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Because of the high affinity of the thiol groups to a metal such
as gold and zinc, we can conjugate metal nanocrystals with
chemical compounds which contain thiol such as cysteine,
cyctein contained peptide, and thiol-modified nucleic acids
including DNA. Among them, T. Pellegrino et al. investigated
Gold-DNA conjugates in detail by a comprehensive gel-
electrophoresis study based on 1200 gels. The investigation
contains the following three results: firstly, the precise detec-
tion of relative changes in size upon binding of molecules,
secondary, comparison of the specific attachment of DNA
via gold-thiol bonds to Au nanoparticles with nonspecific
adsorption of DNA, and thirdly, determination of the
maximum number of DNA molecules bounded per particle.
These data might be the essential information for designing
a functional nanodevice such as for the nanometer-sized
electric circuit and for the carrier for gene delivery system.

A new ligand which readily binds itself to CdSe-ZnS core-
shell QDs, via surface ligand exchange, was designed and
synthesized by Kimihiro Susumu et al. from tetraethylene
glycol (TEG) based bidentate ligand functionalized with
dihydrolipoic acid (DHLA) and biotin (DHLA-TEG-biotin).
Quantum dots capped with DHLA and DHLA-TEG-biotin
or polyethylene glycol modified DHLA (DHLA-PEG600) are
dispersed easily in aqueous buffer solutions. Homogenized
buffer solutions of QDs capped with mixture of DHLA-
PEG600 and DHLA-TEG-biotin are stable over broad pH
range and showed specific interactions with NeutrAvidin in
surface binding assays. The authors say “further studies of
these surface functionalized QDs for coupling with a variety
of bioreceptors and biological assays are in progress.”

For the study on the ligand-receptor binding, we need
fluorescent markers. Ligand conjugated quantum dots are
reported here by Ian D. Tomlinson et al. for imaging GABAc
receptor on the surface membrane of intact cell. They

have already succeeded in developing serotonin-conjugated
quantum dots and the method to reduce nonspecific binding
using PEGylated quantum dots. Together with all these
works, they have proceeded for imaging GABAc receptors
heterologously expressed on Xenopus laevis oocytes.

On the other hand, Dopamine conjugated quantum dots
are known to be endocytozed by cells bearing dopamine
receptors and not by cells without dopamine receptors.
Rafael Khatchadourian et al. studied the tools of fluorescence
intensity and intermittency for following dopamine biocon-
jugate processing in living cells.

In this special issue, we have three papers on quantum
dots as for the use of Forster (or fluorescent) resonance
energy transfer (FRET). The characters of quantum dots
such as photostability, high quantum yield broad absorption,
and narrow emission spectrum are more useful for probes
than organic dyes, especially in the study of molecular
imaging.

In the investigation of E. Z. Chong et al., biotinylated
DY731-Bio fluorophores with an absorption peak at 720 nm
were self-assembled onto Qdot705-STVs that emit the
fluorophores at 705 nm using a streptavidin-biotin binding
mechanism. They have particular interest on the far-red
region to minimize optical region absorption within tissue
and to avoid cell autofluorescence and they succeeded in
doing so.

In order to identify selective inhibitors of protein kinases
efficiently, Ibrahim Yildiz et al. designed a binding assay
to probe the interactions of human phosphoinositide-
dependent protein kinase-1 with potential ligands using
FRET between quantum dots and organic dyes.

Using terbium complexes as donors and quantum dots
as acceptors, FRET immunoassay is improved more than
two orders of magnitude compared to commercial systems,
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which has been investigated by Niko Hildebrandt et al. They
say “the presented results demonstrate the great potential
of Tb to QD-FRET system for highly sensitive homogenous
immunoassays for biological as well as clinical and medical
applications.”

For the application of MRI imaging, the following
two papers are included. Mi Kyong Yoo et al. developed
superparamagnetic iron oxide nanoparticles (SPIONs). SPI-
ONs were coated with agent (PVLA-coated SPIONs) to be
recognized by asialoglycoprotein receptors on hepatocytes.
Intracellular uptake of this nanoparticle was visualized by
confocal laser scanning microscopy and the hepatocyte-
specific delivery was also investigated with magnetic res-
onance image of rat liver. The authors said “the results
suggest the potential utility of PVLA-coated SPIONS as liver-
targeting MRI contrast agent.”

Quantum dots are absolutely useful for clinical labo-
ratory test. Dilan Qin et al. say “tuberculosis is a global
health threatening emergency with the spread of acquired
immunodeficiency syndrome and the emergence of a drug-
resistant strain of mycobacterium tuberculosis.” They used
RuBpy-doped silica nanoparticles as the fluorescent probe
to detect the bacteria with an indirect immunofluorescence
microscopy. Four-hour assay time is enough including spiked
sputum sample pretreatment, which can be done by the
advantage of higher luminescence and higher photostability
for the nanoparticles.

For the study on the clinical treatment, we have a paper
of Magdalena M. Stevanovi¢ et al. They produced copolymer
poly(D,L-lactide-co-glycolide) (DLPLG) nanoparticles by
using physical method with solvent/nonsolvent systems and
technique of the centrifugal processing. Encapsulation of
ascorbic acids into DLPLG particles can be used for trans-
dermal controlled delivery of ascorbic acids. The authors say
“DLPLG nanospheres are very efficient means of transdermal
transport of medicament within the polymer matrix.”

Finally, this special issue includes two review articles.
One is from Arthur M. Iga et al. They describe the clinical
potential of quantum dots focused in sentinel lymph node
mapping, cancer imaging, photodynamic therapy in cancer
treatment, and drug delivery. The authors examined the
hindrances for clinical use and the current progress in
abrogating their inherent toxicity. The other review is from
Camilla Luccardini et al. They start from the chemical and
optical properties of nanocrystals and surface chemistry.
They cross the description of plasma membrane section and
reach the specific intracellular targets. They also describe
a whole animal imaging in vivo with nanocrystals and
cytotoxity of cadmium ion as an example.

Both of the authors of the review articles have taken the
topics of toxicity commonly. Silica coating of the quantum
dots might be one of the ways to escape from the cytotoxity.
Masanori Ando et al. say “here we report the preparation
of silica particle phosphor incorporating ZnSe-based NCs
prepared by a reverse micelle method.” The size distribution
of the spherical particles is 2040 nm in diameter. They have
already reported the presentation of green- and red-emitting
silica particles. “These emitting silica particles are expected to
be applicable as fluorescent biomarkers,” they also say. Their

method of silica coating might be applicable for any type of
the nanoparticles.

On the other hand, Arthur M. Iga et al. say “with im-
provements in nanotechnology, nanotoxicology, and chem-
istry some of the goals could be achieved, however, it will be
difficult to replace the toxic core of the QD without losing
optical properties or we will redirect our efforts to less toxic
elements.” All of us might have to think about it deeply.

Marek Osinski
Thomas M. Jovin
K. Yamamoto
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INTRODUCTION

Gold-DNA conjugates were investigated in detail by a comprehensive gel electrophoresis study based on 1200 gels. A controlled
number of single-stranded DNA of different length was attached specifically via thiol-Au bonds to phosphine-stabilized colloidal
gold nanoparticles. Alternatively, the surface of the gold particles was saturated with single stranded DNA of different length either
specifically via thiol-Au bonds or by nonspecific adsorption. From the experimentally determined electrophoretic mobilities, esti-
mates for the effective diameters of the gold-DNA conjugates were derived by applying two different data treatment approaches.
The first method is based on making a calibration curve for the relation between effective diameters and mobilities with gold
nanoparticles of known diameter. The second method is based on Ferguson analysis which uses gold nanoparticles of known di-
ameter as reference database. Our study shows that effective diameters derived from gel electrophoresis measurements are affected
with a high error bar as the determined values strongly depend on the method of evaluation, though relative changes in size upon
binding of molecules can be detected with high precision. Furthermore, in this study, the specific attachment of DNA via gold-thiol
bonds to Au nanoparticles is compared to nonspecific adsorption of DNA. Also, the maximum number of DNA molecules that
can be bound per particle was determined.

Copyright © 2007 T. Pellegrino et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

DNA-functionalized gold nanoparticles are an interesting
system with applications ranging from biological sensors to
the construction of self-assembled materials. Experiments
are based on attaching single-stranded DNA molecules via
thiol-gold bonds to the surface of Au nanoparticles and a
subsequent self-assembly process of these conjugates by mak-
ing use of base pairing of complementary DNA molecules
[1-5]. For example, by employing Au-DNA conjugates, sev-
eral groups have developed schemes to detect target DNA se-
quences [6] and to assemble nanoparticles into macroscopic
materials [7, 8]. DNA-functionalized Au nanoparticles are
the building blocks for the above-mentioned experiments.
Therefore, it is of great interest to investigate the properties
of these conjugates in detail.

Due to the high affinity of thiol groups to gold surfaces,
thiol-modified DNA molecules can be directly bound to the

T. Pellegrino and R. Sperling contributed equally to the work.

surface of citrate- or phosphine-stabilized Au nanoparticles
[9, 10]. Although commonly a random number of DNA
molecules are attached per Au nanoparticle [1], also parti-
cles with an exactly defined number of one, two, or three
attached DNA molecules per nanoparticles can be obtained
[11-15]. Certainly, several parameters have significant influ-
ence on the properties of Au-DNA conjugates, such as cov-
erage of the Au surface with DNA, configuration of the at-
tached DNA molecules, and hybridization efficiency of DNA
attached to Au surfaces. These parameters are strongly con-
nected. The degree of DNA coverage will influence the DNA
conformation, which, in turn, will affect the hybridization
efficiency. Also, nonspecific adsorption has to be considered.

A body of experiments investigating these parameters
has been reported for DNA attached to flat Au surfaces us-
ing different techniques such as atomic force microscopy
(AFM) [16-18], surface plasmon resonance (SPR) spec-
troscopy [19-21], radioisotopic techniques [22, 23], ellip-
sometry [23], and X-ray photoelectron spectroscopy (XPS)
[23]. These experiments allow for a detailed picture of DNA
bound to planar gold surfaces and the results have clarified
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the binding mechanism, the surface coverage, the hybridiza-
tion efficiency, and the role of nonspecific adsorption, all in
dependence of the length of the DNA.

Since the effect of surface curvature has to be taken into
account [24], the results obtained for planar Au surfaces may
be transferred to spherical Au nanoparticles only under cer-
tain restrictions. The surface coverage of Au nanoparticles
with DNA has been investigated using the displacement of
fluorescence-labeled DNA molecules with mercaptoethanol
[25] and by gel electrophoresis [26]. Also, the conformation
of bound DNA [27, 28], hybridization [29], and the role of
nonspecific adsorption [26, 28, 30] have been investigated for
Au nanoparticles.

In this report, we present a detailed study of elec-
trophoretic mobility of Au-DNA conjugates. With this study,
we want to determine the possibilities and limitations of
this technique. Besides our own previous work [27, 31], also
other groups [28, 32, 33] have recently reported about the
possibility to extract effective diameters for bioconjugated
colloidal nanoparticles from electrophoretic mobilities. The
aim of this study is, in particular, to investigate the limita-
tions of this analysis.

2. MATERIALS AND METHODS
2.1. Sample preparation

Citrate-coated gold nanoparticles of 5, 10, and 20 nm diam-
eter were purchased from BBI/TED Pella (Redding, Calif,
USA). In order to improve their stability in buffer so-
lution, the adsorbed citrate molecules were replaced by
a phosphine (bis(p-sulfonatophenil)phenylphosphine dehy-
drate, dipotassium salt) [11]. The concentration of the Au
nanoparticles was determined by UV/vis spectroscopy by
using the molecular extinction coefficient of their absorp-
tion at the plasmon peak. Thiol- and Cy5-modified and un-
modified single-stranded DNA were purchased from IDT
(Coralville, Iowa, USA) or Metabion (Miinchen, Germany).
All sequences can be found in the Supplementary Material
(available online at doi: 10.1155/2007/ 26796). The concen-
tration of the DNA was determined by UV/vis spectroscopy
by using the molecular extinctions coefficient of their ab-
sorption at 260 nm. The thiol-modified and plain DNA were
added to the phosphine-coated Au nanoparticles at pH = 7.3,
¢ (NaCl) = 50 mM, and samples were incubated for some
hours up to several days [11, 27]. Generally, in such exper-
iments, DNA is always added in large excess, thus that the
number of attached molecules is related but not fully con-
trolled by the stoichiometry of DNA:Au-NP because of the
rather low binding yield.

2.2. @Gel electrophoresis experiments

The resulting Au-DNA conjugates were loaded on 0.5%-6%
agarose gels (agarose: Gibco BRL, number 15510-027; 0.5 X
TBE buffer, pH 9) and run for one hour at 100V [11, 27].
(Since 6% gels can be inhomogeneous due to their high vis-
cosity, the data obtained with these gels have to be interpreted
with care.) As reference, always unconjugated Au nanoparti-

cles of the same diameter were run on the same gel. In ad-
dition, gels with unconjugated Au nanoparticles of different
diameter and free DNA of different length were run. The
bands of the plain and DNA-conjugated Au nanoparticles
were directly visible by the red color of the Au colloid and
the free DNA was visualized by an attached fluorescence la-
bel (fluorescein, Cy3, or Cy5). The bands of the gels were
photographed using a digital camera system (Eagle Eye III,
Stratagene). The mobility of each sample was determined by
measuring the position of each band referring to the start
position where the samples had been loaded. This resulted
in a comprehensive set of data which relates the mobility
of Au-DNA conjugates to the diameter of the Au particles,
where the relation between the amount and the length of
the attached DNA, nonspecific versus specific attachment via
thiol-gold bonds, and the gel percentage was studied.

2.3. Calculation of the effective diameter
of the Au-DNA conjugates

Since mobility is not an illustrative quantity, we have at-
tempted to convert the mobilities of Au-DNA conjugates in
effective diameters. The evaluation of the gels in which plain
Au-nanoparticles of known diameter were run yielded a cal-
ibration curve in which the mobility is plotted versus the di-
ameter. By using this calibration curve, the mobility of the
Au-DNA conjugates could be directly converted into effective
diameters [27]. Alternatively, the mobility of Au-DNA con-
jugates at different agarose concentrations was used to obtain
Ferguson plots [34] and fits of the Ferguson plots yielded
the retardation coefficients [28]. First, Ferguson plots were
made for plain Au-nanoparticles of known diameter and a
calibration curve in which the retardation coefficients were
plotted versus the particle diameter was obtained [28]. By us-
ing this calibration curve, the effective diameters of Au-DNA
conjugates could be derived from the retardation coefficients
derived from the Ferguson plots of the Au-DNA conjugates
[28].

2.4. Determination of the maximum number
of attached DNA molecules per particle

We have also quantified the maximum number of DNA
molecules that can be attached per gold nanoparticle for par-
ticles with 5nm and 10 nm diameter and single-stranded
DNA with 8 and 43 bases. For this purpose, single-stranded
DNA that had been modified with a thiol group on the 3" and
a Cy5 dye on the 5 end has been attached via formation of
thiol-Au bonds to the surface of Au particles. DNA was added
in different DNA to Au ratios and the conjugates were run on
an agarose gel. The more DNA bound per Au nanoparticle,
the more the band of this conjugate was retarded on the gel
[27]. At a certain amount of added DNA, the retardation of
the band of the conjugates did not further increase, which
indicates that the Au surface is fully saturated with DNA
[27]. The bands were extracted from the gel by cutting out
the agarose piece that contained the band and immersing it
into 0.5 X TBE buffer solution. After two days, the Au-DNA
conjugates had diffused out of the gel into the buffer. The
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extraction procedure ensures that all DNA is really attached
to the Au particles, since free DNA migrates in a much faster
band. UV/vis spectra were recorded of the extracted Au-DNA
conjugates. For each of the conjugates, the DNA concentra-
tion was determined by the Cy5 absorption and the Au con-
centration was determined by the absorption at the plasmon
peak and from both concentrations the number of attached
DNA molecules per particles was derived. As we quantified
the number of attached Cy5 molecules only with absorption
and not with fluorescence measurements, the effect that the
fluorescence of Cy5 close to Au surfaces is quenched [35] did
not interfere with our analysis.

All methods and additional experiments can be found in
detail in the supplementary material.

3. RESULTS AND DISCUSSION

3.1. The attachment of DNA to particles
increases the effective diameter
and thus lowers the electrophoretic mobility

The attachment of DNA to Au nanoparticles can be clearly
observed by gel electrophoresis [9, 11, 13, 26-28, 36-38]. The
mobility of particles on the gel depends on two factors: size
and charge. The bigger the size, the slower and the higher the
charge, the faster particles will migrate. In the case of neg-
atively charged Au particles (e.g., with citrate or phosphine
molecules adsorbed to the particles), the attachment of nega-
tively charged DNA molecules causes in first place an increase
of size that can be seen as a retardation of the band of the gel
[27]. If the change in charge dominated, then the mobility
of the Au particles should be increased (addition of negative
charge) or drastically decreased (addition of positive charge)
up to change in the direction of migration. Although this ef-
fect has been observed for different systems [31, 39], it has
not been observed for the Au-DNA conjugates used in this
study. Upon attachment of DNA, the mobility of the result-
ing conjugates was always moderately decreased. Therefore,
in agreement with previous reports, we assume throughout
this manuscript that attachment of DNA to Au nanoparticles
in first order increases the effective diameter of the conjugates
which can be directly seen in the retardation of the band of
the conjugates in gel electrophoresis experiments [9, 11, 26—
28, 36-38].

3.2. Generation of a calibration curve that relates
electrophoretic mobilities to effective diameters

One aim of this study was to obtain calibration curves in
which measured electrophoretic mobilities 7 can be related
to effective diameters des. By running phosphine-stabilized
Au particles of known diameter (the overall diameter of
phosphine-coated Au NP was assumed as the core diame-
ter plus two times 0.5 nm for the thickness of the phosphine
layer and the smallest nanoparticle size used for calibration
was 6 nm) on gels, by measuring their mobility, by fitting
the data empirically with an exponential function, and by
using the inverse of the fit function, we obtained a func-
tion in which the effective diameter of Au particles and Au-

TaBLE 1: Experimentally obtained parameters for deriving effective
diameters from electrophoretic mobilities for different gel percent-
ages y. The data have been derived by fitting an experimentally ob-
tained dataset of electrophoretic mobilities of Au nanoparticles of
known diameter and represent the mean values and standard devi-
ations.

y A, T, (nm)
0.5% 1.017 = 0.015 189 + 19
1% 1.049 = 0.012 85.0 + 3.7
2% 1.120 = 0.024 37.7+ 1.9
3% 1.236 = 0.025 18.8 £ 0.8
4% 1.476 = 0.061 10.3 £ 0.9
5% 1.759 = 0.079 7.16 = 0.66
6% 2.073 = 0.083 5.77 £ 0.49

DNA conjugates can be directly calculated from their elec-
trophoretic mobility:

desr(m) = =T, * In((m/m19nm,y)/A,) + 6 nm. (1)

The parameters for y = 0.5%, 1%, 2%, 3%, 4%, 5%, and
6% agarose gels are enlisted in Table 1. In order to enhance
the accuracy by making relative instead of absolute measure-
ments, we always normalized the mobilities m to the mo-
bilities #7119 nm,y of plain phosphine-stabilized Au particles of
10 nm core diameter on the same gel. Therefore, although the
primary data of all electrophoresis measurements are elec-
trophoretic mobilities, we are discussing the experimental re-
sults in terms of effective diameters. The diameters have been
obtained with the above-described formula from the mobil-
ity data.

Since obviously the effective diameter of Au-DNA con-
jugates is a fixed physical property, it should not depend on
the form of measurement and analysis. We, therefore, com-
pared the effective diameters derived from 1%, 2%, 3% gels
via the respective mobility-diameter calibration curves and
from Ferguson plots [34]. For the Ferguson plots, the mobil-
ity data from all gel percentages are required.

