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ARTICLE INFO ABSTRACT

Keywords: New sources of AIE materials with good water solubility, biocompatibility, degradability, and mass production
Aggregation-induced emission are urgently needed. Here, we found that chitosan, a very abundant polysaccharide in nature, has fluorescence
Chitosan

emission in both solid and solution states with AIE effect, and explored its multifunctional applications. Chitosan
can emit a variety of colors from blue to red at different excitation wavelengths with excellent multicolor
imaging capabilities at the cellular level. Utilizing the cationic and antibacterial properties of chitosan, the
quantification of bacteria can be achieved through the AIE effect. Concurrently, it can be used as fluorescent
probes for multi-channel bacterial imaging via lighting-up bacteria. Furthermore, the chitosan solution exhibits a
sensitive quenching response to Fe®>*, which can be used as a biosensor for detecting the concentration of Fe3*.
These interesting results indicate that chitosan will have broad application prospects as a new class of AIE

Multifunctional applications

material.

1. Introduction

Fluorescent materials are widely used because of their excellent
properties including sensitivity, in-situ operability, non-invasiveness
and high spatial-temporal resolution. (Zhu & Yang, 2013; Lin et al.,
2014; Sun et al., 2015; Yan et al., 2016). However, when most con-
ventional organic dyes are used at a high concentration or in ag-
gregation state, their fluorescence signal is significantly weakened or
even disappears due to intermolecular si-it stacking. This is well-known
as aggregation-caused quenching (ACQ) effect (Qin et al., 2012; Liang
et al., 2015; Tian et al., 2016). Different from traditional ACQ materials,
aggregation-induced emission (AIE) materials do not emit light or emit
weak light at low concentrations, but emit very strong fluorescence
upon aggregation (Mei et al., 2014; Mei et al., 2015; Cao et al., 2017a,
2017b; Huang et al., 2018; Zheng et al., 2019). Due to these unique
photophysical properties and their potential applications in biomedi-
cine, optoelectronic devices, and chemical sensing, more and more re-
searchers are paying attention to AIE materials (Wang et al., 2016;
Cheng et al., 2017; Jiang et al., 2018; Li et al., 2018; Song et al., 2018;
Tian et al., 2019).

The current research on the AIE effect has been very in-depth
(Cheng et al., 2017; Huang et al., 2017; Jiang, Liu, Liu, et al., 2017;
Jiang, Gu, et al., 2018). For example, Jiang, Gu, et al. (2018) reported
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three AIE molecules based on diphenyl isoquinolinium derivatives.
They have high structural stability, two-photon absorption and tunable
color. Cheng et al. (2017) designed two cationic AlE-active tetra-
phenylethene (TPE) derivatives for humidity detection. However, most
of the sources of AIE materials are organically synthesized (Gu et al.,
2018). Although these AIE materials offer structural diversity and color
tunability, their disadvantages are also obvious: complex synthesis,
high cost, environmental toxicity, poor degradation, and poor bio-
compatibility, which will limit their practical applications to some ex-
tent (Shen et al., 2016; Shi et al., 2017; Chen, Zhang, et al., 2018; Wang
et al., 2018). Furthermore, traditional AIE materials, such as TPE, are
mostly non-planar conjugated molecular conformations with poor
water solubility, which limits in vivo studies. Therefore, new sources of
AIE materials are needed with good water solubility, biocompatibility,
degradability, and mass production.

Nature is a rich treasure house, which provides us with in-
exhaustible resources for food, clothing, shelter, and transportation.
Polysaccharides, such as starch, cellulose, and chitosan (CS), as the
most abundant biological macromolecules in nature, exist in almost all
living things. They have been extensively studied in the applications of
industrial materials and biomedicine, but their fluorescent properties
have received little attention (Liu et al., 2009; Olsson et al., 2010;
LogithKumar et al., 2016; Yu et al., 2018). Recently, Dou et al. (2018)
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studied the fluorescence behavior of sodium alginate and proposed a
clustering-triggered emission (CTE) mechanism. Due to the abundance,
versatility, and excellent biocompatibility of biomacromolecules, ex-
ploring their fluorescence properties will help develop a new generation
of diagnostic and sensing materials.

