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ABSTRACT

Novel carbohydrate-based hybrids combining chitosan and chemically modified chitosan with CdS
inorganic nanoparticles were designed and prepared via aqueous route at room temperature. N,N,N-
trimethylchitosan (TM-chitosan) was synthesized aiming at substantially improving the water solubility
of chitosan for producing stable colloidal systems. UV-vis spectroscopy, photoluminescence spec-
troscopy, Nuclear magnetic resonance spectroscopy, Raman spectroscopy, and Fourier transform infrared
spectroscopy were used to characterize the synthesis and the relative stability of biopolymer-capped CdS
nanocrystals. The results have clearly indicated that chitosan and chitosan-derivative (TM-chitosan) were
remarkably effective on nucleating and stabilizing CdS nanoparticles in aqueous suspensions. In addition,
the CdS nanocrystals were produced in the so-called “quantum-size confinement regime”, with the cal-
culated average size below 3.5 nm and fluorescent activity in the visible range of the spectra. Therefore,
a new single-step process was developed for the bioconjugation of quantum dots with water soluble

chemically functionalized carbohydrates at room temperature for potential biomedical applications.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Chitosan (poly-f8(1—4)-2-amino-2-deoxy-D-glucose) is one of
the most abundant polysaccharide in nature. It is produced by alka-
line deacetylation of the natural polymer chitin mostly extracted
from crab and prawn shells. Essentially, chitosan is a copoly-
mer composed of N-acetyl-p-glucosamine and D-glucosamine units
available in different grades depending upon the degree of acety-
lated moieties. It is a polycationic complex carbohydrate that
has one amino group and two hydroxyl groups in the repeat-
ing glucosidic residue (Costa-Janior, Barbosa-Stancioli, Mansur,
Vasconcelos, & Mansur, 2009). Carbohydrate based polymers pro-
vide the chemist with a broad spectrum of raw materials for
biomedical applications that exhibit biodegradability and bio-
compatibility. In the last 2 decades, it has become increasingly
important due to its versatile potential use in many scientific and
industrial fields like food conservation and drug delivery (Costa-
Janior et al., 2009; Dash, Chiellini, Ottenbrite, & Chiellini, 2011;
Muzzarelli et al., 2012; Rinaudo, 2006). In that sense, the chemi-
cal modification of the chitosan comes as a promising strategy to
be followed considering a much broader use as biomaterials, tissue
engineering, cell targeting, and imaging, among others (Costa-
Janior et al., 2009; Dutta, Dutta, & Tripathi, 2004; Muzzarelli, 2009;
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Mugzzarelli, 2011). A new area of research in nanotechnology is get-
ting increasing attention focusing on the development of hybrids
nanomaterials based on biocompatible polymers, especially by
combining organic and inorganic nanoparticles with proteins and
carbohydrates in a myriad of novel applications (Mansur & Mansur,
2011; Mansur & Mansur, 2012; Mansur A, Mansur, & Gonzalez,
2011; Mansur, H. S., Mansur, & Gonzalez, 2011a; Mansur, H. S.,
Mansur, & Gonzélez, 2011b).

