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a  b  s  t  r  a  c  t

Biocompatible  glutaraldehyde-cross-linked  chitosan  with  new  red fluorescence  were  prepared  for  the
first  time  and  were  shaped  into  nanoparticles  via  inverse-microemulsion  method.  They  could  luminesce
at  ca.  670  nm  either  as powders  and  nanoparticles  or in real and  gelling  solutions  or  suspensions,  having
a  lifetime  of 1.353 ns  and  a quantum  yield  of 0.08 in  solution  or 0.01 in  solid  state.  The  new-formed
pyridinium  structures  and  the intramolecular  charge  transfer  effect  are  considered  to be responsible  for
eywords:
reparation
hitosan
ed luminescence
anoparticles

the new  red  emission,  which  have  been  proved  by FTIR, 13C  NMR,  and some  calculation  using  Gaussian
09,  respectively.  Strikingly,  they  are  quite  inert  and  anti-photobleaching,  with  only  <3%  loss  of  fluo-
rescent  intensity  per  minute  in  average  under  a  continuous  laser  illumination  at  633  nm  and  50  �W.
Especially,  their  nanoparticles  (5.6  nm)  could  enter  into  the  negative  nucleoli  of  living  HeLa cells  with
low  cytotoxicity  for high  contrast  imaging  inspections.
maging

. Introduction

Red luminescent materials are important indicators or imaging
gents in the research fields of biomedicine and life sciences (Peng
t al., 2011; Yake, Zahr, Jerri, Pishko, & Velegol, 2007; Zhu et al.,
011), because their red emission can penetrate deeper into biolog-

cal systems, keep away the interference of bio-autofluorescence
nd decrease the scale of light scattering (Wu et al., 2011). As a
onsequence, high contrast optical images of cells, organs and
ven bodies can easily be traced. Up to now, molecular dyes like
yanines (such as Cy5 and Cy7) are on the top of usage (Yang et al.,
007). They are, however, expensive and have the shortage of
hotobleaching. Red luminescent quantum dots and upconversion
anoparticles were then explored to strengthen and lengthen
he emission (Kumar, Srivastav, & Dutta, 2013; Mansur, Mansur,
urti, & De Almeida, 2012; Wang & Liu, 2009). Nevertheless,

hese inorganic nanoparticles are not very biocompatible, needing
omplicated modification and/or functionization before usage
Mahto, Park, Yoon, & Rhee, 2010; Su et al., 2010). Otherwise,
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they are prevented from direct applications to biological systems
because of their potential toxicity. Other types of biocompatible
red luminescent materials have hence been studied, of which
some natural polymers have drawn a great attention because
they possess diverse features including easy modification and
biocompatibility (Evertsson & Nilsson, 1999; Kondaveeti, Prasd, &
Siddhanta, 2013; Ye, Xiong, & Sun, 2012).

Among the studied natural polymers, chitin looks to be very
attractive. It is commonly extracted from crustacean shells at high
production but low cost, being now the second most abundant
polysaccharides (just after cellulose). Chitosan, the linear (1-4)-2-
amino-2-deoxy-�-d-glucan, commonly with degree of acetylation
close to 0.20, is currently isolated from marine chitin (Muzzarelli,
2012; Muzzarelli et al., 2012). As non-toxic, biocompatible and
biodegradable biopolymers, chitosan and its derivatives have been
explored fairly extensively as drug carriers for biomedical and phar-
maceutical applications (Anitha et al., 2011; Larsson et al., 2013;
Muzzarelli, 2009a, 2009b; Shukla, Mishra, Arotiba, & Mamba, 2013;
Silva, Caridade, Mano, & Reis, 2013). Therefore, it would be really
interesting to verify if chitosan can be made into red luminescent
biomaterials.

