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’ INTRODUCTION

Semiconductor colloidal quantum dots (QDs), also known as
nanocrystals, have been widely exploited in numerous applica-
tions in physical and life sciences for their unique optical and
electronic properties.1�6 Immobilization of these quantum dots
on solid inorganic surfaces is of fundamental importance for their
optoelectronic device applications, including light-emitting diodes,7

modulators,8 photodetectors,9 and photovoltaic devices,10 and in
their biomedical applications, including detection of pathogenic
microorganisms11 and imaging for biomedical applications.12 In
these applications, QDs are typically immobilized on surfaces using
chemically assisted assembly techniques, which are based on
covalent or noncovalent interactions such as organic13,14 or
inorganic templating,15,16 self-assembled monolayers (SAMs),17

electrostatic interactions,18 and hydrogen bonding.19 In addition
to the chemical linker molecules, QDs can alternatively be em-
bedded into a polymer matrix and coassembled onto the surface.20

However, none of these approaches features specific binding. To
devise a more controlled and robust QD immobilization technique,

specific interactions between targeted substrate and QDs are
needed. To cater this requirement, genetically engineered peptides
for inorganics (GEPIs), which have been processed using
combinatorial biology tools, namely, cells surface display21 and
phage display,22,23 have been used as smart molecular linkers for
specific self-assembly of QDs on various inorganic surfaces.

Inorganic material binding peptides have been screened and
selected for metals,24,25 metal oxides,26,27 minerals,28,29 and semi-
conductors.30,31 Quantitative analysis of the interaction of such
inorganic binding peptides with solid surfaces has been carried
out to probe the binding kinetics and thermodynamics of inorganic
binding peptides. Their interaction with substrates was tested
using surface plasmon resonance spectroscopy (SPR),32,33 quartz
crystals microbalance with dissipation monitoring (QCM-D),34,35

and atomic force microscopy (AFM).36,37 These surface-sensitive
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ABSTRACT:The assembly kinetics of colloidal semiconductor
quantum dots (QDs) on solid inorganic surfaces is of funda-
mental importance for implementation of their solid-state
devices. Herein an inorganic binding peptide, silica binding
QBP1, was utilized for the self-assembly of nanocrystal quantum
dots on silica surface as a smart molecular linker. The QD
binding kinetics was studied comparatively in three different
cases: first, QD adsorption with no functionalization of substrate
or QD surface; second, QD adsorption on QBP1-modified
surface; and, finally, adsorption of QBP1-functionalized QD
on silica surface. The surface modification of QDs with QBP1
enabled 79.3-fold enhancement in QD binding affinity, while
modification of a silica surface with QBP1 led to only 3.3-fold
enhancement. The fluorescence microscopy images also supported a coherent assembly with correspondingly increased binding
affinity. Decoration of QDs with inorganic peptides was shown to increase the amount of surface-bound QDs dramatically
compared to the conventional methods. These results offer new opportunities for the assembly of QDs on solid surfaces for future
device applications.
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techniques are key to real-time monitoring of the interaction
of peptides with solid surfaces. The results from the binding
experiments of inorganic binding peptides reveal a high affinity
specific to the inorganic surface for which they are selected.
The binding affinity of these peptides is comparable to those
of biological molecular interaction and synthetic chem-
ical linkers.27 After a substantial analysis of the affinity and
specificity of inorganic binding peptides for their binding affinity,
studies were carried out toward utilization of these peptides.
Employing the tools of genetic engineering, peptides were used
for the targeted immobilization of specific proteins on inorganic
surfaces for biosensing and bioassay applications.38�41 Inorganic
binding peptides were commonly utilized in applications for
positioning of nanomaterials on solid surfaces and on multi-
material surfaces.42�44 Utilization of the inorganic binding pep-
tides also for building new nanoscale architectures was
successfully demonstrated in previous studies. As a proof of
concept study, the assembly of nanoparticles in a layer-by-layer
assembly configuration was shown using inorganic peptides, e.g.,
titanium and silica binding peptides.45,46 In a recent study,
inorganic binding peptides expressed on the major coat protein
of M13 viruses were used as a template to assemble nanomater-
ials to build a novel type of battery.47 There are also a number of
previous studies that have specifically used inorganic binding
peptides for the assembly and patterning of nanocrystals on solid
surfaces. For example, a gold binding peptide was utilized to
immobilize QDs on a gold/platinum patterned silica surface with
high selectivity.48 Similarly, QDs were patterned on silica surface
with high precision using the silica binding peptideQBP1.49 Also,
QD patterns in various shapes were created through the assembly
of biotinylated peptides with dip pen nanolithography on a silica
surface.42 In another study, the QD assembly on gold surface was
achieved with a specific gold binding peptide to control the
emission intensity of the QD nanocrystals.50 In all of these prior
studies, however, the QDs and peptides have been immobilized
sequentially on the solid substrate and the adsorption kinetics of
QDs using peptide linkers have not been investigated to date.