The semiconductor nanocrystals, often referred as “quantum
dots” (QDs), are one of the most exciting fields in nano-science
of the current century, basically because of the drastic changes in
most properties of materials as a result of the direct influence of
the ultra-small length scale on the energy band distribution (Brus,
1984; Li, Zhong, Zhou, Yang, & Li, 2006; Mansur, Grieser, Urquhart,
& Furlong, 1995b; Mansur et al,, 1995a; Mansur, Vasconcelos,
Grieser, & Caruso, 1999; Mansur, 2010; Medintz, Uyeda, Goldman,
& Mattoussi, 2005; Urquhart, Furlong, Mansur, Grieser, & Tanaka,
1994; Ye, Zhong, Zheng, Yang, & Li, 2007). These are promising
nanomaterials concerning to the exploitation of their features in
all areas of science, mainly those associated with biomedical appli-
cations such as nanobiotechnology and nanomedicine (Mansur,
2010; Medintz et al., 2005). In addition, to be used in biological
environments they must exhibit compatibility to the physiological
medium where water is abundant and with the large number of
natural macromolecules such as carbohydrates, proteins, or syn-
thetic ones, like polymers. Regardless the route one may choose,
the whole system dimension must be kept within a very limited
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range as the “hydrodynamic diameter” will establish its behaviour
in most biological applications (Mansur & Mansur, 2011; Mansur,
A, et al, 2011; Mansur, H. S, et al,, 2011a; Mansur, H. S,, et al,,
2011b). As a consequence, the development of innovative proce-
dures for producing water soluble QDs, with long-time stability,
narrow size distributions, and biocompatibility, associated with
the least possible “hydrodynamic diameter” (i.e. size) has driven
the research in this theme. Amongst several choices, biopolymers
such as chitosan come as an interesting possibility of synthesiz-
ing semiconductor nanocrystals, as they share some of the major
requirements for that purpose (Li, Du, Zhang, & Pang, 2003). Few
reports have been published about combining quantum dots with
chitosan but they have focused on films and nanoparticles of chi-
tosan with embedded quantum dots in the polymer matrix (Jiang,
Zhu, Yao, Fu, & Guan, 2012; Li et al., 2003).

Thus, to the best of our knowledge, the present study is the
first report to investigate the synthesis and characterization of
CdS quantum dots using both chitosan and chemically modified
chitosan as “capping” ligands in aqueous solutions by one-step col-
loidal chemistry.

2. Materials and methods
2.1. Materials

All reagents and precursors, thioacetamide (Sigma-Aldrich,
USA, >99%, CH3CSNH;), cadmium perchlorate hydrate (Aldrich,
USA, CdClO4-6H;0), sodium hydroxide (Merck, USA, >99%,
NaOH), sodium sulphide (Synth, Brazil, >98% Na,;S-9H,0),
acetic acid (Synth, Brazil, >99.7%, CH3COOH), hydrochloric
acid (Sigma-Aldrich, USA, 36.5-38.0%, HCl), methyl iodide
(Sigma-Aldrich, USA, >99%, CH3l), sodium iodide (Sigma-Aldrich,
USA, >99%, Nal), N-methyl-2-pyrrolidone (VETEC, Brazil, >99%,
CsHgNO), and ethanol (VETEC, Brazil, >95%, C;HgO) were used
as-received. Chitosan powder (Aldrich Chemical, USA, medium
molecular weight, My, =161,000g/mol, degree of deacetylation,
DD > 75.0%, and viscosity 800-2000 cPoise, at 1% in 1% acetic acid)
was used as the reference ligand. De-ionized water (DI-water, Mil-
lipore Simplicity™) with resistivity of 18 M2-cm was used in the
preparation of all solutions.

2.2. Preparation methods of CdS precursor solutions

Approximately 0.0601 g CH3CSNH, was added to 75 mL of DI-
water in a 100 mL flask and homogenized under moderate manual
stirring for 10-15min at (23 £2)°C. Then, the volume was com-
pleted to 100 mL with DI-water. This sulphur precursor stock
solution was referred as “SOL_S1".

Approximately 0.196 g of hydrated sodium sulphide was added
to 75mL of DI-water in a 100 mL flask and homogenized under
moderate manual stirring for 10-15min at (23 +£2)°C. Then, the
volume was completed to 100 mL with DI-water. This sulphur pre-
cursor stock solution was referred as “SOL_S2”.

Approximately 0.4193 g of Cd(ClO4),-6H,0 was added to 75 mL
of DI-water in a 100 mL flask and homogenized under moderate
manual stirring for 10-15 min at (23 £ 2)°C. Then, the volume was
completed to 100 mL with DI-water. This cadmium precursor stock
solution was referred as “SOL_Cd".

