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Probing the interactions of chitosan capped CdS
quantum dots with pathogenic bacteria and their
biosensing applicationf

Hani Nasser Abdelhamid®® and Hui-Fen Wu*2<de

Chitosan modified CdS quantum dots (CAS@CTS) can be used as an effective bacterial biosensor due to
their good bioaffinity among chitosan molecules and bacterial membranes. CAS@CTS is an ultrafast,
sensitive, direct and biocompatible biosensor for pathogenic bacteria (Pseudomonas aeruginosa and
Staphylococcus aureus). Chitosan biopolymer of CdS@CTS provides bioaffinity sites that can be
employed for the assembly on pathogen bacteria cells due to the chemical similarity of the chitosan and
the bacteria membranes. Thus, S. aureus and P. aeruginosa cells were detected at low concentrations of
150 and 200 cfu mL™", respectively, in an extremely short time (1 min). The CdS@CTS-bacteria
interaction is noncovalent. From the thermodynamic results, the van der Waals force and hydrogen
bonding formation are characterized by negative enthalpy (AH), while positive entropy (AS) is
considered as the evidence for typical hydrophobic interactions. Moreover, negative AH and positive AS
might play a role in the electrostatic interactions. The negative free energy (AG) shows that the binding
events were spontaneous processes. Matrix assisted laser desorption/ionization mass spectrometry
(MALDI-MS) and transmission electron microscopy (TEM) were performed to evaluate the interactions
and the biocompatibility of CAS@CTS toward bacteria cells. Their biocompatibility, together with the
high sensitivity and the presence of multifunctional forces, making these quantum dots (CdS@CTS) an
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Introduction

Quantum dots (QDs) are nanomaterials with distinct optical
and electronic properties.’ They have high photostability and so
are more applicable than conventional dyes.>®* Moreover, the
emission of QDs fluorescence is about 20 times brighter than
conventional fluorescent dyes.” QDs are almost the same size as
biomolecules, so they are useful to serve as effective biosen-
sors.*** The photoluminescence (PL) property of QDs is strongly
dependent on the nature of the surface of the capping
agents.”"® Interactions among the biomolecules and the QDs
surfaces could mainly result in changes of PL efficiency,***® so it
has been intensively used for biosensing.
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excellent and novel biosensor which can be widely applied in the near future.

Bacterial pathogens are distributed everywhere, such as soil,
marine water, and contaminated water. The methods of test
bacteria meet a number of challenges. Time and sensitivity are
the most important limitations of microbiological analysis.**>*
Due to the great photostability of quantum dots (QDs), they can
be used for imaging cell surfaces.”* Generally, semiconductor
QDs can reduce the autofluorescence of plague cells because
QDs have longer fluorescence lifetimes than the cell auto-
fluorescence. Thus, it can drastically reduce the common
background signals which are emitted from the biological
samples. Furthermore, QDs emission is independent of excita-
tion wavelength,* so that samples can be stained with QDs and
we can use lower energies of laser (using high excitation wave-
length) than the autofluorescence. That can be also adjusted by
controlling the QDs particle sizes.’**® Furthermore, the high
brightness of QDs increases the sensitivity for fluorescence
assays.”®” Thus, quantum dots coated with antibody were
proposed for bacteria detection and biosensing.**** The anti-
body-QD (also called immune-QD) probe has demonstrated
good selectivity for surface bacteria,***¢ although it is expensive
and inhibits the cell growth. Further, most antibody-QDs are
instable due to aggregation in short time and require lengthy
processing steps for synthesis; so the performance is limited
by sample pH and they are size dependent for QDs.***** Gener-
ally, quantitative analysis by fluorescence is challenging due to
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the signals variations especially for complex bacteria studies.
Therefore, new biosensors with strong bioaffinity toward
bacteria, are necessary to be developed.*® Chitosan is a linear
B-1,4-linked polysaccharide that is obtained by the partial
deacetylation of chitins. Applications of chitosan are reviewed in
ref. 51. The chemical structures of the biopolymers are similar to
those of the bacteria membranes; thus they have great affinity
toward bacteria cell membranes. Besides, the quantum dots can
be easily modified with chitosan which possesses many coordi-
nation sites.”

In this work, we aimed to design and prepare novel chitosan
modified quantum dots (CdS@CTS) that can be effectively
applied for biosensing pathogenic bacteria. We also attempt to
probe the interaction forces among chitosan biomolecules and
the pathogenic bacteria membranes via thermodynamic
studies. Two different pathogenic bacteria “Pseudomonas aeru-
ginosa and Staphylococcus aureus” are investigated. The cyto-
toxicity of CdS@CTS was recorded using the plate counting
method, and optical density (ODgqo). Amoxicillin and quantum
dots modified mercaptoproponic acids (MPA) were used as the
contrast samples. Thermodynamic analysis of the interactions
among the pathogenic bacteria and the CdS@CTS QDs reveal
that the interactions are spontaneous and were driven entro-
pically. The interactions of bacteria cell membranes with
quantum dots were investigated using transmission electron
microscopy (TEM) and matrix assisted laser desorption/ioniza-
tion mass spectrometry (MALDI-MS).