Chitosan, a very abundant polysaccharide in nature, is obtained via
the deacetylation of chitin. It is a bioactive polymer with antibacterial
activity, non-toxicity, easy modification, and biodegradation, which
makes it widely used in medicine, food, water treatment and other
fields (Kumar, 2000; Kumar et al., 2004; Rinaudo, 2006; Hou et al.,
2017). For the fluorescence study of chitosan, it mainly focuses on two
aspects: modifying the fluorescent group (Wang et al., 2013; Wang
et al., 2016); crosslinking of chitosan and aldehyde compounds (Wei
et al., 2007; Wei et al., 2008; Wang et al., 2014; Song, Zhou, et al.,
2018). For example, Wang et al. (2016) modified TPE on chitosan for
visualization of the gelation process. Wei et al. (2007) prepared uniform
size self-fluorescent chitosan microspheres crosslinked with glutar-
aldehyde through membrane emulsification technique. The n-t* tran-
sition of the C=N bond in the Schiff base formed during the cross-
linking reaction causes auto-fluorescence of the chitosan cross-linking
product. However, the AIE effect of chitosan in its native form without
chemical modification has not been reported. Therefore, this work
deeply studied the AIE effect of chitosan with different molecular
weights. Combining the excellent biocompatibility and antibacterial
property of chitosan, as well as the application of traditional AIE ma-
terials, we intend to explore its applications in cell and bacterial ima-
ging, bacteria detection, and metal ion concentration detection. Chit-
osan as a new class of AIE material will provide a wide range of
practical applications.

2. Experimental section
2.1. Materials

Chitosan (CS-1, My, = 3 x 10°, degree of acetylation (DA) = 6.5%,
Shanghai Yuanye), chitosan (CS-2, My = 3 X 10%, DA = 8.8%,
Shanghai Macklin), chitosan (CS-3, My = 4 x 10° DA = 3.6%, Beijing
Henghuibio), chitosan (CS-4, My = 4 x 10° DA = 9.1%, Beijing
Henghuibio), and ferric trichloride (99%, Beijing Sinopharm) were used
upon arrival. The MCF-7 cell lines were obtained from Chinese
Academy of Medical Sciences. The bacterial strains of Escherichia coli (E.
coli) ATCC25922 was obtained from American Type Culture Collection.

2.2. Characterizations

Fourier transform infrared (FTIR) spectra were obtained on Bruker
TENSOR II IR spectrometer. The 'H nuclear magnetic resonance (NMR)
spectra were recorded on a JEOL JNM-ECZS400. Fluorescence mea-
surements were carried on HORIBA FluoroMax-4 spectrofluorometer.
Samples of different concentrations were dissolved in water or 1%
aqueous acetic acid solution. The UV-vis absorbance was achieved on
Shimadzu UV-2500. The fluorescence lifetime and quantum yield were
obtained on Edinburgh FLS1000 equipped with an integrating sphere.
Dynamic light scattering (DLS) spectra were achieved on Malvern Nano
ZS. Fluorescence microscope images were obtained on Leica DM6000B.
Cell imaging and bacterial imaging were observed by confocal laser
scanning microscopy (CLSM, Zeiss LSM880).

2.3. Cytotoxicity assessment

The cytotoxicity of CS was determined by MTT assay using MCF-7
cells. Briefly, cells were cultured in 96-well plates and incubated in
Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10%
fetal bovine serum (FBS) for 1 d. The cell density per well is 3000. Then,
the medium containing the samples of different concentrations was
added and cultured for another 1 d. After removing the medium, 10 uL
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MTT and 90 uL. DMEM were added and cultured for another 4 h. Finally,
the crystals (formazan) were dissolved by DMSO, and the absorbance
was measured at 570 nm. The cell viability was defined as a ratio of the
absorbance of experimental group and control group.