2.3. Preparation of reference chitosan (CHI) 1.0% (w/v) solution

Chitosan solution (1%, w/v) was prepared by dispersing chi-
tosan (2.59 g) in a 250 mL aqueous solution (2%, v/v) of acetic acid.
The solution was placed under constant stirring overnight at room
temperature, until complete solubilization has occurred (pH ~ 3.6).

The solution of chitosan was diluted for nanoparticle synthesis at
0.45 g-L-! in water (referred as “SOL_CHI").

2.4. Procedure for preparation of trimethyl chitosan chloride
(TM-chitosan)

To prepare N,N,N-trimethylchitosan (TM-chitosan), 1.0 g of chi-
tosan was suspended in 40 mL of N-methyl-2-pyrrolidone and
5.5mL of aqueous NaOH solution (20% m/v). Then, it was added
8 mL of methyl iodide and 2.4 g of sodium iodide. The reaction has
occurred under moderate stirring for 48 h at room temperature. The
product N,N,N-trimethylchitosan iodide (TM-chitosan-I) was col-
lected by precipitation from solution using ethanol. After filtering,
it was dried under vacuum (24 h) at room temperature resulting on
approximately 2 g of N,N,N-trimethylchitosan iodide. To exchange
the counter-ions iodide (I~) by chloride (Cl~), the intermediate
obtained material (TM-chitosan-I) was re-dissolved in water and
this solution was submitted to dialysis in a cellophane membrane
(cut-off 12,000-14,000 g/mol) in the sequence: (a) against aqueous
0.2 M NaCl and (b) against water. The resulting solution was freeze-
dried and TM-chitosan was retrieved as water-soluble white flakes
(Curti, Britto, & Campana-Filho, 2003).

TM-chitosan solution for quantum dot synthesis (1.0%, w/v)
was prepared by dissolving 0.1 g of TM-chitosan flakes in 10 mL
of DI-water under moderate magnetic stirring for 30 min until
complete solubilization has occurred (pH~4.8). The solution of
TM-chitosan was diluted for nanoparticle synthesis at 0.45gL~!
in water (referred as “SOL_.TMC”).

2.5. Synthesis of CdS nanoparticles in chitosan and TM-chitosan
solutions

CdS nanoparticles were synthesized via aqueous route in a reac-
tion flask by using the stock solutions as detailed in the previous
section, Cd?* and sulphur precursors, and chitosan or TM-chitosan
as capping ligands.

The thioacetamide is a sulphur precursor which on hydrolysis
gives hydrogen sulphide being a useful substitute for H,S gas. The
stoichiometric equation (Eq. (1)) describes the complete hydroly-
sis reaction that occurs in two steps (Peeters & de Ranter, 1974;
Rosenthal & Taylor, 1957).

CH3C(S)NH2(aq)+2H20 — CH3COyH + HzS(g) +NH3(aq) (M

This reaction is catalyzed by both, acids and bases. The base-
catalyzed reaction was found to be more rapid (Mansur, H. S., et al.,
2011a; Rosenthal & Taylor, 1957). However as chitosan is not solu-
ble in alkaline media, the thioacetamide hydrolysis in acid medium
was attempted by reducing the pH of “SOL.CHI” to (0.5+0.2),
(1.5+0.2) and (2.5+0.2) through the addition of HCI 1.0 mol L',
Nevertheless the formation of CdS nanoparticles in these acid envi-
ronments was not detected after 5 days. Thioacetamide choice
as sulphur precursor is justified for controlling the nanoparticles
growth once the formation of mono-sized nanocrystals is favoured
by diffusion-limited growth. In this sense, the hydrolysis of thioac-
etamide is a way to manipulate the rate of nanoparticle growth
reaction through the control of the concentration of reactant (Cao,
2004). For “SOL.TMC” used as ligand, the pH was adjusted to
(11.540.2) by addition of 0.1 mol L~! sodium hydroxide solution.

