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Abstract CdSe/ZnS core/shell quantum dots (QDs) are
functionalized with mercaptoundecanoic acid (MUA) and
subsequently covered with poly-L-lysine (PLL) as the
template for the formation of the silica outer shell. This
nanocomposite is used as a transduction and stabilization
system for optical biosensor development. The covalent
immobilization of the enzyme acetylcholinesterase from
Drosophila melanogaster (AChE) during the formation of
the biomimetically synthesized silica is used here as a
model, relatively unstable enzyme, as a proof of principle.
The enzyme is successfully immobilized onto the QDs and
then stabilized by the PLL capping and the subsequent
formation of the outer nanoporous silica thin shell, giving
rise to the QD/AChE/PLL/silica biosensor. It is shown that
the poly-L-lysine templated silica outer shell does not
modify the optical properties of the quantum dots, while it
protects the enzyme from unfolding and denaturation. The
small pores of the silica shell allow for the free diffusion of
the analyte to the active center of the enzyme, while it does
not allow for the proteases to reach the enzyme. The
response of the QD/AChE/PLL/silica nano-biosensor to its
substrate, acetylcholine chloride, is evaluated by monitor-
ing the changes in the QDs’ photoluminescence which are
related to the changes in pH. These pH changes of the
surrounding environment of the QDs are induced by the
enzymatic reaction, and are associated with the analyte
concentration in the solution. The biodetection system
proposed is shown to be stable with a storage lifetime of
more than 2 months. The data presented provides the

grounds for the application of this nanostructured biosensor
for the detection of AChE inhibitors.
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Introduction

The investigation of processes involving a biological
structure or molecule requires that these analytes are
labeled with a marker whose signal can be easily observed
via a facile transduction mechanism. Organic dyes have
been intensively used in past years as photoluminescent
tags and thus transducers for the detection of molecules
involved in bio-medical processes. However, these organic
fluorophores present a number of drawbacks, such as
sensitivity to their local environment [1], fast photobleach-
ing [2], fluorescence blinking [3], and relatively broad
emission spectra [4].

Recently, semiconductor quantum dots have been used
as alternative fluorophores in a variety of applications.
Their small size and large surface-to-volume ratio [5], high
photoluminescence quantum yields [6], narrow, symmetric,
and size-tunable emission spectra covering the region from
blue to red, photochemical stability as well as their
sensitivity to the surrounding environment [7] make them
ideal probes for biological labeling and sensing. After the
pioneering work of Chan and Nie [8] which reported that
semiconductor quantum dots could be used as an alternative
to organic fluorophores for the labeling of transferrin and
IgG, a great number of publications have followed.
Quantum dots (QDs) have been used as donors/acceptors
in FRET processes [9–12], for fluorescent imaging of living
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cells [13], for the construction of pH sensors in solution
[14, 15] or enzyme biosensors [16, 17]. They have also
been conjugated to antibodies [18], cellular proteins [19], or
receptors [20]. However, besides their advantages, some of
the semiconductor QDs have the downside of being toxic,
and thus less favorable for bio-applications [21]. This may
be due to photochemical processes resulting in the
irradiation of QDs under the aqueous aerobic conditions
of in vitro cell imaging [22], the process having as result
the release of toxic free Cd2+ ions. However, in a recently
published study [23], Graf and co-workers report on a
three- to four-times-lower release of toxic Cd2+ ions from
CdSe/ZnS QDs doped silica colloids than those released
from CdSe/ZnS QDs simply stabilized by organic ligands
or biomolecules, result which indicates that coating the
quantum dots delays this process and thus renders them
suitable markers for in vivo studies. In a paper published
3 years before the study of Graf and co-workers, silica-
coated QDs showed no cytotoxic effects in cell lines
investigated with concentration as high as 30 μM [24].
These results prove that entrapment of the semiconductor
QDs within silica provides the necessary protection from
chemical degradation, reduce the degree of leaching of the
toxic core material [25] and also present the advantages of
hydrophilicity, biocompatibility, optical transparency, and
chemical stability.