Chitosan itself can luminesce at ca. 450 nm which can be
enhanced after being heated due to the formation of micelle struc-
tures (Huang et al., 2013). This fluorescence is however not far

enough away from the bio-autofluorescence. In order to shift the
fluorescence to a longer wavelength, Wei  et al. have cross-linked
the chitosan with formaldehyde or glutaraldehyde and demon-
strated that the products could emit new fluorescence at ca. 520

dx.doi.org/10.1016/j.carbpol.2013.10.100
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nd 580 nm besides the band at 450 nm (Wei  et al., 2007, 2008).
he band at 580 nm is clearly a red light but still not ideally away
rom the region of bio-autofluorescence if compared with Cy5. The
nti-photobleaching ability of these cross-linked chitosan remains
nclear yet.

To further shift the luminescence upwards to a band at least
lose to that of Cy5, the crosslinking reaction was re-explored in this
aboratory and some new products able to emit a longer wavelength
f red fluorescence were prepared by a few different ways. In this
aper, a different method is introduced for preparing the new red

uminescent cross-linked chitosan, that is, glutaraldehyde-based
ross-linked chitosan (GCC). The reaction was performed at differ-
nt concentrations of glutaraldehyde in acidic aqueous solutions
r inverse microemulsions (for preparation of GCC nanoparticles
r GCC NPs) (Liu, Shao, Ge, & Chen, 2007) rather than neutral or
ven basic solutions, and new GCC were obtained that could emit
ne strong fluorescence at ca. 670 nm (similar to Cy5) and two
eak bands at ca. 615 and 575 nm.  The strong red fluorescence
as observed not only in real solutions and suspensions but also

rom gels and solid powders. More importantly, they had anti-
hotobleaching ability which is much superior to molecular dyes
nd somewhat similar to quantum dots. Furthermore, the GCC NPs
ould image the nucleoli of living HeLa cells with high contrast and
ow cytotoxicity.

. Materials and methods

.1. Materials

Chitosan (at a viscosity-averaged molecular weight, Mv,  of ca.
0 kDa and deacetylation degree of 95.37%) and low molecular
eight chitosan (Mv  < 10 kDa and deacetylation degree = 85.24%)
ere purchased from Jinan Haidebei Marine Bioengineering
o., Ltd., Shandong, China. Glutaraldehyde (50 wt%, d = 1.12 g/ml,
w = 100.2 Da) was from Sinopharm Chemical Reagent Co., Ltd.,

eijing, China. Octanol was from Xilong Chemical Corpora-
ion, Shantou, China. Sylgard 184 silicone elastomer and curing
gent for preparing polydimethylsiloxane (PDMS) were obtained
rom Dow Corning Corporation, Midland-Michigan, USA. Water-
oluble Cy5, foetal bovine serum (FBS), Dulbecco’s Modified Eagle
edium (DMEM), trypsin-EDTA solution and penicillin strepto-
ycin were all from Invitrogen Co., California, USA; acetic acid,

ulphuric acid, sodium borohydride, sodium hydroxide, iodine,
otassium iodide and cyclohexane from Beijing Chemical Co., Bei-

ing, China; while Triton X-100, phosphate buffered saline (PBS)
nd 3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide
MTT) from Beijing Biodee Biotechnology Co., Ltd., Beijing, China. All
he chemicals were analytical reagents and used as received. Dial-
sis bags of MD  34 (3500) were purchased from Union Carbide Co.,
onnecticut, USA. Distilled water was used throughout the study.

.2. Preparation of GCC solution

Chitosan dissolved in 1.5% (v/v) acetic acid at 2 wt% was  mixed
ith glutaraldehyde (0.01–1%) at an equal volume ratio. After son-

cation for 3–5 s, the mixed solution was left to react at room
emperature (∼25 ◦C) until its colour changed to orange under
mbient light (ca. 20 h). The products were collected by dialysis
gainst water for 2 days and dried by lyophilization for 2 days. The
arvested bulk solid gels were used or stored directly or after they
ere ground into powders and/or re-dissolved in water.
.3. Preparation of GCC gel

Chitosan dissolved in 1.5% (v/v) acetic acid at 2 wt% was  mixed
ith glutaraldehyde (1–10%) at an equal volume ratio. After
mers 102 (2014) 699– 707

sonication for 3–5 s, the mixed solution was left to react at room
temperature (∼25 ◦C) until its colour changed to orange or dark
orange under ambient light (ca. 20 h). The products were collected
by dialysis against water for 2 days and dried by lyophilization for
2 days. The harvested bulk solid gels were used or stored directly or
after they were ground into powders and/or re-dispersed in water.