3.3. Evaluation of the accuracy of effective
diameters obtained from
electrophoretic mobilities via
mobility-diameter calibration curves

The determined effective diameters for Au-DNA conjugates
for Au particles saturated with DNA and for Au particles with
only few DNA strands attached per particle are plotted in
Figures 1 and 2 for DNA of different length. In all cases, re-
gardless the length of the DNA, whether DNA was attached
by specific thiol-gold linkage or by nonspecific adsorption,
or whether only a few or a many as possible DNA molecules
were bound per Au nanoparticles, the effective diameters de-
rived with the mobility-diameter calibration curves are dif-
ferent for different gel percentages. Though most of the times
the effective diameters derived from gels with higher percent-
age were found to be larger than the ones obtained from gels
with lower percentage, also the opposite effect was observed
within the experimental error bars (see, e.g., Figure 2). The
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Ficure 1: Effective diameter dos of Au-DNA conjugates for Au
surfaces saturated with DNA. The surface of 10 nm phosphine-
stabilized Au nanoparticles was saturated with single-stranded DNA
of different lengths and the conjugates were run on 1%, 2%, and
3% gels. From the measured mobilities, the effective diameters of
the conjugates were determined. The effective diameters obtained
from 1%, 2%, and 3% gels are plotted in black with diamond, tri-
angle, and circle symbols, the effective diameters obtained from Fer-
guson analysis are plotted in red. The effective diameters of conju-
gates in which the DNA was linked to the Au particles via specific
thiol-gold bonds are connected with straight lines, the effective di-
ameters of conjugates in which the DNA is nonspecifically adsorbed
to the Au particles are connected with dotted lines. The green lines
correspond to rudimentary theoretical models of the effective di-
ameters of DNA molecules attached via thiol-gold to Au particles
[27]. For fully stretched DNA (bottom curve), def linear(N) = 10 nm
+2.(0.92nm + N. 0.43 nm), for randomly coiled DNA (top curve)
deft. ot (N) = 10nm + 2. (0.92nm + 2. [371.N. 0.43nm . 2 nm]"?),
and for DNA partly stretched and partly coiled DNA (middle curve)
defimixed(N) = 10nm + 2. (0.92nm + 30. 0.43nm + 2. [37!. (N-
30).0.43nm.2nm]"?) was used [27]. We assumed 0.92 nm for the
length of the thiol-hydrocarbon (Cs) spacer at the reactive end of
the DNA, 0.43 nm per base for the contour length and 2 nm for the
persistence length [42, 43]. N corresponds to the number of bases.

effective diameters derived from Ferguson plots were always
smaller than the ones derived from the mobility-diameter
calibration curves. This clearly demonstrates a severe limita-
tion of deriving effective diameters from electrophoretic mo-
bilities. If always the effective diameters derived from the gel-
sof higher percentage were smaller than the one derived from
gels with lower percentage, one could have argued that the
soft DNA shell around the rigid Au cores would be squeezed
or compressed more while migrating through the gel of
higher agarose concentration, which would lead to smaller
effective diameters. However, since no clear correlation be-
tween the gel concentration and the derived effective diame-
ters was observed, we have to consider the difference between
the effective diameters that have been obtained from gels of
different concentrations as error bars. The bigger the Au par-
ticles become due to attachment of DNA, the bigger the er-
ror in deriving their effective diameter from electrophoretic
mobilities becomes. For example, according to Figure 1, the
effective diameters of 10 nm Au particles saturated with 100

0 1 2 3 4 5 6 7 8 9
Number of DNAs per particle

1% 2% 3% agarose gel

—— —v— —— 5nmAu

—— —v— —— ]0nmAu
—v— —e— 20nm Au

FIGURE 2: Effective diameter of Au-DNA conjugates with a discrete
number of DNA molecules attached per Au nanoparticle. 10 nm Au
particles were incubated with thiol-modified single-stranded DNA
of 43 and 100 bases length and run on 1%, 2%, and 3% agarose
gels. On the gels, particles with exactly 0,1, 3,4, ... DNA molecules
attached per Au particle could be identified as discrete bands. From
the mobilities of the bands on the gels, the effective diameters degt
were derived by using a calibration curve that relates mobilities and
diameters. The effective diameters corresponding to effective diam-
eters derived from 1%, 2%, and 3% gels are plotted in black with di-
amond, triangle, and circle symbols, respectively. From the mobility
data of the gels of different percentage effective diameters were also
obtained by the Ferguson method and are plotted in red. The upper
and lower sets of curves belong to the Au-DNA conjugates with 100
bases and 43 bases DNA, respectively.

bases DNA that is specifically linked via thiol-Au bonds are
66.3nm, 69.5 nm, and 58.5 nm as determined from 1%, 2%,
and 3% gels. We believe that from these data we can as-
sume that the effective diameter of these conjugates is around
60 nm with an error bar of around 10 nm. From these and
additional similar data (not shown), we conclude that deriv-
ing absolute effective diameters from electrophoretic mobili-
ties via mobility-diameter calibration curves is possible only
under certain restrictions. It is not sufficient to extract the
data just from gels of one percentage. Only by using gels of
different percentage an average value for the effective diam-
eter and an estimate about the error can be obtained. Part
of this limitation might be due to our principal assumption
that in the case of phosphine-stabilized Au particles conju-
gated with DNA, the electrophoretic mobility is in first order
only determined by the size of the conjugates. Charge effects
may hamper obtaining more precise data for effective diam-
eters. For other systems in which charge effects certainly will
play a more important role [39], it might be even impossible
to derive effective diameters from electrophoretic mobilities
with the here-reported mobility-diameter calibration curves.
It also has to be pointed out that the possible application of
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the here-reported calibration curves is limited to relatively
rigid objects similar in nature to Au nanoparticles. As these
objects were used in first order to obtain the experimental
data on which the calibration functions are based, the cal-
ibration functions certainly will not describe the diameters
of soft objects, such as DNA, very well. A likely explana-
tion for the deviation in the effective diameters obtained for
the DNA-Au conjugates with the calibration functions for
the gels of different percentage can be seen in the fact that
the calibration functions are directly only applicable for Au
particle-like rigid objects. Attaching soft objects as DNA to
the Au particle surface changes their electrophoretic behav-
ior so that the calibration curves can be only applied in a
restricted way.

3.4. Evaluation of the accuracy of effective
diameters obtained from Ferguson plots

We have also evaluated the possibility to obtain effective di-
ameters of Au-DNA conjugates via Ferguson plots, as had al-
ready suggested by the group of Hamad-Schifferli [28]. From
Figures 1 and 2, it is evident that the effective diameters ob-
tained from Ferguson plots are always significantly smaller
than the ones obtained from mobility-diameter calibration
curves. It has to be pointed out that both evaluation methods
are based on the same set of experimentally obtained mobil-
ities. In a classical Ferguson plot, for example for free DNA,
the logarithm of the mobilities is linear to the gel percent-
age. However, in the case of Au and Au-DNA conjugates, this
linearity holds no longer true, in particular for gels of higher
percentage [36]. We, therefore, had to restrict our analysis to
gels from 1% to 3% although in some cases data for 4% to
6% had also been available. Additional experiments can be
found in the supplementary material. Though theories for
nonlinear, convex Ferguson plots exist [40, 41], we did not
try to apply them here. Due to the significant deviation from
the data obtained with the Ferguson plots to the data ob-
tained with mobility-diameter calibration curves and due to
the above-mentioned limitations, we conclude that the lin-
ear Ferguson analysis is less suited to obtain absolute effective
diameters. However, relative increases in size due to binding
of molecules can be observed with sufficient resolution with
Ferguson analysis.

3.5. Specific thiol-Au bond-mediated attachment
of DNA versus nonspecific DNA adsorption

Our data clearly indicate that there is also nonspecific ad-
sorption of DNA to the surface of Au particles in case the par-
ticles are exposed to many DNA molecules, see Figure 1. It is
important to point out that in Figure 1, the data of Au parti-
cles that have been exposed to as much DNA as possible and
that are, therefore, saturated with DNA are described. This is
different from the case in which the Au particles are exposed
to only to a few strands of DNA as in Figure 2, where no non-
specific adsorption could be observed, as already reported by
Zanchet et al. [11]. Nonspecific adsorption of DNA to Au
particles is significantly lower compared to specific thiol-Au
bond-mediated attachment and thus can only be observed in

case of exposure of the particles to very high DNA concen-
trations.

Although the absolute numbers derived for effective di-
ameters for Au-DNA conjugates are afflicted with significant
error bars as described above, these data nevertheless con-
tain valuable information about the binding of DNA to Au
particles. Any attachment of DNA leads to an increase in the
effective diameter, dependent on the nature of attachment,
the amount of bound DNA, and the length of each DNA
molecule, see Figure 1. With very simple models, we can as-
sume that DNA attached to the surface of Au particles can
adopt two basic types of conformation [27]. In the first case,
the confirmation of DNA is not effected by the presence of
the Au particles and it will form a random coil. In the second
case, DNA has to compete for the binding places at the gold
surface and thus, in order to bind as many DNA molecules
per area as possible, the DNA has to be stretched. Actually,
a combination of both models will best describe the reality.
In Figure 1, the effective diameters for the different models
(randomly coiled DNA, fully stretched DNA, and DNA that
is stretched for the first 30 bases and randomly coiled for the
rest of the bases) are plotted versus the DNA length for Au
particles that are saturated with DNA. Clearly, thiol-gold-
bond specific attachment can be distinguished from non-
specific adsorption of DNA. Similar observations have been
reported also before by Sandstrom et al. [26, 37]. First, the
increase in the effective diameter tells that also DNA with-
out thiol modification can be adsorbed to the surface of
phosphine-stabilized Au nanoparticles. Second, a compari-
son with the effective diameters of the theoretical models
clearly proves that nonspecifically adsorbed DNA does not
exist in a stretched configuration perpendicular to the Au
surface. The data rather indicate that even when the parti-
cle surface is saturated with nonspecifically attached DNA,
only parts of the DNA molecules will be randomly coiled, as
the experimentally obtained effective diameters are smaller
than the diameter of conjugates in which the adsorbed DNA
is randomly coiled. From this, one can conclude that due
to nonspecific Au-DNA interaction, the adsorbed DNA is
at least partly wrapped around the surface of the Au parti-
cles, which is in agreement with other studies [44]. In case of
Au surfaces saturated with thiol-modified DNA, the effective
diameters are significantly bigger compared to nonspecifi-
cally adsorbed DNA, see Figure 1. By comparison with ba-
sic models, we conclude in agreement to our previous study
that specifically bound DNA adopts a stretched configura-
tion so that as many DNA molecules as possible can bind to
the Au surface. Due to the spherical geometry, DNA longer
than around 30 bases only needs to be stretched due to this
space limitation within around the first 30 bases, whereas
the parts of the DNA molecules further away from the Au
particle are not affected by space limitation and thus can
be randomly coiled. These results again show the possibili-
ties and limitations of the here-described method. Though
it is complicated to derive accurate absolute effective diam-
eters of Au-DNA conjugates, the binding of DNA molecules
can be clearly seen as an increase in the effective diameters
and a comparison with theoretical models can give indica-
tions about the conformation of the attached DNA. These
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FIGURE 3: 10 nm diameter Au particles have been saturated with thiol-modified single-stranded DNA of 8 and 43 bases lengths and were
run on 2% agarose gels. From the resulting mobilities, effective diameters were derived via a mobility-diameter calibration curve (for 2%
agarose gels). In the table, the effective diameters of particles are given in nm. In the upper row, the data for DNA modified at one end with
an-SH group are shown. In the bottom row, the data for DNA modified at one end with an-SH and at the other end with a -Cy5 organic
fluorophore are shown. The results are within the error bars identical for DNA with and without Cy5, which indicates that the Cy5 at the
free end does not interfere with the binding process of the DNA to the Au particle surface.
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FI1GURE 4: Maximum number of thiol-modified single-stranded DNA molecules that can be bound to the surface of phosphine-stabilized Au
particles. Au particles of different core-diameter (d = 5 nm, 10 nm) and thiol modified single-stranded DNA of different length (8 and 43
bases) have been used. The maximum possible number of DNA molecules per Au particle and the maximum surface density (in DNA per

particle surface) are given.

types of binding assays via gel electrophoresis are an attrac-
tive complementary method compared to other techniques,
such as light scattering [45]. Presumably a combination of
gel electrophoresis, light scattering, and zeta potential mea-
surements of identical samples would give the most accu-
rate analysis about Au-DNA conjugates. It remains to note
that although electrophoresis of free DNA is well studied
both experimentally and theoretically, the case of Au-DNA
conjugates is more complex because several properties (to-
tal charge, charge density, and elasticity) are not constant but
depend all at the same time on the binding of DNA to the Au
nanoparticles. A theoretical model for gel electrophoresis of
such conjugates would be helpful for data analysis.

3.6. Effect of organic fluorophores linked to
DNA on the binding of DNA to Au particles

When organic fluorophores are attached to Au-DNA conju-
gates at the free end of the DNA, which is pointing towards
solution, then energy transfer between the fluorophore and
the Au nanoparticle can be observed [35]. This effect can be,

for example, employed for DNA sensors [46]. Since energy
transfer depends on the distance between the organic fluo-
rophore and the Au surface [35, 47], certainly the configura-
tion of the bound fluorophore-modified DNA is important
for this process. In case of nonspecific adsorption of the flu-
orophore to the Au surface, the distance between the fluo-
rophore and the Au would be much smaller than for the case
in which the DNA is linked with its thiol-modified end, see
Figure 3. In this study, we have shown that the attachment of
Cy5 to the free end of thiol-modified DNA does not change
the effective diameter in the case of Au particles saturated
with DNA, see Figure 3. These results demonstrate that the
direct adsorption of Cy5 to the Au surface is much less proba-
ble than the formation of thiol-Au bonds and that, therefore,
the dye points towards the solution.

3.7. Determination of the maximum number of DNA
molecules that can be bound per one Au particle

The number of bound DNA molecules per Au particle has
already been determined with several methods [25, 26, 48].
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In comparison to methods in which the number of DNA
molecules is quantified by the fluorescence of attached flu-
orophores, the counting of DNA via absorption measure-
ments (as reported in this study) is not affected by pho-
tobleaching and quenching effects. Extracting the Au-DNA
conjugates from the gel also helps that no unbound excess
DNA is present in the solution, as it still might be possible in
the case of purification with filter membranes. The results of
this study are summarized in Figure 4 and are in the same
range as the results obtained by other groups [25, 26, 48]
though our determined DNA densities are rather lower than
the ones determined by other groups. This might be due to
the fact that the phosphine stabilization is harder to be dis-
placed by DNA than citrate stabilization and in particular
due to the fact that our incubation was performed at lower
NaCl concentrations [48]. In our measurements, we could
not find any effect of the different curvature between 5nm
and 10 nm gold particles on the density of attached DNA
molecules. This can be understood as the surface curvature
difference between both types of particles is not very high
and DNA attachment to both types of particles was done un-
der the same buffer conditions. Recently, Qin and Yung have
instead demonstrated that the most relevant parameter for
the maximum number of attached DNA molecules per parti-
cle is the salt concentration under which the attachment was
performed [48]. High salt concentrations reduce electrostatic
repulsion und thus allow for higher DNA surface densities.

3.8. Attachment of an exactly known
number of DNA molecules per Au particle

As already reported in earlier publications, gel electrophore-
sis allows for a separation of Au-DNA conjugates with
0,1,2,... DNA molecules attached per particle [9, 11]. In
Figures 2 and 5, the effective diameters of such conjugates
as determined from their electrophoretic mobilities are pre-
sented. The dependence of DNA length and Au core diameter
on the effective diameter is as expected. The longer the DNA,
the more the effective diameter of Au-DNA conjugates upon
which attachment of another DNA molecule to one gold par-
ticle is increased (see Figure 2). The more long DNA strands
are attached per individual gold particle, the fewer the ef-
fective diameter of the Au-DNA conjugated depends on the
initial diameter of the Au core (see Figure 5). Although no
simple model for Au-DNA conjugates is available that could
predict the exact mobility in gel electrophoresis, the bands of
particles with a defined number of DNA strands can be iden-
tified with their structure by relative (qualitative) compari-
son and control experiments that include hybridization. So
far, we are not aware of another separation technique (such
as HPLC) that can resolve Au particles with an individual
number of attached DNA molecules as it is possible with gel
electrophoresis. The concept of separating conjugates of par-
ticles with a discrete number of attached molecules by gel
electrophoresis could be also be generalized and used besides
for Au-DNA conjugates for other systems [49]. Because of
their defined composition, we think that such conjugates of
particles with a defined number of linked molecules are very
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FiGure 5: Effective diameters d.s of Au-DNA conjugates with a
discrete number of DNA molecules per particle for Au particles
of different diameter. Single-stranded DNA (100 bases) had been
specifically attached via thiol-gold bonds to the surface of 5nm,
10nm, and 20 nm Au particles. The conjugates were run on 1%,
2%, and 3% agarose gels and their effective diameters des were de-
rived from the measured electrophoretic mobilities. Here, the effec-
tive diameters for Au particles with a discrete number of attached
DNA molecules (100 bases) per particle are shown. Data for 5nm,
10 nm, and 20 nm particles are plotted in violet, black, and blue, re-
spectively. Data derived from 1%, 2%, and 3% gels are plotted with
diamond, triangle, and circle symbols.

interesting model systems and several applications have been
already demonstrated [50, 51].

4. CONCLUSIONS

In this manuscript, the analysis of Au-DNA conjugates by gel
electrophoresis is discussed. Whereas the principal effects are
already known by our previous studies and reported by other
groups, the aim of this work was the detailed analysis about
the possibilities and limitations of this technique. For this
purpose, an extensive study with 1200 gels was performed.
From these data, we can conclude that the determination of
absolute effective diameters from electrophoretic mobilities
has severe limitations. In order to get an estimate about the
accuracy of the data gels of different percentages have to be
compared. The deviation between these data sets is an indi-
cator for the error bars in the derived effective diameters. We
believe that this strategy leads to more reliable values for ef-
fective diameters than Ferguson analysis. Pointing out these
limitations is important as several studies exist in which this
method has been applied without investigating its limitations
first [27, 28, 32]. Though the extraction of absolute values for
effective diameters from the mobility data has very limited
accuracy, the attachment of molecules to particles can on the
other hand be detected with high sensitivity as an increase
in the effective diameters. In this way, even the attachment
of single molecules can be resolved, which to our knowledge
has not been demonstrated yet with an alternative separation
technique such as HPLC. Besides such binding assays, also
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indications about the conformation of the DNA molecules
that are bound to the particles can be derived from the ob-
tained effective diameters. In this way, we believe that gel
electrophoresis is a very powerful method to investigate the
attachment of DNA molecules to Au nanoparticles though it
has also clear limitations. Whereas specific and nonspecific
attachment of DNA can be detected with high sensitivity, the
quantitative determination of effective hydrodynamic diam-
eters is not possible in a straightforward way.
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1. INTRODUCTION

Luminescent semiconductor nanocrystals, such as those
made of CdSe-ZnS core-shell quantum dots (QD’s), pro-
vide substantial advantages for use as stable fluorophores
in biological assays and imaging. As synthesized by con-
ventional methods using high-temperature solution reaction
from organometallic precursors, highly luminescent QD’s are
capped with hydrophobic organic ligands primarily made
of a mixture of trioctylphosphine/trioctylphosphine oxide
(TOP/TOPO). Further surface modification is required to
make them water-soluble and biocompatible. Methods re-
ported to date for achieving water solubility of such ma-
terials include silica coating [1], encapsulation of the na-
tive TOP/TOPO-capped QD’s within amphiphilic polymer
shells [2] or lipid micelles [3], and cap exchange of the native
TOP/TOPO caps with hydrophilic ligands [4-6]. The strat-
egy based on cap exchange with bifunctional ligands is rela-
tively simple to implement and has the potential to provide
compact hydrophilic QD’s, a desired property in targeted
studies, including fluorescence resonance energy transfer-
(FRET-) based sensing and cellular uptake [7-11].

We have previously utilized readily available thioctic
acid and polyethylene glycols (PEGs) in simple esterifica-
tion schemes, followed by reduction of the 1,2-dithiolane
to synthesize a series of PEG-terminated dihydrolipoic acid
(DHLA-PEG) capping substrates [12]. The cap exchange
reaction of TOP/TOPO-capped QD’s with these substrates
produced water-soluble nanocrystals that are stable over ex-
tended periods of time and over a relatively broad pH range,
from weakly acidic to basic conditions (pH 5~12). Though
compact and stable, those ligands lack specific functional end
groups and do not allow easy implementation of simple con-
jugation techniques, such as avidin-biotin binding.

In this study, we further expanded those findings and re-
port the design and synthesis of ligands functionalized with
a biotin end group. The designed ligands have a central
tetraethylene glycol (TEG) segment, a dithiol terminal group
for anchoring on the QD surface and a lateral biotin. Ap-
pending biotin at the end of surface-attached ligands should
permit the use of the ubiquitous avidin-biotin binding mo-
tif to conjugate QD’s to proteins and other biomolecules via
an avidin bridge. Cap exchange reactions were carried out
with mixed ligands and preliminary binding assays of the
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biotin-coated water-soluble QD’s to NeutrAvidin-function-
alized substrates showed that specific capture of the QD’s due
to avidin-biotin interactions was achieved.

2. EXPERIMENTAL SECTION

All manipulations were carried out under dry nitrogen and
air-sensitive solids were handled in an MBraun Labmaster
130 glovebox. TEG was purchased from Sigma-Aldrich
(Milwaukee, Wis, USA). Triphenylphosphine, thioctic acid,
4-(N,N-dimethylamino)pyridine, N, N’-dicyclohexylcarbo-
diimide, and N-hydroxysuccinimide were purchased from
Acros Organics (Morris Plains, NJ, USA). Sodium azide
and biotin were purchased from Alfa Aesar (Ward Hill,
Mass, USA). Methanesulfonyl chloride was purchased from
GFS Chemicals (Powell, Ohio, USA). Sodium borohydride
was purchased from Strem Chemicals (Newburyport, Mass,
USA). All the other chemicals (including solvents) were pur-
chased from Sigma-Aldrich and Acros Organics. Tetrahy-
drofuran (THF) was dried over CaH, before use. Deuterated
solvents employed in all NMR measurements were used as
received. Chemical shifts for '"H NMR spectra are reported
relative to tetramethylsilane (TMS) signal in the deuterated
solvent (TMS, 6= 0.00 ppm). All J values are reported in
Hertz. Column chromatography was performed on bench
top, using silica gel (Bodman Industries, Aston, Pa, USA,
60 A, 230—400 mesh).

