPs concentration
(Figure S6A, Supporting Information). With the increase of
NPs concentration, the fluorescent intensity of live HeLa
cells stained with TPE-CS NPs is enhanced (Figure S6B,
Supporting Information), clearly indicating the degree of
TPE-CS NPs uptake is dose dependent. Based on the above
results, the dose of 50 ug mL™? is chosen for the following
experiments. The three-dimensional (3D) confocal image
of Hela cells stained with TPE-CS NPs revealed that the
NPs are mainly localized in the cytoplasm surrounding the
cell nucleus (blue: TPE-CS NPs; red: PI labeling in Figure S7,
Supporting Information).
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Figure 1. (A) PL spectra of TPE-CS NPs, TPE-CS, and CS NPs in 1% acetic acid aqueous solu-
tions at pH 2.5. Inset: photograph of (a) CS NPs, (b) TPE-CS, and (c) TPE-CS NPs taken under
365 nm UV illumination of a hand held UV lamp. (B) Histogram of relative PL intensity
at 465 nm of CS NPs, TPE-CS, and TPE-CS NPs in an aqueous solution with different pH.

Concentration: 0.2 mg mL™; excitation wavelength: 338 nm.
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Photostability is a critical parameter
for cell imaging and tracking. The pho-
tostability of TPE-CS NPs are assessed by
using confocal laser scanning micros-
copy. As shown in Figure S8 (Supporting
Information), the PL intensity of TPE-CS
NPs stained cells is kept 77.7% of the
original signal even under continuous
excitation at 405 nm (power at 0.6 mW)
for 30 min. Such superior photostability
prompts us to further investigate their
use for long-term cell imaging.

TPE-CS NPs

2.4. Cellular Uptake and Exocytosis

It is known that NPs are mainly
internalized by cells through
endocytosis pathway,'”! which is an
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images of Hela cells in the absence or presence of 0.1% sodium azide (NaN3) in serum-

I Figure 2. (A) Cytotoxicity of TPE-CS NPs on Hela cells evaluated by MTT assay. (B) Confocal
free culture medium for 1 h before incubation with 50 ug mL™ TPE-CS NPs for 2 h.
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biocompatibility and low exocytosis and
we thus examined their application for
long-term cell tracking.

The cells were first incubated with
the NPs for 24 h and rinsed with phos-
phate buffer to remove excess amount
of NPs. Image was taken and referred
to as the 1st Psg. Compared to shorter
incubation time such as 4 h, the fluo-
rescence intensity at the 1st Psg is
much stronger (Figure 3), suggesting
that longer incubation time may enable
more TPE-CS NPs to enter into the cells.
One third of the cells from the 1st Psg
were subcultured into another dish for

energy-dependent process. To testify whether TPE-CS NPs
are using the same manners, Hela cells were pretreated
with 0.1% NaNj3, an endocytosis inhibitor, prior to the incu-
bation with TPE-CS NPs. Confocal images demonstrate that
the fluorescence of the cells treated with NaNj; is weaker
than that of the cells in the absence of endocytosis inhib-
itor (Figure 2B). Similar result was obtained by quantitative
analysis using flow cytometry (Figure S9, Supporting Infor-
mation). The fluorescence of NaN;-treated cells shifts to
the lower intensity as compared with the untreated ones.
NaNj; is reported to reduce the cellular synthesis of ATP, the
energy currency, and thus inhibit the endocytosis process.
However, endocytosis is not completely suppressed owing
to the presence of exogenous ATP and glucose in the serum-
free medium.['® All these data support that the uptake of
the TPE-CS NPs are mainly through endo-
cytosis pathway.

On the other hand, exocytosis may
occur as well as endocytosis when the
cells are exposed to NPs.['] Scattered flu-
orescence from TPE-CS NPs in 3T3 cells is
observed when the cells are co-cultured
with the prestained Hela cells for 24 h
(Figure S10, Supporting Information),
suggesting that small amount of NPs is
excreted from the Hela cells after their
internalization into the cytoplasm.

Fluorescence  Bright-field

Bright-field

2.5. Long-Term Cell Tracking

In our previous work, an AlE-active
cytophilic silole derivative was reported
to track live cells for 4 passages (Psg),
which is superior to the commercial dye
MitoTracker Green FM.[2! However, cell
tracking in a longer period is expected
for practical use. TPE-CS NPs have good

Fluorescence
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continual tracking. Upon additional 24
h incubation in fresh growth medium,
another image was taken and referred to the 2nd Psg.
This step was repeated every 24 h with the increase of Psg
number. As shown in Figure 3, although the fluorescence
from daughter cells is decreased, TPE-CS NPs are able to
trace the living cells for 7 Psg, a period more than 160 h.
The weakening of fluorescence intensity may attribute to
the decrease of NPs/cells ratio during cell division.

3. Conclusions

In summary, TPE conjugated CS nanoparticles (TPE-CS NPs)
were successfully fabricated by ionic gelation method.
These NPs are monodispersed and uniform in size with
narrow size distribution. Owing to the RIMs of the TPE

Figure 3. Long-term tracking of Hela cells from 4 h to 7 days. Bright-field and fluores-
cence of Hela cells stained with 50 ug mL™ TPE-CTS NPs. Exposure time =500 ms.
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moieties in the NPs architecture, TPE-CS NPs emit bright
blue fluorescence. MTT assay suggests that the NPs are of
low cytotoxicity to Hela cells. The NPs can stain live cells
through energy-dependent endocytosis. Once enter the
cells, the NPs can retain in the cells and thus enable long-
term tracking of 7 Psg of cell growth. Moreover, the NPs are
photostable with less than 25% signal loss upon contin-
uous excitation under fluorescence microscope for 30 min.
All these incredible features render the AIE-active, strongly
fluorescent, photostable, and biocompatible TPE-CS NPs as
promising materials for long-term live cell imaging and
monitoring of drug or gene delivery.

Supporting Information

Supporting Information is available from the Wiley Online Library
or from the author.
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