2.4. Preparation of GCC NPs

Under vigorous stirring at about 700 rpm, the chitosan and glu-
taraldehyde solutions (5–10%) were mixed at a volume ratio of 1:1
at 0 ◦C in an ice/water bath, and into each volume of the aque-
ous phase was quickly added 4 volumes of a premixed solution of
7:8:9 (v/v/v) Triton X-100, octanol and cyclohexane. The mixture
was sonicated at about 5 ◦C until it became transparent (com-
monly less than 10 min  when water-in-oil microemulsions were
formed). It was  then warmed up to room temperature to accel-
erate the reaction and kept for about 20–30 h until the colourless
solution changed to transparent dark orange under natural light.
It was further mixed with ethanol/water (1:2, v/v) solution at a
volume ratio of 1:3 and sonicated for less than 5 min  to destroy
the microemulsions. The oil phase was removed from the water
phase after separation by centrifugation at 5000 rpm (1686 × g)
for 10 min, and spherical GCC NPs were harvested from the water
phase after dialysis and lyophilization. The GCC NPs can be stored,
for at least one year, as dried powders or aqueous suspensions.

2.5. Selective reduction of GCC

The synthesized GCC NPs were first added into 0.1 M sodium
hydroxide at about 5 mg/mL, then mixed with 0.5% NaBH4 at a ratio
of about 1:1 (v/v) and stirred at room temperature (∼25 ◦C) for 24 h
until the solution turned gradually from light yellow to colourless.

2.6. Quenching experiment

A solution of iodine (2 mmol/mL  or 5 mg  in 600 �L sulphuric
acid) was first mixed in dark with 400 �L of 12 mg/mL  aqueous
potassium iodide, and further added with 1 mL  of 2% GCC (com-
monly cross-linked with 1% glutaraldehyde) solution. After shaken
for 1–5 min, the final solution was subjected to fluorescence spec-
troscopic measurement.

2.7. Characterization of GCC and GCC NPs

UV–vis absorption spectra, emission spectra and Fourier
transform infrared (FTIR) spectra were recorded on spectropho-
tometer (TU-1900, Purkinje, China) using 1-cm quartz cuvettes,
fluorophotometer (RF-5301PC, Shimadzu, Japan) and Fourier trans-
form spectrophotometer (Spectrum 782, Perkin-Elmer, America),
respectively. Solid-state 13C nuclear magnetic resonance measure-
ments were performed on Bruker 400 MHz  machine (Bruker AV
ANCE III, Bruker, USA) operated via cross polarization magic angle
spinning (CP/MAS) at 100 MHz. The spectra were recorded at 3 ms
contact time and 3 s delay time.

Emission lifetime was  measured using Combined Fluores-
cence Lifetime and Steady State Spectrometer (FLS920, Edinburgh,
England) mounted with two monochromators of model M300,
one F900 nanosecond pulsed flash lamp and one single photon
photomultiplier of model R928P. One of the monochromators
was used for excitation at 630 nm and the other for emis-

sion at 670 nm.  The lamp worked with H2 filled at 1.1 atm
pressure, 40 kHz and 1 ns FWHM pulse duration. The detected
data were treated by the accompanied software EAI F900,
version 6.2.3.
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The quantum yield of aqueous solutions was measured using
y5 (quantum yield 0.27 at 649 nm)  as a standard (Schobel,
gelhaaf, Brecht, Oelkrug, & Gauglitz, 1999), and that of powder
roducts was measured by NanoLog infrared fluorescence spec-
rometer (Nanolog FL3-2iHR, Horib Jobin Yvon, France) with an
ntegrating sphere.