"H NMR spectra were recorded on a Bruker SpectroSpin
400 MHz spectrometer. Electronic absorption spectra were
recorded using an HP 8453 diode array spectrophotome-
ter (Agilent technologies, Santa Clara, Calif, USA), while
fluorescence spectra were collected using a Spex Fluorolog-
3 spectrophotometer (Jobin Yvon Inc, Edison, NJ, USA).
To account for the nonlinear (wavelength-dependent) quan-
tum efficiency of the PMT detector, the fluorescence spectra
were corrected using calibration curves accounting for the
wavelength-dependence of the PMT’s detection efficiency.

2.1. Ligand synthesis

The biotin-terminated ligands were synthesized stepwise us-
ing commercially available TEG. The choice of a short TEG
segment to test this synthetic scheme was motivated by the
well-defined chain length of the TEG molecules compared to
longer PEG chains, which is expected to make separation us-
ing column chromatography easier. In the following section
we detail the synthesis of each intermediate compound nec-
essary for preparation of the final DHLA-TEG-biotin ligand.
All the compounds were characterized by thin layer chro-
matography (TLC) and 'H NMR.

2.1.1. 1,11-Diazido-3,6,9-trioxaundecane

Diazide-functionalization of TEG (3): compound 3 was pre-
pared following published procedures [13]. TEG (40.0g,
206 mmol), tetrahydrofuran (THF) (350 mL), and methane-
sulfonyl chloride (53.0g, 463 mmol) were mixed in a 1L
round bottom flask and cooled to 0°C. A solution of triethy-
lamine (49.0 g, 484 mmol) in THF (50 mL) was added drop-

wise over 30 minutes and the mixture was stirred at room
temperature over 20 hours. The reaction was then diluted
with water (200 mL) and NaHCOs (12.5g). Sodium azide
(36.0 g, 554 mmol) was added and the biphasic reaction mix-
ture was first heated to 65°C to distill off the THE, and then to
70°C for 14 hours. The reaction mixture was cooled to room
temperature and extracted with ether (3 X 75 mL). The com-
bined organic extracts were dried over MgSQOy, filtered, and
evaporated to give brownish oil. The product was purified by
flash column chromatography (hexane: EtOAc 1: 1) and the
solvent evaporated to give 39 ¢ (a yield of 78%) as a color-
less oil. 'H NMR (400 MHz, CDCl5): § (ppm) 3.66-3.71 (m,
12H, ~OCH, CH,—), 3.40 (t, 4H, J = 5.1 Hz, -CH,N3).

2.1.2.  1-Amino-11-azido-3,6,9-trioxaundecane
Transformation to monoamine-terminated TEG (4) [13]:
1,11-Diazido-3,6,9-trioxaundecane (3) (33.0g, 135 mmol)
and 250 mL of 0.7 M H3PO, were placed in a 1 L round bot-
tom flask and cooled to 0°C using an ice bath while stirring.
A solution of triphenylphosphine (PPh3) (29.0 g, 110 mmol)
in ether (250 mL) was slowly added via cannula and the tem-
perature of the reaction was maintained below 5°C. Once
addition was complete, the reaction mixture was warmed to
room temperature and stirred under nitrogen for an addi-
tional 16 hours. The biphasic solution was separated and the
aqueous layer was washed with ether (3 X 100 mL). Potas-
sium hydroxide (KOH) (30 g) was slowly added to the aque-
ous layer and cooled to 0°C overnight. The solution was fil-
tered and the filtrate was basified with an additional 40 g of
KOH and cooled to room temperature. The reaction mixture
was extracted with CHCI; (4 X 75 mL) and the combined or-
ganic extracts were dried over MgSOy, filtered, and the sol-
vent was evaporated to give 18.5 g of an oil with a slight yel-
low color. The monoamine transformation reaction has a
yield of 63%. 'H NMR (400 MHz, CDCl3): 6 (ppm) 3.57 (m,
10H, -OCH,CH,-), 3.40 (t, 2H, ] = 5.2 Hz, -CH,CH,NH,),
3.29 (t, 2H, ] = 5.0 Hz, -CH;N3), 2.75 (t, 2H, ] = 5.2 Hz, -
CH,CH,NH,).

2.1.3.  5-([1,2]Dithiolan-3-yl)pentanoic
acid-N-(3,6',9' -trioxaundecane-11"-azido)amide

Coupling of amino-terminated TEG to thioctic acid:
TA-TEG-N3, compound 5: thioctic acid (11.1g, 53.8
mmol), 1-amino-11-azido-3,6,9-trioxaundecane (4) (11.2 g,
51.3 mmol), 4-dimethylaminopyridine (1.26 g, 10.3 mmol),
and CH,Cl, (200 mL) were placed in a 500 mL round bot-
tom flask, cooled to 0°C and stirred under N, atmosphere.
N, N’-Dicyclohexylcarbodiimide (DCC) (11.1 g, 53.8 mmol)
was slowly added and reaction mixture was stirred at 0°C
for 2 hours, then warmed to room temperature and stirred
for an additional 16 hours. The reaction mixture was filtered
over a plug of celite and rinsed with EtOAc. The filtrate was
evaporated and the crude material was purified by flash col-
umn chromatography (CHCIl; : MeOH 97 : 3 as the eluent) to
give 11.7 g (yield of 56%) of a yellow oil. 'H NMR (400 MHz,
CDCl3): 6 (ppm) 6.15 (m, 1H, CO-NH), 3.50-3.62 (m, 11H,
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—OCH,CH,- and CH), 3.47 (t, 2H, ] = 5.0 Hz, CO-NH-
CH,CH,0-), 3.36 (t, 2H, J = 5.5 Hz, CO-NH-CH,-), 3.31
(t, 2H, ] = 5.0 Hz, -CH,N3), 2.98-3.13 (m, 2H, CH,), 2.32—
2.42 (m, 1H, CH), 2.10 (t, 2H, ] = 7.4 Hz, -CH ,—~CO-NH-),
1.77-1.87 (m, 1H, CH), 1.50-1.68 (m, 4H, CH,), 1.30-1.45
(m, 2H, CHz).

2.1.4.  5-([1,2]Dithiolan-3-yl)pentanoic
acid-N-(3'6"9’ -trioxaundecane-11-amino)amide

Transformation to amine-terminated TA-TEG, compound
6: compound 5 (11.0g, 27 mmol) was dissolved in THF
(150 mL) in a 300 mL round bottom flask fitted with a con-
denser and nitrogen inlet. PPhs (15.0 g, 81 mmol) was added
and the reaction was heated to reflux for 20 hours. The re-
action mixture was cooled to room temperature and diluted
with 15 mL of water and stirred for an additional 20 hours.
The solvent was evaporated and the crude product was pu-
rified by flash column chromatography. Unreacted PPh; and
triphenylphosphine oxide were removed with CHCl; and the
eluent was switched to CHCl; : MeOH : Et;N (45:45:10) to
collect the desired product. Removal of the solvent gave 9.0 g
(yield of 88%) of gelatinous yellow oil. 'H NMR (400 MHz,
methanol-d4): § (ppm) 3.41-3.59 (m, 12H, -OCH,CH,-),
3.26 (t,2H, ] = 5.1 Hz,-CO-NH-CH,-), 3.22 (m, 1H, CH-),
2.97-3.12 (m, 2H, CH,), 2.71 (t, 2H, J = 5.3 Hz, -CH,CH,—
NH,), 2.32-2.42 (m, 1H, CH), 2.12 (t,2H, ] = 7.4 Hz, -CH,—
CO-NH-), 1.75-1.85 (m, 1H, CH), 1.47-1.69 (m, 4H, CH,),
1.29-1.44 (m, 2H, CH,).

2.1.5.  TA-TEG-Biotin (7)

Biotinyl-N-hydroxysuccinimide was first prepared following
the synthetic procedure previously reported [14-16]. Com-
pound 6 (2.3 g, 6.0 mmol), biotinyl-N-hydroxysuccinimide
(2.05g, 6.0mmol) were dissolved in DMF (50mL) and
stirred at room temperature under N, atmosphere. Et;N
(3.0 g, 30 mmol) was added dropwise via syringe and the re-
action was stirred for 16 hours. The solvent was evaporated
under reduced pressure and the yellow residue was puri-
fied by flash column chromatography (using CHCl; : MeOH
95:5 as the eluent). The solvent was evaporated to give 3.1g
(a yield of 85%) of viscous yellow oil. '"H NMR (400 MHz,
CDCls): § (ppm) 6.79 (m, 1H, CO-NH), 6.59 (m, 1H, CO-
NH), 6.49 (s, 1H, biotin CO-NH), 6.02 (s, 1H, biotin CO-
NH), 4.41 (m, 1H, biotin CO-NH-CH), 4.22 (m, 1H, bi-
otin CO-NH-CH), 3.52 (m, 9H, -OCH,CH,- and CH),
3.45 (m, 4H, CO-NH-CH,CH,0-), 3.30 (m, 4H, CO-NH-
CH,), 2.96-3.10 (m, 3H, CH, and CH-S), 2.76-2.83 (m, 1H,
CH-S), 2.65 (d, 1H, J = 12.8 Hz, CH-S), 2.30-2.40 (m, 1H,
CH), 2.11 (m, 4H, NH-CO-CH ,), 1.75-1.85 (m, 1H, CH),
1.45-1.68 (m, 8H, CH;), 1.26-1.42 (m, 4H, CH,;).

2.1.6. DHLA-TEG-biotin (8)

Compound 7 (2.0 g, 3.3 mmol) was dispersed in a mixture of
ethanol (40 mL) and water (20 mL) while stirringina 125 mL
flask. NaBH4 (700 mg, 18.5 mmol) was slowly added and the
solution was stirred at room temperature for 4 hours. The

reaction mixture was diluted with water (200 ml) and ex-
tracted with CHCl5 (4 x 50 ml), dried over MgSQy, filtered,
and the solvent was evaporated. The crude product was puri-
fied by flash column chromatography (CHCls : MeOH 95: 5
as the eluent) to give 1.53 g (a yield of 77%) of colorless vis-
cous oil. 'TH NMR (400 MHz, CDCl;): § (ppm) 6.96 (m, 1H,
CO-NH), 6.69 (m, 1H, CO-NH), 6.63 (s, 1H, biotin CO—
NH), 6.03 (s, 1H, biotin CO-NH), 4.37 (m, 1H, biotin CO-
NH-CH), 4.18 (m, 1H, biotin CO-NH-CH), 3.50 (m, 8H, —
OCH,CH,-), 3.42 (m, 4H, CO-NH-CH,CH,0-), 3.29 (m,
4H, CO-NH-CH;), 2.96-3.06 (m, 1H, CH-S), 2.70-2.84
(m, 2H, CH-S and CH-SH), 2.46-2.66 (m, 3H, CH-S and
CH,-SH), 2.07 (m, 4H, NH-CO-CH,), 1.71-1.83 (m, 1H,
CH), 1.35-1.67 (m, 13H, CH,), 1.28 (t, 1H, ] = 8.0 Hz, CH,—
SH), 1.23 (d, 1H, ] = 7.6 Hz, CH-SH).

2.2. Quantum dot synthesis and cap exchange

The CdSe—ZnS core-shell QD’s used were synthesized using
high-temperature reaction of organometallic precursors in a
mixture of TOP/TOPO and alkylamine, as described in the
literature [17-20]. Cap exchange of the TOP/TOPO-capped
QD’s with the newly synthesized ligands to achieve water sol-
ubility (a mixture of 1 and 8, and a mixture of 2 and 8)
was carried out following procedures described previously
[5, 12, 21]. For cap exchange with a mixture of 2 and 8, ~50—
300 mg of TOP/TOPO-capped QD’s were precipitated using
EtOH and the supernatant was discarded. To the precipitate
~0.5mL in total of pure or mixed ligands and ~0.5mL of
EtOH were added. The mixture was then heated to 60 ~ 80°C
while stirring for a period of 6 to 12 hours. Once homoge-
nized, the sample was then precipitated out with mixtures of
hexane, EtOH, and CHCIl; (approximate ratio is 11:10: 1,
this ratio may vary from batch to batch); the precipitate was
dispersed in water. The homogenized solution was further
purified using 3 ~ 4 cycles of concentration/dilution with an
ultrafree centrifugal filtration device (Millipore, M, cutoff
~50,000 Da) to remove excess ligands and other materials
from the solution. Cap exchange with a mixture of 1 and 8
was done similarly though some modifications are required
for purification steps. [21] DMF (~5mL) was added to the
reaction mixture after the solution was homogenized. The
QD’s were precipitated out by adding excess potassium fert-
butoxide. The mixture was centrifuged and the supernatant
was discarded. The precipitate was dispersed in water and
the homogenized solution was further purified as described
above.

2.3. Gelelectrophoresis

Samples were separated in agarose gels as described previ-
ously [22]. Briefly, samples were mixed with 30% glycerol,
loaded into 1.5% agarose gels buffered with 1X Tris borate
EDTA (TBE) in TBE running buffer (pH ~8.3) and run at
10 volts/cm for ~1 hour at ambient temperature. The gel-
shift bands were visualized using the QD photoluminescence
collected on a Kodak 440 Digital Image Station (Rochester,
NY, USA) equipped with a long-pass cutoff filter; samples
were illuminated with UV light (365 nm excitation).



Journal of Biomedicine and Biotechnology

W\OH (}/\/\/O‘\O{\/o%/\OH

SH SH

HO{VO%/\OH SIGYNN N3/<\/O>3/\N3 ®
3

MOH + HZN’<\/O>;/\N3 ©

SHSH

2

Hsz\/ O};/\N3
4

(@]
MN&O%/\N;;
NN H 3

5

S-S
(¢]
o o o HN)I\NH
Y U AL IS NV PN SN
S-S i ;N S-S i i S
6 7
O
HN)kNH

SH SH

_® M ﬁ\/o%/\ )OJ\/\/\Z_S
AR
8

N

F1GURE 1: Chemical structures and synthetic routes of the surface ligands used in this study: (A) (i) MsCl, Et;N, THF, 0°C—20°C, 20 hours;
(ii) NaN3, NaHCOs3, H, 0, 70°C, 14 hours; (B) PPhs, 0.7 M H3POy, Et, O, <5° —room temperature, 16 hours; (C) DCC, DMAP, CH,Cl,, 0°C,
2 hour—room temperature, 20 hours; (D) PPhs, H,O, THE, reflux, 20 hour—room temperature, 20 hours; (E) Biotin N-hydroxysuccinimide
ester, Et;N, DMF, room temperature, 16 hours; (F) NaBH,, EtOH, H,O, room temperature, 4 hours.

2.4. Surface binding assay

The binding capacity of NeutrAvidin-covered 96-well mi-
crotiter flat-bottom plates from Pierce Biotechnology is 60
picomoles of biotin per well. 100 4L aliquots of QD sam-
ples (with the desired cap mixture at ~7 pM concentra-
tion) were added to the wells and let incubate overnight
at room temperature. The fluorescence intensity was mea-
sured using a Tecan Safire Dual Monochromator Multifunc-
tion Microtiter Plate Reader (Tecan, Research Triangle Park,
NC, USA), then plates were washed 3 times with 10 mM Na
tetraborate buffer (pH 9) supplemented with 0.02% Tween
and the fluorescence signal was measured again; 300 nm ex-
citation line was used for all the samples. The remaining flu-
orescence intensities were calculated as approximate binding
percentages. Those values were normalized by setting the
highest binding percentage to 100%.

3. RESULTS AND DISCUSSION

The chemical structures and synthetic schemes of a few
representative ligands (namely DHLA, DHLA-PEG600, and
DHLA-TEG-biotin) and reaction steps involved are summa-
rized in Figure 1. TEG was first transformed into diazide-
terminated-TEG (3) using a two-step reaction with methane-
sulfonyl chloride and sodium azide. Monosubstitution of
one azide into an amine group was carried out in bipha-
sic acidic solution to improve the efficiency of selective
formation of the monsubstituted product (4) [13]. Thioc-
tic acid (TA) and N3;-TEG-NH, (4) were coupled with

N, N’-dicyclohexylcarbodiimide (DCC) to provide azide-
terminated compound 5. The terminal azido group of 5 was
reduced with PPhs and H,O to obtain an amine-terminated
TA-TEG ligand (Compound 6). Biotin-functionalized com-
pound 7 was synthesized by coupling between 6 and Bi-
otin N-hydroxysuccinimide ester. Finally, the terminal 1,2-
dithiolane group in compound 7 was reduced with NaBHj, to
obtain DHLA terminal group as a bidentate thiol anchoring
unit.

We verified quality of the new compounds by collecting
'H-NMR spectra throughout the various steps employed.
The '"H-NMR spectra show that TEG-modified compounds
have large peaks around ~3.6 ppm, which are ascribed to
CH, groups of TEG chains. After coupling between 6 and
biotin N-hydroxysuccinimide ester, new distinct multiplet
peaks (2.6 ~ 2.9, 4.22, and 4.41 ppm) are measured in the
NMR spectra, which were ascribed to biotin-ring protons.
In addition, following reduction of the 1,2-dithiolane group
with NaBHy, new doublet and triplet peaks appeared at 1.23
and 1.28 ppm, respectively. These two peaks were assigned
as thiol protons of DHLA unit (open dithiol) [12]. The ob-
served changes in each collected spectrum indicate that each
reaction step produced the desired compound.

We have previously shown that QD’s capped with
DHLA-PEG600 or DHLA-PEG1000 ligands can be dis-
persed in buffers with pH ranging between 5 ~ 12 [12]. How-
ever, cap exchange of TOP/TOPO with DHLA-TEG-biotin
alone did not produce water-soluble QD’s, a property at-
tributable to the rather short TEG segment combined with
the hydrophobic nature of the biotin group [12]. To achieve
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FiGURE 2: Gel shift of 510-nm emitting CdSe-ZnS QD’s coated
with different ligands in 1.5% agarose gel buffered with TBE buffer:
(A,E) DHLA; (B) DHLA-PEG600; (C) DHLA : DHLA-TEG-Biotin
(7:1); (D) DHLA-PEG600 : DHLA-TEG—Biotin (7: 1).

water solubility using the new DHLA-TEG-biotin ligands
(compound 8), TOP/TOPO-capped QD’s were instead dis-
persed (during cap exchange) with mixtures of ligand 8 and
either DHLA (1) or DHLA-PEG600 (2). Rather low to mod-
est DHLA-TEG-Dbiotin ratios (5-25%) were used in the mix-
tures for cap exchange. In addition to promoting easy trans-
fer into buffer solutions, this approach ensures that only con-
trolled and low density of biotin groups are available on each
QD. This should also allow control over the number of bio-
logical receptors coupled to a single QD and potentially bi-
ological activity of the QD-bioconjugates. In this particular
study, we used a mixture of compound 1 and compound 8
(at 7: 1 molar ratio), and a mixture of compound 2 and com-
pound 8 (at 7:1 molar ratio) for the cap exchange.

In the first characterization experiment of the cap ex-
change, we monitored changes in the electrophoretic mo-
bility of QD’s (run on a 1.5% agarose gel) as a function
of the capping mixture used. The gel image in Figure 2
shows a side-by-side comparison of the mobility shift of
510 nm emitting QD cap exchanged with either a mixture
of DHLA : DHLA-TEG-biotin (7:1) (lane C) or a mixture
of DHLA-PEG600 : DHLA-TEG-biotin (7:1) (lane D), to-
gether with control samples made of either QD’s capped
with DHLA (lanes A and E) or QD’s capped with DHLA-
PEG600 (lane B). The data clearly show that on the one
hand QD’s capped with only DHLA experienced the high-
est mobility shift (towards the positive electrode) in this
series; this result is attributed to the presence of carboxyl
groups on DHLA molecules, which can be deprotonated
and negatively charged in basic buffer solutions. On the
other hand, DHLA-PEG600-capped QD’s showed no mo-
bility shift under applied voltage (materials did not migrate
from the loading well), indicating that these QD’s are essen-
tially neutral; water solubility for this sample is mainly pro-
moted by hydrophilicity of the long PEG chains. In compari-
son, the gel shift of the QD with DHLA : DHLA-TEG-Biotin
(7:1) was slightly lower than that of the DHLA-capped QD’s,
whereas QD’s capped with DHLA-PEG600: DHLA-TEG-
Biotin (7:1) mixture showed a very small shift compared
with DHLA-PEG600-capped QD’s. For QD’s capped with
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FIGURE 3: Luminescence image set of 540 nm emitting CdSe-Zn$S
QD with DHLA-PEG600 : DHLA-TEG-Biotin (4: 1) at pH 5.5 ~ 9
in phosphate buffer saline at various pH values at room tempera-
ture. Samples were excited with a handheld UV lamp at 365 nm.

DHLA : DHLA-TEG-Biotin (7:1) mixture, partial occupa-
tion of the nanocrystal surface by DHLA-TEG-Biotin (com-
pared with DHLA-capped QD’s) has led to reduced num-
ber of charges per QD and thus small reduction in the gel
mobility shift (lane C). The nonzero mobility shift (even
though extremely small) measured for QD’s capped with a
mixture of DHLA-PEG600 : DHLA-TEG-Biotin may be due
to a slight/partial charging of biotin or amide groups on the
chain under applied voltage. Overall, the present gel elec-
trophoresis data confirm that cap exchange of TOP/TOPO-
capped QD’s with a ligand mixture produced nanocrystals
that have both types of capping ligands; furthermore, the
overall relative proportions of each ligand used during cap
exchange is preserved in the final QD samples.