On the other hand, sodium sulphides are readily available for
quantum dots synthesis, despite de pH. The pH value of “SOL_CHI”
solution was adjusted to (6.0 +0.2) (NaOH, 0.1 molL-1).

A typical synthesis was carried out as follows: 47mL of
“SOL_CHI” or “SOL.TMC” after pH adjustment were added to the
flask reacting vessel. Under moderate magnetic stirring, 4.0 mL of
cadmium precursor solution (Cd(ClOg4);, “SOL-Cd) and 2.5 mL of
sulphur source solution (CH3CSNH,, “SOL_S1” or Na,S, “SOL_S2")
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Fig. 1. Schematic representation of the designed experimental procedure for the CdS-carbohydrates colloidal system; molecular structures of chitosan and N,N,N-

trimethylchitosan (TM-chitosan).

were added to the flask (S:Cd molar ratio was kept at 1:2). The
solution turned yellowish and sampling aliquots of 3.0 mL were col-
lected at different time intervals (after preparation, 1 day, 3 days,
and 5 days) for UV-vis spectroscopy measurements that were used
for kinetics analysis and colloidal stability evaluation.

In Fig. 1 it is shown the schematic representation of the experi-
mental procedure performed for the synthesis of CdS-chitosan and
CdS-TM-chitosan capped systems.

The simplified reactions of CdS synthesis using thioacetamide
decomposition and sodium sulphide are represented in Egs. (2) and
(3), respectively:

Cd2+(aq) + CH3C(S)NH2(aq) +H;0 — CdS(S)J, + CH3C(O)NH2(aq)
+ 2H+(aq) (2)

Cd** (aq) + 5% (aq)— CdS | (3)

2.6. Characterization of carbohydrates

The 'H-NMR (Nuclear Magnetic Resonance) spectra of N,N,N-
trimethyl chitosan was acquired at 80°C in a 200 MHz Bruker
AC200 spectrometer. For this analysis, the sample was dissolved
in D,0 at a concentration of 10gL~1. The average degree of quat-
ernization (DQ) was determined as previously described (Curti
et al,, 2003). The Fourier Transform Infrared (FTIR) spectrum of
the sample was obtained in a Bomem FTIR 102 spectrometer, in

the region of 4000-400 cm~!. The Raman spectrum was performed
on a Brucker RFS 100 machine equipped with a laser Nd*3/YAG
laser operating at 1064 nm in the near infrared and a CCD detec-
tor cooled with liquid nitrogen, spectral resolution of 4cm~!, an
average of 600 accumulations and with power ranging from 200
to 300 mW.

2.7. Characterization of CdS quantum dots

UV-vis spectroscopy measurements were conducted using
Perkin-Elmer equipment (Lambda EZ-210), wavelength from
600 nm to 190 nm, in transmission mode, using quartz cuvette. The
absorption spectra were used to monitor the reaction for the forma-
tion of CdS QDs and their relative colloidal stability in the medium.
Moreover, based on the “absorbance onset” of the curve it was pos-
sible to calculate the average nanoparticles sizes and their optical
properties. All experiments were conducted in triplicates (n=3)
unless specifically noted. The statistical analysis (descriptive) of
the set of data was performed assuming the mean (“central ten-
dency”) and the standard deviation (“dispersion”) where needed.
All experiments were conducted in triplicates (n=3) unless specif-
ically noted.