In particular, QDs coated with silica shells have been
widely investigated. Up until now, many methods have
been reported to coat QDs with a silica shell through
Stöber-based approaches [26, 27], by reverse (water in oil)
microemulsion method [28–31], or by promoting silicifica-
tion by enzymes, such as silicatein [32], or polysaccharides,
such as chitosan [33]. Some groups have reported on
immobilizing proteins onto silica-coated quantum dots [34,
35] the obtained complex being suitable for use in
biolabeling and imaging. Of special interest are the experi-
ments performed for encapsulating enzymes within a silica
matrix. Sol–gel is a widely used method for immobilization
of enzymes [36–38] but due to harsh processing conditions
that result in a loss of enzyme activity, new, milder methods
of silicification, namely biosilicification, that use more
biologically compatible reaction conditions, have been
studied [39]. By using this method, the complete entrap-
ment of the enzymes within the silica matrix has been
confirmed, while, at the same time, managing to retain
almost all of the initial activity of the enzyme. Recently, our
group has studied the biosilicification of carbon nanofibers-
immobilized enzymes, using a poly-L-lysine (PLL) tem-
plated silica matrix [40, 41], proving that this approach is
suitable for stabilizing enzymes and protect them from
denaturation factors.

In the present work, QD/acetylcholinesterase (AChE)
conjugates have been entrapped for the first time into a

PLL-templated silica matrix. CdSe/ZnS quantum dots have
been chosen as a signal transducer due to their excellent
photoluminescence efficiency and stability while they are
also used for the covalent immobilization of AChE. Poly-L-
lysine is a positively charged homo-polypeptide which
interacts electrostatically to DNA, red cell membrane and
any negatively charged protein. In this case, it provides the
template for the formation of biomimetically synthesized
silica [42]. The pores of the poly-L-lysine templated silica
matrix allow the transport of the substrate to the entrapped
QD/AChE conjugates and its subsequent conversion to
products. The conjugation to the QDs and the entrapment
inside the stable silica matrix is believed to increase the
stability of the relatively unstable acetylcholinesterase from
Drosophila melanogaster, protecting it from unfolding,
denaturation, and attack from proteases [40]. Also, the
poly-L-lysine templated silica matrix is expected to protect
the QDs from chemical degradation and leaching of the
toxic core materials [23–25, 43]. The detection system
developed is shown to be stable, as it retains a big percentage
of its activity after 2 months. While the quantum dots provide
a sensitive optical transduction for the monitoring of the
enzymatic reaction, the nanostructures offer a stabilization
platform to the AChE-based detection system.

Materials and methods

Reagents

CdSe/ZnS core/shell nanocrystals (7.83×10−6 mol/L, dark
red, mercaptoundecanoic acid coated) were purchased from
NN-Labs (USA). Acetylcholinesterase from D. mela-
nogaster (Dm. AChE, stock solution 8.338 U/mL) was
kindly provided by Prof. Didier Fournier (“Paul Sabatier”
University, Toulouse, France). Poly-L-lysine hydrobro-
mide (PLL, MW 20,000–30,000) was obtained from
Fluka. (2-[N-Morpholino]ethanesulfonic acid) hydrate
(MES), N-ethyl-N′-(3-dimethylaminopropyl) carbodiimide
(EDC), N-hydroxysulfosuccinimide sodium salt (NHS),
tetramethyl orthosilicate (TMOS 99+%), and acetylcholine
chloride were obtained from Sigma-Aldrich. In all experi-
ments, nanopure water (∼18 MΩ-cm, EASY pure model
D7033, Barnstead) was used. All other reagents used were
of analytical grade.

Preparation of QD/AChE conjugates

The covalent immobilization of Dm. AChE on the
carboxyl-covered QDs was performed through the coupling
reaction of N-ethyl-N′-(3-dimethylaminopropyl) carbodii-
mide and N-hydroxysulfosuccinimide; 1,000.0 μL of each
EDC (2.0 mg/mL) and sulfo-NHS (6.0 mg/mL) stock
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solutions in phosphate buffer (KH2PO4 25.0 mM, pH 7.0)
were added to a solution of QDs in phosphate buffer and
the reaction mixture was stirred for 2 h at room tempera-
ture. Subsequently, 1,000.0 μL of Dm. AChE (2.0 U/mL)
solution were added and after other 2 h of vortexing at
room temperature, the mixture was placed at 4 °C
overnight. As a follow-up, the QD/AChE conjugates were
separated from the unbound enzyme by three rounds of
centrifugation/washing (4,000 rpm, 15 min) with phosphate
buffer (25.0 mM, pH 7.0) on a Millipore Amicon Ultra
filter with a molecular weight cutoff, MWCO of 100,000
(purchased from Malva S.A.). After the first centrifugation,
the lower phase was checked for Dm. AChE activity. Only
negligible Dm. AChE activity was detected, proving that
almost all enzyme was successfully conjugated to the CdSe/
ZnS quantum dots.