Absorption and fluorescence spectra were measured for
both the native TOP/TOPO-capped QD’s in toluene and the
new hydrophilic QD’s capped with DHLA-TEG derivatives
in H,O (data not shown). Absorption spectra measured be-
fore and after the cap exchange were essentially unchanged,
though a few nm red shift of the lowest absorption maximum
of the hydrophilic QD’s was occasionally measured com-
pared with that of QD’s capped with TOP/TOPO ligands.
The fluorescence spectra showed similar trends. These occa-
sional small changes in the optical properties of QD’s follow-
ing transfer into aqueous solutions are commonly observed
[1, 12, 23]. The fluorescence quantum yields of the water-
dispersed QD’s change from batch to batch. The quantum
yields in aqueous solutions (after cap exchange and transfer)
are ~50% of the original values measured for TOP/TOPO-
capped QD’s in organic solutions. The overall quantum yield
of the hydrophilic QD’s thus varies anywhere between 10—
40%.

QD’s cap-exchanged with mixture containing the new
DHLA-TEG-biotin ligands were also stable and aggregate-
free over extended periods of time (months). Figure 3 shows
solutions of QD’s capped with a mixture of compound 2 and
compound 8 (7: 1) in H,O of which pH ranged from 5.5 to 9.
The new water-soluble QD’s were stable and well dispersed in
the wide pH range including acidic conditions. This feature
is quite different from what we have observed for solutions
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FIGURE 4: Surface binding plate assay of QD’s with different surface
ligands: (1) DHLA, (2) DHLA-PEG600, (3) DHLA : DHLA-TEG-
Biotin (at 4: 1 ratio), and (4) DHLA-PEG600 : DHLA-TEG-Biotin
(at4:1 ratio). 540 nm emitting QD’s were used.

of QD’s capped with either DHLA or mercaptoundecanoic
acid (MUA). The DHLA- or MUA-capped QD solutions were
well dispersed in aqueous basic media but showed aggrega-
tion and eventual precipitation at pH lower than 7 (data not
shown), indicating that deprotonation of carboxyl groups is
a crucial factor to solubilize those QD’s in aqueous solutions.
In contrast, appending a short PEG chain at the end of DHLA
molecules extended the stability of QD capped with either
100% DHLA-PEG600 or a mixture of DHLA-PEG600 and
Biotin-functionalized DHLA-TEG to acidic buffer solutions.

Once cap exchange with biotin-terminated DHLA-TEG
and transfer into aqueous environment was successfully real-
ized, targeted biological assays were carried out. The binding
properties of QD’s partially capped with biotin-terminated
DHLA-TEG (8) were investigated for their ability to interact
with NeutrAvidin-functionalized substrates [24]. NeutrA-
vidin, which is a deglycosylated form of avidin, was chosen
due to its low nonspecific interactions (compared with avidin
or streptavidin) while maintaining the strong binding affinity
with biotin [24]. Following incubation of the NeutrAvidin-
functionalized substrates with the QD samples, substrates
were rinsed 3 times with borate buffer with Tween and the
fluorescence signals were collected. Figure 4 shows the flu-
orescence intensities measured for 4 different QD solutions
incubated with NeutrAvidin-coated plates: one capped with
DHLA (1), one capped with DHLA-PEG600 (2), one capped
with a mixture of 1 and DHLA-TEG-Biotin (8) (at 4:1 ra-
tio), and one capped with a mixture of 2 and 8 (at 4: 1 ratio).
The data clearly show that only substrates incubated with
QD’s that were capped with a mixture of biotin-terminated
DHLA-TEG produced a large signal-to-background fluo-
rescence signal. In comparison, the substrates incubated
with DHLA- or DHLA-PEG600-capped QD’s produced only

background contribution to the signal. This result indicates
that efficient and specific interactions between the biotin
groups present on the QD surface and NeutrAvidin on the
substrate drive the surface capture of the nanocrystals. It is
important to note that the QD’s capped with DHLA-TEG-
biotin alone were, however, not dispersible in buffer solu-
tions, a result we attribute to the poor water compatibility of
biotin by itself and the short TEG. We are exploring the use of
longer chain PEG segments for insertion between the dithiol
group and biotin. This should make dispersion in buffer so-
lution achievable even at high biotin fractions and promote
strong interactions with NeutrAvidin. Those findings will be
discussed in future reports.

4. CONCLUSION

We have demonstrated simple and efficient synthetic pro-
cedures to prepare new biotin-functionalized ligands based
on the DHLA motif and employing short TEG segment.
The present synthetic route provided high quality and stable
compounds, which were further employed to make biotin-
functionalized luminescent QD’s, using easy-to-implement
cap exchange procedure. The new biotin-appended ligand
mixed with either DHLA or DHLA-PEG600 effectively cap
exchanged with the native TOP/TOPO and provided QD’s
that are water-soluble over extended periods of time and
biologically active. QD’s cap-exchanged with a mixture of
DHLA-PEG600 (neutral) and DHLA-TEG-biotin showed
specific interactions with NeutrAvidin in surface binding as-
says. The present synthetic methodologies of hydrophilic sur-
face ligands and cap-exchange reactions promise access to a
variety of biological entities. Further studies of these surface-
functionalized QD’s for coupling with a variety of biorecep-
tors and biological assays are in progress.
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1. INTRODUCTION

Quantum dots (qdots) are nanometer-sized semiconductor
crystals that have unique physical properties that differ from
bulk material. The fluorescent properties of qdots have been
widely described, and numerous applications based upon
these fluorescent properties have been reported. In addition,
previous studies have reported the properties of many
varieties of qdots [1-8]. Of these, the most widely studied
are cadmium selenide/zinc sulfide core-shell nanocrystals.
These consist of a semiconductor core of cadmium selenide
encapsulated in a multilayer shell of zinc sulfide doped with
cadmium [9]. The shell passivates the surface of the core, and
the band gap is wider than that of the core, enabling quantum
confinement of an electron-hole pair generated in the core
after photoexcitation. Ultimately, the electron hole pair
recombines, resulting in a fluorescent emission of a lower-
energy photon in the visible region of the spectrum [10]. The
energy of the emitted photon is determined by the size of
the quantum confinement (or the size of the qdot). Smaller
qdots emit blue light and larger ones emit red light. Qdots
have several advantages over conventional fluorescent dyes;
these include increased photostability, increased brightness,
quantum yields in excess of 80-90% [1, 9, 11], and a narrow

emission spectrum (less than 30nm full width at half-
maximum in commercial products) [12-15]. Furthermore,
their multivalent surfaces enable the attachment of more
than one type of ligand or multiple copies of a ligand to a
single qdot.

Since their introduction into biology as imaging agents
in 1998 [16, 17], qdots have increasingly found applications
as fluorescent probes in biology. To be useful as fluorescent
probes in biological systems, qdots must be soluble in
water and commonly used buffers. Additionally, they must
have colloidal stability and low nonspecific adsorption to
cellular membranes. These properties have been achieved
using a number of techniques, including encapsulation in
micelles [18], silanization [19], encapsulation in amphiphilic
polymers [20, 21], and encapsulation in proteins such as
streptavidin [22]. To further reduce nonspecific adsorption
to cellular membranes, a number of techniques may be used
to modify the surface chemistry of qdots. For example, we
have recently demonstrated that nonspecific binding can
be significantly reduced by attaching polyethylene glycol
chains (i.e., by PEGylating) qdots coated in an amphiphilic
modified polyacrylic acid polymer (AMP) [23]. The length
of the PEG chain and the PEG loading were demonstrated to
be important in reducing nonspecific adsorption to cellular
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FIGURE 1: A comparison of nonspecific adsorption of AMP-coated qdots to the surfaces of 6 different cell types. These experiments employed
AMP-coated qdots that were either unconjugated (upper row) or conjugated to PEG2000 (lower row).

membranes. When PEGs with short (less than 12) repeat
units were conjugated to qdots, a small reduction in nonspe-
cific adsorption to cellular membranes was observed. This
reduction increased in magnitude when larger PEGs were
used. Figure 1 shows the effects of PEGylation (PEG2000)
on nonspecific adsorption to 6 different cell types. These
cells were treated with a 50 nM solution of PEGylated AMP-
coated qdots or a 50 nM solution of AMP-coated qdots. A
significant reduction in nonspecific adsorption to cellular
membranes was obtained by the addition of PEG2000. The
nonspecific adsorption is cell-type specific, as can be seen
in the relatively low nonspecific adsorption of AMP-coated
qdots to the surfaces of 3T3 cells compared to the high levels
of nonspecific adsorption to HEK cells.

In addition to surface modification techniques such as
PEGylation, a wide variety of biologically active molecules
have been attached to qdots, including proteins [24-31],
peptides [32-34], DNA [35-43], RNA [44], peptide nucleic
acid (PNA) [45], cytokines [46], viruses [47], and antibodies
[48-54]. The qdots-based imaging applications that have
been reported in the literature are extensive and encompass
a wide variety of imaging applications. Of these, live cell
imaging [51] and whole animal imaging [52] have received
a great deal of interest. In addition to qdots that emit in the
visible region of the electromagnetic spectrum, near-infrared
qdots have been developed that have a cadmium telluride
core instead of a cadmium selenide core. These near-IR dots
have found applications in the clinic as tools for imaging
sentinel lymph nodes during surgery [53].

Our research efforts focus on the central nervous system.
We are interested in using qdots that have been conjugated
with small molecules [55-60], antibodies [61], and peptides
[34] to image receptors and transporters in cell cultures,
oocytes, and, ultimately, neurons. In our early work, we
used qdots to image the serotonin transporter (SERT) using
PEGylated serotonin ligands [62] attached to the surfaces
of qdots via an acid-base interaction (see Figure 2). These
conjugates antagonized the serotonin transporter protein
(SERT) with an IC5q of 115 yM in transfected HEK-293 cells.
Using these conjugates we were able to image SERT expressed
in HEK-293 cells [55].

Numerous biofunctionalization methods for qdots have
been reported in recent years. Qdot preparations that con-

tain an amphiphilic coating on the qdots surface are
commercially available, and a variety of methodologies,
including those involving sulfo-SMCC [63] and adaptor
proteins [64], have been used to conjugate ligands to
the coated qdot. Our current strategy uses commercially
available qdots that have either an amphiphilic coating
(AMP) on the surface of the dots, or AMP qdots with an
additional coating of streptavidin. PEGylated ligands may
be attached to the surface of these dots using two different
methodologies. FEither they may be covalently attached
to the AMP coating using 1-[3-(dimethylamino)propyl]-3-
ethylcarbodiimide hydrochloride (EDC) coupling chemistry,
or a biotinylated derivative of the biologically active ligand
may be attached to the surface of streptavidin-coated qdots
via a streptavidin-biotin interaction. Using the PEGylated
ligand approach, we have synthesized a novel qdot conjugate
and tested its binding activity to the GABA¢ receptor,
a ligand-gated ion channel that is found in retina and
other central nervous system tissue and that is activated
in vivo by y-aminobutyric acid (GABA). Specifically, we
have investigated a PEG derivative of muscimol, a known
agonist of both GABA¢ and GABA4 receptors (see Figure 3).
Multiple copies of this ligand have been conjugated to the
surface of AMP-coated qdots and used to image GABAc
receptors expressed in Xenopus laevis oocytes [65].

2. METHODOLOGY

Streptavidin-coated qdots and AMP-coated qdots with maxi-
mum emissions of 605 and 585 nm were obtained from Invit-
rogen (Carlsbad, Calif, USA). N-Hydroxy urea, dimethyl
acetylenedicarboxylate, 1,5-diazabicyclo[5.4.0] undec-7-ene
(DBU), borane dimethyl sulfide, and N-hydroxy succinimide
(NHS) were obtained from Sigma-Aldrich (St.Louis, Mo,
USA). Trifluoroacetic acid (TFA), potassium hydroxide,
and hydrazine monohydrate were obtained from VWR
(West Chester, Pa, USA). All reagents were used with-
out further purification. Borate buffer was obtained from
PolySciences, Inc. (Warrington, Pa, USA), and Sephadex
G-50 was obtained from Amersham Biosciences (Uppsala,
Sweden). t-Butyloxacarbamate (BOC)-protected N-hydroxy
succinimide-activated PEG3400 ester (BOC-PEG-NHS) was
obtained from Nektar Therapeutics (Huntsville, Ala, USA).
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FIGURE 2: Serotonin-coated qdots used to label SERT-expressing cells.
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FIGURE 3: Muscimol, a GABA¢ and GABA, receptor agonist.

2.1. Synthesis of the muscimol ligand

Muscimol was synthesized using the method described by
Frey and Jager [66]. This was then coupled to the PEG
linker via an aminohexanoyl NHS ester to give the PEGylated
muscimol ligand. The ligand was characterized by matrix-
assisted laser desorption/ionization time-of-flight (MALDI-
TOF) mass spectroscopy and conjugated to AMP-coated
qdots via an EDC coupling.

2.1.1. Muscimol synthesis

Muscimol was synthesized using the synthetic methodol-
ogy shown in Scheme 1. Dimethyl acetylenedicarboxylate
(3.1 mL) was added dropwise to a solution of N-hydroxy urea

(1.9 g, 25 mmols) and DBU (4.19 g, 28 mmols) in methanol
(25 mL) at 0°C. The resulting solution was stirred at 0°C for
10 minutes, and then evaporated under reduced pressure.
Concentrated hydrochloric acid was added until a pH of
1 was obtained. This solution was extracted with diethyl
ether, dried over magnesium sulfate, filtered, and then evap-
orated. The resulting solid was recrystallized from methylene
chloride to yield 1.1g of methyl 3-hydroxy isoxazole-5-
carboxylate (I) in a 32% vyield. This was converted to (II)
by stirring 0.84 g of (I) in ammonium hydroxide (3 mL)
and methanol (3mL) for 1 hour, followed by recrystal-
lization from ethanol to give 0.75g of 3-hydroxyisoxazole-
5-carboxamide (II) in 88% yield as the ammonium salt.
Muscimol (III) was obtained from 1g of (II) by reduction
with borane dimethyl sulfide in tetrahydrofuran (THF) to
give 0.2 g of (III) in a 22% vyield after purification by ion
exchange chromatography.

2.1.2.  Synthesis of PEGylated muscimol ligand

The synthetic route used to synthesize the PEGylated
muscimol ligand is shown in Scheme 2. Initially, the
aminohexanoyl spacer was synthesized by reacting 6-amino
hexanoic acid with 'BOC anhydride in methanol to give
6-(tert-butoxycarbonylamino)hexanoic acid (IV) in a
58% yield. This was converted to 2,5-dioxopyrrolidin-1-yl
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TFA.

6-(tert-butoxycarbonylamino)hexanoate (V) by reacting
(IV) with NHS in the presence of dicyclo carbodiimide
(DCC). The product was recrystallized from ether/hexanes
resulting in a 38% yield of (V). This was coupled to musci-
mol in pyridine to give tert-butyl 6-((3-hydroxyisoxazol-5-
yl)methylamino)-6-oxahexylcarbamate (VI) in a 54% yield.
The BOC protecting group was removed using TFA to give
6-amino-N-((3-hydroxyisoxazol-5-yl)methyl)hexanamide
(VII) in a 100% yield. This was coupled to 'BOC protected
PEG3400 NHS ester to give (VIII) in 100% yield. The BOC
protecting group was removed using TFA to give (IX).

2.1.3.  MALDI-TOF mass spectroscopy

Compounds (VII) and (IX) were characterized by MALDI-
TOF mass spectroscopy (Applied Biosystems Voyager mass
spectrometer equipped with a 337 nm nitrogen laser) using
an acceleration voltage of 25kV, and the spectra were
obtained by averaging of 30-64 scans [65]. The samples
were prepared using a saturated matrix stock solution,
consisting of 2,5-dihydroxybenzoic acid and 0.01 M sodium
iodide dissolved in methanol. The PEG derivatives (VIII)
and (IX) were prepared (5mM) in methanol. The sample
was added to the matrix by mixing the sample and stock
solutions in a 2 : 5 : 2 ratio of sample to matrix to salt

(v/v). A 1-uL aliquot of each sample solution was placed
on the sample plate. Mass calibration of the instrument
employed a PEG standard, and was prepared using the same
protocol as that employed for the other samples. Analysis of
the resulting spectra indicated that compounds (VIII) and
(IX) were polydisperse. Compound (VIII) exhibited masses
ranging from 3241 Da to 4188 Da (indicative of muscimol
conjugation to PEGs of different lengths), and a primary
peak at 3726 Da. The treatment of (VIII) with TFA to yield
compound (IX) resulted in a MALDI-TOF spectrum shift of
100 Da (primary peak at 3626 Da), consistent with loss of the
BOC protecting group.

2.1.4. Ligand conjugation

The ligand was conjugated to qdots using an EDC coupling
in which 1000 equivalents of ligand were mixed with 750
equivalents of NHS and EDC in borate buffer at pH 8.5.
To this was added a solution of AMP-coated qdots (8.4 yM).
This mixture was stirred for 1 hour at ambient temperature.
Unbound ligand was removed by Sephadex G-50 chromatog-
raphy. The coupling of amino-terminated PEG2000 to AMP-
coated qdots using EDC has been studied in an earlier
publication, and the efficiency of coupling has been reported
to be ~20% when 2000 equivalents of methoxy-terminated
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aminoPEG2000 are reacted with 1 equivalent of AMP-coated
qdots [23]. Since the terminating muscimol of the present
ligand 1is attached to PEG3400, the coupling efficiency is
likely to be similar. On this basis, we estimate the number
of muscimol ligands to be around 150-200 per qdot [65].
The derivatized qdots were characterized by electrophoresis
in 1% agarose gel (see Figure 4). The gel demonstrates that
the muscimol-conjugated qdots (Lane 3), as well as qdots
conjugated with PEG2000 (Lane 4), have a wide distribution
in the number of ligands attached to their surface, as they
streak on the gel more than unconjugated qdots (Lane 2). It
is important to note that mobility in the gel does not depend
merely on mass, but rather on mass-to-charge ratio. Thus,
despite the substantial difference in mass of the PEG2000
versus the muscimol-terminated PEG3400 ligand, the bands
representing the qdots conjugates that contain (numerous
copies of) these ligands exhibit similar mobilities (Lanes 3
and 4). The present experimental conditions (1% agarose
gel) do not separate protein standards that span a molecular
weight range of 10-250 kDa (data not shown).

2.2. Oocyteimaging

The oocytes used in this study were obtained from adult
female X. laevis toads. The oocytes were stored in physio-
logical saline (Ringer solution; 100 mM NaCl, 2mM KClI,
2mM CaCl,, 1mM MgCl,, 10mM glucose, and 5mM
HEPES, pH 7.4). Using previously reported procedures, we
expressed GABAc receptors (human pl and perch plB)
in X. laevis oocytes [67, 68]. cRNA (50nL) for each of
the receptor subunits was injected into the oocyte, and
the oocytes were assayed after 18—72-hour incubation in
Ringer solution containing 0.1 mg/mL gentamycin at 16—
19°C to allow for expression of the GABA¢ receptors.
Oocyte imaging was carried out in a glass-bottom dish
into which GABA(¢ expressing oocytes and oocytes that
did not express GABA¢ were placed. These oocytes were
incubated for 5-10 minutes in a drop (~25uL) of solution
containing either 34 nM AMP-coated qdots conjugated to
the muscimol ligand, or 34nM AMP-coated qdots that
lacked conjugated muscimol ligand. The oocytes were then
imaged using a confocal microscope (Leica model DM-
IRE2 with 20x objective) with excitation at 476 nm, and
with detection of fluorescence emission over a wavelength
range (580-620 nm) that included the qdot emission peak
(605nm). At the beginning of experiments conducted on
a given day, we established microscope settings relevant
to excitation illumination and detection of fluorescence
emission (gain and offset) with use of either a human pl
GABA(-expressing or perch p1B GABA¢-expressing oocyte
incubated with 34 nM muscimol-conjugated AMP-coated
qdots. These settings were maintained without change for the
entire day’s measurements [65].

3. RESULTS

3.1. Labeling of GABAc-expressing oocytes with
muscimol-conjugated qdots

Figure 5 shows the binding of muscimol-conjugated AMP-
coated qdots and unconjugated AMP-coated qdots to oocytes

10kb

3kb

1kb

0.5kb

FIGURE 4: Agarose gel electrophoresis of qdots conjugates (1%
agarose gel; Tris-acetate-EDTA buffer containing ethidium bromide
for DNA visualization; 80V potential difference). A 1-kb DNA
ladder (Lane 1; New England Biolabs, Ipswich, Mass, USA), with
DNA fragments ranging from 0.5-10 kilobases (kb) as indicated,
was utilized to illustrate relative electrophoretic mobility of the
qdot conjugates. Unconjugated AMP-coated qdots (Lane 2) have an
increased mobility by comparison with both muscimol-conjugated
qdots (Lane 3) and qdots conjugated with methoxy terminated
PEG2000 (Lane 4), indicating successful functionalization of the
qdot surface.