Although there is an accumulating amount of research work
being reported on the utilization of the semiconductor QD
nanocrystals, only a limited number of studies have thus far
investigated the kinetics of QD immobilization on solid surfaces.
However, none of them has studied the QD adsorption kinetics
using specific solid binding peptides as linkers till date. In this
work, we present a study on the interaction of QDs with solid
silica surface using silica binding QBP1 peptides as the linkers.
QBP1 linker is a silica binding peptide that was obtained from a
knowledge-based peptide design approach using bioinformatics
tools. In this approach, a library of weak, moderate, and strong
silica binders were used to extract the binding information from
varying peptide sequences. Later, this information is used to
create a function to produce silica binder with different
affinities.51,52 This study addresses how the peptides modify
QD binding kinetics and how they should be utilized for the
assembly of QDs on a technologically common substrate, silica
surface. For that we explored and compared different assembly
approaches to utilize QBP1 linkers for the enhanced binding of
QDs on a silica surface.

In this study, we investigated three different cases to seek a
more robust and controlled self-assembly technique for the
immobilization of QDs on the silica surface. We used strepta-
vidin-coated QDs (SA-QDs) and QBP1 biotinylated (QBP1-
bio) at the N-terminus of the peptide to link QDs to peptides

by exploiting the strong interaction between SA and biotin. In
the first approach, we studied the binding kinetics of the SA-
QDs on nonmodified silica surface. Second, we looked into
the kinetics of SA-QD assemblies on modified silica surface
that is furnished with silica-binding peptide (QBP1-bio).
Finally, we monitored the binding kinetics of the peptide-
functionalized QDs, namely, QBP1-bio-hybridized SA-QD
(QBP1-bio-SA-QD) nanoassemblies, on nonmodified silica
surface. We performed SPR spectroscopy and QCM-D-based
analyses of the binding kinetics of these QDs and then
supported these results with fluorescence microscopy mea-
surements in each of three cases.

’EXPERIMENTAL SECTION

Peptides and Buffers. We used a silica-binding peptide for the
assembly experiments. The amino acid sequence of the peptide is
PPPWLPYMPPWS. The peptide was synthesized by GeneScript using
a solid-state peptide synthesis approach. The mass spectroscopy analysis
yielded a 95% purity. The peptide was synthesized with a biotin group at
its N- terminus. The biotin molecule was attached to the N-terminus of
the peptide. The lyophilized peptide (QBP1-bio) was dissolved in
phosphate-buffered saline (PBS) solution to obtain 10 μg/mL final
peptide concentrations. PBS solution used in these experiments contains
200 mM NaCl, 45 mM Na2CO3, and 55 mM KH2PO4, and pH of the
buffer was adjusted to 7.4.
Preperation of SA-QD�Biotin Conjugates and Experi-

mental Sets. We used CdSe/ZnS core�shell semiconductor QDs
conjugated with streptavidin purchased from Evident Technologies,
Troy, NY. Their hydrodynamic size is around 25 nm in aqueous
solution. They exhibit a peak emission wavelength at 520 nm.