2.4. Cell imaging

MCF-7 cells were cultured onto a glass dish for 24h in DMEM
supplemented with 10% FBS. CS-1 was dissolved in the medium, re-
sulting in a final concentration of 100 ugmL ™. After incubating the
cells for 3h using the mixtures described above, the medium was re-
moved. The cells were washed three times with PBS and then fixed with
4% paraformaldehyde. MCF-7 cells were observed by CLSM, and CS-1
was excited at 405, 488, and 561 nm, respectively. Fluorescence emis-
sion was received at 410-501, 493-622, and 566-685 nm.

2.5. Bacterial culture and concentration detection

A single colony of E. coli were transferred to LB liquid medium and
cultured overnight at 37°C. The bacteria were harvested by cen-
trifugation at 5000 rpm (2650 g) for 10 min and resuspended in the
water. Different concentrations of the bacterial suspension were mixed
in an equal volume with a 100 ug mL~! CS-1 aqueous solution to obtain
a predetermined bacterial concentration. After 12 h of gentle vibration,
the fluorescence spectra were measured at room temperature.

2.6. Bacterial imaging

E. coli was harvested by centrifugation at 5000 rpm (2650 g) for
10 min and resuspended in water. Then bacterial suspension was mixed
with the CS-1 aqueous solution such that the final concentration of CS-1
was 150 ugmL~ 1. The washed bacteria were observed by CLSM, and
CS-1 was excited at 405, 488, and 561 nm, respectively. The fluores-
cence emission was received in the range of 410-501, 493-622, and
566-685 nm.

2.7. Detection of Fe**

Ferric chloride was used as a source of Fe>*. A series of con-
centration gradient of Fe>" aqueous solution was configured. Then,
different concentrations of the Fe** aqueous solution was mixed in an
equal volume with a 1mgmL~! CS-1 aqueous solution to obtain a
predetermined Fe®* concentration. After 12h of gentle vibration, the
fluorescence spectra were measured at room temperature.

2.8. Statistical analysis

All experimental data were performed in triplicate and the results
were presented as the average.

3. Results and discussion
3.1. AIE effect

Chitosan is commercial product with very mature processes. The
different molecular weights chitosan (CS-1; CS-2; CS-3; CS-4) used in
this work were all commercially available and their purity had been
verified by FTIR spectra and NMR spectra (Figs. S1-S4). The solid
powders of CS-1, CS-2, CS-3 and CS-4 emitted pale blue light under 365-
nm UV illumination, indicating that chitosan had solid-state emission
(Fig. 1A). Since chitosan with high molecular weights was insoluble in
neutral aqueous solution, the AIE effect was studied by the photo-
luminescence behavior of CS-1, CS-2, CS-3, and CS-4 in 1% aqueous
acetic acid solution. Taking CS-1 as an example, excited at Aex
=360nm, it exhibited a very strong fluorescence emission, and the
emission peak appeared at around 435nm (Fig. 1B). In addition, the
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Fig. 1. (A) Fluorescence photographs of CS powders under 365 nm ultraviolet light. (B) Fluorescence spectra of CS-1 with various concentrations excited by 360 nm
(slit width: 3 nm). (C) Fluorescence photograph of different concentrations of CS-1 under 365 nm ultraviolet light. (D) UV-vis absorption spectra of CS-1 with various

concentrations.