Fluorescence
A C E
Bright field .
B D F

FIGURE 5: Fluorescence images (top row) and bright-field images
(bottom row) of oocytes incubated with gdot-containing com-
pounds for 10 minutes. The bright-field images illustrate the plane
of focus of the opaque oocyte. Panels A and B show results
from a human p1 GABA¢-expressing oocyte incubated with 34 nM
muscimol-conjugated AMP-coated qdots. Panels C and D show
a human pl GABAc-expressing oocyte incubated with a 34 nM
solution of unconjugated AMP-coated qdots. Panels E and F show a
nonexpressing oocyte incubated with 34 nM muscimol-conjugated
AMP-coated qdots. Adapted from Gussin et al. [65].

expressing the human pl GABA( receptor, and to non-
expressing control oocytes (see Figure5 legend). When
GABA(-expressing oocytes were incubated with a 34 nM
solution of muscimol-conjugated dots for 10 minutes, a flu-
orescent halo was observed at the oocyte surface membrane
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(panel A). The intensity of this halo exceeded that of the
surrounding extracellular medium. The fluorescent image
can be compared with the corresponding bright-field image
(panel B), which shows the position and focus of the oocyte.
By comparison with panel A, no fluorescence halo was
observed upon similar incubation of a p1 GABA¢-expressing
oocyte with AMP-coated qdots, that is, with a structure that
lacked muscimol (panel C). Halo fluorescence of the oocyte
surface membrane was also absent when a nonexpressing
oocyte was incubated with 34 nM muscimol-conjugated dots
(panel E). These results indicate that the muscimol ligand is
necessary for binding of the conjugate to the oocyte surface
membrane.

As noted in Section 2.1.4, the muscimol-conjugated
AMP-coated qdot preparation used in the oocyte imag-
ing experiments contained ~150-200 muscimol-terminated
chains per qdot. In some preparations (not illustrated) of
these muscimol-conjugated AMP-coated qdots, the extracel-
lular medium surrounding the oocytes exhibited aggregation
of the fluorescent particles. In developing the method of
preparation of the conjugate, we observed that if 2000
equivalents of the muscimol ligand were reacted with AMP-
coated qdots in the presence of 1500 equivalents of EDC and
NHS, aggregates formed that subsequently precipitated from
solution. It is likely that this aggregation is due to hydrogen
bonding between muscimol ligands on adjacent qdots. The
size and solubility of these aggregates likely depended on the
number of ligands conjugated to the qdots.

3.2. Image analysis

To quantify the extent of binding of muscimol-conjugated
AMP-coated qdots to the oocytes, we analyzed the surface
membrane and extracellular regions of a given fluorescence
image [65]. Using MetaMorph software (Offline Version
6.3r0; Universal Imaging Corp., Downington, Pa, USA), we
determined the intensities of pixels underlying a multiseg-
mented line that traced the arc-like border of the oocyte (15—
25 straight-line segments; 450-750 pixels), and tabulated
the resulting pixel values in relation to a 0-255 gray scale.
We similarly determined the intensities of pixels that cor-
responded with an identical multisegment line constructed
within the extracellular region of the image; tabulated
intensities for this control extracellular region were taken
as a measure of background (i.e., surround) fluorescence.
For the image shown in Figure 5A, fluorescence intensities
determined for the halo (henceforth termed “border”) at the
oocyte surface membrane and the surrounding extracellular
medium (background) were 67.31 + 36.79 (mean + SD) and
22.30 + 21.18, respectively. As reported by Gussin et al. [65],
results obtained in experiments similar in design to that
described in Figures 5A, 5B (human pl GABAc-expressing
oocytes; incubation with 34 nM muscimol-conjugated dots)
indicated a border fluorescence of 88.84 + 64.84 and a
background fluorescence of 31.60 + 3550 (n = 11),
respectively. Additional experiments of the same design (not
illustrated), conducted on oocytes expressing the perch p1B
receptor [65], yielded border and background fluorescence
intensities of 109.58+58.42 and 18.54+16.47 (n = 4), respec-

tively. Aggregate results obtained in 4 experiments in which
GABA(-expressing oocytes were incubated with unconju-
gated AMP-coated qdots (see Figures 5C, 5D) yielded border
and background fluorescence intensities of 15.79 + 23.18
and 13.13 = 18.17, respectively. Among 14 experiments that
involved the incubation of 34 nM muscimol-conjugated dots
with nonexpressing oocytes (see Figures 5E, 5F), border and
background fluorescence intensities were 15.14 + 22.35 and
16.78 +£22.17, respectively, [65]. Two-way ANOVA analysis of
results obtained with the muscimol-conjugated AMP-coated
qdots showed that for both human pl GABAc-expressing
and perch p1B GABAc-expressing oocytes, the fluorescence
intensity of the border differed significantly from that of
the background. For nonexpressing oocytes incubated with
the conjugate, there was no significant difference between
border and background values. In addition, the treatment
of GABA(-expressing oocytes with free (i.e., non-qdot-
conjugated) GABA, muscimol, or PEGylated muscimol sig-
nificantly reduced binding of the muscimol-qdots conjugate
to the oocyte surface membrane (see Gussin et al. [65] for
further details).

4. DISCUSSION

The primary finding of the experiments involving the
incubation of muscimol-conjugated AMP-coated qdots with
GABA(-expressing oocytes is that these conjugates exhibit
specific binding at GABA( receptors. This binding depends
on the presence of muscimol in the conjugate, as (uncon-
jugated) AMP-coated qdots show no significant binding
to oocytes expressing GABA¢ receptors. The approach
described here builds on our earlier work with PEGy-
lated serotonin attached to qdots in which we found that
these conjugates exhibited binding at serotonin transporters
expressed in HeLa and HEK cells. These findings indicate
that it is possible to specifically label transporter proteins and
ligand-gated receptors with qdots that have multiple copies
of a membrane receptor or membrane transporter ligand
attached through a PEG linker.

The presence of numerous copies of ligand in the
muscimol-qdot conjugate described here raises the pos-
sibility that these conjugates bind to multiple GABA¢
receptors in a cross-linking fashion. Indeed, it is reasonable
to hypothesize that the multiplicity of the muscimol ligand,
as well as the length of the PEG linker that tethers each ligand
to the qdot, favors such cross-linking. However, experiments
conducted to date, while clearly establishing the ability
of this conjugate to bind to cell-surface-expressed GABAc
receptors, do not address the extent to which receptor cross-
linking affects this binding activity. Other investigators have
used fluorescent probes to track the diffusion dynamics of
single receptors (single-particle tracking (SPT)), and such
an SPT approach could be useful for evaluating the cross-
linking activity of the present muscimol-qdot conjugate. For
example, Dahan et al. [50] have examined the diffusion
dynamics of glycine receptors in neuronal membranes
by labeling the receptor with a conjugate consisting of
a primary antireceptor antibody, biotinylated secondary
antibody, and streptavidin-coated qdots. To test the extent
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of receptor cross-linking by this conjugate, they investigated,
as a comparison system, an Fab fragment of the primary
antibody that had been linked to an organic fluorophore
(Cy-3). Dahan et al. [50] found that the receptor dynamics
determined with the qdot conjugate and the Cy-3-containing
molecule were similar, indicating that neither the presence of
the SA-qdots nor some other feature of the qdot-containing
conjugate promoted significant receptor cross-linking. It
should be emphasized that the structure of the presently
described muscimol-qdot conjugate (see Figure 2) differs
from the qdot-containing conjugate studied by Dahan et al.
[50] in several respects, including the presence of a small-
molecule ligand (muscimol) rather than an antibody as the
receptor-reactive moiety, a high valency (copy number) of
ligands per qdot, and a separation of each ligand from
the qdot by a long linking chain (PEG3400). In future
experiments, it may be possible to test for cross-linking by
the muscimol-qdot conjugate using an approach in which
GABA( receptor dynamics determined with the muscimol-
qdots conjugate are compared with those determined using a
structure optimized for SPT, for example, a fluorescent probe
attached to a single receptor [26, 27].
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1. INTRODUCTION

The interactions of semiconductor quantum dots (QDs)
with living cells remain poorly understood. QDs of differ-
ent materials (e.g., CdSe and CdTe), sizes, colors, and sur-
face coatings demonstrate very different toxic effects to cells
in culture [1, 2]. Much of the toxicity differences associated
with a given type of nanoparticle are attributable to whether
the particles are able to enter the cell, escape from endo-
somes, and enter the nucleus or mitochondria. No satis-
factory explanation exists for differences in these properties
among batches of particles although there appear to be loose
correlations with particle size, particularly for nuclear en-
try [3]. However, these experiments were performed using
thiol-capped particles, and because the small size correlates
with thiol coating stability [4], no firm conclusions can be
drawn from the results.

A quantitative understanding of the fate of conjugated
QDs in biological systems is therefore critical if these par-
ticles are to be used in in vitro diagnostics or in vivo systems.
Our previous work demonstrated that QD-dopamine conju-
gates (see Figure 1) can be used not only as static fluorescent
labels, but also as sensors for intracellular redox processes
such as endocytosis, lysosomal processing, and mitochon-

drial depolarization [5]. This is due to the electron-donating
properties of dopamine (DA), which permit this molecule to
act as an electron shuttle between the nanoparticle and other
molecules.

The goal of this work is to improve the spatial and tem-
poral resolution of the QD-dopamine redox sensor by de-
termining, in as quantitative as possible a fashion, the rela-
tionship between the number of dopamine molecules on the
particle and two optical properties which can be measured
within the cell: photoenhancement and photobleaching.

The eventual goal is to make an intracellular redox sensor
that can yield nanometer spatial resolution. The possibil-
ity of several-nanometer resolution would become a reality
if the photophysical properties of single QDs could be regu-
lated by their immediate environment in a controllable fash-
ion [6]. Fluorescence intermittency, or blinking, is a clas-
sic example of a poorly-understood feature of QD fluores-
cence that is often neglected or suppressed rather than ex-
ploited. Under continuous illumination, single QDs exhibit
blinking over a wide range of timescales [7-12]. A number
of studies have been reported which look at various effects on
blinking,such as excitation power [8, 9, 11, 13, 14], the shell
material around the QDs [7, 8, 10], as well as environmen-
tal conditions such as temperature [8, 15] and surrounding
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FIGURE 1: Schematic of QD-dopamine conjugate preparation and mechanism of redox sensitivity. (a) MSA-capped QD. (b) Upon addition
of dopamine (structure shown above arrow) and the zero-length cross-linker EDC, an amide bond is formed between the amine of dopamine
and the carboxylate groups of MSA. This schematic shows 100% linkage of dopamine to MSA termini; however, we show here that this ratio
can be controlled. (¢) Upon oxidation (“OX”), the catechol becomes a less-soluble quinone.

medium [16, 17]. From these studies, two physical models
have been advanced which attempt to explain the inverse
power law behavior of the blinking statistics. The first model
assumes a fluctuating distribution of electron traps in the
immediate vicinity of, but external to, the QD [18]. Tunnel-
ing of the electron out of the QD results in a charged par-
ticle, quenching any emission and, thus, resulting in an off
state. Neutralization of the QD by recapture of the electron
recovers the emission, resulting in an on state. The second
model does not assume external traps, but rather posits inter-
nal hole traps, presumably at surface states or crystal imper-
fection sites [19]. Energetic diffusion of the electronic states
results in a time-dependent resonance condition in which
Auger-assisted trapping of the hole results in an off state.
Given the variability of the possible mechanisms, it is not
possible to predict the effects of conjugation of a redox-active
molecule such as dopamine. In this work, we evaluate the ef-
fects of dopamine of blinking and evaluate the possibility of
the use of intermittency as a tool for the ultrasensitive detec-
tion of subcellular environments and biochemical processing
of QD-bioconjugates.

2. RESULTS
2.1. Quantifying numbers of conjugates per particle

In this study, we used red-emitting CdSe/ZnS QDs (QD605,
emission peak 605 = 20nm) for photoenhancement and
blinking studies, and green-emitting QDs (QD560, emission
peak 560 + 20 nm) for cellular uptake studies. QDs were con-
jugated to the neurotransmitter dopamine via the primary
amine located on the opposite end of the molecule from the
redox-active catechol (see Figure 1). The number of bound
ligands was quantified in EDC-coupling reactions containing
varying concentrations of dopamine and/or of 1-ethyl-3-(3-
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FiGure 2: Number of bound dopamine molecules as a function
of the number of EDC added to the coupling reaction for QD560
(squares) and QD605 (circles) as measured by OPA assay. Data are
an average of three experiments with error bars indicating the stan-
dard error of the mean.

dimethylaminopropyl) carbodiimide hydrochloride (EDC),
using the o-phthaldialdehyde (OPA) assay as described pre-
viously [20]. A strong dependence was observed of the num-
ber of EDCs per QD on the number of dopamine molecules
that bound. The number of bound ligands increased linearly
with the number of EDC molecules until a certain break-
point and a plateau was reached, which was considered as
the saturation point for the QDs (see Figure 2). Indirectly,
we can interpret the saturation point as an indicator of the
number of functional groups available on the surface of the
QDs. This appears to be slightly smaller for green QDs than
for red, as expected due to the smaller size of these particles,
although it is the same within error at the maximum EDC
concentration.
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FIGURE 3: Relationship between the number of dopamine molecules bound to the surface of QD605 and the resulting emission intensity.
(a) The quenching observed upon conjugation is nearly logarithmic. Data are an average of three experiments with error bars indicating
the standard error of the mean. (b) Unquenching of QD-dopamine conjugates with varying amounts of coverage under Hg-lamp exposure
(QD filter set, see Methods). Each symbol is a data point, with error bars smaller than symbols (n = 3). Bare QDs alone (dashed line)
show essentially constant fluorescence over a 2.5-second exposure period; they begin to photobleach near the end. QDs, to which dopamine
was added but not conjugated (no EDC) (open circles), achieve maximum fluorescence within 50 milliseconds. Conjugates with 40 +
14 DA/particle (filled circles) brighten over a time course of ~700 milliseconds. The conjugates with the greatest coverage (filled squares,
255 + 14 DA/particle) have just begun to plateau at 2.5 seconds. (c) Confocal laser illumination of samples with 255 + 14 DA/particle.
Photoenhancement showed a strong dependence upon laser power, with efficient enhancement at 20% but limited or no enhancement at
10%, 50%, and 100% power. Each symbol is a data point, with error bars smaller than symbols (# = 5). Unconjugated QDs showed similar

bleaching curves for all powers tested (shown: 50%).

2.2. QD-dopamine fluorescence properties

Manipulating the extent of ligand coverage of the QD sur-
face can be an effective way to modulate fluorescent proper-
ties if the ligands can act as energy or electron donors or ac-
ceptors to or from the QDs. In our previous work, we have
shown that dopamine can be used to modulate the emission
characteristics of QDs by a mechanism of electron transfer.
In Figure 3(a), we demonstrate the effect of the number of
bound dopamine ligands and the subsequent reduction in
the emission intensity of the QDs. To distinguish this type
of quenching from the Stern-Volmer collisional quenching,
we purified the conjugates from excess unbound ligand. Our
results showed a large decrease in intensity when a relatively
small number of ligands were bound to the surface, owing to
the electron transfer from dopamine to the QDs [5].

Oxidation of these quenched QDs, either by photoexpo-
sure or chemical means, led to a restoration of fluorescence
from the QD. In addition, oxidized dopamine emitted fluo-
rescence in the blue regime (peak emission 460 nm). Thus,
there were three parameters that could be used to indicate
the number of dopamine conjugates on the particle surface:
(a) blue fluorescence from oxidized dopamine; (b) brightness
of QD fluorescence without UV pre-exposure; and (c) time
course of QD fluorescence under photooxidation.

This latter quantity must be determined for each
light source; broad Hg-lamp excitation (through a QD
or DAPI filter, see Figure 3(b)) yvielded very different re-
sults than 488nm laser-line excitation, showing essen-
tially all-or-nothing dependence on illumination power (see
Figure 3(c)). Similarly, lifetime measurements with time-
correlated single photon counting (TCSPC) and 400 nm

laser illumination revealed extreme sensitivity to illumina-
tion power. A full study with laser powers varying from tens
of microwatts to several milliwatts is forthcoming.

2.3. Improved spatial resolution of redox sensing in
living cells

QD-dopamine was readily endocytosed by cells bearing
dopamine receptors. Little or no binding was seen to
cells without dopamine receptors, and the QD conjugates
were readily washed away [5]. We investigated the effect of
dopamine ligand coverage and corresponding uptake in DA-
receptor-expressing PC12 cells. As expected, cells that were
treated with QDs alone did not show any detectable QD
association. For the QD560-DA conjugates, particles with
fewer than 100 DA/particle were not taken up in significant
amounts after 15-30 minutes of incubation (not shown).

Thus, particles that were effectively taken up began with slow
photoenhancement curves. The variation of photoenhance-
ment properties with position in the cell was then used to
semiquantitatively identify regions where oxidation had oc-
curred.

The location and appearance of various organelles in
cells were determined by labeling with specific dyes such
as Lysotracker and Mitotracker (see Figure 4). Studies of
unquenching time-courses of the simultaneously loaded
QD-dopamine were then performed under 488 nm laser
illumination. The results showed a consistent and repro-
ducible pattern with three distinctive QD behaviors. In fixed
cells, with depolarized mitochondria, QDs did not show
overlap with the mitochondrial-targeting dye MitoTracker.
QD fluorescence brightened slightly under light exposure
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FiGURE 4: Confocal images and time courses of QD-dopamine with 100 +10 DA/particle in PC12-dopamine receptor cells colabeled with
organelle dyes. Scale bar = 10 ym for all panels; in all panels, the green channel indicates the QDs and the red channel the organelle dye. The
white lines indicate the cell nuclei. (a) Paraformaldehyde-fixed cell labeled with MitoTracker and QDs. (b) The same cell after 30 seconds of
laser-light exposure. (c) Live cells labeled with MitoTracker and QDs. (d) The same cells after 30 seconds of laser-light exposure. (e) Live cell
labeled with LysoTracker and QDs. (f) The same cell after 30 seconds of light exposure. (g) Relative intensities from the indicated regions

over 100 seconds of exposure time.

(see Figures 4(a), 4(b), and 4(g)). In live cells, however,
the mitochondrial region brightened quickly and intensely,
with QD-Mitotracker overlap becoming apparent (see Fig-
ures 4(c), 4(d), and 4(g)). In both live and fixed cells, a
good deal of QD fluorescence was seen colocalized with
lysosomes. QD fluorescence within lysosomes shows only
bleaching with time (see Figures 4(e), 4(f), and 4(g)). QDs
that were outside the cell, in aggregates outside the mem-
brane, exhibited no brightening but only photobleaching
over time (see Figures 4(e), 4(f), and 4(g)).

Observation of the blue QD-dopamine fluorescence con-
firmed what was suggested by the time-course spectra. QDs
outside the cells showed no blue emission, confirming the ab-
sence of dopamine, whereas those in the cytoplasm and mi-
tochondria showed visible 460 nm emission (see Figure 5).

2.4. Effect of dopamine on fluorescence intermittency

Blinking is conveniently studied by taking an image series
with time of a number of immobilized QDs [9-11]. Details

of the analysis may be found in the methods section and in
previous publications [9, 10]. The result of the analysis is
that the fluorescence time trace for each identified QD is ex-
tracted from the image series, and the durations of on and off
times (time durations for which the signal is above and be-
low the threshold level, resp.) are extracted. A typical image
and extracted fluorescence trace of a single, immobile QD are
shown in Figure 6.

We studied the effect of conjugating dopamine to QDs
on their blinking statistics. The probability distributions of
on times, P(on), and off times, P(off), for QDs with and
without conjugated dopamine are shown in Figures 7(a) and
7(b), respectively, as measured by extracting fluorescence
time traces, such as shown in Figure 6(b), setting a thresh-
old and calculating on and off times. Approximately 500 QDs
were analyzed from 5 sets of movies, taken at 50-millisecond
resolution for 100 seconds. Except for the dopamine, the
QDs and the experimental conditions were identical. Clearly,
under these conditions, the conjugation of dopamine to the
QD reduced the on times and increased the off times.
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F1GURE 5: Subcellular differences in QD-dopamine fluorescence. (a) Image under DAPI filter of cells labeled with QD-dopamine (and with
SYTO red to show nuclei). The green regions (540-580 nm emission) show QD fluorescence but no dopamine fluorescence. The blue ar-
eas (460—-500 nm emission) show dopamine fluorescence and no initial QD fluorescence; QD fluorescence appears after UV illumination.
Double-labeling experiments identified the green areas as lysosomes (not shown) or as regions exterior to the cell. (b) Closeup of a single cell
from panel A showing blue spots (square) and green spots (circle). (c) Time course of QD peak fluorescence under UV illumination (QD

filter) for a blue region (squares) and a green region (circles).

3. DISCUSSION
3.1. Tracking QD oxidation with fluorescence changes

We previously showed [5] that QD-dopamine conjugates
show altered fluorescence in living cells in accordance with
the cellular and subcellular redox potential with brighter
fluorescence corresponding to more oxidizing conditions.
However, two of the observed phenomena were not fully ex-
plained. First, different colors, batches of QDs, and conjugate
preparations showed widely varying degrees of uptake. Sec-
ond, the mechanism of brightening in response to oxidation
was not elucidated although it was presumed to be related to
cap decay [21].