Materials and method
Materials

Chitosan (low molecular weight; 50 000-190 000 g mol ), 75-
85% de-acetylation, sodium sulfide, glacial acetic acid,
cadmium nitrate (99.0%), mercaptoproponic acid (MPA) and
ammonium hydroxide were purchased from Sigma-Aldrich,
Australia. The de-ionized water was obtained from Milli-Q Plus
water purification system (Millipore, Bedford, MA, USA).

Apparatus

The fluorescence measurements were made using F-2700 fluo-
rescence spectrophotometer (Hitachi Co.), which was equipped
with a xenon lamp (150 W), a recorder, dual monochromators
and a quartz cell (1 x 1 cm). The absorption spectra were
acquired on U-3501 spectrophotometer (Hitachi Corporation,
Japan). Fourier transform infrared (FT-IR) spectra of quantum
dots were recorded on Spectrum 100, Perkin Elmer, USA.
Transmission electron microscopy (TEM, Philips, CM200) was
used for quantum dots characterization. For TEM analysis,
colloidal solutions of the quantum dots in water were dropped
on the 50 A thick copper grids and wicked away the excessive
solution immediately. pH value was adjusted using istek 720P.

Synthesis of CdS quantum dots capped with MPA

CdS quantum dots were prepared as mentioned previously.*
Briefly, 400 pL of 3-MPA was transferred into a round bottom
flask (250 mL) containing 15 mL of deionized water. About 2 mL
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of cadmium nitrate solution (10 mM) was added dropwise to
the previous solution under N, pressure with constant stirring
for 1 h. The pH of the solution was adjusted to be 9 by adding
ammonium hydroxide solution (37%). Sodium sulfide solu-
tion (2.5 mL, 8 mM) was quickly added to the above solution at
96 °C with continuous stirring for 2 h. The obtained clean
green yellowish CdS QDs solution was stored at 4 °C until
further use.

Synthesis of chitosan modified CdS QDs

The synthesis procedure of chitosan modified CdS QDs was
modified from previous literature reports®* as in Scheme S1.7
Chitosan solution was prepared by dissolving 0.1 g in 20 mL
with 1% acetic acid. Then, the solution was mixed with 11 mg
cadmium nitrate and subjected to continuous stirring for 24 h
to facilitate chelating of Cd** with chitosan. The solution has
been purged with pure nitrogen gas for at least 30 min under
magnetic stirring. Then, solution of Na,S-9H,0 (12 mg, 10 mL
H,0) was dropped slowly into the mixed solution. Finally, the
colloidal solution was sealed and incubated for 5 h at 35 °C. The
colloid solution was stored at room temperature without any
evidence of precipitation for more than one month.

Bacteria cultivation

Both bacteria were cultivated using conventional methods.
Staphylococcus aureus (BCRC 10451) and Pseudomonas aerugi-
nosa (BCRC 10303) standard cultures were purchased from
Bioresource Collection and Research Center (Hsin-Chu, Tai-
wan). The subculture of both bacteria was published in detail in
ref. 55. The bacterial cultures were stored in powdered solid-
phase (lyophilized). About 0.1-0.2 mL of the bacteria culture
was streaked directly onto an appropriate agar plate and incu-
bated at 37 °C. The bacteria were cultured repeatedly into fresh
medium every two days for a week (sub-culturing) before use.
Sub-culture after growth on agar plate, it re-suspended in ster-
ilized de-ionized water for all experiment.

Spectroscopy methods

Bacterial biosensing. After bacteria growth (24 h), it was
carefully re-suspended immediately prior to acquisition of
emission spectra. Simply, a Petri dish of freshly cultured
S. aureus and P. aeruginosa were scraped from the surface of
agar plate and suspended in 1 mL of deionized water. From the
previous suspension, different volumes contain bacteria cells
(5 x 10%,1 x 10°, 1.5 x 107, 2.0 x 10°, 2.5 x 10°, 3 x 10%, 3.5 x
10%, ..., 1 x 10" cfu 10 uL ") are added to 1 mL of CdS@chi-
tosan (100 pg mL ™). Cell numbers were counted in the final
volume, i.e., 1 mL using plate counting protocol.