Preparation of poly-L-lysine templated QD/AChE/PLL/
silica nanocomposites

For the bio-inspired silicification reaction, a 1.0 mM PLL
solution was added to the QD/AChE conjugates and after
30 min of mixing in a vortex at room temperature, the
mixture was stored at 4 °C overnight. Then, a freshly
prepared solution of silicic acid (stock solution prepared by
TMOS hydrolysis at a concentration of 1.0 M with 1.0 mM
HCl solution) and nanopure H2O were added, and after
being mixed in a vortex for 3–4 h at room temperature, the
product was subjected to four rounds of centrifugation/
washing with 25.0 mM phosphate buffer, pH 7.0, at
4,000 rpm. The washed silica biomimetic composites were
stored at 4 °C in phosphate buffer for further use. Poly-L-
lysine templated silica and AChE/PLL/silica nanocompo-
sites were prepared according to our recently published
method [40, 41] by adding the corresponding amounts of
phosphate buffer (for poly-L-lysine templated silica) and
Dm. AChE (for AChE/PLL/silica nanocomposites), respec-
tively. The isoelectric point of Dm. AChE is 5.0 [40], thus,
at the pH where all experiments are performed (pH 7.0), the
enzyme is negatively charged. The electrostatic interaction
between the negatively charged enzyme and the positively
charged poly-L-lysine template promotes the entrapment of
the enzyme during biosilicification.

In all cases, Dm. AChE activity was measured photo-
metrically at 412 nm according to Ellman’s method [44], in
25.0 mM phosphate buffer, pH=7.0 at room temperature.

The schematic diagram for the development of the QD/
AChE/PLL/silica nanocomposites is presented in Fig. 1.

Characterization of QD/AChE/PLL/silica nanocomposites

High-resolution transmission electron microscopy (HR-
TEM) images of QD/AChE/PLL/silica nanocomposites

were obtained using a JEOL JEM-2100 Electron Micro-
scope, operating at 200 kV. The samples for HR-TEM
analysis were prepared by evaporation of droplets placed on
Formvar/Carbon-coated TEM grids (Analytical Instruments
S.A.). The solvent was allowed to evaporate under
atmospheric conditions. The ATR-FT-IR spectra were
recorded on a Thermo-Electron Nicolet 6700 FT-IR optical
spectrometer with a DTGS KBr detector at a resolution of
2 cm−1. Optical measurements were performed at room
temperature with a UV–vis spectrophotometer (UNICAM
8625). Quartz Suprasil optical cuvettes for fluorescence
measurements (light path of 10 mm) were obtained from
Hellma. Fluorescence spectra have been recorded on an
Aminco-Bowman series 2 luminescence spectrometer
equipped with a continuous high power xenon lamp. All
samples were analyzed at room temperature with excitation
and emission slits set at 4 nm band-pass and a scan rate of
3 nm/s.

Assay conditions and photoluminescence measuring
procedure

To study the pH effect on the photoluminescence intensity
of the MUA-covered QDs, a series of solutions with
different pH (4.84, 5.22, 5.45, 5.79, 6.57, 6.82, 7.08,
7.54, 8.30, and 8.93) were prepared by adding various
amounts of KOH (1.0 M) to a 2.0 mL MES-buffered
solution (1.0 mM, pH 4.55). For the assay, 10.0 μL of
MUA-covered QDs were mixed with 990.0 μL of the pH
solution and left to incubate for 20 min before recording
the photoluminescence intensities. All experiments were
repeated in triplicate.

To follow the photoluminescence changes that appear
upon development of the enzymatic reaction, all measure-
ments were performed by adding the substrate to a cuvette
containing the solution of QD/AChE/PLL/silica nanocom-
posites and recording the photoluminescence intensity of
the QDs for more than 20 min. The pores of the silica
matrix allow the substrate to enter in its internal nano-
environment where the enzymatic reaction takes place.

Results and discussions

In this study, a photoluminescence detection system for the
enzymatic reaction of the Dm. AChE based on highly
photoluminescent quantum dots was developed by covalently
immobilizing the enzyme on the surface of CdSe/ZnS QDs
and further entrapment into bio-inspired silica. The catalytic
reaction of AChE is followed by the photoluminescence
changes of the CdSe/ZnS core/shell quantum dots.