In this work, we explain the differing levels of uptake by
showing that using standard MSA-EDC coupling techniques,
approximately 100 dopamines per particle are required to
obtain efficient uptake in our stably transfected dopamine-
receptor cell lines. Future work will explore variations on
solubilizing-agent chain length and the addition of spacers
[22] to improve the presentation of the dopamine to its re-
ceptor, as this high requirement probably reflects biological
inactivity of most of the dopamines on these particles.

Of general interest is the observation that controlling the
average number of dopamine molecules bound to QDs af-
fects the photoenhancement of ensembles of particles in a
measurable fashion. This makes these conjugates a more
useful tool than one based upon quenching alone, as the
presence of fully-quenched particles can obviously not be
detected under fluorescence microscopy. On slides, more
dopamines per particle correspond to slower photoenhance-
ment (see Figure 3(b)); QDs without dopamine show bleach-
ing without enhancement.

Confocal laser illumination shows a quite different pat-
tern from Hg-lamp illumination; this could be due to several
factors. The illumination is at a single wavelength; the most
commonly used line (488 nm) will not excite the dopamine

quinone, eliminating issues of signal confusion as well as
eliminating the possibility that excitation of the quinone af-
fects the QD enhancement or bleaching. Finally, laser illu-
mination is intermittent due to scanning, perhaps permitting
QDs to recover in-between pulses.

In cells, a minimum number of dopamines, correspond-
ing to slow enhancement, is necessary for uptake. However,
as the particles travel through the cell, particularly to oxi-
dizing regions, enhancement becomes more rapid suggesting
that the cap decay mechanism is in fact correct. These data
could be used for a semiquantitative model of QD process-
ing in cells (Schematic in Figure 8).

3.2.  Blinking analysis

It is immediately obvious from Figure 7 that the addition of
dopamine to the QD surface affects blinking by reducing on
times and increasing off times. Many groups have found that
the distribution of off times fits to a power law function [8—
10, 12, 18, 23], whereas the on times distribution is the source
of some debate. Some have found that the on times fit to a
power law function [18, 24]; whereas others have found that
they fit better to a power law function convoluted with an
exponential function at long on times [8, 10, 19]. The ef-
fect of coating the CdSe with a ZnS shell on the blinking
has also been studied by several groups. Nirmal et al . found
that a thick ZnS shell results in the observation of longer
on and off events [7]. Subsequently, a more thorough sta-
tistical analysis revealed that the power law slopes for both
the on times and the off times distributions are not affected
by ZnS capping, but that the exponential cutoff time in the
on times slightly increases by ZnS capping [8]. Heyes et al.
found that, within experimental error, there was no effect in
both the power law slope and the exponential cutoff upon
increasing the ZnS capping thickness [10]. This lack of de-
pendence was explained as the physical origin of blinking ly-
ing in hole-trap states at the surface or core-shell interface.



Journal of Biomedicine and Biotechnology

Fluorescence intensity

(a)

250 1

200 A

—

w

S
1

—_

(=]

S
1

50 A

|

‘\“ il ‘
BN 1

40 60
Time (s)

(b)

F1GURE 6: Evaluation of QD blinking. (a) Typical image of immobilized QDs. Due to their different brightness, some spots appear larger than
others. Single QDs are identified by the size of their point spread function and selected for subsequent analysis. Image size is 40 x 40 yum?. (b)
Typical intensity trace of a single QD under continuous excitation. The grey line indicates an arbitrary threshold used to separate on-events
from off-events. The threshold is usually set to 2—3 standard deviations above the background noise level, which is determined from nearby

pixels containing no QD.
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FIGURE 7: Probability histograms for (a) on-times and (a) off-times durations with (red) and without (blue) dopamine conjugated to the QD
surface. A strong effect of dopamine in both on-times and off-times durations is evident. The addition of dopamine reduces the probability
of observing long on-times and increases the probability of observing long off-times.

In the study of Heyes et al. [10], all blinking probability dis-
tributions fit to an inverse power law for off times. For on
times, the functions fit to an inverse power law with expo-
nential cutoff at longer on times, in agreement with previous
observations and a previously published model, which did
not assume the presence of external trap states [19]. The data
presented here do not fit to the same functions as previ-
ous observations (power law for off times and a power law
convoluted with an exponential cutoff at longer times) sug-
gesting that the underlying mechanisms of blinking differ. At

the current time, we cannot identify the source of these dif-
ferences and much more work is needed to further investi-
gate the physical origins. We have identified several possible
sources that may be responsible for the observed difference
in blinking statistics. One such source may be that the dif-
ference in chemical environment of the QD is responsible.
The QDs used here are coated with mercaptosuccinic acid
(MSA) ligands, which carry both a negative charge and a
coordinating sulfur group which may both affect the blink-
ing statistics. Most previous studies have investigated QDs
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FiGure 8: Fluorescent tracking of QD uptake and breakdown in
cells (cellular structures not to scale). (a) QDs conjugated to an
electron donor can bind to specific receptors (gray sphere) but are
not immediately fluorescent. QDs that have lost this surface cap are
immediately green-fluorescent (green spheres) but do not bind to
receptors and are rarely endocytosed. (b) Processing through the
cell leads to changes in surface cap and resulting alterations of flu-
orescence. Areas of normal cellular redox potential such as endo-
somes (gray) are not fluorescent unless illuminated for significant
amounts of time. Highly oxidizing areas such as lysosomes, in con-
trast, show immediate green fluorescence and no blue fluorescence
without photoenhancement, indicating that the conjugate has been
removed from the particle, probably due to proteases in the lyso-
some. Particles near mitochondria show varying degrees of green
and blue fluorescence with slow photoenhancement.

that are either coated with uncharged organic ligands or are
coated with large amphiphilic polymers. The chemical en-
vironment may be further affected by the conjugation of
dopamine which may result in the presence of different trap
(off) states. Another source for the difference may lie in the
fact that in the experiments presented here, polychromatic
excitation from a halogen lamp, passed though a QD filter
cube, which results in excitation with a range of wavelengths
from 380 nm to 460 nm, was used. While this excitation con-
figuration is a common one for biological detection of QDs
in cellular environments, both the CdSe core and the ZnS
shell are excited (as well as dopamine when it is present)
whereas most previous blinking experiments have been per-
formed using monochromatic excitation at either 488 nm,
514 nm, or 532 nm [7-12] where only the CdSe core is ex-
cited. Excitions formed following excitation of the QDs us-
ing the present excitation configuration are more easily ex-
posed to the QD surface or surrounding environment. Fur-
ther work is currently underway in our lab to identify the ef-
fects of both the ligand properties and the excitation energy
on the blinking mechanism.

Bleaching of QDs is also affected by the addition of
dopamine. The average intensity of the images decreases
faster for QD-dopamine conjugates than for QDs not con-
jugated with dopamine. However, the decrease in average in-
tensity is relatively small compared to the total intensity due
to the contribution from the background signal arising from
the many pixels in which no QDs are present. This is constant
throughout the experiment, which contributes to a nonzero

offset in the integrated intensity of the image. On the other
hand, the fraction of particles in the on state decreases by
approximately 3 orders of magnitude for the QD-dopamine
conjugates, whereas QDs without dopamine show a relatively
constant on fraction during the experiment. This reduction
in the fraction of emitting QDs indicates that either they
are trapped in a long off time or that they are permanently
bleached. Chung and Bawendi argued that there must exist a
saturation in the maximum off time duration in order to ex-
plain the observation that, under continuous illumination,
QD emission does not reach zero intensity due to all QDs
eventually becoming trapped in a very long off state [25]. In-
deed, using ensemble fluorescence spectroscopy, they deter-
mined that the maximum off time is on the order of thou-
sands of seconds—a timescale that is generally not reached
using single molecule experiments. In order to determine if
the nonfluorescent particles would turn “on” again at later
times (i.e., the particles are in an extended off period), we
turned off the excitation source for several minutes. We then
imaged the same area to determine if the particles were once
again fluorescent. We found that almost none of the parti-
cles regained their fluorescence, indicating that the photo-
bleaching was indeed permanent rather than the particles re-
siding in an extended off period. It has been shown that QDs
are much more photostable than other fluorophores, and are
generally photostable for timescales much longer than our
experiments. Dopamine itself must be a significant source
of the photobleaching. One possible mechanism may be that
radicals are formed by the dopamine, which may then even-
tually diffuse through the solution and react with the QD sur-
face forming trap states. This may repeat until a significant
number of trap states are formed which results in preferential
nonradiative decay rather than radiative decay of any formed
excitons. It must also be noted here that, under these excita-
tion conditions, dopamine is also directly excited. The initial
increase in on fraction of QDs may be the result of an initial
bleaching of dopamine on the QDs which results in more on
particles. This may be then followed by reaction of radicals
with the QD to once again turn them off. Further chemical
characterization of the bleached particles is necessary to test
these hypotheses.

The changes in blinking statistics upon conjugation of
QDs to specific ligands such as dopamine suggest that such
an assay may be used in the future as ultrasensitive sensors for
chemical and biological characterization of subcellular envi-
ronments and biological processing pathways. However, it is
necessary for the underlying mechanisms contributing to the
observed changes to be fully understood in order to interpret
these types of experimental results.

3.3. Conclusion

Conjugation of QDs to an electron donor such as dopamine
leads to changes in optical properties beyond simply
quenching. These properties, such as photoenhancement
and blinking, may be used in biological studies as novel
means to probe subcellular environments. The use of other
electron donors, such as any of the biological catechols,
should show equally interesting properties when conjugated
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to QDs, creating a general principle upon which new fluores-
cent indicators may be created.

4, METHODS
4.1. QD synthesis

All chemicals were purchased from Sigma-Aldrich Canada
(Oakville, ON, Canada). CdSe/ZnS core-shell nanocrystals
were synthesized as previously described [26, 27]. In brief,
CdSe/ZnS QDs were synthesized as follows: 0.024g CdO
was added to a reaction flask containing 0.44 g stearic acid
and heated to 180°C under inert conditions, forming a col-
orless solution. The solution was allowed to cool, and after-
wards 5g TOPO and 2 g octadecylamine were added to the
flask. The flask was then evacuated and filled with inert gas
several times, and the solution was heated to 200°C-300°C
(exact temperature depends on the desired size). 0.2g Se
was then dissolved in 2—4 mL TOPO under inert conditions,
and added to the reaction flask. Finally, 0.4 mL of Zn(Me),
was added to 0.07 mL (TMSi), under an inert atmosphere,
and added to the reaction flask. Finally the solution was al-
lowed to cool, dissolved in CHCIls, and precipitated with
MeOH. The precipitate was collected by centrifugation and
washed several times with MeOH. These TOPO-passivated
nanocrystals were then dispersed in the desired solvent, in-
cluding toluene, CHCl;s, and hexane. QDs were solubilized
using MSA. Aqueous QD solutions were diluted in H,O to
an optical density (OD) of 0.1 at the exciton peak. This cor-
responds to an approximate concentration of 1 uM [26]. All
QDs were stored in the dark until ready for use.

4.2. Conjugation to dopamine

One mg EDC was added to 0.2 mL of QDs in aqueous so-
lution and 0.3 mL phosphate-buffered saline (PBS) solution.
The tubes were covered in foil and put on a shaker for one
hour. Afterwards dopamine was added to a final concentra-
tion of 2 mM, and PBS was added to a final volume of 1 mL.
The tube was again covered in foil, and agitated on a shaker
for 2 hours. Solutions were dialyzed against PBS for 1 hour in
order to remove excess dopamine. All handling of dopamine
solutions and QD-dopamine was performed in a glove bag
under nitrogen to avoid oxidation of dopamine and further
stored under an inert atmosphere until ready for use.

4.3. Incubation of QDs with cells

Experiments with cell lines were performed using PCI12
cells stably transfected with human D2 dopamine receptors
(gift of Stuart Sealfon, Mount Sinai School of Medicine).
Cells were maintained in high glucose Dulbecco’s Modified
Eagle’s Medium (DMEM) (Invitrogen Canada, Burlington,
ON, Canada) supplemented with 10% fetal bovine serum,
5% horse serum, 0.2 mM glutamine, 100 U/mL penicillin,
and 100 yg/mL streptomycin in a 5% CO, atmosphere at
37°C. For passage, cells were rinsed first with phosphate-
buffered saline (PBS) and then with Hanks balanced salt
solution containing 0.05% trypsin and 0.02% EDTA, incu-

bated for 2 minutes at room temperature, and resuspended
in supplemented DMEM. Cells were passaged onto glass
bottom dishes (MatTek Co., Ashland, Mass, USA) the day
before use at 50-80% confluency. Just prior to labeling,
growth medium was removed by 2 washes in sterile PBS,
and then replaced with 1 mL serum-free medium without
phenol red (OptiMem, Invitrogen Canada). In preliminary
studies, incubation times were varied between 15 minutes
to 2 hours, and it was found that some uptake of uncon-
jugated QDs could occur at longer timescales. Thus, all
data presented show cells incubated for 15 minutes. QD-
dopamine conjugates were applied directly into serum-free
medium at a concentration of ~5-10 nm particles. For co-
labeling with MitoTracker Red or Lysotracker Orange (In-
vitrogen Canada), dyes were added to cells at a concentra-
tion of 1 uM at least 30 minutes before QD addition. All cells
were washed several times with sterile PBS after labeling, and
live cells were imaged in PBS. Fixed cells were incubated in
3.7% paraformaldehyde in PBS for 30 minutes, rinsed twice
in PBS, and imaged in PBS.

4.4. Spectroscopy and microscopy of cells

Absorbance and emission spectra were recorded on Spectra-
Max Plus and SpectraMax Gemini readers (Molecular De-
vices, Sunnyvale, Calif, USA). For Hg-lamp exposure exper-
iments, cells and QDs were examined and imaged with an
Olympus IX-71 inverted microscope and a Nuance multi-
spectral imaging system, which provides spectral data from
420-720 nm in 10-nm steps (CRI Instruments, Cambridge,
Mass, USA). The objective lens was a Nikon PlanFluor 100x
(N.A. = 1.30). Illumination was through a “QD” filter cube
set (excitation = 380—460 nm, dichroic = 475 nm, emission
= 500LP), a “DAPI” filter cube set (excitation = 350/50nm,
dichroic = 400 nm, emission = 420LP), or a “TRITC” fil-
ter set (excitation = 540 nm, dichroic = 565 nm, emission
605 LP) (Chroma Technologies, Rockingham, Vt, USA). For
evaluation of photoenhancement on slides, a droplet of QD
solution was placed on a glass slide and illuminated at full
lamp power from below using the QD filter. Data were ex-
cluded if the sample dried out during imaging.

Confocal imaging and time-course experiments were
performed on a Zeiss 510 LSM with a Plan Apo 100X oil
objective. QDs were excited with an Ar ion laser with out-
put power held at 55% for all experiments, corresponding to
6 A of tube current to reduce laser flicker, and the percent
transmission of the 488 nm line was adjusted between 10%
and 100%. LysoTracker Red and MitoTracker Orange were
excited with a HeNe laser (543 nm line). Cells labeled with
>1 probe were examined for channel bleed-through before
imaging. For cell imaging studies, the 488 nm line was kept
at 50% of maximum power.

Samples were prepared for blinking studies by aminosi-
lanizing a glass coverslip with aminopropyl trichlorosilane
to which a drop of ~100 pM QD solution was added. QDs
were immobilized by electrostatic forces between the pos-
itively charged amino groups of the silane and the nega-
tively charged carboxylates on the QD. The QDs were mea-
sured with the liquid still above them to reduce possible
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effects from oxygen in the atmosphere. Drying out of the so-
lution was reduced by placing a reservoir of water next to
the sample, and covering the sample stage, which resulted
in a humid environment around the sample. Blinking stud-
ies of QDs were performed in an epifluorescence configu-
ration on an Olympus IX70 inverted microscope using a
halogen-lamp source. A QD filter cube set was used for ex-
citation and emission (excitation = 380—460 nm, dichroic =
475 nm, emission = 500 LP). The excitation light was passed
though an Olympus PlanApo oil-immersion objective (60X,
1.45NA) and the emission collected into the same objective.
The light is then focused onto a Photometrics Cascade 512 B
EM-CCD camera, and a time-stack of images taken at 20 fps
(50-millisecond exposure) for 2000 frames using the RSIm-
age software (Roper Scientific, Tucson, Ariz, USA). The im-
ages are stored in 16-bit TIFF format for subsequent analy-
sis. Homemade software was written by Dr. Andrei Kobitski
at the University of Ulm (Germany) using Matlab 6.5 (Math-
works, Natick, Mass, USA), from which traces of individual
QDs are extracted and probability distributions of on and
off times are determined. The details of the analysis may be
found in previous publications [9, 10]. Briefly, the algorithm
aligns each frame of the series and integrates the image stack.
Thus, QDs that are on at least once in the time series will be
identified. Then, the software measures the integrated signal
from the 3 X 3 pixels around the central of the emission (the
3 x 3 pixels is approximately equal to the point spread func-
tion of the microscope, and may be manually set by the user
of the software) as a function of frame number (time). The
local background signal is found from the pixels surround-
ing the QD in each frame and subtracted. If another QD is
too close that the local background cannot be determined,
then this QD is ignored. Due to the low QD concentration,
this occurs very seldom. This results in a set of traces simi-
lar to that shown in Figure 6(b). A threshold is set to 20 of
the background signal. It was previously found that if the
signal:noise is strong enough, the actual threshold level used
(from 2—40) does not affect the resulting statistics [10]. Then
the durations of times spent in the off state and on state are
calculated from all the extracted traces and plotted as a prob-
ability histogram (Figure 7, normalized to a total probability
of 1).
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Colloidal quantum dots (QDs) are now commercially available in a biofunctionalized form, and Forster resonance energy transfer
(FRET) between bioconjugated dots and fluorophores within the visible range has been observed. We are particularly interested in
the far-red region, as from a biological perspective there are benefits in pushing to ~700 nm to minimize optical absorption (ABS)
within tissue and to avoid cell autofluorescence. We report on FRET between streptavidin- (STV-) conjugated CdTe quantum dots,
Qdot705-STV, with biotinylated DY731-Bio fluorophores in a donor-acceptor assay. We also highlight the changes in DY731-Bio
absorptivity during the streptavidin-biotin binding process which can be attributed to the structural reorientation. For fluores-
cence beyond 700 nm, different alloy compositions are required for the QD core and these changes directly affect the fluorescence
decay dynamics producing a marked biexponential decay with a long-lifetime component in excess of 100 nanoseconds. We com-
pare the influence of the two QD relaxation routes upon FRET dynamics in the presence of DY731-Bio.
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tor quantum dots, the possibility of photobleaching the inor-

Forster (or fluorescence) resonance energy transfer was first
explored in the 1920s [1] and is increasingly gaining the
attention of multidisciplinary researchers. FRET is a tech-
nique widely used in probing the conformational changes of
biomolecules, examining the structural constitution of a tar-
geted cell and monitoring intracellular processes and many
other in vivo biological applications [2]. The main attraction
of FRET is its sensitivity to very small spatial changes, typi-
cally in the nanometer range.

FRET is based on the near field interaction between two
molecules (dipoles) in very close proximity, at a distance
much smaller than the fluorescence wavelength [3, 4]. The
excited state energy of the donor molecule can be trans-
ferred to the acceptor molecule in the ground state if there
is a considerable overlap between the donor emission and
the acceptor absorption. In the past, a variety of organic
fluorescent labels were used as probes in FRET measure-
ments [3-5]. However, photobleaching effects have impaired
their function as reliable fluorescent markers especially in
single-molecule spectroscopic applications. With the discov-
ery of new robust fluorescent material such as semiconduc-

ganic markers over extended excitation is no longer an issue.
QDs are well known for their photostability, high quantum
yield (QY), broad absorption spectrum, and narrow emis-
sion spectrum [6-8]. In contrast to the standard organic
dyes, these favourable features provide a new route to op-
tically pump different size QDs using the same photoexcita-
tion energy, thus promoting multicolour microscopic imag-
ing. The specific application area which we seek to address
is in vitro cell cycle and cell lineage studies. In this context
we have confirmed that there is no discernible toxic effect of
core/shell QDs on the cells over typical analysis period of 1-5
days which corroborates the fact that the release of free ions
from the core lattice is largely obviated by the surface passi-
vation [9]. Furthermore, with the advent of the commercial
core-shell QDs, a variety of emissions that cover the visible
and the infrared spectra are readily available. Therefore, in
view of the superior photostability, the biocompatibility and
the wide selection of commercial core/shell QDs, the poten-
tial of QDs as fluorescent labels is very promising.