In order to optimize the parameters such as excitation wave-
length, QDs concentration, and contact time, we investigated
each parameter separately. CdS@CTS was excited with a broad
excitation wavelength, i.e., 285, 295, 305, 320, 330, 340, 350, 360,
370, 380, 390, and 400 nm. To optimize CdS@CTS concentration,
at wavelength 295 nm, different concentrations of CAS@CTS (25,
30, 50, 60, 100, 200, 300, 400, 500, and 600 pug mL™~') were
investigated. Contact time was optimized via incubation
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CdS@CTS (100 pg mL ") with P. aeruginosa (1 x 10® cfu mL ™)
and emission was recorded in intervals, ie., 1, 2, 3, 5, 7, 10, 12,
and 15 min.

Plate count protocol. The number of target organisms
present in the sample (1 mL) was determined by surface plating
0.01 mL of P. aeruginosa and S. aureus dilutions on agar (Difco
Laboratories). After incubating at 37 °C for 24 h; the presence of
the organisms was confirmed by the color of the colonies on the
media; S. aureus was golden; while P. aeruginosa was blue-green
on agar.

Cell viability. The cell viability of the two bacteria was
measured using optical density after incubation at 10 min. The
optical density (ODgoy) of the two different bacteria was
measured at Ay, = 600 nm using UV-vis spectroscopy.

Matrix assisted laser desorption/ionization mass spectrom-
etry (MALDI-MS) measurements. In order to measure the
interactions of bacteria with quantum dots (CAS@MPA and
CdS@CTS), about 10 pL of bacteria suspension were mixed with
10 pL of quantum dots and incubated for 10 min. Then, 10 pL of
sinapinic acid matrix (50 mM, 50 : 50 aqueous acetonitrile) were
added. About 2 pL of the mixture were spotted on the MALDI
plate and then we waited for drying before analysis.

Transmission electron microscopy (TEM). To visualize the
morphology change of the tested bacteria, TEM images were
recorded. In typical procedures, bacteria cells (1 mL, 10* to 10°
cfu mL ") were treated with quantum dots (100 pL) and then
were suspended for 30 min with 2.5% glutaraldehyde. The cells
were washed with de-ionized water and then post-fixed with 1%
aqueous 0sO, (Fluka) for 30 min and then washed again twice
with water. 10 pL of the mixture were placed on the copper grids
and then dried for TEM measurements.

Results and discussion

For biosensing studies, the luminescent probes based on
quantum dots are more attractive compared with the conven-
tional organic dyes. The main reasons are due to the spectro-
scopic properties of QDs that match the needs of biological
uses, such as long fluorescence lifetimes, large apparent Stokes
shifts, and can be tuned to achieve high fluorescence emission.
Moreover, the QDs suffer from poor solubility and high cyto-
toxicity. To circumvent these limitations, chitosan modified
CdS was prepared. Chitosan is biocompatible biopolymers that
can improve the solubility and decrease the cytotoxicity of
xenobiotic elements such cadmium ions due to the high
coordination.

Characterization of quantum dots

TEM image (Fig. 1A) was used to determine the size and the
morphology of CAS@CTS. The predominant size was about 3.33
nm based on the number of particles (see inset of Fig. 1A).
According to the empirical equation (1),> the size of nano-
particles is 3.38 nm, which is in agreement with the size of TEM
image.

D = (—6.6521 x 10732 + (1.9557 x 107%H2?
—(9.2352 x 1072 + (13.29) (1)
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where, D (nm) is the size of a given nanocrystal sample, and A
(nm) is the wavelength of the first excitonic absorption of the
corresponding sample (Fig. S1(A) of ESIT).

The size of CAS@CTS was also confirmed from the UV spectra
in Fig. S1(A).t The absorption spectrum indicates that the
CdS@CTS had a red shifted absorption onset relative to
CdS@MPA, owing to the capping agent. Based on the extinction
coefficient measurement,”® the CdS@CTS offers the same size
(3.38 nm) which is completely in agreement with the TEM results
and the eqn (1) values. TEM image (Fig. S1(B), ESIf) of the
CdS@MPA shows mainly the same size, i.e., 3 nm. FT-IR spectra
(Fig. S1(C), ESIY) of pure chitosan displays transmissions at 1588,
and 1074 cm ™' corresponding to the amide II band, and the -C-
O-C- vibration, respectively.”” However, the CdS shifts amide II
bands of chitosan noticeably from 1588 to 1543 cm™'. The
hydroxyl group (a broad band) at 3300 cm™" of the free chitosan
appears sharper in the CdS@CTS QDs due to the hydrogen bonds
with the quantum dots. Peaks at 2900-2800 cm ' are corre-
sponding to C-H vibrations. FTIR spectra reveal that the CdS QDs
have produced a strong complex with chitosan biopolymer
(Fig. S1(C), ESIt). The strong interaction is due to presence of
high coordinating functional groups such as amine (-NH,),
hydroxyl (-OH) and carboxylic groups (-COOH).*® Quantum dots
(CdS) at excitation wavelength 295 nm (A, = 295 nm), offers an
emission peak (Fig. 1B) centered at 590 nm, which is the typical
luminescence of CdS nanocrystals resulting from the transition
of electrons from shallow states near the conduction band to
sulfur vacancies present near the valence band. Fig. 1C shows
that the excitation wavelength (295 nm) exhibits high emission
intensity of QDs. In order to apply quantum dots for effective
biosensing studies, the QDs should have the following features
including excellent stability, fast response to bacteria, biocom-
patible, and display photoluminescence changes with bacteria
cell additions. These important parameters were investigated for
effective quantum dots applied for pathogenic bacteria biosens-
ing and are presented below.