In order to verify the successful formation of bio-
inspired silica shell around the quantum dots and to
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determine the morphology of the formed QD/AChE/PLL/
silica nanocomposites, fluorescence spectroscopy and HR-
TEM were employed. Figure 2 presents the photolumines-
cence spectra of CdSe/ZnS QDs prior to any modification
(solid line) and of the QD/AChE/PLL/silica nanocompo-
sites (dashed line). It can be observed that the photo-
luminescence spectrum of the QDs entrapped into the bio-
inspired silica does not show any significant shift in
comparison to the bare QDs, which proves that the
encapsulation process does not influence the QDs photo-
luminescence. The inset in Fig. 2 represents the HR-TEM
image of the mercaptoundecanoic acid-capped CdSe/ZnS
QDs after entrapment into the bio-inspired silica matrix. As
it can be seen from this image, the silicification process
produced a uniform structure which completely encapsu-
lates and protects the QDs within the silica matrix without

producing the aggregation of the QDs. The formed poly-L-
lysine templated QD/AChE/silica nanocomposites are
mainly spherical, with a size distribution from 45 to
85 nm in diameter (main population with an average
diameter of 63 nm) while an average of six QDs are
entrapped in each nanocomposite.

The efficient entrapment of QD/AChE conjugates within
the silica architecture was also examined by ATR-FT-IR
spectroscopy. The spectrum of poly-L-lysine templated QD/
AChE/silica nanocomposites was recorded and subsequent-
ly compared to those of poly-L-lysine templated silica
nanocomposites and of poly-L-lysine templated AChE/
silica nanocomposites. The ATR-FT-IR spectra presents
the characteristic peaks of the amide I and amide II bands in
the region 1,400–1,700 cm−1 as well as the peaks of silica,
denoted A, B, and C, that appear in the region 760–
1,300 cm−1 (Fig. 3a). Amide I and II vibrations of the
polypeptide backbone are very sensitive to changes that
might appear in the secondary conformations [45, 46] and
thus they are monitored closely. The shape of the amide I
band (1,620–1,680 cm−1) can provide information on the
type and amount of secondary structure [47]. As can be
seen from Fig. 3b, the amide I peak of all poly-L-lysine
templated silica nanocomposites (PLL/silica, AChE/PLL/
silica and QD/AChE/PLL/silica respectively) is shifted in
comparison to the one of the solid poly-L-lysine and that of
the Dm. AChE. Among these, the poly-L-lysine templated
QD/AChE/silica nanocomposites display the highest amide
I shift toward lower wavenumbers confirming the interac-
tion of poly-L-lysine and protein residues with the silica
network. These observed shifts of the amide I peak are due
to electrostatic and/or hydrophobic interactions of poly-L-
lysine and/or Dm. AChE with the silica matrix [48, 49].

Si–O–Si asymmetrical and symmetrical stretching
modes, respectively, give rise to silica peaks A and C,
while peak B it is attributed to Si–O stretching mode either

Fig. 2 Photoluminescence spectra of CdSe/ZnS QDs prior to
modifications (solid line) and of QD/AChE/PLL/silica nanocompo-
sites (dashed line). The inset represents the HR-TEM image of the
mercaptoundecanoic acid-capped CdSe/ZnS after entrapment into the
bio-inspired silica matrix (bar 50 nm)

Fig. 1 Schematic representation of the development of the QD/AChE/PLL/silica nanocomposites
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as siloxane bridge (Si–O−) or as silanol group (Si–OH) [50–
53]. The maximum of the main silica peak (A), for all poly-
L-lysine templated silica nanocomposites, appears in the
region 1,039–1,043 cm−1, as compared to the corresponding
silica peak that appears in the region 1,070–1,100 cm−1 of
other sol–gel silica [54, 55]. This shift can be attributed to
the entrapment of AChE and of the QDs/AChE within the
silica matrix, which affects the bond strength of neighboring
Si–O–Si groups. From these data, it is concluded that the
enzyme is indeed entrapped within the silica matrix, and that
it also exists a close interaction of the surface functional
groups of the protein with the QD/silica nanocomposite sites.