The emission spectra of the CdS nanocrystals were acquired by
using Nanodrop™ 3300 fluoro-spectrometer (Thermo Scientific).
The excitation source comes from one of two solid-state light emit-
ting diodes (LEDs): UV LED with Aexcitation = (365 & 10) nm and Blue
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Fig. 2. (A) Infrared spectra and (B) Raman spectra of (a) chitosan (b) TM-chitosan.
LED with Aexcitation = (470 & 10) nm. Both are equipped with cut fil- .
ters that eliminate excitation above 400 nm (UV) or 495 nm (blue). N (CH,),
All the photoluminescence (PL) spectra were collected at room tem-
perature.
Measurement of fluorescence was reported in Relative Fluores-
cent Units (RFU) at the wavelength where the emission spectra
reached its maximum intensity. The relative activity was calculated E
by subtracting the background of samples without the presence of S ':l/(CHs)z
QDs. All tests were performed using a minimum of four replicates %
(n>4). §
E
3. Results and discussion H-1
1
3.1. Characterization of carbohydrates
The changes in the macromolecule of chitosan after the alkyla- : : , : :
tion reaction can be observed by infrared spectroscopy. Unlike the 6 5 4 3 2

spectrum of chitosan (Fig. 2A(a)) in the spectrum of alkylated sam-
ple (Fig. 2A(b)) is shown a characteristic band around 1480 cm™!
which is attributed to asymmetric angular deformation of methyl
groups introduced into the polymer chain by N-alkylation (Martins,
Pereira, Fajardo, Rubira, & Muniz, 2011). We can observe also that
the band of NH in 1590 cm~! decreases in intensity, which is due
to methylation of amino groups (Martins et al., 2011).

The changes after alkylation of chitosan can also be observed in
the Raman spectra (Fig. 2B). In the spectrum of the TM-chitosan
(Fig. 2B(b)) was observed the absence of the bands at 3300 and
1590cm™! corresponding to the axial and angular deformation of
NH, respectively, due to trimethylation of amino groups of chitosan.
Comparing the spectrum of the TM-chitosan with the spectrum of
chitosan we can observe that the band at 1470 cm~! is much more
intense due to the presence of methyl groups on the quaternized
nitrogen atoms of TM-chitosan (Nazar et al., 2011).

The "H NMR spectrum of the sample of TM-chitosan is shown
in Fig. 3. According to the literature (Sieval et al., 1998) the signal
characteristic of quaternized site is located in the region of 3.3 ppm
and the signal corresponding to the dimethylation of the amino
group at 2.8 ppm. The hydrogen atom bonded to carbon 1 of the
glucopyranose ring is responsible for the set of signals ranging from
4.5 to 5.5 ppm.

The average degree of quaternization (DQ) is the most important
characteristic of N,N,N-trimethylchitosan. The 'H NMR spectra are
considered the best technique to evaluate the degree of quaterniza-
tion of TM-chitosan (Curti et al., 2003). The area under the signals

ppm

Fig. 3. 'H NMR spectrum of the TM-chitosan dissolved in D;0. (C, =10gL-"): pulse
90 and number of scans 16.

due to the hydrogen atom bonded to carbon 1 of the glucopyranose
ring is taken as the reference signal. From the assignments men-
tioned above and taking into account the ratio between the area
under the reference signal (Ay;) and that under the signals due to
the hydrogen atoms of the methyl moieties of the trimethylated
amino group (Acy, ), it is possible to determine the average degree
of quaternization (DQ) of the N,N,N-trimethylchitosan (Curti et al.,
2003), by using Equation 4. Thus, the average degree of quaterniza-
tion (DQ) of TM-chitosan sample was approximately 18%.

AcH,
9 x Ay1

%DQ = { ] x 100 (4)

3.2. Characterization of CdS quantum dots

Here, it is assumed some fundamental background on physics
and chemistry of semiconductor nanocrystals. In short, due to
their extreme small size, semiconductor nanoparticles with the
dimensions below the so-called “Bohr-radius” will present a
“quantum-confinement effect”, related to the strong interaction
between the pair “hole-electron” generated by exciting photon
(Brus, 1984). It means that after reaching a specific threshold in
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Fig. 4. (A) UV-vis absorption spectra and (B) optical absorption spectra of CdS
nanoparticles in carbohydrates media after 5 days preparation: (a) chitosan; (b)
TM-chitosan.

particle size (R=radius), the band gap is larger than that of the
original bulk material (Mansur, 2010). As a consequence, through
UV-vis spectroscopy method, the “absorbance onset” on the curve
will be directly related to the altered band gap caused by the
quantum-size effect.