Stability of the CdS@CTS QDs

Stability of nanoparticles is of paramount concern. The stability
of nanoparticles depends mainly on the capping or stabilizing
agents which were used during the preparation steps. QDs
capped with small molecules like mercaptoproponic acid (MPA)
are easily degraded by hydrolysis or oxidation on the capping
ligands.>******* The mercaptoproponic acid modified QDs are
not completely stable. It displays slow desorption of mercap-
toacetic acid molecules from the surface of QDs that results in
aggregation and precipitation for the QDs.®* In contrast, the
CdS@CTS QDs exhibit excellent stability for a long time (about
one month) without any aggregation. The excellent stability can
be confirmed from the fluorescence emissions (Fig. 1D) which
show no changes/shifts in the fluorescence peaks.®*** Chitosan
forms a stable colloidal solution without any record of degra-
dation (Fig. 1B). Further, it is a photostable compound, while
thiols (such as MPA) can undergo oxidation by lights to form
dimmers. The dimerization reaction has high probability when
thiols interact with laser radiation during excitation.®

This journal is © The Royal Society of Chemistry 2013
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rescence emission, (E) effect of concentration on QDs emission, and (F) contact time of bacteria—QDs interactions.

Optimization of the biosensor concentration and contact time

Prior to using quantum dots as a biosensor, there are influential
factors such as contact time and concentration should be
optimized to achieve high sensitivity. The first requirement to
build a QD biosensor is the changes of quantum dot intensity
upon addition of the bacteria cells in order to observe the
influence on the bacteria cell numbers. In Fig. 1E, the experi-
mental results indicate that the fluorescence intensity was
significantly increased with the increase of the CdS@CTS QD
concentration. Fig. 1E shows the increase of fluorescence
intensity reaches the maximum with concentration of 100 pg
mL ! after that the intensity dramatically decreases. The opti-
mized concentration, ie., 100 pg mL ' is used in further
studies. A decrease of intensity at high concentration (>100 pg
mL~") may be due to self-quenching or self-absorption. This

This journal is © The Royal Society of Chemistry 2013

concentration is considered to be very low if compared with
CdSe QDs modified with small molecules (such as thioglycolic
acid, TGA, 1 mg mL ") that was proposed to detect bacteria by
binding covalently to bacteria cells using chemistry cross-link-
ing (1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC)).*
Generally, the biosensor should have fast response time on
the addition of the target analytes. These responses depend on
the interaction modes between the analytes and nanomaterials.
If the interactions among the bacteria cell membranes and QDs
are strong, it will cause momentary changes on the QDs fluo-
rescence. Fig. 1F reveals 1 min of contact time is ideal to
perform the measurements and to achieve the steady state of
fluorescence intensity. In contrast with the conventional tech-
niques,'** the CdS@CTS offers fast response due to the non-
covalent interactions among chitosan and bacteria membranes.
Decrease of the intensity after 1 min, may be due to the strong
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interactions between the bacteria with the CdS@CTS QDs,
resulting from formation of sediments to quench the signals.
Similar observation has been reported when graphene func-
tionalized with Fe;O,@chitosan was used for bacteria bio-
sensing.’® The situation is quite different as QDs are lighter
materials over than graphene and magnetic nanoparticles. This
observation reveals the aggregation of QDs on the surfaces of
bacteria membranes.