Acetylcholinesterase hydrolyses the substrate acetylcho-
line producing choline and acetic acid as it is shown in the
following scheme:

Acetylcholineþ H2O!AChE Cholineþ Acetic Acid

The optimum catalytic activity of Dm. AChE is achieved
in aqueous solutions of neutral pH. The surface of the
CdSe/ZnS core/shell quantum dots used is composed of
mercaptoundecanoic acid chains which are pH sensitive. In
order to determine the working pH range of the quantum
dots, their photoluminescence was recorded in buffered
solutions of different pH. As can be seen from Fig. 4, there
is a linear relationship between the pH value of the solution
and the photoluminescence signal of the QDs for a pH
range between 5.45 and 7.54. It is expected that the
enzymatic reaction will alter the pH of the immediate
surroundings of the QDs because of the acetic acid
production. In order to ensure the highest possible photo-
luminescence sensitivity upon enzymatic reaction, pH 7.0

was chosen, which is the optimum pH for both the
enzymatic reaction of acetylcholinesterase and the mercap-
toundecanoic acid-capped QDs.

In the next step, the response of the QD/AChE/PLL/
silica nanocomposites to the substrate acetylcholine chlo-
ride was evaluated. The substrate was added to the silica
nanocomposites and the photoluminescence signal of the
QDs was monitored over time. Upon addition of substrate,
the acetic acid produced by the enzymatic reaction lowers
the pH of the surrounding environment of the QDs which
quenches their photoluminescence, and, as a result, the
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higher the substrate concentration is, the higher the quantity
of acetic acid to be produced and so the larger the decrease
in the observed photoluminescence.

Figure 5 shows the response of the QDs based system to
a large scale of substrate concentrations and a linear
relationship between the concentration of the substrate and
the enzyme activity has been found in the range of 100–
1,000 μM (detailed in the inset) with a limit of detection of
1 μM.

Subsequently, the stabilizing effect that the biomimeti-
cally synthesized silica has on the QD/AChE complex was
evaluated, as compared to the free complex in solution. The
stability effect was examined by measuring the response to
the substrate over time. As it can be observed from Fig. 6,
the QD/AChE/PLL/silica biosensor presents a remaining
activity of 100% after 5 days. The following days, the
activity slowly decreases, but still remains at a level of 65%
after 45 days of measurements. In comparison, the activity
of the QD/AChE composites not encapsulated into the
biomimetically synthesized silica showed a considerable
decrease of their activity to only 50% after 20 days. It is
thus evident that the biomimetically synthesized silica
provides a stable environment within which the relatively
unstable Dm. AChE is stabilized.

It is important to note that even the very small QDs
concentration used (1.96×10−6 mol/L) and the very small
amount of enzyme incorporated into the biosensors (only
2 U/mL in the initial solution) are sufficient to obtain a
stable biosensor system with a reliable photoluminescence
response. This suggests that using the system composed of
the QD/AChE conjugates entrapped in the bio-inspired
silica, AChE inhibitors could also be detected with good
sensitivity.

Conclusions

In this work, we report on a new optical biosensor system
based on CdSe/ZnS QDs conjugated to Dm. AChE and
entrapped into bio-inspired silica matrix based on poly-L-
lysine. The pores of the bio-inspired silica nanocomposites
allow for the transport of the substrate to the enzyme, while
prevent the proteases from reaching the proteins. The bio-
inspired silica nanocomposites provide protection of the
sensitive QDs from the external environment and prevent
the release into the outer environment of toxic atoms that
can be desorbed from the surface of the QDs while at the
same time they help the enzyme to be stabilized against
unfolding or denaturation. The silicification process was
investigated by HR-TEM and ATR-FT-IR techniques. It is
shown that this process provides nanoporous material with
uniform structure which completely encapsulates and
protects the QDs within the silica matrix without producing
separate aggregates. The response of the QD/AChE/PLL/
silica nanocomposites to the AChE substrate acetylcholine
chloride was evaluated and a linear relationship between
the concentration of the substrate and the enzyme activity
has been found in the range of 100–1,000 μM. The bio-
inspired nanocomposites have been also tested for their
stability over time. It is shown that the activity is retained at
a level of 65% after 45 days. In comparison, the activity of
the QD/AChE composites not encapsulated into the
biomimetically synthesized silica retains only 50% of their
initial activity after 20 days.

The entrapment of QD/AChE conjugates into the bio-inspired
silica nanocomposites offers an optically active biosensor that
proves to be suitable for monitoring low-substrate concentrations
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in solution. These QD-based biosensors can provide stable and
sensitive nano-biosensor platforms for the detection of the
enzymatic activity.
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