GCC NPs were imaged by transmission electron microscopy
TEM) on JEM 1011 (JEOL, Japan) at an accelerating voltage of 100 kV

nd a magnification rate of 50,000. The imaging samples were
repared by dropping aqueous dispersed NPs on a carbon-coated
opper grid and completely dried by natural evaporation.

Scheme 1. Routes for preparatio

ig. 1. (A) UV–vis absorption and (B and D) emission spectra of (a) glutaraldehyde, (b) 

avelengths of 365 nm in (B) and 630 nm in (D), respectively; (C) emission of GCC forme
n  (B) are (a–c) 5/5, (d) 10/10, (e and f) 15/15 nm and the excitation/emission slits in (C an
mers 102 (2014) 699– 707 701

The size distribution and zeta potential (�) of GCC  NPs were mea-
sured by a Zetasizer Nano instrument (ZEN3600, Malvern, England)
with dynamic light scattering (DLS) software.

2.8. Cell imaging and in-cell/off-cell anti-photobleaching test
from MatTek (Massachusetts, USA) in DMEM supplemented with
10% (v/v) FBS, 100 �g/mL penicillin and 100 �g/mL streptomycin.
Two hours before usage, the cells were transferred into FBS-free

n of red fluorescent GCC.

chitosan and GCC at cg of (c) 0.5%, (d) 1%, (e) 5% and (f) 10%, with the excitation
d at cg of 10% under different excitation wavelengths. The excitation/emission slits
d D) are 1.5/3 nm.
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ig. 2. Impact of (A) cg, (B) reaction time and (C) pH on the emission of (A and B)
CC and (C) GCC NPs. The insets are their intensity at 670 nm against different (A)

g, (B) reaction time and (C) pH.

MEM and cultured at 37 ◦C for 50 min. An aqueous dispersion of
0 �g/mL GCC NPs was added to the dishes. After further incubation
t 37 ◦C for 50 min, the NPs-tagged HeLa cells were imaged imme-
iately on a confocal laser scanning microscope (FV1000, Olympus,

apan). A 100× objective lens and excitation of 633 nm laser line
ere selected. The in-cell anti-photobleaching of the NPs was  per-

ormed by continuously irradiating the cells for at least 30 min. The
ptical intensity was rerecorded every 1 min  and plotted against
ime.

The off-cell anti-photobleaching experiments were conducted
y embedding a target reagent (GCC NPs, Cy5 or CdTe quantum
ots) in PDMS and recording the emission on the same confocal

aser scanning microscope. The embedding was achieved by first
ixing PDMS monomer solution with its curing agent at a vol-
me  ration of 10:1, then with 1 volume of sample. After thoroughly
egassed, the mixture was dropped on a clean glass slide and kept

n an oven at 70 ◦C for ca. 1 h to complete polymerization. The slide
as continuously irradiated under a laser (633 nm for GCC and Cy5
mers 102 (2014) 699– 707

or 488 nm for quantum dots) for at least 30 min  and the optical
intensities were recorded every 1 min.

2.9. Cell viability

The viability of HeLa cells was tested by MTT  assay (Lin, Cao,
Chen, Wu,  & Li, 2013; Zhang et al., 2013). HeLa cells were seeded in
35 wells (7 groups or 5 wells each group) on a 96-well plate (Corning
Incorporated, New York, America) at a density of 7 × 104 cells/mL
in DMEM and incubated for 18 h. The cells were then incubated
with GCC NPs in DMEM for 24 h by replacing the used DMEM in
each group (5 neighbouring wells) with 0, 10, 20, 30, 40, 50 and
60 �g/mL GCC NPs, respectively. All the wells were washed twice
with PBS buffer and then added with freshly prepared 0.5 mg/mL
MTT  in DMEM.  After incubation for 4 h, the left MTT  in DMEM was
removed by carefully sucking. The purple formazan crystals formed
by the living cells was  dissolved by addition of 150 �L DMSO into
each well and gently shaken for ca. 10 min  at room temperature.
The absorbance of each well was  then measured at 490 nm on a
microplate reader (SpectraMax M5,  Molecular Devices, USA), and
the cell viability was  calculated by dividing the 5-well averaged
absorbance of NPs-incubated cells over that of the incubated cells
without the addition of GCC NPs.