Biocompatibility of CAS@MPA and CdS@CTS QDs

The cytotoxicity of quantum dots is important and should be
investigated. To apply quantum dots for biological application,
the biocompatibility is required. The cytotoxicity of quantum
dots limits their applications. Thus, a new class of quantum
dots without cadmium has been proposed and was named as
“cadmium free quantum dots”. The toxicity of quantum dots
typically originates from two main sources: the core of quantum
dots and the capping agents. Degradation of the molecules
coated on the QDs is the main reason for QDs cytotoxicity. Some
coating materials on the QDs have been found to be cytotoxic,
such as mercapto-acid.®*®” The QDs toxicity has been attributed
to oxidative or photolytic degradation of the core coatings of
QDs.* Cytotoxicity also may be from the free cadmium ions in
solution.”® These xenotoxic elements can bind to genome or
other biomolecules and cause cell death. For instance,
CdS@MPA causes quantitative degradation of extracellular
polysaccharides (EPS) of Escherichia coli.*® To investigate the cell
viability of CAS@CTS against the two pathogenic bacteria, the
optical density method was used and the optical density (ODgg)
was measured at 600 nm. The method is based on the turbidity
measurements which give signals corresponding to the bacteria
cell numbers. To evaluate the cytotoxicity of CAS@CTS, amoxi-
cillin and CdS@MPA were used as contrast agents. Fig. 2A of
P. aeruginosa and Fig. 2B of S. aureus exhibit lower toxicity to
CdS@CTS over that of the CAS@MPA and the reason is due to
better biocompatibility of coating agent and strong chelating of
Cd core with chitosan. However, the yeast cells (Saccharomyces
cerevisiae) have been used as a simple and efficient biosynthesis
method to prepare easily harvested biocompatible cadmium
telluride (CdTe) quantum dots (QDs).”

In order to understand these conundrums, more parameters
should be considered as reviewed in ref. 71 such as types of
capping agent, agents stereochemistry, toxicity of QDs cores,
types of pathogenic bacteria, and the analytical techniques that
applied to probe the cytotoxicity of nanomaterials. Derfus et al.*®
reported in-depth investigation of CdSe quantum dots with
different coatings in hepatocytes. They reported that the liber-
ation of cadmium ions is the main reason of QDs cytotoxicity.*®
So that large biomolecules or strong coordinating agents such
as chitosan may prevent free cadmium ions. Capping agents
also may cause toxicity toward the cells. However, thiols used as
capping agents were found to be non-toxic if they were kept in
an inert atmosphere, but when exposed to air, it can be
degradable and oxidized very easily. Thus, cadmium ion can be
released. Li et al.”?> observed that QDs coated with d-GSH (d form
of glutathione, the non-biologically active form of GSH) showed
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less cytotoxicity than I-GSH-coated QDs. That indicates stereo-
chemistry has influence on the cytotoxicity of QDs.” Also, we
should note that these studies investigated different bacteria
which surely have a different response towards QDs. To ensure
the biocompatibility of the introduced system, plate counting
was reported. Data (Fig. S2t) show sharp decreases in bacteria
number in the case of CAS@MPA over CdS@CTS. The optical
density (ODggo) and plate counting results (Fig. S21) support the
biocompatibility of CAS@CTS QDs. Recently, alginate-chitosan
multilayers were deposited onto alginate matrices as an effec-
tive strategy for the encapsulation of probiotic bacteria which
can be protected at low pH.” However, chitosan was proposed
as antibacterial agents after modified as Schiff base™ or capping
with ZnO.”

Application of CdS@CTS QDs as a feasible biosensor

Detection of the low numbers of bacteria cells represents the
ultimate level and the longstanding goal of biosensing. To serve
as an effective biosensor, the biomaterials should display pho-
toluminescence change (quenching, enhancement or peak
shifts “ratiometric biosensor”) upon addition of different
numbers of the pathogenic bacteria. As shown in Fig. 2C
(P. aeruginosa) and Fig. 2D (S. aureus), there are increases of
fluorescence intensity upon addition of different colony form-
ing unit cfu mL~'. The prime reason for the fluorescence
enhancement is due to the aggregation of QDs on the bacteria
membranes which induce enhancement “aggregation induced
emission enhancement, AIEE”. Under the optimum conditions
(at 100 pg mL™", A, = 295 nm), there is a good linear rela-
tionship between the difference of fluorescence intensity in the
presence of “F” and absence of “F,” for the pathogenic bacteria
P. aeruginosa (Fig. 2E), and S. aureus (Fig. 2F). Limits of detec-
tion of the two bacteria are 2 x 10> and 1.5 x 10> c¢fu mL™?,
respectively. Dynamic linear range, regression and analytical
parameters are tabulated in Table 1. Quantum dots (QDs) offer
higher sensitivity compared with other conventional methods.”®
However, the autofluorescence of bacteria can be used to detect
the bacteria; it is extremely difficult to detect complex biological
samples such as bacteria due to biomolecule interferences such
as proteins which have also intrinsic fluorescence (via aromatic
amino acids). Furthermore, there are many drawbacks such as
background signals due to impurities in the samples, emission
from optical components, scattered light at the incident wave-
length, and dark current from the detector. Thus, a reference
fluorophore such as CAS@CTS QDs is necessary to circumvent
these drawbacks. Semiconductor QDs fluorophores can reduce
the autofluorescence of plague cells as they have longer fluo-
rescence lifetimes than cell autofluorescence. Thus, it can
drastically reduce the common background signals emitted
from biological samples which may undergo overlapping and
complicate the spectra. Recently, in order to attenuate the
autofluorescence of the chitosan microparticles, Forry et al.
encapsulated nanoparticles of carbon black (nominal size
12 nm) in order to isolate rare cells, such as circulating tumor
cells (CTCs), from a sample of whole blood.”” Direct measure-
ments of bacteria fluorescence sometimes take place at short