Essentially, in this study, the average nanoparticle size was
determined from Henglein’s empirical model (Weller et al., 1986)
which relates the CdS nanoparticle diameter (2R) to the optical
“absorption onset” from UV-vis spectra. Nonetheless, the assess-
ment of the optical band gap (Eqp) using the “Tauc relation” (Tauc
& Menth, 1972; Winter, Gomez, Gatzert, Schmidt, & Korgel, 2005)
has been acknowledged as a more precise method for obtaining the
wavelength value (Aopset) associated with the “absorbance onset”.
This procedure has been widely utilized for estimating average
nanoparticles sizes directly from solutions via the UV-vis spec-
troscopy method.

In Fig. 4A, it is presented the UV-vis spectroscopy results from
the synthesis of semiconductor nanoparticles using the carbo-
hydrates as the stabilizing ligands. The CdS quantum dots were
produced and stabilized with the carbohydrate-based ligands (after
5 days) with average size (2R), obtained from Henglein's empir-
ical model and wavelength value of the first exciton (Aexc), of
(3.24£0.1)nm and (2.2 +0.1) nm, using TM-chitosan and chitosan,
respectively. Analogously, in Fig. 4B it can be observed that both
CdS colloidal suspensions using chitosan and chemically mod-
ified chitosan were formed with the estimated average optical
band gap of Eqp =(2.84+ 0.02) eV and (2.54 £ 0.02) eV, respectively.

These values are higher than the bulk value of 2.4eV reported
for CdS (Mansur, 2010), proving that quantum dots of CdS were
successfully synthesized through this single-step route using car-
bohydrates as the capping moieties for the nanoparticles. The
summary of results extracted from UV-vis spectra and optical
absorbance analysis is presented in Table 1.

The half-width at half-maximum (HWHM) on the low energy
side of the first exciton absorption peak position can be used
as convenient index of size distribution (Dai et al., 2006). The
smaller HWHM is corresponding to the narrower size distribution
(Yu, Falkner, Shih, & Colvin, 2004). The HWHM of nanocrys-
tals synthesized using organometallic precursors usually relays
in the range of 10-20 nm (Dai et al., 2006; Yu, Qu, Guo, & Peng,
2003). Quantum dots prepared in aqueous solutions have a peak
width quite broad (Yu, Wang, & Peng, 2003). The HWHM val-
ues were (28+1)nm and (38 +1)nm for CdS-TM-chitosan and
CdS-chitosan. It can be seen, as expected, that both parame-
ters were broader than the typically obtained from non-aqueous
routes. Also the quantum dots synthesized using thioacetamide
as S2- precursor have presented a smaller HWHM, which may
be associated with the control of sulphur ions release by thioac-
etamide hydrolysis which favours diffusion-limited nanoparticle
growth.