We prepared the nanohybrids (QBP1-bio-SA-QD) by mixing 20 μL
of bio-QBP1 (1 mg/mL) and SA coated QDs (2 μM) (SA-QD). The
peptides were decorated through the interaction of the biotin end of the
peptides with the streptavidin coating around the QDs. To remove the
unbound peptides from the resulting nanohybrid solution, the final
mixture was first adjusted to 250 μLwith PBS and then filtered through a
spin filter with a cutoff 10 kDa at 2000 rpm for 15 min. To ensure the
removal of the retained free peptides, the nanohybrids were washed
several times with PBS and spin-filtered. We further checked the quality
of the formed nanohybrids by comparing their adhesion onto SA-coated
quantum dots. Also, we observed a red shift in the photoluminescence of
the peptide-conjugated SA-QDs compared to that of SA-coated QDs.
The yield was not observed to be an issue when compared to the
sequential assembly.

To study the binding kinetics of these QDs on silica substrates, we
prepared three experimental sets for SPR, QCM-D, and fluorescence
microscopy (FM) measurements; the details of the experimental setups
are included in the instrumental sections. In the first set, we monitored
the binding kinetics of SA-QD on nonmodified silica surface as a control
group to distinguish the effect of QBP1-bio as a smart molecular linker in
the self-assembly of SA-QDs. For the second set, we looked into the
effect of using QBP1-bio-modified silica surface on the amount of
adsorbed QDs. For this purpose we started with the decoration of the
silica surface using this silica-binding peptide by flowing the peptide
solution though a flow cell. Subsequently, we washed the surface with
PBS solution to remove unbound or nonspecifically bound peptides
from the silica surface. After the washing step, the silica surface was made
ready for SA-QD immobilization, with free biotin ends of the peptides
interacting with SAmolecules. Through the interactions between the SA
of SA-QDs and the biotin of the biotin-functionalized peptides, which
are stationary on silica surface, QDs are adsorbed on silica surface. Next,
the unbound and nonspecifically bound SA-QDs were detached from



4869 dx.doi.org/10.1021/la104942t |Langmuir 2011, 27, 4867–4872

Langmuir ARTICLE

the surface by washing with an excess of buffer solution. This experi-
mental set is dubbed the sequential assembly sample, since the QD layer
is sequentially assembled on top of the peptide layer. For the last
experimental set, we examined the case where we hybridized QDs with
peptides though SA�biotin interactions before immobilization on silica
surface. Different from the second experimental set, we decorated SA-
QDs instead of the silica surface with QBP1-bio. For this purpose, we
combined SA-QD and QBP1-bio solutions under rigorous mixing
before flowing though the silica surface. We optimized the concentra-
tions and volumes so that QD surface is fully covered with peptide
molecules. This last set is referred to as hybrid nanoassemblies. One of
the most important properties of these hybrid nanoassemblies is their
bifunctional characteristics. They serve two functions: first, they can
specifically bind to a targeted inorganic surface; second, they are
optically active.
Surface Plasmon Resonance (SPR) Studies. To monitor the

binding kinetics of QDs we used a SPR spectroscopy instrument
(Reichert Inc., Depew, NY). The instrument is equipped with a flow
cell placed on a prism coupler of the device. SPR slides coated with 5 nm
thick chromium and 50 nm thick gold were used as sensor surfaces.
These gold-coated slides were finally coated with 10 nm thick silicon
dioxide using a plasma-enhanced chemical vapor deposition system. The
preparation of these slides was carried out as described in the Supporting
Information of our previous study.27 Slides were cleaned with a
UV�ozone cleaner (Novoscan). The binding experiments were carried
out at 25 �C. To establish a baseline, PBS buffer was flown on the SPR
substrate. After the baseline was established, the solutions of QDs,
peptides, or peptide�QD conjugates were pumped into the flow cell.
After interacting with the silica surface, the loosely and nonspecifically
bound QDs, peptides, or QD�peptide conjugates were removed from
the surface by extensive washing. The desorption curve when changing
from QD solution to PBS indicated a negligible amount of bulk shift
effect; the interaction had a very limited desorption. The binding
kinetics of the interacting species was tracked in real-time with the
software supplied with the instrument.
Quartz Crystal Microbalance-Dissipation (QCM-D) Stud-

ies. The adsorption behavior of QDs was monitored using a quartz
crystal microbalance (Q-Sense E1, Q-Sense Co., Frolunda, Sweden). All
of the peptide solution and QD solutions were prepared as mentioned
above. We carried QCM-D measurements for the three different cases.
We used a silica-coated sensor, also from Q-Sense. The assembly of each
layer was carried out using a peristaltic pump at a flow rate of 10μL/min at
25 �C.After each run, the sensor surfacewas flushedwith buffer to remove
nonspecifically and weakly bound materials. We gathered the frequency
change data using the software supplied along with the instrument.
Fluorescence Microscopy Studies. We further analyzed the

QD-assembled SPR slides using confocal microscopy (LSM510
DuoScan, Carl Zeiss, Thornwood, NY).