This journal is © The Royal Society of Chemistry 2013
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Table 1 Analytical parameters of fluorescence emission of chitosan-CdS with
the two bacteria

P. aeruginosa S. aureus
Limit of detection 2.0 x 10 1.5 x 10°
(cfu mL™")
Linear dynamic range 2.0 x 10* 1.5 x 10°
(cfu mL™") to 8.0 x 10” to 11.0 x 10°
Regression 0.99365 0.97942

excitation wavelength (A.x) which may cause bacteria death due
to the high energy of the laser radiation. Thus, high wavelength
is preferable. QDs emission is independent of excitation wave-
length,* so that samples can be stained with QDs emitting at

This journal is © The Royal Society of Chemistry 2013

lower energies than the autofluorescence. We investigate two
different excitation wavelengths (360 and 400 nm) as shown in
Fig. 3A-D for P. aeruginosa and Fig. 4A-D for S. aureus, respec-
tively. At the two wavelengths, good linear relationships were
recorded in both bacteria (Fig. 3B and D and Fig. 4B and D).
CdS@CTS QDs exhibit a wide range of size-tunable colors and
independent excitation wavelengths.>»”®”® The main advantage
of the two wavelengths is the low probability of bacteria death as
laser energy is considered lower than the CdS excitation wave-
length (i.e., 295 nm). Fortunately, there is no effect of the line-
arity of P. aeruginosa (Fig. 3B and D) and for S. aureus (Fig. 4B
and D). In contrast, the linearity can be improved as the
regression values of the Fig. 3 and 4. The design of the nano-
sensor at high excitation wavelength circumvents the proba-
bility of bacteria toxicity by nanomaterials.
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Characterization of the interaction between CdS@CTS QDs
and bacteria cell membranes

The interaction of the CAS@CTS with the membrane of path-
ogenic bacteria can be understood by thermodynamic studies.
Unlike ref. 78, there is no shift in the wavelength of QDs@CTS
upon binding to bacterial cells that implies the interactions are
mainly non-covalent. Kloepfer et al”® discovered that QDs

Table 2 Binding constants for the interaction of CAS@CTS and bacteria

Binding constant K x 10° M™*

Temp. (K) P. aeruginosa S. aureus
273 5.9 7.5
295 5.4 8.3
303 5.5 6.5
310 5.3 7.4

would be outside the bacteria cell or they would be able to
pass though bacterial cell walls that depend on the capping
agents. To evaluate the forces which govern the interactions,
the thermodynamic analysis is investigated. Generally,
chitosan is de-acetylation copolymer of chitin® which has
similar chemical structures to the bacteria membranes. This
copolymer is insoluble in aqueous water, so the aqueous
acetic acid (1%) is used to create polycationic QDs.**"** There
are essentially four types of non-covalent interactions that
can play an important role in the interactions among the
bacteria membranes and the CdS@CTS system; such as
hydrogen bond, van der Waals force, electrostatic, and
hydrophobic interaction force. Prior to evaluating the main
force, data are recorded at different temperatures (273, 295,
303, and 310 K). Binding constants are investigated using the
modified Stern-Volmer as in eqn (2):

Fol(Fy — F) = UfKIQ) + 1If 2)

Table 3 Thermodynamic parameters for the interaction of CdS@CTS and pathogen bacteria

AH® (k] mol ™)

AS° (J mol ' K7Y)

AG° (k] mol ™)

Temp. (K) P. aeruginosa S. aureus P. aeruginosa S. aureus P. aeruginosa S. aureus
273 —1.85 —2.68 103.50 103.39 —30.10 —30.90
295 —32.40 —33.18
303 —33.21 —34.01
310 —33.94 —34.73

This journal is © The Royal Society of Chemistry 2013
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Fig. 6 MALDI-MS spectra of P. aeruginosa (A) and S. aureus (B) interaction in absence (a) and presence of (b) CdS@MPA and (c) CdS@CTS.