In this work, we explored the potential of far-red
CdTe/ZnS core-shell Qdot705 (Invitrogen) as an efficient
donor in a FRET assay. From the bioimaging perspective,
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this avoids the detection of autofluorescence, allows the us-
age of red excitation which has greater depth of penetra-
tion into targeted tissue, and facilitates multiphoton absorp-
tion/excitation. From a material point of view, the compo-
sitional change from selenide to telluride in Qdot705 also
makes it an interesting experimental test subject. Broader
emission/absorption spectra and a fluorescence decay life-
time well in excess of 100 nanoseconds at room tempera-
ture were seen. In our QD FRET investigation, biotinylated
DY731-Bio fluorophores with an absorption peak at 720 nm
were self-assembled onto Qdot705-STVs that emit at 705 nm
using a streptavidin-biotin binding mechanism in the similar
conjugation route as that in [10, 11]. Due to the strong spec-
tral overlap between Qdot705-STV emission and DY731-Bio
absorption, FRET signatures were detected in the steady state
and also in the time domain spectroscopic measurements.

2. MATERIALS AND METHODS
2.1. DY731-Bio-STV preparation

1 mg of streptavidin powder (Sigma-Aldrich, Dorset, UK)
was dissolved in 100 uL phosphate buffered saline (PBS
0.01 M, pH 7.4) to make ~170 uM streptavidin solution. 5 yL
of the solution was added to 400 yL of 2.5 uM DY731-Bio to
give a loading ratio of 1 with respect to DY731-Bio. As a re-
sult, the total biotin binding sites outnumbered DY731-Bio.
Hence, only streptavidin bound DY731-Bio were generated.
The steady-state absorption profile of DY731-Bio-STV bio-
complex was recorded with a UV/Vis/NIR Jasco V570 spec-
trometer (Tokyo, Japan) for determining DY731-Bio-STV
molar extinction coefficient.

2.2. Qdot705-STV and DY731-Bio mixture by titrations

10 uL of 1 uM Qdot705-STV stock (Invitrogen, Calif, USA)
was dissolved in 400 4L PBS (pH 7.4) in a 10 mm optical path
cell. 2uL of 30 uM DY731-Bio (MoBiTec, Gottingen, Ger-
many) was first dispensed into the QD solution and then fol-
lowed by 10 successive titrations of 4 yL DY731-Bio. Steady-
state photoluminescence (PL) measurements were taken af-
ter each titration using a Varian Cary Eclipse fluorimeter
(Palo Alto, Calif, USA). For comparison, identical proce-
dures were repeated for control experiments which involved
DY731-Bio without the presence of Qdot705-STV.

2.3. Qdot705-STV-DY731-Bio conjugates preparation

5 separate PBS diluted Qdot705-STV solutions (220 uL,
~90nM) were mixed with increasing amount (4uL to
200uL) of 30uM DY731-Bio to produce Qdot705-STV-
DY731-Bio donor-acceptor assay with different labelling ra-
tios. It is estimated that a Qdot705-STV is chemically cou-
pled to 5-10 streptavidin [12]. As streptavidin is a tetrameric
protein, approximately 20—-40 biotinylated molecules which
include DY731-Bio can be arrayed around a single Qdot705-
STV. The samples were left to sit at room temperature for
15 minutes. By ultrafiltration with Microcon YM50 spin col-
umn (Millipore, Billerica, Mass, USA), the unbound DY731-

hv FRET

DY731-Bio

Amphiphilic
polymer

FIGURE 1: Schematic diagram of Qdot705-STV and DY731-Bio in
self-assembled assay where energy can be transferred nonradiatively
from QD to DY731-Bio upon excitation.

Bio (molecular weight, MW of ~1kDa) were separated from
the conjugated pairs. The column with cutoff MW of 50 kDa
was spun at a centrifugal speed of 2000 x g three times for
20 minutes per wash. The collected conjugates were then dis-
solved in 100 4L PBS in 10 mm path length cuvette for time-
resolved PL measurements. The average numbers of DY731-
Bio per Qdot705-STV were estimated by steady-state absorp-
tion using a UV/Vis/NIR Jasco V570 spectrometer in ac-
cordance to the molar extinction coefficient at 663 nm for
DY731-Bio-STV.

2.4. Steady-state absorption and
photoluminescence measurements

Steady-state absorptions of Qdot705-STV, DY731-Bio,
DY731-Bio-STV and Qdot705-STV-DY731-Bio in PBS
(pH 7.4) were measured using a UV/Vis/NIR Jasco V570
spectrometer. Ensemble photoluminescence spectra were
recorded with a Varian Cary Eclipse fluorimeter. To mea-
sure the photoluminescence spectrum of DY731-Bio,
680 nm excitation was chosen. However, the excitation
was set to 425nm for all FRET experiments in order to
reduce the direct excitation of DY731-Bio fluorophores. All
measurements were performed under ambient conditions.

2.5. Time-resolved photoluminescence measurements

Qdot705-STV-DY731-Bio samples (from Section 2.3) were
photoexcited using a Ti:Sapphire laser (Coherent, Santa
Clara, Calif, USA) with a repetition rate of 1.1 MHz in or-
der to achieve a longer time window for detecting rather long
lived Qdot705-STV photoluminescence. The laser was tuned
to 850 nm and was frequency doubled to 425 nm so that di-
rect excitation of DY731-Bio was kept to a minimum. The
temporal behaviour of Qdot705-STV in a donor-acceptor as-
sembly was investigated with a Hamamatsu C5680 universal
streak camera system (Japan). The photoluminescence of dot
ensemble was spectrally filtered using a 700 nm shortpass fil-
ter to cutoff unwanted DY731-Bio fluorescence and a 630 nm
longpass filter to attenuate any scattered laser. The acquisi-
tion of time-resolved photoluminescence was processed us-
ing high-performance digital temporal analyser (HPD-TA)
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FiGure 2: Normalised absorption and photoluminescence spectra
of Qdot705-STV, DY731-Bio, and DY731-Bio-STV.

software (Hamamatsu, Japan). All measurements were con-
ducted under ambient environmental conditions.

3. RESULTS
3.1. Steady-state spectral measurements
3.1.1.  Qdot705-STV and DY731-Bio

As shown in Figure 2, Qdot705-STV sample exhibits a broad,
continuous absorption spectrum with no pronounced ex-
citonic peak being resolved. The bulk-like spectrum is due
to the relative large size variation in the Qdot705-STV en-
semble which have a mean diameter of ~20 nm [12]. These
QDs fluoresce at 705nm with a full width at half maxi-
mum (FWHM) of 70nm (-B- in Figure 2). The FWHM
of Qdot705-STV emission is approximately 3 times broader
than that of the commercial CdSe/ZnS Qdots. The inhomo-
geneous size distribution is likely to be the reason behind the
broad photoluminescence spectrum, however, the crystalline
geometry and the lattice defects can also be the cofactors to
the line width broadening [13].

Unlike Qdot705-STV, pure DY731-Bio have a narrow
absorption spectrum that peaks at 720 nm with a weaker
secondary absorption at 660 nm. This strongly coincides
with the photoluminescence of Qdot705-STV which spreads
across the absorption band of DY731-Bio. However, the
absorptivity was modified when DY731-Bio were attached
to streptavidin, as depicted in Figure 2. The 660 nm ab-
sorption strength rose above that of 720nm peak. This
is possibly due to the conformational changes in bound
DY731-Bio molecules. The molar extinction coefficients
of DY731-Bio-STV at respective 660 nm and 720 nm were
found to be 100000 M~'em™! and 70000 M~!cm™! instead
of 50000 M~tcm™! and 120000 M~!cm™! for pure DY731-
Bio.
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FIGURE 3: Spectra A are the composite photoluminescence of the
Qdot705-STV and DY731-Bio mixtures in a series of DY731-Bio
titrations. Spectra B are the control photoluminescence of pure
DY731-Bio solutions with the equal molar concentration of DY731
as that in the former mixtures. An expanded view of the control
spectra is shown in the inset.

The strong overlap between the DY731-Bio absorption
and the Qdot705-STV photoluminescence favours the non-
radiative energy transfer within the donor-acceptor assay.
With the large Stokes shift (~30 nm), DY731-Bio are spec-
trally well separated from Qdot705-STV and hence, the
composite photoluminescence spectrum of a mixed donor-
acceptor ensemble can be resolved and deconvoluted into re-
spective spectra for further quantitative FRET analysis.

3.1.2.  Qdot705-STV and DY731-Bio mixture by titration

Successive titrations with 30 uM DY731-Bio solution resulted
in the progressive quenching of Qdot705-STV photolumi-
nescence. Initially, the fluorescence signal at 705 nm dropped
abruptly but then gradually levelled off after a total of ~26 yL
DY731-Bio have been dispensed into the QD solution. Since
the optical densities in the first few titrations (2 yL-22 uL)
were below 0.2, the luminescence quenching in Qdot705-
STV was primarily attributed to FRET. The reabsorption of
Qdot705-STV photoluminescence by DY731-Bio was antic-
ipated to be less effective. In concomitant with the quench-
ing of Qdot705-STV fluorescence, a systematic enhancement
of DY731-Bio photoluminescence was detected as shown in
Figure 3(A) with the appearance of a 750 nm peak. The en-
hanced fluorescence of DY731-Bio in the mixture was many
times more intense than the control signal of pure DY731-
Bio (see the inset of Figure 3) as the absorption of the so-
lution was dominated by the strong optical interaction with
the QD excitons at the excitation wavelength of 425 nm. The
quenching of Qdot705-STV emission and the concurrent
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tio of nonfiltered mixture. The efficiency calculated is based on the
extracted Qdot705-STV spectra (from Spectra A in Figure 3) shown
in the inset.

enhancement of DY731-Bio emission signify the occurrence
of FRET from the photoexcited Qdot705-STV donors to the
ground-state DY731-Bio acceptors.

Since FRET theory is formulated based on proximal
dipole-dipole interaction, the excited QDs were generalised
as the oscillating dipoles because of the strong electron-hole
wavefunction overlap in the core and the weak carrier tun-
nelling into the wide band gap ZnS shell [14]. FRET effi-
ciency was calculated in accordance to the following equa-
tion:

Fpa

E=1 P (1)
where Fp, is the integrated donor fluorescence in the pres-
ence of the acceptor and Fp is the integrated donor fluo-
rescence alone. As the equation is only dependent upon the
changes of donor emission intensity with acceptor, the rele-
vant Qdot705-STV spectra were extracted from the compos-
ite spectra in Figure 3(A), provided that the spectral shape
of Qdot705-STV stayed unchanged throughout the measure-
ments. As depicted in Figure 4, despite the undesirable size,
a reasonably high-efficient energy transfer (~70%) can be
achieved by Qdot705-STV as the FRET donor since its sur-
face area is large enough to interact with multiple DY731-
Bio acceptors. However, the plot of FRET efficiency against
acceptor/donor ratio shows some signs of saturation when
the molar ratio exceeded 50 : 1. After the 50 : 1 molar ra-
tio, the incremental step in FRET efficiency for successive
DY731-Bio titrations scaled down dramatically. Unlike the
inorganic QD, the conventional organic dyes are generally
confined to single donor-acceptor pairing in a FRET assay
because of their comparatively small molecular sizes, which
in turn impose strict spatial separation condition between
the interacting donor-acceptor molecules (typically less than
100 A) for achieving high FRET efficiency.

FIGURE 5: Photoluminescence decay of Qdot705-STV with increas-
ing number of labelled DY731-Bio after centrifugation.

3.2. Temporal photoluminescence measurements

3.2.1.  Qdot705-STV-DY731-Bio conjugates by
ultrafiltration

Due to the partial crosstalk, the Qdot705-STV emission was
spectrally separated from DY731-Bio using a 700 nm short-
pass filter. By monitoring the temporal changes in the fluo-
rescence spectrum below 700 nm, the interaction dynamics
of Qdot705-STV ensembles in the presence of bound accep-
tors were studied. As illustrated in Figure 5, with increasing
number of bound DY731-Bio from 5 to 20 per dot, the QD
fluorescence decay was progressively shortened. Henceforth,
it would appear that an additional nonradiative relaxation
pathway was introduced when DY731-Bio fluorophores were
self-assembled around Qdot705-STV: the photoexcited QD
excitons recombined at a faster rate by coupling to the ra-
diationless transitions. In view of the fact that a Qdot705-
STV can be chemically coupled up to 10 tetrameric strepta-
vidin [12], the highest elicited number of labelled DY731-
Bio per QD from the absorption measurement was relatively
low compared with the prediction that a maximum 40 bi-
otinylated biomolecules can be possibly assembled around a
Qdot705-STV. Therefore, this elucidates, in practise, the av-
erage number of streptavidin per QD maybe less than 10, and
also the obscuration of some of the binding sites due to the
compactness of large streptavidin proteins around the QD is
not unlikely.

The fluorescence decay curves shown in Figure 5 depict
a complex, multiexponential relaxation of the dots and so a
specific method of analysis must be adopted in interpreting
the data. We use a biexponential fitting that (i) is the sim-
plest approach outside of a monoexponential model and (ii)
provides a conceptual framework for interpretation relating
to QD photophysics. There are of course alternative mea-
sures that could be adopted, for example, the definition of
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an effective 1/e lifetime. Our main purpose in this paper is to
highlight the complexity of the QD decay dynamics and as-
sess the ramifications of this in quantifying FRET-based anal-
yses. The fluorescence dynamic of Qdot705-STV was fitted
with the decay function:

I(t) = A exp(%f) +A; exp(%zt) +Z (2)

with Z as the baseline. Two distinct lifetime components were
derived from the fit. 7; fell within 100-nanosecond range
and 7, fell within 30-nanosecond range. We associate each
lifetime component to different, spatially distinct excitonic
relaxation paths [15]. From the two lifetime components,

FRET efficiency was explicitly calculated for each dynamic
process using the equation below:

E=1-"24, (3)
D

where 7pa is the donor fluorescence lifetime in the pres-
ence of the acceptors and 7p is the donor fluorescence life-
time without the acceptors. Since FRET is the inverse sixth
power to R (donor-acceptor separation), it is intuitive that
the efficiency from spatially separated recombination paths
will differ. As reflected in Figure 7, the short-lifetime com-
ponent achieved higher FRET efficiency as compared to that
of the long-lifetime component. In this FRET study, we were
able to obtain an approximate 46% efficiency from the short-
lifetime component at an average 20 bound DY731-Bio per
QD. On the contrary, the efficiency was merely 27% for the
long-lifetime component at the same labelling ratio. The
marked variation asserts the close proximity of the fast de-
cay pathway to the DY731-Bio acceptors.

4. DISCUSSION

Qdot705-STV is a core-shell QD coated with a layer of
amphiphilic polymer for water solubility and further sur-
face functionalized with streptavidin for biolinking purposes
[16]. Its core is made of direct gap II-VI CdTe with band gap
energy of 1.44 eV (at room temperature) [17] which coarsely
dictates the emission wavelength of QD. By surface passi-
vation with a larger band gap material like ZnS (3.54eV
at room temperature), the quantum yield of the QDs can
be significantly enhanced by suppressing the surface states
which may arise from the lattice reconstructions at the fi-
nal stage of nucleation [6, 7, 18]. However, a perfect passi-
vation is difficult to achieve due to appreciable lattice mis-
match between CdTe and ZnS. The lattice constants for CdTe
and ZnS are 4.57 A and 3.81 A (wurzite) [17], respectively,
which accounts for a total of 17% difference in bond length.
In comparison to the visible QDs which are typically made of
CdSe, the mismatch is less, at about 12% [6, 19]. So, the sur-
face defects are more predominant in CdTe/ZnS core-shell
QDs. The presence of carrier traps near the CdTe/ZnS in-
terface can weaken the oscillator strength of the dipole mo-
ment by decreasing the spatial overlap of the exciton wave-
function [20]. Photoexcited electrons are quickly delocalized
by surface states, but due to a reduced mobility, the heav-
ier hole is restricted to the inner core. Other factors such as
geometrical characteristics of QD (shape and size) can influ-
ence the optical absorption as well [13]. Qdot705-STV may
not experience the same quantum confinement effects in all
dimensions like other commercial visible range Qdots (i.e.,
Qdot565 and Qdot585) since it adopts a slightly elongated
geometry which means that the photoinduced carriers have
greater degree of freedom compared to the symmetric spher-
ical QDs [21]. Therefore, the quantization of excited states is
less pronounced in the Qdot705-STV absorption spectrum.
Bacterial derivative streptavidin is known to have excep-
tionally high biotin binding affinity (K, ~ 2.5 x 10 M™1)
[22]. Lower nonspecific binding as compared to analo-
gous egg white derivative avidin is an added advantage
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in developing superior bioassays for nanosensing devices.
In this work, we study the near-field interactions in
Qdot705-STV-DY731-Bio self-assembled assay with the use
of streptavidin-biotin noncovalent linkers. With the capac-
ity of accommodating multiple bioconjugations and the
good spectral overlap between donor emission and accep-
tor absorption, FRET can occur between large QDs and bio-
quenchers [23]. In this QD FRET investigation, we were able
to achieve high FRET transfer between large Qdot705-STV
and DY731-Bio. Besides that, we also observed some dras-
tic changes in the absorption properties of DY731-Bio when
they were bound to streptavidin. The 660 nm absorbance
was much stronger than the absorbance at 720 nm. The flu-
orophore probably reoriented itself during the association
of streptavidin-biotin and hence, induced some structural
changes to accommodate the binding site. It is unlikely that
the changes in the absorption were caused by the surface
charge of streptavidin since the same spectral shift was de-
tected when DY731-Bio were dispensed in either ethanol
or PBS solvents. The analytical interpretation of the FRET-
based assay becomes more complicated if the molar extinc-
tion coefficient of the acceptor is undesirably modified upon
binding. It could possibly influence the overlap integral J,
Forster distance Rg down to the theoretical FRET efficiency
prediction.

Strong enhancement in DY731-Bio emission due to ra-
diationless energy transfer from photoexcited Qdot705-STV
was observed. Direct excitation at 425nm was minimal as
shown in Figure 3(B). In contrast to the DY731-Bio accep-
tor, the photoluminescence of Qdot705-STV was quenched
drastically during the initial stage of titrations when the ma-
jority of the added DY731-Bio should have attached onto QD
surface via streptavidin-biotin affinity. Based on the findings
in Section 3.2, after the centrifugation with a Microcon fil-
ter device, one Qdot705-STV can bind up to 20 biotinylated
acceptors. In regard to that information, for a nonfiltered so-
lution, further titrations (between ~20 : 1 and ~60 : 1 molar
ratio) should only saturate the outermost surface area of the
QDs with free DY731-Bio. As a result, the diffused free and
the immobilised DY731-Bio were competing for FRET which
inherently led to the enhanced efficiency after the molar ratio
of 20 : 1. We speculate that the slow growth in the efficiency
after 22 yL of DY731-Bio could be the onset of effective ra-
diative quenching by DY731-Bio. It is clear that Qdot705-
STV can serve as an efficient donor if the interactions with
multiple acceptors are permitted.

The photoluminescence decay of a QD ensemble is mul-
tiexponential. The photophysical characteristics in QD en-
sembles have been correlated to decay-time fluctuations in
single QDs [24, 25]. Since the measurements here were taken
over an extended period of time, the intensity-dependent ef-
fect and the size dispersion in the QD ensemble have aver-
aged out the decay lifetime. The photoluminescence decay
can be considered as the collective dynamic behaviour of ex-
cited QDs. We statistically fitted the Qdot705-STV photolu-
minescence decay with discrete biexponential function. The
fitted lifetimes were significantly different, 30 nanoseconds
and 100 nanoseconds, respectively. Due to a 17% lattice mis-
match at the core-shell interface, the formation of fast re-

sponse, carrier trapping states at the surface is highly prob-
able. These surface states provide nonradiative relaxation
pathways for the photoinduced electron-hole pairs. Since ex-
citon quenching by surface states usually occurs within sub-
nanosecond times, we attribute the fast decay to carrier trap-
ping by surface states and the slow decay to radiative recom-
bination from the band edge. Besides the QD excitonic state,
surface states can also couple to DY731-Bio excited state
for radiationless energy transfer provided that the surface-
state energy level is within the strong absorption band of
DY731-Bio. Instead of taking the amplitude-weighted mean
lifetime, FRET generated from two separate transitions were
studied independently. From Figure 7, the reduction of the
long-lifetime component was less significant than that of the
short-lifetime component with increasing conjugation ratio.
FRET from surface states was apparently more efficient than
that from the band edge level. Assuming that this is due to the
R° relation of FRET, the results are consistent with the in-
terpretation based on the biexponential decay model that the
surface states are spatially nearer to labelled DY731-Bio and
the band edge recombination primarily occurs within the in-
ner core.