fluorescence intensity of CS-1 continuously increased with increasing
concentration, exhibiting an AIE effect. A similar phenomenon was seen
from the photograph under 365-nm UV light. (Fig. 1C). The UV-vis
absorption of CS-1 was weak at low concentrations (Fig. 1D). Its ab-
sorption gradually increased with increasing concentration, and two
shoulder peaks were observed at 276 nm and 303 nm. The edge of the
absorption spectrum gradually shifted to higher wavelengths as the
concentration increased, which may explain that the fluorescence en-
hancement was not apparent due to energy transfer when the con-
centration exceeded 5 mg mL ™' (Chen, Luo, et al., 2018). The CS-2, CS-
3, and CS-4 also had an AIE effect, and their fluorescence and absorp-
tion spectra were measured (Figs. $5-S7). The fluorescence lifetime and
quantum yield of CS-1, CS-2, CS-3, and CS-4 appeared to be irregular
and there was a phenomenon that sometimes they were lower in a solid
state (Table S1). This may be because they were sourced from different
manufacturers and had self-absorption or exciton coupling (Chen, Luo,
et al.,, 2018). In addition, the fluorescence intensity of CS was only
slightly reduced after continuous irradiation with 365 nm ultraviolet
light for 30 min in 1% aqueous acetic acid solution (Fig. S8). This in-
dicates that chitosan has good photostability (Liu et al., 2017; Tian
et al., 2017). It can be seen from the dynamic light scattering spectra
that CS forms nano-aggregates in 1% aqueous acetic acid solution (Fig.
S9).

3.2. Excitation-dependent fluorescence

Chitosan showed obvious excitation-dependent fluorescence and
could emit a variety of colors from blue to red at different excitation

wavelengths. Taking CS-1 as an example, the fluorescence emission of
the solution was red-shifted with increasing excitation wavelength, and
the optimal excitation wavelength was 360 nm (Fig. 2A). The fluores-
cence emission weakened continuously when the excitation wavelength
exceeded 360 nm. Interestingly, this phenomenon is often seen in the
fluorescence properties of luminescent polymers containing un-
conventional chromophores (Yang & Pan, 2009; Shang et al., 2017;
Chen, Luo, et al., 2018), quantum dots (Hasan et al., 2018), and carbon
dots (Tao et al., 2018). The CS-1 solid powder emitted blue, green, and
red fluorescence when excited by ultraviolet light (340-380 nm), blue
light (460-500nm), and green light (540-552nm), respectively
(Fig. 2B). Similarly, CS-2, CS-3, and CS-4 also exhibited excitation-de-
pendent fluorescence (Fig. 2C-2H). Combined with experimental data
and related literature (Yang & Pan, 2009; Yang et al., 2011), this ex-
citation-dependent fluorescence of CS may be related to its broader
molecular weight distribution. The use of this property of CS is pro-
mising for multi-channel bioimaging, enabling more accurate localiza-
tion of markers.

3.3. Fluorescence mechanism

Luminescent macromolecules are generally constructed by m-aro-
matic building blocks functioning as emitting units. Recently, other
types of macromolecules containing only the auxochrome (aliphatic
amines, carbonyl groups, ester groups and amides) have been shown to
emit fluorescence under appropriate conditions and exhibit an AIE ef-
fect (Chen, He, et al., 2018; Dou et al., 2018; Zhao et al., 2018; Dong
et al., 2019; Tomalia et al., 2019). For the explanation of the emission
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Fig. 2. Fluorescence spectra of CS-1 (A), CS-2 (C), CS-3 (E), and CS-4 (G) solution (1 mg mL~ 1y with different excitation wavelengths (slit width: 5 nm). Fluorescence

microscope images of CS-1 (B), CS-2 (D), CS-3 (F), and CS-4 (H) solid powder. 1, 2, and 3 refer to images taken under UV (340-380), blue (460-500), and green
(540-552) lights, respectively (Scale bar 500 um).