3. Results and discussion

3.1. Routes for preparation of GCC in different states

There are at least three potential routes that can be conceived
for the preparation of powdered GCC, i.e. through solution, gel
and NP suspension as illustrated in Scheme 1. These routes were
demonstrated to be realizable by simply adjusting the added con-
centration of glutaraldehyde, cg, and by selecting the amination
degree and molecular weight of chitosan when the synthesis
proceeded in an acidic solution. Chitosan with 95.37% deacetyla-
tion (i.e. with high amination degree) and ca. 50 kDa molecular
weight allowed the preparations of powdered GCC from real solu-
tion at cg < 1% (Scheme 1A) or gel at cg > 1% (Scheme 1B) and
GCC NPs at cg = 10% (Scheme 1C). If the chitosan has a degree of
deacetylation at ca. 85% and molecular weight lower than 10 kDa,
only the first route (Scheme 1A) was  practically available even
at cg � 1%.

All the reactions were designed to start from acidic solu-
tions at pH 3–5 in order to suppress the isomerization and
self-polymerization of glutaraldehyde, which can exist in much
simpler forms in acidic conditions than in neutral or basic environ-
ments (Pratta, Wilsona, & Kozinskib, 2013), and assist to synthesis
the target products. Taking this as a prerequisite, all the reac-
tion routes were designed to be achieved in one-pot preparation,
including the use of microemulsions to serve as micro reactors
(Scheme 1C).

The solubility of the dried GCC was  shown to be different. The
real-solution-solidified products could be re-dissolved in water
at room temperature but the gel products were not or depend-
ent on how they were synthesized. For example, the GCC gels
obtained at cg = 1%, with the degree of cross-linking (estimated as
the amount of glutaraldehyde divided by the total amount of glu-
taraldehyde and chitosan) at ca. 0.05%, were capable of returning
to solutions after they were finely powdered and stirred in water
at 60 ◦C and 1000 rpm for ca. 1 h; but those products synthesized at
cg = 10%, with the degree of cross-linking at ca. 0.5%, could not be re-

dissolved in water even after their powders were stirred and heated
for >3 h. However, all the powdered GCC could well be suspended
in water due to their high hydrophilicity, which makes them highly
biocompatible.
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ig. 3. (A) Reaction mechanism of forming pyridinium structures between chitosan
the  upper line) and GCC (the lower line).

In brief, this method offers a simple way to control the reac-
ion and in turn the product states. This has been achieved by
election of chitosan molecular weight and amination degree, and
specially the concentration of glutaraldehyde. Further regulation
f the products lies in the solidification and re-dissolution of the
olid products. The method is extendable to the synthesis of other
ypes of glutaraldehyde-cross-linked amines (data not shown), not
imit to chitosan and low molecular weight chitosan. The operation
f the method is easy, requiring only mixing up glutaraldehyde at

 given concentration with a selected chitosan or other amines in
cidic water and harvesting the products by purifying them via dial-
sis. The preparation of GCC is very economic by using the abundant
nd cheap reactant of chitosan.