’RESULTS AND DISCUSSION

The adsorption of QDs was studied in three different config-
urations: SA-QDs on nonmodified silica surface, SA-QDs on
peptide-modified silica surface, and peptide-hybridized SA-QDs
on nonmodified silica surface. The first step of adsorption
experiments was completed using surface plasmon resonance
spectroscopy. The data gathered from the SPR experiments
were fitted to a Langmuir adsorption model. In Figure 1a�c
the adsorption sensograms of SA-QDs corresponding to these
three different cases are given. In these adsorption sensograms,
the shift in the SPR wavelength results from the change in the
refractive index, which therefore reflects the amount of dry mass
adsorbed on an average area.53,54

The SPR wavelength shift increases from part a to part c in
Figure 1. The maximum shift was monitored in Figure 1c for the
case of peptide-hybridized SA-QD adsorption on silica surface,
which implies a maximum adsorbed QD mass on the silica
surface among all cases. In Figure 1a, for the control group, even
though peptide linkers were used neither on the silica surface nor
on SA-QD surface, SA-QDs are adsorbed on silica surface to some
degree due to some nonspecific interactions between SA and the
silica surface; in particular, hydrophilic interactions may dominate.
In Figure 1b, with the use of QBP1-bio immobilized on the silica
surface, more SA-QDs are adsorbed on the silica surface via the
supramolecular interaction between biotin and SA. However,
there are some limitations in such sequential assembly of QDs on
peptide-modified silica surface due to the diffusion effects during
the adsorption.55,56 This triggers problems with the availability of
the surface-bound biotin molecules. Furthermore, the mass
transfer of SA-QDs is diffusion-limited since for adsorption they
have to interact with the immobile biotin part of the peptides,
which are also stuck on the silica surface. In fact, for stronger
adsorption, SA-QDs have to interact with QBP1-bio on the
surface, which is less probable compared to the interaction of SA
and biotin molecules in solution (under mixing). Therefore,

Figure 1. Surface plasmon resonance refractive index change as a
function of time for QD adsorption onto silica surface in the case where
(a) SA-QDs are immobilized on nonmodified silica surface (control
group), (b) SA-QDs are immobilized on silica binding peptide modified
(QBP1-bio) silica surface (sequential assembly approach), and (c)
hybrid nanoassemblies (SA-QDs hybridized with silica-binding peptides
before interacting with the surface) are immobilized on nonmodified
silica surface. The adsorption rate is given as a function of SA-QD
concentration in part d.

Table 1. Adsorption Equilibrium Constants and Binding
Free Energies of SA-QDs on Silica Surface, for Three Differ-
ent Experimental Sets

kinetic constant SA-QD sequential assembly nanohybrid assembly

ka (M
�1/s) 0.60� 103 5.39� 103 4.66� 104

kd (s
�1) 2.20� 10�2 6.40� 10�2 2.30� 10�2

Keq (M
�1) 2.56� 104 8.43� 104 2.03� 106

ΔG (kcal mol�1) �5.9 �6.7 �8.6
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formation of the QBP1-bio-SA-QD hybrid nanoassemblies be-
fore immobilization offers a solution to significantly improve the
SA-QD adsorption.