Z. Dong, et al.

Carbohydrate Polymers 227 (2020) 115338

OH UV light
HO  \h,
oS

© X o ly
HO NH b

o=< OH )

I I | Clustering
Rigidification

/\/ : Chitosan skeleton

@:-OH @ :-NH, or -NHCOCH,

Hydrogen bond

Through space electronic interactions

n-7t* interaction
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mechanism of such substances, the Yuan group proposed a CTE effect
(Chen, He, et al., 2018; Chen, Luo, et al., 2018; Dou et al., 2018). The
clustering of unconventional chromophores with 5t and lone-paired (n)
electrons and subsequent electron cloud overlap together with si-
multaneous conformation rigidification are the causes of intrinsic light
emission. The above results have shown that solution and solid states of
different molecular weights chitosan can emit fluorescence, which can
also be explained by the CTE effect (Fig. 3). The clustering of hydroxyl,
amino and acetylamino groups in chitosan can provide an effective
through space intramolecular and intermolecular interactions among
them and a rigid conformation simultaneously. Thus, extended electron
delocalization is formed which can be excited to produce a radiation
emission. On the other hand, there are a large number of hydrogen
bonds in chitosan, which not only rigidify the molecular conformation,
but also promote the through space conjugation among adjacent n and
n electrons, further enhancing the fluorescence emission. CS-3 and CS-
4 have the same molecular weight, but CS-4 has a stronger fluorescence
emission (Fig. $10). It is certainly related to the local molecular
structure. Even though two different commercial chitosan have the
same molecular weight and degree of acetylation, they may have dif-
ferent microstructures (distribution of acetylamino along the chains).

3.4. Multifunctional applications

Chitosan is widely used due to its environmental friendliness, bio-
compatibility, biodegradability, and ease of use (Rinaudo, 2006). The

discovery of the AIE effect of chitosan will lay the foundation for di-
verse applications.

3.4.1. Cell imaging

Considering the excellent biocompatibility and AIE effect of chit-
osan, we studied the capacity for cell imaging by taking water-soluble
CS-1 as an example. First, the cytotoxicity of different concentrations of
CS-1 on MCF-7 cells was determined by MTT assay. When the con-
centration was increased to 1mgmL~!, the cell viability remained
above 90%, indicating that the chitosan used here had excellent bio-
compatibility (Fig. S11). The cell imaging behavior of CS-1 was in-
vestigated next via CLSM using MCF-7 cells. Since CS-1 exhibited ex-
citation-dependent fluorescence, after co-incubation with cells for 3 h,
images of CLSM were acquired by using three separate channels to
collect emission of blue, green, and red channels. Blue fluorescence
emission appeared in the cells when excited by a 405 nm-laser (Fig. 4).
When excited with 488 and 561 nm lasers, green and red fluorescence
emission was observed in the cells, respectively. These results indicate
that chitosan can be rapidly internalized by cells and has good multi-
color cell imaging ability. At the same time, this multi-channel imaging
can locate cells more accurately. In addition, compared with the tra-
ditional AIE materials, low molecular weight chitosan has the ad-
vantages of good water solubility, biocompatibility, degradability, and
mass production, which will have great potential application value for
biomedical research and clinical diagnosis.
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Fig. 4. CLSM images of MCF-7 cells after incubation with CS-1 (100 pg mL™ 1 for 3h. A, B, C, D, and E represented the images of bright-field, channel of blue, green,

red and overlay, respectively (Scale bar 50 pm).

3.4.2. Bacterial concentration detection and imaging

It is well known that protonated ammonium on chitosan is anti-
bacterial—it can adsorb and accumulate bacteria, penetrate the cell
wall, and disturb the metabolism (Kong et al., 2010; Dash et al., 2011).
Therefore, utilizing the AIE effect of chitosan and electrostatic inter-
action with bacteria, the ability of chitosan to detect bacterial con-
centrations was studied using E. coli as a template. The addition of E.
coli increased the fluorescence intensity of CS-1 (Fig. 5A). As the con-
centration of E. coli increased, the fluorescence of CS-1 gradually in-
creased, because the electrostatic interaction made CS-1 continuously
aggregated on the surface of E. coli. In the range of 5 x 10° to 5 x 108
CFU mL ™}, the ratio I/1, of fluorescence intensity changes with (I) and

(A)

without (Ip) E. coli was linear with the bacterial concentration, and the
detection limit was 5 x 10° CFU mL ™} (Fig. 5B). With good cell ima-
ging capabilities, we further explored the use of chitosan for bacterial
imaging. CS-1 was incubated with E. coli for 6 h and then CS-1 in the
solution was removed by washing with deionized water. Similar to cell
imaging, blue, green, and red fluorescence emission were observed in E.
coli when excited with 405, 488, and 561 nm lasers, respectively
(Fig. 6). This promises to achieve real-time multi-channel monitoring of
the antibacterial process.