.2. Luminescent property

All the prepared GCC could emit red light in all the physical states
s shown in Scheme 1, the right photos. Their detailed absorp-
ion and emission spectra were collectively illustrated in Fig. 1.
he striking feature is that, during formation of GCC, some new
bsorption peaks appeared (the longest one at ca. 640 nm)  and the
ntensity increased with cg (Fig. 1A), accompanied by a gradual shift
f emission from about 450 nm (produced by chitosan and/or glu-
araldehyde) to ca. 670 nm (Fig. 1B). Further check revealed that the
ongest emission is at ca. 670 nm,  and GCC could easily be excited by
 wide wave band below 650 nm (Fig. 1C). For convenience, we  pre-
erred to select either 630 or 633 nm (He-Ne laser) as the excitation
avelength (Fig. 1D). For most biological applications, the emis-

ion at ca. 670 nm is highly preferred, which can more effectively
lutaraldehyde; (B) Fourier transform infrared and (C) 13C NMR  spectra of chitosan

avoid the interference of biological autofluorescence. The synthe-
sized GCC with strong 670 nm emission have a quantum yield of
0.08 in solution or 0.01 in solid state.

Detailed measurement showed that cg had an upward asymp-
totic contribution to the emission of GCC as shown in Fig. 2A,
which demonstrated that the luminescence intensity grown with
the degree of cross-linking. This may  provide a way  to control the
intensity of their emission. Similarly, the emission also increased
with reaction time as shown in Fig. 2B, with a turning point at ca.
50 min. Besides, pH was  shown to have a serious impact on the
emission of GCC. Fig. 2C shows that the optical intensity is quite
stable at pH 2–6 but starts to decrease quickly at pH > 6. This sug-
gests that GCC have to be prepared at pH < 6. Here GCC NPs were
used for the pH study because the pH value could be adjusted more
conveniently in their NP solution state than in gel state.

3.3. Characterization and luminescence mechanism

The new red emissions suggest the existence of some new struc-
tures in GCC compared with other reported cross-linked chitosan.
In common sense the reactions will result in the formation of
Schiff’s bases, so that in literatures the bands II (520 nm) and III
(580 nm)  were attributed to the n �* transitions of C N bonds
in the Schiff’s bases, and the high-energy absorption of band I
(between 420 and 480 nm)  to the � �* transition of C C double

bonds (Wei  et al., 2007, 2008). The emission wavelengths below
600 nm as showed in Fig. 1B were also consistent with above emis-
sion bonds, which could be explained by the same reason. However,
these transitions look not suitable to explain the emission of fairly
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Fig. 4. Emission spectra of GCC solution with excitation wavelengths of 630 nm.
(A)  Before (the upper line) and after (the lower line) being selectively reduced by
04 K. Wang et al. / Carbohydra

ong wavelengths (ca. 670 nm)  in this study. A better mechanism
o elucidate the emission may  include some re-arrangements of
he C N and C C bounds. In fact, it has been reported that fur-
her condensation and cyclization of the products were possible,
esulting in the formation of pyridinium and hexahydropyridine
ing structures on chitosan as shown in Fig. 3A, the so-called
anabilysine’ unit (Hardy, Hughes, & Rydon, 1979; Hardy, Nicholls, &
ydon, 1976; Migneault, Dartiguenave, Bertrand, & Waldron, 2004;
outhern, Hughes, Lawford, Clench, & Manning, 2000). Compared
ith the cross-linking reactions which took placed in the surfaces of

hitosan microspheres (Wei  et al., 2007, 2008), in our method, chi-
osan can cross-linked with glutaraldehyde more thoroughly in the
reparation of GCC, which will increase the degree of cross-linking
nd facilitate the formation of ‘anabilysine’ units in GCC and then
ndow GCC with new fluorescent properties.