The relationship of Fy/F, — F against 1/[Q] at different
temperature (273, 295, 303, and 310 K), of P. aeruginosa
(Fig. 5A) and S. aureus (Fig. 5B) present sigmoidal curves. The
curve shows a dramatic increase of the intensity until all

6102 | J. Mater. Chem. B, 2013, 1, 6094-6106

CdS@CTS bind to bacteria cells, then a plateau is observed.
The values of binding constants were calculated and tabu-
lated in Table 2. The results in Table 2 show more strong
binding affinity of CAS@CTS toward S. aureus than that of
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P. aeruginosa. The high affinity features are attributed to the
peptidoglycan membrane layers of the pathogenic bacteria. The
Gram positive (S. aureus) bacteria contain a thick hydrophobic
layer than the Gram negative bacteria (P. aeruginosa). Thus, this
may be the reason for the high affinity with the CdS@CTS QDs.
To further understand the mechanisms on the nature of inter-
actions among QDs and bacteria cell membranes, the thermo-
dynamic parameters such as enthalpy change (AH°) and entropy
change (AS°), were calculated. The AH® and AS° can be deter-
mined from the van't Hoff equation as shown in eqn (3):

In K= —AH%RT + AS%/R (3)

where K is the binding constant at the corresponding temper-
ature, R is the gas constant, T'is absolute temperature, and AH°
and AS° are enthalpy and entropy change, respectively. The
value of AH® and AS® can be obtained from the linear

View Article Online

relationship between In K and the reciprocal absolute temper-
ature (Fig. 5C and D) of P. aeruginosa and S. aureus, respectively,
and the free energy change (AG®) can be obtained from the
relationship in eqn (4):

AG° = AH® — TAS® (4)

The results of the thermodynamic parameters (AH®, AS°,
and AG°) are listed in Table 3. From Table 3, it can be seen that
AH° are small negative values. The enthalpy change (AH°) is not
significant, while the AS® values are positive. The negative sign
on AG° indicates the interactions of bacteria membranes to
QD@CTS QDs are entropically driven, and the binding
processes are spontaneous. While the AH® changes were small
negative values, so the main source of the negative AG® value
comes from the positive value of AS°, thus the main interaction

Fig. 7 TEM images of (A) P. aeruginosa and (B) S. aureus after incubation with (a) control, (b) CdS@MPA and (c) CdS@CTS.

This journal is © The Royal Society of Chemistry 2013
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was hydrophobic interaction. At the same time, the small
negative value of AH® indicates hydrogen bonding. From
previous observation, we successfully separated the endotoxin
of pathogenic bacteria from urine samples using chitosan
nanomagnetic particles.® Furthermore, there are electrostatic
forces between the negative charges of the bacteria and poly-
cationic sites of chitosan. In conclusion, chitosan has multi-
functional forces on bacteria (hydrophobic, hydrogen bond,
and electrostatic interactions). These forces are complemen-
tary and they can reinforce each other. Probing the interac-
tions among biomolecules and pathogenic bacteria is
important for separation, biosensing and nanobiomedicine
applications.®**”

In order to gain a more thorough insight into interactions
among CdS@CTS and bacteria cell membrane, we performed
matrix assisted laser desorption/ionization mass spectrometry
(MALDI-MS) of the bacteria cell before and after incubation.
MALDI-MS can be applied for fast monitoring of the interac-
tions among bacteria and QD@CTS. Bacteria cells have
fast respond to the environment changes.**** MALDI-MS of
P. aeruginosa (Fig. 6A) and S. aureus (Fig. 6B) after incubation
with QDs were investigated. MALDI spectra revealed an increase
in the peaks number in the case of CAS@MPA than CdS@CTS.
The increase in the peak number indicates degradation of
bacteria membranes in the cases of CAS@MPA QDs. While
CdS@CTS QDs reveal suppression in the MALDI-MS intensity
with negligible change in peak number due to the interactions
of CdS@CTS with the cell membranes. Given the limits of the
thermodynamic approach and MALDI-MS, the CdS@CTS
interaction with the two different bacteria (P. aeruginosa and
S. aureus) has been further investigated by TEM. TEM images
were performed to evaluate the CdS@CTS interactions with
different bacteria (P. aeruginosa (Fig. 7A) and S. aureus (Fig. 7B)).
The QDs modified with MPA as a capping agent were used and it
was found that the nanoparticles actually adhered to the surface
of S. aureus (Fig. 7B). TEM images show that CAS@MPA circu-
lates S. aureus. While, it ruptures P. aeruginosa cells (Fig. 7A)
which implies high cytotoxicity. In contrast, CAS@CTS shows
no or negligible effect on the morphology of pathogenic bacteria
cells (Fig. 7) that implies biocompatibility and affinity toward
cell membrane. The image displays aggregation of bacteria
cells that support the mechanism that we proposed, i.e.,

View Article Online

“aggregation induced emission enhancement AIEE”. MALDI-MS
(Fig. 6) and TEM images (Fig. 7) confirm the interactions
among QDs and bacteria cell membranes. The CdS@CTS
biosensor is crucial for precise intracellular: subcellular
bacteria detection and it provides many advantages such as
high resolution, high sensitivity, and fast responses for
pathogenic bacteria detection.