Moreover, the Langmuir model fitted to actual data points are
given in Figure 1d, where the apparent adsorption rate is
recorded as a function of SA-QD concentration. The adsorption
equilibrium constants and the change in the Gibbs free energy for
binding process were calculated from the SPR data for each case.
As given in Table 1, the adsorption equilibrium constant
increases when using silica-binding peptide QBP1-bio as a smart
molecular linker. Using sequential assembly leads to ∼3.3-fold
enhancement in the adsorption equilibrium constant compared
to the control group, in which SA-QDs were only immobilized on
nonmodified silica surface. This increase in equilibrium adsorp-
tion rate points out a clear improvement in the binding affinity of
the SA-QDs on silica surface. This is favored by the specific
interaction of the SA molecules with the surface-bound biotin
molecules, which are bound to the silica surface through the
specific interaction of the silica-binding peptide with the silica. In
this approach, there are two possible dominating effects deter-
mining the amount of SA-QD adsorption on peptide modified
silica surface. The first effect comes from the amount of QBP1-
bio adsorption on silica surface, since for the SA-QD adsorption
the silica surface must have been sufficiently covered with
peptides. The previous studies showed that the bound QBP1-
bio has a surface coverage of 80% on the silica surface.49 Second,
noting that the interaction between SA and biotin is one of the
strongest known in nature, it definitely influences the SA-QD
adsorption on silica surface. However, these two effects are not
the only influences on SA-QD adsorption, because the interac-
tion of the biotin molecule with the active site of SA is restricted
by the mass transfer problem of SA-QDs on the stationary biotin
ends of the bound peptides.

To improve the binding of the SA-QDs on the silica surface,
the hybrid nanoassemblies were formed by filling the available
sites on SA on the outer shell of SA-QD with biotins while
rigorously mixing in solution so that SA-QD surface was fully
hybridized and saturated with the silica-binding peptides. These
new hybrid nanoassemblies have an enhanced capability to
assemble on silica surface in a more controlled and robust
manner. Compared to the control group, where the SA-QDs
were immobilized on the nonmodified surface, a 79.3-fold
enhancement in the binding affinity was achieved with these
hybrid nanoassemblies. However, the binding interaction of
streptavidin directly with surface immobilized biotin available
in the literature has a lower dissociation rate constant, which is 4
� 10�6 s�1, compared to the dissociation constant for the
interaction of streptavidin-coated QDs with surface-immobilized
peptide obtained in this study, which is 6.4� 10�2 s�1.57,58 This
difference may arise due to the steric hindrance that occurred
during the interaction of streptavidin-coated QDs with surface-
bound biotin in the case of sequential assembly. Also, one should
keep in mind that the mode of interaction of streptavidin
conjugates with surface-bound biotin is expected to be looser
compared to the interaction of wild-type streptavidin, possibly
because of molecular crowding and mass transport limitation,
as well as a structural rearrangement of streptavidin upon
conjugation.

The kinetic constants listed in Table 1 are important for the
comparison of these different ways of attaching QDs on a given
solid surface. When we compare the adsorption rates, ka, for QDs
from the silica surfaces following the assembly, the adsorption of

SA-QDs is faster in the case of using peptides as linker molecules.
This observation makes the point about the effectiveness of the
QBP1 peptide in the assembly of QDs. On the other hand, when
the peptides are decorated around the SA-QDs and the hybrid
nanoassemblies are formed, the adsorption rate is increased
dramatically by almost 77.2 times. In Table 1, the calculated
Gibbs free energies for three different QD binding approaches
are presented. For hybrid nanoassemblies, the Gibbs free energy
is minimum, which means that this system is thermodynamically
more stable than both the sequential assembly set and the control
group, since this process can take place without intervention of
external forces and yields a lower Gibbs free energy for QD
adsorption.

The surface coverage of QDs was also calculated using the
binding isotherms (see Supporting Information). The calculated
surface coverage values were normalized with the surface cover-
age of hybrid nanoassemblies (QBP1-bio-SA-QDs), since the
highest adsorption and surface coverage of SA-QDs were ob-
tained in the case of the hybrid nanoassemblies. The surface
coverage fraction for bioQBP1-SA-QD was kept at 100% while
others were normalized. The normalized surface coverage for each
case is given in Figure 2, coupled with schematics representing

Figure 2. Relative surface coverage of (a) the control group, where SA-
QDs are immobilized on nonmodified silica surface; (b) the sequential
assemblies, where SA-QDs are immobilized on silica binding peptide-
mediated silica surface; and (c) the hybrid nanoassemblies, where
SA�QDs are hybridized with silica-binding peptide before immobiliza-
tion onto the silica surface, using SPR and fluorescence microscopy data.