The presence of pyridinium structures on GCC were character-
zed by Fourier transform infrared spectra and 13C NMR  spectra
s shown in Fig. 3B and C, respectively. In the Fourier transform
nfrared spectrum of GCC (Fig. 3B, the lower line), some character-
stic peaks of aromatic pyridine ring and/or pyridinium structure
ppear at 1460, 1500, 1580, 685 and 1640–1671 cm−1 (Xing, Xu,
hou, & Pei, 1992), which are very significant in comparison with
hose of chitosan (Fig. 3B, the upper line). In addition, there were
eaks from C C and C N overlapping the wider bands between
640 and 1671 cm−1. Similar information was also observed on the
3C NMR  spectra (Fig. 3C). Different from the spectrum of chitosan
Fig. 3C, the upper line), GCC shows its pyridinium structures by
ome featured peaks at 125–145 ppm which were overlapped with
hat of conjugated C C bonds (Fig. 3C, the lower line), and C N
ouble bonds that conjugated with C C by peaks at 178.30. The
ide peaks at 25–45 ppm suggested the formation of CH2 in GCC

Monteiro & Airoldi, 1999; Xing et al., 1992).
There are further evidences to prove the contribution of pyri-

inium structures to the red emission. Firstly, by reduction of GCC
olutions with sodium borohydride which can selectively reduce
he pyridinium but not pyridine structures (Lyle & Boyce, 1974),
he solutions changed its colour from light yellow to colourless
nder natural light, and the red emission at ca. 670 nm almost
ompletely disappeared as shown in Fig. 4A. Secondly, the lumi-
escence of pyridinium structures could strongly be affected by pH
alue because the pyridinium can be protonated or deprotonated
s pH varies. This has just been discussed as illustrated in Fig. 2C

here the GCC NPs significantly reduce their emission intensity as

he pH increases from pH 6 to pH 10. This also agrees well with
he dissociation constant of pyridine (pKa = 5.17). And thirdly, the
eta potentials of the NPs were measured to decrease from +42.1

Fig. 5. Molecular structure of the GCC model compound and representation
NaBH4;
(B) Before (the upper line) and after (the lower line) being quenched by iodine.

to +19.8 mV  as pH increased from 4 to 10. It is known that the
pyridinium structures cannot stably exist at a pH above 6 and will
gradually change into pyridine, a non-luminescent structure. The
change reduces the surficial positive charges on NPs and in turn the
Zeta potentials.

The emission is certainly a fluorescence which could be statically
quenched by iodine (Fig. 4B) (Fischer & Georges, 1998) and has a

measured lifetime of 1.353 ns which suggests a direct electron tran-
sition from the singlet excited state to its ground state (Hong, Lam,
& Tang, 2011). To better understand the nature of red fluorescence,

 of the frontier orbitals (HOMO and LUMO) of the model compound.
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uantum chemical optimization on their energy levels based on
ensity functional theory with B3LYP hybrid functional theory at
he basis set level of 6-31G(d) using Gaussian 09 was  conducted
Frisch et al., 2009). In order to simplify the calculation, a very
imple GCC model compound with only one pyridinium core struc-
ure (Fig. 5A) was chosen. The results illustrate that the electron
louds of LUMO are dominated by the electron-accepting structures
f pyridinium (Fig. 5B), while those of HOMO are mainly on the
lectron-donating units of hexahydropyridine ring (Fig. 5C). Such
n electron distribution can generally endow the molecules with an
ntrinsic intramolecular charge transfer property and luminescent
roperty (Yuan et al., 2012).

It looks certain that the pyridinium structures are the core
tructures and the intramolecular charge transfer effect assists
he bathochromic effect which endows GCC with the longer flu-
rescent emission. However, a full understanding of the emission
echanism needs a more systematic study and has to be discussed

lsewhere.

.4. Imaging the nucleoli of living HeLa cells

The red luminescent GCC were shown to be highly stable or
nert. They could be stored for more than one year under the
mbient light at room temperature, with only about 20% loss of
uorescence. A more favourable feature is that they could sustain

 long time (at least 30 min) of continuous laser excitation in either
ells or PDMS, with only less than 30% loss of emission intensity at
0 �W (Fig. 6B), much better than that of fluorescent molecule of
y5 (Fig. 6D) and even approaching the CdTe quantum dots which
ad also a loss of about 30% at the excitation laser energy of 140 �W
Fig. 6A). It should be noted that the fluorescent loss of GCC in PDMS
ould be elevated up to 50% at a high laser power of 213 �W (Fig. 6C)
ut this may  not affect too much on their applications because

trong laser is generally avoided in bioanalysis for safe reasons.