These findings can be discussed considering both thermody-
namics and kinetics aspects associated with colloidal chemistry.
That means, the reaction of Cd2* with S2- in water medium pro-
ducing CdS crystals is very favourable (AG < 0). Besides, regarding
to the kinetics, the reaction rate is determined by the extremely
small value of the “solubility product constant” (Ksp =8.0 x 10~27).
On the other hand, the just nucleated nanocrystals would tend to
behave like “seeds” for further growth or promoting some agglom-
eration driven by the reduction in surface energy, i.e. by decreasing
the surface area (S) to volume (V) ratio (Mansur & Mansur, 2011;
Mansur, H. S., et al., 2011a). Therefore, in order to stabilize the
formed CdS quantum dots in the aqueous solution, an effective
capping agent must to be utilized. Hence, in the present study,
the results have showed that chitosan and chitosan-derivative
(TM-chitosan) were remarkably effective as ligands for stabiliz-
ing the colloidal semiconductor quantum dots in aqueous media.
Nevertheless, TM-chitosan would be the main choice considering
biomedical applications as it is water-soluble under physiologi-
cal conditions (6.5 < pH < 7.5; Kellum, 2000). Despite being beyond
the focus of this research, apparently, the most probable mecha-
nism acting on the system is the reduction of the surface energy
of the CdS QDs by the interactions of the chemical groups from
carbohydrates chains, as schematically represented in Fig. 5. Due
to the “excess” of cadmium ions compared to sulphides in the
synthesis, [Cd2*]/[S®~]=2:1, it is expected to have stabilization by
electronegative groups, like amino and hydroxyl groups presents in
chitosan polymeric chains. This assumption is endorsed by the rel-
ative smaller size for CdS QDs synthesized with chitosan (~2.2 nm)
compared to chemically modified chitosan (~3.2 nm). That means,
the chemical functionalization performed in the chitosan polymer
(TM-chitosan) have introduced positively charged moieties rais-
ing repulsive forces to the Cd2* at the QDs surfaces combined to
the steric hindrance due to the presence of methyl groups on the
quaternized nitrogen atoms of the carbohydrate chains. Moreover,
chitosan and chitosan-derivatives are very pH-dependent causing
differences in the macromolecules charge profiles. These effects

have significantly reduced the capping behaviour of TM-chitosan
onto the CdS QDs surfaces. It should be emphasized that it is a
simplified approach for the developed system. Obviously, several
other interactions were present in this complex nano-hybrid sys-
tem, such as hydrophilic and hydrophobic interactions, hydrogen
bonds, steric hindrance among polymer chains (3D conformation).
Therefore, a deeper understanding of the adsorption phenomenon
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Table 1
Quantum dots parameters: band-gap energy, blue-shift, estimated particle size.
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System S2- precursor pH Parameter After preparation 5 days

CdS-TM-chitosan Thioacetamide 11.5+0.2 Band gap (eV) 2.52 + 0.02 2.54 + 0.02
Blue shift (eV) 0.10 + 0.02 0.12 + 0.02
Aonset (M) 492 £+ 2 488 + 2
2Rmax (nm) 54 +0.1 52 +0.1
Aexc (NM) 434 4+ 2 436 + 2
2R (nm) 31+0.1 32+01
HWHM 30+ 1 28 £ 1

CdS-chitosan Sodium sulphide 6.0+0.2 Band gap (eV) 2.80 + 0.02 2.84 + 0.02
Blue shift (eV) 0.38 £ 0.02 0.42 £ 0.02
Xonset (NM) 443 £ 2 437 +2
2Rmax (nm) 33+0.1 32+0.1
Aexc (NM) 378 £2 377 £2
2R (nm) 22 +£0.1 22 +£0.1
HWHM 37+1 38+ 1

Error bar =one standard deviation.

- T

Fig. 5. Schematic representation of the mechanism of interactions between the CdS quantum dots and the chemical groups from carbohydrates chains (chitosan, left;

TM-chitosan, right).

must take into account the entire balance of forces involved at the
interface of quantum dot/polymer ligand (Mansur & Mansur, 2011;
Mansur, H. S., et al., 2011a; Nel et al., 2009).

While the optical absorption spectroscopy reflects the band
structure of synthesized materials, fluorescence spectroscopy gives
information on the trap states of the particles. Occurrence, popu-
lation, and depths of the traps determine if the electron-hole pair
generated by the absorption of light will recombine under the emis-
sion of light and/or nonradiatively.