CdS@CTS provides an ultrafast, biocompatible and sensi-
tive nano-biosensor for broad bacteria. Moreover, we
compared our results with the major data on quantum dots
capped with different biomolecules to detect bacteria and
tabulated the results in Table 4.%**¢-%° Although the immuno-
quantum dots, aptamer-QDs, immune-magnetic
particles show selective detection, it is expensive and can
inhibit the cell growth. The detection tests using the immuno-
QDs typically take a long time (several hours) and the fluo-
rescence signals are easy to be affected by solution pH and the
size of quantum dots,” pH dependent and are also time
consuming. The emission peaks were shifted with increase in
the number of bound bacteria;** thus quantification is a
tedious task. As biological samples are complicated, the
magnetic nanoparticles capped with antibody were used to
separate pathogenic bacteria before labelling with the anti-
body-QDs.**** Quantum dots capped with chitosan and
immunoglobulin G (QDs-CMCS-IgG) was used to label the
bacteria for fluorescence microscopy.*” However, it was
selective, but it shows limitations as it requires centrifugation,
and incubation for at least 30 min. Furthermore, it is for iden-
tification purpose by using the fluorescence microscopy.** The
comparison in Table 4 reveals that the CAS@CTS is an ultrafast,
sensitive and cheap nano-biosensor compared with reported
methods.*******® In most of the conventional techniques, the
accurate bacteria cells number can only be obtained after the
bacteria are cultured, hence, the adjustment of cultivation
parameters depends solely on experience and large amounts of
experiments.'** It needs at least 2-8 days to obtain confirmed
results and lacks high sensitivity."*** Thus, it is important to
develop an effective biosensor that can generate photo-
luminescence changes as a function of the bacteria cells
numbers such as here. From these results we can conclude that
CdS@CTS QDs exhibit high potential to be applied as effective
biosensors for detecting pathogenic bacteria.

nano-

Table 4 Comparison between different quantum dots which were proposed for bacteria®

QDs Bacteria LOD (cfu mL™')  Range (cfu mL ™) Time Ref.

Quantum dot biolabeling coupled with E. coli 0157:H7 10° 10° to 107 <2 h 83

immunomagnetic separation

CdSeQDs@TGA E. coli and S. aureus 10> 10” to 10’ 1-2 h 40

Qdot-525 streptavidin conjugate Escherichia coli O157:H7 10" ND 2h 42
and Salmonella Typhimurium

Mannose-coated CdS quantum dots Escherichia coli 10* ND >1h 87

(Man-QDs)

QDs-CMCS-1gG S. aureus 900 10° to 107 >40 min 88

QDs@CTS S. aureus and P. aeruginosa 150-200 1.5 x 10% to 18.0 x 10> 1 min Here

“ Abbreviation: carboxymethyl chitosan; CdS CMCS, ND; not detected, thioglycolic acid; TGA, immunoglobulin G; IgG, chitosan; CTS, mannose;

Man, hour; h, minute; min.
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Conclusion

The blue emission of CdS@chitosan (CdS@CTS) displays fluo-
rescence enhancement as a function of the pathogenic bacteria
colonies (S. aureus, P. aeruginosa) at extremely low detection
limits (150 and 200 cfu mL™ ") and wide linear dynamic range.
The CdS@CTS QDs offer many advantages, as it is an ultrafast,
highly sensitive, stable (for a long time), label free (direct)
detection with good biocompatibility. A dose-response and
calibration curve shows that the CdS@CTS QD is sensitive in
relevant concentration range. In our experiments, the negative
AH for the interactions between CdS@CTS and bacteria cells for
the first binding event indicated that the hydrophobic interac-
tions play a key role in the first binding reaction due to the
positive values of AS, while electrostatic and hydrogen bonding
interactions were deduced for the second binding event. The
strong binding affinity of CdS@CTS toward S. aureus than
P. aeruginosa is attributed to the peptidoglycan membrane
layers of the pathogenic bacteria. The current CdAS@CTS QD
approach exhibits excellent and unique features to be applied as
a superior biosensor for a variety of applications. The interac-
tions have been confirmed with MALDI-MS and TEM images.
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