By taking the advantages of strong anti-photobleaching ability
nd good hydrophilicity, GCC could be an ideal type of biological
maging reagents. This was strengthened by their low cytotoxicity

ig. 7. (A) TEM image of GCC NPs; (B) their DLS spectrum with an average size of 5.6 nm; (C
mage;  (E) confocal laser scanning image and (F) merged image of D and E measured from
Fig. 6. Photobleaching spectra. (A) CdTe quantum dots excited at 488 nm and
140 �W;  (B) GCC NPs in HeLa cells excited at 633 nm and 50 �W;  (C) GCC  NPs in
PDMS excited at 633 nm and 213 �W;  (D) Cy5 excited at 633 nm and 213 �W.

which was evaluated by MTT  assay through incubation of living
HeLa cells with 5.6 nm GCC NPs (Fig. 7A and B). At a concentration
up to 60 mg/L GCC NPs, the cells were viable at a rate higher than
75% (Fig. 7C).

The applicability of GCC to cell imaging was validated by confo-
cal microscopy of HeLa cells with the same 5.6 nm GCC  NPs (Fig. 7D)
as a fluorescent probe. At a size similar to bovine serum albumin,
the NPs could easily enter into the cells (in less than 50 min) and
were sustainable to clearness of the reticuloendothelial system,
which is different from those large nanoparticles (Davis, Chen, &
Shin, 2008). This fast entrance was  also attributed to the electro-
static attraction of the positively charged NPs and the negatively
charged cells (Budin, Yang, Reiner, & Weissleder, 2011). Fig. 7D–F
show that the NPs could aggregate around the negative charged cel-
lular regions, especially the nucleoli, possibly being a new means

to image the cellular nucleoli. This further highlights the value of
GCC NPs because very few biocompatible luminescent reagents are
presently available to trace the nucleoli of cells without complex
accessorial strategies (Yue et al., 2011).

) viability of NPs-treated HeLa cells (n = 5); (D) the differential interference contrast
 HeLa cells after incubation with NPs.
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This kind of NPs with low cytotoxicity, strong anti-
hotobleaching property and the unique feature to specifically

mage the negative region of cells may  become an excellent optical
robe at least in cell analysis. They can also be further modified
o extend their applications, for instance, serving as traceable
rug carriers, because they contain many free reactive groups (e.g.
ydroxyl groups and amino groups).

. Conclusions

In summary, an elegant method has been established for the
obust preparation of a new type of red fluorescent GCC and GCC
Ps. The preparation did not need extra heating accessories except

or mixing chitosan and glutaraldehyde together or in microemuli-
on at room temperature (25 ◦C). With pH < 6 and proper cg, the
CC can all emit a red fluorescence at ca. 670 nm with a lifetime of
.353 ns, no matter in which physical states (solution, gel, solidified
owder or NPs), although the quantum yields varied, 0.08 in solu-
ions and 0.01 for solid powders. The pyridinium structures and
ntramolecular charge transfer effect can help to explain the new
ed emission from GCC. The prepared GCC are highly hydrophilic
nd could be stored in ambient surroundings for a long time. The
ost attractive features are that they can sustain at least 30 min

aser irradiation and have low cytotoxicity. Especially, the GCC NPs
re highly water-dispersible, having a diameter of 5.6 nm and able
o easily and fast enter into the living HeLa cells to produce high
ontrast and high resolution images of cellular nucleoli. It is also
ery important that GCC NPs can further be functionalized with free
eactive groups on them and can potentially be used in medicine for
imultaneously lighting up the nucleoli of tumour cells and deliver-
ng anticancer drugs. Such a type of luminescent GCC and GCC NPs

ay  open a new door to prepare multifunctional materials useful
n biomedicine-related fields.
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