It has been reported that crystals of CdS have luminescence in
blue, green, orange, and red regions of spectra (Mansur, A., et al.,
2011; Smyntyna, Skobeeva, & Malushin, 2007). Blue luminescence
is associated with the excitonic emission and it is represented
by discrete narrow lines or it is not observed at all (Smyntyna
et al., 2007). In the green spectra region, a band at 515nm up
to 522 nm is detected CdS nanoparticles. According to the liter-
ature, it is favoured by the synthesis of the nanoparticles under
the condition of excess of atoms of the metal that enter in the
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Fig. 6. UV-vis spectra (a) and PL ((b) UV LED and (c) blue LED) spectra obtained
from (A) CdS-chitosan and (B) CdS-TM-chitosan.

lattice at interstitial sites (Cd;) (Lakowicz, Gryczynski, Gregorz, &
Murphy, 2002; Smyntyna et al., 2007) or it is attributed to inter-
stitial sulphur (S;) formed through substitutional doping of CdS by
anions like CI~ (Ramsden & Gratzel, 1984). Orange luminescence
(590-625nm) is observed in the case when interstitial atoms of
metal are present in the lattice of semiconductor and red band of
PLis typically observed in the nanoparticles which contain a certain
concentration of intrinsic defects of the type V4 — Vs (di-vacancies)
(Smyntyna et al., 2007) or Vs (Ramsden & Gratzel, 1984).

The fluorescence spectra of CdS nanoparticles stabilized with
chitosan and TM-chitosan are shown in Fig. 6A and B, respec-
tively. The correspondent absorption spectra are also shown.
CdS-chitosan and CdS-TM-chitosan nanocrystals exhibit broad-
band emission (500-750nm) that covers most of the visible
spectrum (“white band”). Their luminescence originates from
states that are much lower in energy than the absorbing state being
associated with deep trap states. The observed wide band is asso-
ciated with some of the emissions of CdS described in the previous
paragraph that are overlapped.

It should also be highlighted that the quantum dots stabilizers
present primary, secondary and quaternary (TM-chitosan) amino
groups in their structures. Amines could act as hole scavengers
which quench photoluminescence or, when they attach onto quan-
tum dots surfaces, due to the passivation of dangling bonds, they
could increase the quantum yield despite their holes scavenging
properties in solution (Baker & Kamat, 2010; Kalyuzhny & Murray,
2005; Landes, Braun, & El-Sayed, 2011). Based on that, the PL spec-
tra also might reflect the overall balance of amine effect in quantum
dots trap states, emission bands, and intensity. Fig. 7A shows the

(A) 160 <
140 I CdS-TM-CHITOSAN
1 I CdS-CHITOSAN
120

100
80

60 -

@ maximum intensity

40

RFU (Relative Fluorescent Units)

Blue LED

UV LED

Excitation Source

(B)

Fig. 7. (A) Intensity of fluorescence obtained of CdS-TM-chitosan and CdS-chitosan
for excitation wavelengths 365 nm (UV) and 470 nm (blue). (B) Quantum dot solu-
tions under natural light illumination ((a) for CdS-TM-chitosan and (c) for CdS-CHI)
and fluorescing under 245 nm UV irradiation ((b) for CdS-TM-chitosan and (d) for
CdS-CHI).

intensity at the maximum peak of PL curves (CdS-TM-chitosan:
690 nm for UV LED and 700 for blue LED; CdS-CHI: 565 nm for UV
LED and 671 for blue LED) for CdS-TM-chitosan and CdS-chitosan
indicating their fluorescent activity. The digital images taken from
the colloidal bioconjugates (CdS-ligand) are presented in Fig. 7. The
quantum dots systems with natural light illumination (no magni-
fication) and under UV-vis excitation (fluorescence) are shown in
Fig. 7B(a and c) and Fig. 7B(b and d), respectively.

4. Conclusions

It can be summarized that in the present study an aqueous
colloidal route for producing CdS quantum dots was successfully
developed using both chitosan and chemically modified chitosan
as biopolymer-capping agents. Furthermore, they have shown
some photoactivity fairly suitable for potential use as fluores-
cent biomarkers for innumerous applications such as biomedical
labelling, imaging, and biosensing. In that sense, these novel
carbohydrate-based nanohybrids pave the way for combining
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biomacromolecules and inorganic semiconductor quantum dots
specially tailored to be explored in nanomedicine research.
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