3.4.3. Detection of Fe>*
Fe®* is one of the most important metal ions in living organisms
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Fig. 5. (A) Fluorescence spectra of CS-1 solution (50 ug mL~ 1) with the addition of varying concentrations of E. coli (slit width: 5 nm). (B) Plots of the I/I, at 435 nm

against the concentrations of E. coli in CS-1 solution.
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Fig. 6. Confocal laser scanning microscopy images of E. coli after incubation with CS-1 (150 ug mL ') for 6 h. A, B, C, D, and E represented the images of bright-field,

channel of blue, green, red and overlay, respectively (Scale bar 5 um).
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Fig. 7. (A) Fluorescence spectra of CS-1 solution (0.5 mg mL~1) with the addition of varying concentrations of Fe3* (slit width: 5 nm). The inset photographs are the
solutions with 0 and 1000 uM Fe®™ under 365 nm UV light. (B) Plots of the I/I, at 438 nm against the concentrations of Fe* in CS-1 solution.

(Ananthanarayanan et al., 2014; Li et al., 2014; Zhang & Gan, 2016).
Disorders of Fe** concentration in the human body can induce various
diseases. Therefore, the development of a simple, sensitive, safe and
reliable Fe** detection method is of great significance for clinical di-
agnosis, environmental protection, and industrial production. Fe3* is
paramagnetic and has a strong quenching effect on fluorescence (Barba-
Bon et al., 2012; Qiu et al., 2014). Therefore, we explored the response
of the fluorescence of the CS solution to Fe**. The fluorescence in-
tensity gradually decreased with continuous addition of Fe** in CS-1
solution (Fig. 7A). In the range of 5-500 uM, the ratio I,/I of fluores-
cence intensity changes with (I) and without (Ip) Fe®™ was linear with

the Fe®* concentration (Fig. 7B), which satisfied the range of 14-32 uM
for the content of Fe®>* in normal human serum (Abdolmohammad-
Zadeh & Zamani-Kalajahi, 2019). In addition, the response of CS-1 so-
lution to Fe>* was very fast and sensitive. After adding Fe>* to CS-1
solution, the fluorescence intensity decreased rapidly and stabilized
within 1 min (Fig. $12). These results indicate that the CS solution can
detect Fe*>* quickly and efficiently. Combined the excellent bio-
compatibility of CS, it can be used as a biosensor for detecting the
concentration of Fe*>* in the human body and the environment.
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4. Conclusion

In summary, we found the AIE effect of chitosan and verified it by
fluorescence spectra. The excellent biocompatibility and AIE effect of
CS, motivated the study of its multifunctional applications. Chitosan
showed obvious excitation-dependent fluorescence and it could emit a
variety of colors from blue to red at different excitation wavelengths
and exhibited very excellent multicolor imaging capabilities at the
cellular level. On the other hand, E. coli can be detected via the AIE
effect due to aggregation of CS on the surface of E. coli. Concurrently,
CS offers good bacterial imaging capabilities, which promises to
achieve real-time multi-channel monitoring of the antibacterial process.
In addition, the CS solution is capable of detecting Fe** quickly and
efficiently, thus, it can be used as a biosensor for detecting the con-
centration of Fe®* in the human body and the environment. Therefore,
we believe that chitosan as a new class of AIE material will provide a
new platform for a variety of practical applications.
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