Figure 3. QCM-D real-time monitoring of the binding of SA-QDs for
(a) the control set, (b) the sequential assembly set, and (c) the hybrid
nanoassembly set on silica surface.
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adsorbed SA-QDs and fluorescence microscopy images of the
resulting SPR slides with 0.25 μM SA-QD concentration. The
fluorescence microscopy images also support SPR data and
adsorption results as well as the surface coverage percentages.
The gradual increase in the brightness of fluorescence micro-
scopy images from the control group to the hybrid nanoassem-
blies implies a direct correlation between the surface coverage of
the SA-QDs and total luminescence of the adsorbed SA-QDs.

We further verified the adsorption behavior of the SA-QDs on
a silica surface in three experimental sets using a QCM-D system,
which is another powerful technique for real-time monitoring of
molecular interactions. The frequency shifts and dissipation
changes recorded in QCM-D measurements are shown in
Figures 3 and 4, respectively. Both of the variables are good
indicators of the quality of the film formed and the enhancement
of the adsorbed QDs on the surface caused by the peptide
hybridization of SA-QDs. One should note that QCM-D is
basically a gravimetricmethod, and the frequency shift in Figure 3
supports the idea that the amount of QDs assembled on silica in
the hybrid case is higher compared to the SA-QDs adsorbed on
silica in other combinations.

Even though SPR andQCM-D can be interchangeably used to
study adsorption kinetics of molecules, in fact, they provide
different information about molecular interactions. For instance,
while SPR gives an idea about the film thickness and deposited
dry mass by measuring the change in the refractive index,
QCM-D can also monitor the dissipation of the film deposited
on the sensor crystal by recording data at different overtones.59,60

This change in the dissipation of the film gives direct information
about the amount of water held by the molecules in the system,
which is not possible to detect in SPR measurements.35 It is also
reported that the entrapment of the water molecules is related to
the surface coverage. At higher surface coverage levels, molecules
are expected to be more dissipative, as a result of the entrapment
of the large amount of water on the sensor surface. QCM-D
results revealed that the change in the dissipation is a maximum
in the hybrid nanoassemblies and it is a minimum in the control
group. However, compared to the shifts in resonance frequency
in each case, the change in the dissipation for hybrid assemblies is
smaller than expected in Figure 3. From SPR results and
fluorescence microscopy images, we know that the surface
coverage is larger in the case of the hybrid nanoassemblies.
Therefore, we would expect the change in the dissipation of
hybrid assemblies to be correspondingly larger compared to the
dissipation change we observed in this study for the other two
cases, as a higher surface coverage leads tomorewater entrapment.

But this not the case; so, this experimental observation indicates
that the film of the hybrid nanoassemblies is condensed and, in
contrast to high surface coverage, the densely packed hybrid
nanoassemblies do not hold a large amount of water.

’CONCLUSION

The self-assembly process is a well-established tool to create
ordered nanostructures for applications in physical and life
sciences. One of the challenges is to build and control these
systems by means of molecular recognition for more robust and
specific processes. The biological molecules and systems include
many of the samples of the self-assembled systems. Herein, we
exploit a combinatorial biology selected peptide, which is capable
of specifically binding to silica surface. We utilized this peptide as
a smart molecular linker for the controlled assembly of the SA-
QDs on silica surface, in the process of self-assembly. We
investigated the binding kinetics of SA-QDs on a silica surface
using different approaches. Hybridization of SA-QDs with
QBP1-bio enhanced the binding of SA-QDs on the silica surface.
These hybrid nanoassemblies have been found to have a higher
surface coverage compared to the assembly of SA-QDs on the
silica surface and the assembly of SA-QDs on QBP1-bio-deco-
rated surface. We observed that the hybrid nanoassemblies are
attached to the silica surface at a higher affinity and the formed
film on the silica surface is more densely assembled compared to
other cases.

This quantitative study proposes the first account of utilizing
inorganic binding peptides to increase the adsorption of the
quantum dots on a given solid surface. Not only is using a linker
molecule important for a better assembly of nanomaterials but
also the way of decorating the linker molecule is critical for better
functionality of the nanomaterials. Understanding the adsorption
behavior of such nanoassemblies is crucial to controlling and
constructing new devices with improved functionality.
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