5. CONCLUSIONS

We explored the possibility of FRET in a Qdot705-
STV-DY731-Bio assembly with the application of strong
streptavidin-biotin binding affinity. By careful selection, we
minimized the spectral crosstalk between QD donor and
fluorophore acceptor emissions but maximized the spectral
overlap between donor emission and acceptor absorption.
FRET was derived as the resultant of the quenching effect
on QD steady-state fluorescence in stepwise DY731-Bio titra-
tions. An efficiency of ~70% was easily achieved at a molar
ratio of 50 acceptors to one QD owing to QD’s large sur-
face area. We also recorded the differences in the absorptiv-
ity between DY731-Bio and DY731-Bio-STV which could be
related to the structural reorientation of fluorophores when
molecular complex was formed. However, no further struc-
tural studies were conducted to examine the conformation
of steptavidin bound DY731-Bio. Any variation in the ab-
sorption strength of conjugated acceptor can render FRET
less efficient than predicted, if it is based on the optical den-
sity of the noninteracting acceptor. By size exclusion filtra-
tion, excess DY731-Bio were removed and only Qdot705-
STV-DY731-Bio were collected. We achieved ~20 acceptors
per QD which resulted in ~50% FRET efficiency. Lifetime
measurements on the Qdot705-STV-DY731-Bio assay have
further confirmed that FRET can be realized despite the un-
desirable size of QD. However, the highest efficiency obtain-
able is limited by the number of streptavidin attached to
Qdot705-STV.
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INTRODUCTION

In search of viable strategies to identify selective inhibitors of protein kinases, we have designed a binding assay to probe the
interactions of human phosphoinositide-dependent protein kinase-1 (PDK1) with potential ligands. Our protocol is based on
fluorescence resonance energy transfer (FRET) between semiconductor quantum dots (QDs) and organic dyes. Specifically, we
have expressed and purified the catalytic kinase domain of PDK1 with an N-terminal histidine tag [Hiss-PDK1(APH)]. We have
conjugated this construct to CdSe-ZnS core-shell QDs coated with dihydrolipoic acid (DHLA) and tested the response of the
resulting assembly to a molecular dyad incorporating an ATP ligand and a BODIPY chromophore. The supramolecular association
of the BODIPY-ATP dyad with the Hiss-PDK1(APH)-QD assembly encourages the transfer of energy from the QDs to the BODIPY
dyes upon excitation. The addition of ATP results in the displacement of BODIPY-ATP from the binding domain of the Hiss-
PDKI1(APH) conjugated to the nanoparticles. The competitive binding, however, does not prevent the energy transfer process.
A control experiment with QDs, lacking the Hisg-PDK1(APH), indicates that the BODIPY-ATP dyad adsorbs nonspecifically on
the surface of the nanoparticles, promoting the transfer of energy from the CdSe core to the adsorbed BODIPY dyes. Thus, the
implementation of FRET-based assays to probe the binding domain of PDK1 with luminescent QDs requires the identification of
energy acceptors unable to interact nonspecifically with the surface of the nanoparticles.

Copyright © 2007 Ibrahim Yildiz et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

stored on subsequent titration with maltose, which compet-

The outstanding photophysical properties of semiconduc-
tor quantum dots (QDs) have encouraged the development
of binding assays, based on fluorescence resonance energy
transfer (FRET), for the detection of a diversity of biorelevant
analytes [1-5]. Some of these sensing protocols are aimed
at the investigation of protein-ligand interactions relying on
FRET in QD-protein-dye assemblies. For example, the mal-
tose binding protein (MBP) was expressed with a C-terminal
oligohistidine segment to promote its adsorption on the sur-
face of CdSe-ZnS core-shell QDs coated with dihydrolipoic
acid (DHLA) [6, 7]. By conjugating the dark quencher QSY9
to fB-cyclodextrin, it was shown that titration of the solu-
tion containing QD-bound MBP with -cyclodextrin-QSY9
effectively quenched the nanoparticle luminescence. Such a
system was further demonstrated to function as a proto-
type nanosensor. In fact, the QD luminescence could be re-

itively displaced f-cyclodextrin-QSY9 from the sugar bind-
ing pocket. In principle, a similar strategy could be invoked
for the detection of compounds that competitively displace
an enzyme-bound dye-labeled substrate for use in high-
throughput drug screening assays.

Discovering potent and selective inhibitors of individual
members of the protein kinase superfamily has proved to be
a long and arduous task. Whereas a large number of high
affinity inhibitors have been identified, the majority of such
compounds exhibit broad specificity since they typically bind
in the ATP-binding cleft shared among all kinase enzymes
[8-10]. The matter is further complicated by the fact that
the protein kinase superfamily is the largest enzyme family
with an estimated 518 members in the human genome [11].
The broad specificity kinase inhibitors are commonly identi-
fied in high-throughput enzymatic screening assays, whereby
kinase activity is monitored by phosphorylation-induced
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fluorescence changes in model peptide substrates. Such en-
zymatic assays demand active forms of the kinase, which re-
quire one or more critical residues to be phosphorylated. In-
spection of X-ray structures available for the catalytic do-
mains of different kinases in their phosphorylated and ac-
tive forms shows highly homologous structures, especially
in the ATP-binding cleft [12]. However, known structures
of catalytic kinase domains in their unphosphorylated and
inactive forms reveal greater divergence of conformational
space, which may better accommodate selective binding of
compounds that stabilize inactive conformations [12]. Thus,
we sought to determine whether competitive displacement of
dye-labeled ATP from protein kinase-QD assemblies could
be used as a sensitive assay for the detection of compounds
that bind either active or inactive forms of kinases.

The human phosphoinositide-dependent protein kinase-
1 (PDK1) is particularly well suited to initiate develop-
ment of QD-mediated competitive binding assays. PDK1 is
a member of the AGC subfamily of serine-threonine pro-
tein kinases and is comprised of an N-terminal catalytic ki-
nase domain and a C-terminal pleckstrin homology (PH)
domain [13]. Baculovirus-mediated expression in Sf9 in-
sect cells and affinity purification of the recombinant cat-
alytic domain construct of PDK1 (residues 51-359) with an
N-terminal Hiss tag is well established, and this construct
[Hise-PDK1(APH)] exhibits high solution stability [14-16].
Hise-PDK1(APH) catalyzes autophosphorylation of Ser-241
located in its activation or T-loop, which is the only post-
translational modification required for its kinase function
[14-16]. Most interestingly, Ser-241 monophosphorylated
Hise-PDK1(APH) remains relatively inactive, and it is ulti-
mately activated by allosteric interaction with a phosphory-
lated hydrophobic motif (HM) at the C-terminus of its pro-
tein substrate [14-16]. The phosphorylated HM has been
termed the “PDKI1 interacting fragment” or PIF, and it binds
to the PIF pocket on the N-lobe of the PDK1 kinase domain
[17-20]. Kinetic studies indicate that Hiss-PDK1(APH) ap-
proximates a Rapid Equilibrium Random Bi Bi System so
that it readily forms a high-affinity complex with ATP in
the absence of protein substrate [15], as exemplified by the
X-ray structure reported for the binary enzyme-nucleotide
complex [14]. In this article, we report the ability of Hise-
PDK1(APH) to adsorb on the surface of CdSe-ZnS core-shell
QDs coated with DHLA and the interactions of the resulting
assemblies with a compound incorporating an ATP ligand
and a BODIPY chromophore within its molecular skeleton.

2. MATERIALS AND METHODS

CdSe-ZnS core-shell QDs were prepared following literature
procedures [21, 22] and then coated with DHLA according
to an established protocol [23]. Hiss-PDK1(APH) was ex-
pressed using the Bac-to-Bac Baculovirus Expression System
(Invitrogen, Inc., Carlsbad, Calif, USA) and purified as re-
ported earlier [24]. BODIPY TR adenosine 5'-triphosphate
(BODIPY-ATP) was purchased from commercial sources
(Invitrogen, Inc.). Visible absorption spectra were recorded
with a Varian Cary 100 Bio spectrometer using quartz cells
with a path length of 0.5 cm. Emission spectra were recorded
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F1Gure 1: Emission spectra of CdSe-ZnS core-shell QDs (0.1 4M in
borate buffer, pH = 7.4, T = 20°C, Agx = 442 nm) coated with DHLA
in the absence (a) and presence of 0.5 (b), 1.0 (c), 2.0 (d), 5.0 (e),
and 10.0 (f) uM of Hiss-PDK1(APH).

with a Varian Cary Eclipse spectrometer in aerated solutions
and are uncorrected with the exception of those shown in
Figure 8.

3. RESULTS AND DISCUSSION

The emission spectrum (a in Figure 1) of CdSe-ZnS core-
shell QDs coated with DHLA in borate buffer (pH = 7.4)
shows an intense band centered at 600 nm with a quantum
yield of 0.2. The addition of Hiss-PDK1(APH) to this dis-
persion affects the emissive behavior of the nanoparticles.
Specifically, the luminescence increases with the concentra-
tion of Hisg-PDK1(APH) (a—fin Figure 1) in agreement with
the adsorption of the protein on the surface of the QDs.
Indeed, literature reports [6] demonstrate that the coating
of CdSe-ZnS core-shell QDs with histidine-tagged proteins
leads to a luminescence enhancement, as a result of the sig-
nificant change in the local environment around the emis-
sive inorganic particles. In particular, the plot (see Figure 2)
of the emission intensity of our QDs at 600 nm against the
relative concentration of Hiss-PDK1(APH) shows that satu-
ration is reached at a protein/QD ratio of ca. 30. Under these
conditions, the luminescence quantum yield of the nanopar-
ticles is 0.4.

The absorption spectrum (a in Figure 3) of BODIPY-ATP
shows an intense band for the fluorescent component of this
dyad in the visible region. This absorption is positioned in
the same range of wavelengths where our QDs emit (b in
Figure 3) with an overlap integral of 5.3-107!> M~'cm?, sug-
gesting that the BODIPY dye can accept the excitation en-
ergy of these nanoparticles. The overlap integral (J) was cal-
culated from the emission intensity (I) of the quantum dots,
the molar extinction coefficient (¢) of the BODIPY dye and
the wavelength (1) using

[ IeAtdA

= W (1)
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F1GURE 2: Emission intensity at 600 nm of CdSe-ZnS core-shell QDs
(0.1 uM in borate buffer, pH = 7.4, T = 20°C, Agx = 442 nm) coated
with DHLA against the ratio between the concentration of Hiss-
PDKI1(APH) and that of the QDs.
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FIGURE 3: Absorption spectrum (a) of BODIPY-ATP (30 uM) and
emission spectrum (b) of CdSe-ZnS core-shell QDs (0.1 uM) and
Hiss-PDK1(APH) in borate buffer (pH = 7.4, T = 20°C, Agx =
442 nm).

Thus, the supramolecular association of the ATP fragment
of the dyad with the Hiss-PDK1(APH) coating of the QDs
can be exploited to bring the BODIPY fluorophore in close
proximity to the nanoparticles and encourage the transfer of
energy from the emissive CdSe core to the organic dye (a
in Figure 4). Indeed, the addition of increasing amounts of
BODIPY-ATP to the Hiss-PDK1(APH)-QD conjugate alters
significantly the emission spectrum (a—g in Figure 5). In par-
ticular, the emission band of the QDs at 600 nm fades with
an increase in the concentration of BODIPY-ATP. Concomi-
tantly, a second band for the BODIPY fluorophore grows at
624 nm in agreement with the expected transfer of energy
from the nanoparticles to the organic dye upon excitation.
In principle, the addition of a ligand able to displace
BODIPY-ATP from the complementary recognition site of
the Hisg-PDK1(APH)-QD conjugate should result in the
physical separation of the nanoparticle donor from the BOD-

(c) (d)

FIGURE 4: The supramolecular association of BODIPY-ATP with
Hise-PDK1(APH)-QD encourages the transfer of energy from
QD to BODIPY upon excitation (a). ATP displaces BODIPY-ATP
from the recognition site of Hiss-PDK1(APH)-QD and is ex-
pected to prevent energy transfer (b). The nonspecific adsorption
of BODIPY-ATP on the surface of QD, however, can also encour-
age energy transfer (c). Under these conditions, the displacement of
BODIPY-ATP by ATP is not sufficient to prevent energy transfer.

500 550 600 650 700

FiGure 5: Emission spectra of a dispersion of CdSe-ZnS core-shell
QDs (0.1 uM) and Hise-PDK1(APH) (10 uM) in borate buffer (pH
=7.4,T=20°C, Agx = 442 nm) in the absence (a) and presence of 1.0
(b), 3.0 (¢), 5.0 (d), 10.0 (e), 20.0 (f), and 30.0 (g) uM of BODIPY-
ATP.

IPY acceptor and, therefore, suppress the energy transfer pro-
cesses (b in Figure 4). Consistently, the addition of increasing
amounts of ATP to a solution of the complex formed between
BODIPY-ATP and Hisg-PDK1(APH)-QD causes a decrease
in emission intensity with a concomitant hypsochromic shift
(a—f in Figure 6). Instead, the titration of a dispersion of the
QDs (0.1 uM) with ATP (0-30 uM) has no influence on their
emission spectrum. The deconvolution of the final spectrum
(a in Figure 7) shows the observed emission to be the sum of
two distinct bands (b and c in Figure 7). One of them (b in
Figure 7) is centered at 600 nm, corresponds to the emission
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FiGURE 6: Emission spectra of a mixture of CdSe-ZnS core-
shell QDs (0.1 uM), Hiss-PDK1(APH) (10 uM) and BODIPY-ATP
(10 uM) in borate buffer (pH = 7.4, T = 20°C, Agx = 442 nm) in the
absence (a) and presence of 1 (b), 3 (c), 11 (d), 31 (e), and 301 (f)
uM of ATP.
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FIGURE 7: Emission spectra of a mixture of CdSe-ZnS core-shell
QDs (0.1 uM), Hiss-PDK1(APH) (10 uM), BODIPY-ATP (10 uM)
and ATP (301 uM) (a) CdSe-ZnS core-shell QDs (0.1 uM) (d) and
BODIPY-ATP (10 uM) (e) in borate buffer (pH = 7.4, T = 20°C, Agx
= 442 nm). Deconvolution (b and ¢) of trace a.

of the QDs, and its intensity is significantly smaller than that
recorded for a dispersion of the QDs alone (d in Figure 7)
under otherwise identical conditions. The other band (c in
Figure 7) is centered at 624 nm, corresponds to the emis-
sion of the BODIPY dyes, and its intensity is greater than
that recorded for BODIPY-ATP alone (e in Figure 7) under
otherwise identical conditions. Thus, the QDs recover their
luminescence only in part, even after the addition of a rel-
atively large amount of ATP, and still sensitize the emission
of the BODIPY dyes under these conditions. These obser-
vations suggest that a fraction of the BODIPY-ATP conju-
gates remains associated with the QDs even in the presence
of an excess of ATP (c and d in Figure 4). In agreement with
this interpretation, the addition of increasing amounts of

0 T T T
500 550 600 650 700
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FiGure 8: Emission spectra of CdSe-ZnS core-shell QDs (0.1 4M in
borate buffer, pH = 7.4, T = 20°C, Agx = 442 nm) in the absence (a)
and presence of 1.0 (b), 3.0 (c), 5.0 (d), and 10.0 (e) M of BODIPY-
ATP.

BODIPY-ATP to a dispersion of QDs leads to the disappear-
ance of the nanoparticle emission at 600 nm with the con-
comitant appearance of the BODIPY emission at 624 nm (a—
e in Figure 8). Hence, the BODIPY-ATP can accept the ex-
citation energy of the QDs despite the absence of the Hise-
PDK1(APH) coating around the nanoparticles. These results
suggest that the BODIPY-ATP conjugate can adsorb non-
specifically on the QDs, presumably, as a result of interac-
tions between the chromophoric component and the surface
of the nanoparticles.

4. CONCLUSIONS

The incubation of CdSe-ZnS core-shell QDs, coated with
DHLA, and Hisg-PDK1(APH) in borate buffer (pH = 7.4)
leads to the adsorption of proteins on the surface of the
nanoparticles with a concomitant luminescence enhance-
ment. The dependence of the emission intensity on the pro-
tein concentration suggests that an average of ca. 30 proteins
adsorb on each QD. The exposure of the Hiss-PDK1(APH)-
QD conjugate to a BODIPY-ATP dyad brings the inor-
ganic nanoparticle in close proximity to the BODIPY chro-
mophore, encouraging the transfer of energy from the for-
mer to the latter. Consistently, the emission band of the QDs
fades, as the concentration of BODIPY-ATP increases, with
the concomitant growth of an emission band for organic
dye. The competitive binding of ATP, however, restores the
nanoparticle luminescence only in part. Indeed, control ex-
periments show the occurrence of energy transfer between
QDs lacking the Hisg-PDK1(APH) shell and BODIPY-ATP.
These observations suggest that the organic chromophore
adsorbs nonspecifically on the surface of the nanoparticles.
Thus, the development of binding assays for PDK1 based on
QDs and FRET demands the identification of strategies to
prevent the direct adsorption of the energy acceptor on the
surface of the nanoparticle donor.
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CdSe/ZnS core/shell quantum dots (QDs) are used as efficient Forster Resonance Energy Transfer (FRET) acceptors in a time-
resolved immunoassays with Tb complexes as donors providing a long-lived luminescence decay. A detailed decay time analysis
of the FRET process is presented. QD FRET sensitization is evidenced by a more than 1000-fold increase of the QD luminescence
decay time reaching ca. 0.5 milliseconds, the same value to which the Tb donor decay time is quenched due to FRET to the QD
acceptors. The FRET system has an extremely large Forster radius of approx. 100 A and more than 70% FRET efficiency with a
mean donor-acceptor distance of ca. 84 A, confirming the applied biotin-streptavidin binding system. Time-resolved measurement
allows for suppression of short-lived emission due to background fluorescence and directly excited QDs. By this means a detection
limit of 18 attomol QDs within the immunoassay is accomplished, an improvement of more than two orders of magnitude com-
pared to commercial systems.
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1. INTRODUCTION

CdSe/ZnS semiconductor nanocrystals or quantum dots
(QDs) possess unrivalled photophysical properties, such as
size tunable emission wavelengths, extremely high extinc-
tion coefficients over a broad absorption spectrum and en-
hanced photostability compared to organic fluorophores [1—
4]. Moreover, several concepts have been introduced in or-
der to develop water soluble and biocompatible QDs [5-9].
Homogeneous Forster resonance energy transfer (FRET) im-
munoassays with QDs as energy acceptors are of particular
interest because of the extremely high-extinction coefficients
of the QDs over a broad absorption spectrum. This special
optical property gives rise to large Forster radii leading to ef-
ficient FRET over long distances [10-12]. However, the use
of QDs as FRET acceptors with organic dye donors is prob-
lematic, probably due to the short-lived emission of these
donors, hence FRET could not be shown for these donor-

acceptor pairs [13]. Only very few publications deal with
QDs as acceptors within the biological context, for example,
by using bioluminescence energy transfer [14, 15], or with
FRET donors of Tb and Eu complexes [16, 17]. In this con-
tribution, we extend these investigations by a thorough anal-
ysis of donor and acceptor luminescence decay times, which
are important parameters for understanding the dynamic pa-
rameters of the FRET process [11, 18]. Within a fluoroim-
munoassay of a Tb complex streptavidin conjugate and bi-
otinylated QDs, the sensitized QD acceptor as well as the Tb
donor should change their luminescence decay times once
they are brought to close proximity by the biotin-streptavidin
binding process. For both QD as well as Tb luminescence de-
cay times, we provide further evidence of efficient QD sensi-
tization by FRET from Tb. Previously reported large Forster
radii, the high FRET efficiency, and the assumed biotin-
streptavidin binding model are confirmed. Moreover, taking
advantage of the time-resolved measurement for suppressing
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the short-lived background emission and QD fluorescence
(from directly excited QDs), and optimizing laser excitation
(new laser system with low background emission) and sol-
vent conditions (azide-free solvent leading to decreased lu-
minescence quenching of Tb), a very low detection limit
is obtained. This means that a sensitivity improvement of
more than two orders of magnitude is accomplished, taking
the well established and extensively studied Eu-TBP (Eu’*-
tris(bypyridine) and APC (allophycocyanin) donor-acceptor
system [19-21], used within the same streptavidin-biotin as-
say format, for comparison. The presented results demon-
strate the great potential of the Tb to QD FRET system for
highly sensitive homogeneous immunoassays for biological
as well as clinical and medical applications.

2. MATERIALS AND METHODS
2.1. FRET donors and acceptors

The FRET donors are conjugates of the tetrameric protein
streptavidin (Strep) labeled with Tb complexes (TbL), pro-
duced as described in the literature [17, 22]. A labeling ratio
of (10 + 1) TbL per Strep was determined by UV-Vis absorp-
tion spectroscopy [22].

The FRET acceptors are commercially available biotiny-
lated CdSe/ZnS core/shell quantum dot nanocrystals emit-
ting at 655 nm (Biot-QD) purchased from Invitrogen Cor-
poration (Carlsbad, Calif, USA). A ratio of ca. 6 biotin
molecules per QD is specified by the supplier.

Strep has a very high binding affinity towards biotin with
a first dissociation constant of the complex of 10713 M [23].
The biological FRET system is obtained by the strong recog-
nition process between biotin and streptavidin leading to a
close proximity of donor and acceptor.

2.2. Fluoroimmunoassay

The fluoroimmunoassay (FIA) was performed by adding in-
creasing amounts (0—150 ul) of Biot-QD stock solution (con-
centration ¢ = 1-10"° M) to a stock of 1-107° M TbL-Strep
(150-0 pl) leading to a total assay volume of 150 ul for each
TbL-Strep + Biot-QD mixture. The used solvent was 50 mM
borate buffer (pH 8.3) with 2% bovine serum albumin (BSA)
and 0.5 M potassium fluoride (KF).

The assay was excited at 315 nm by a Nd:YAG-OPO laser
system (Nd:YAG-Laser: Spectra-Physics, Mountain View,
Calif, USA; OPO: GWU-Lasertechnik, Erftstadt, Germany)
working at 20 Hz repetition rate, with an average pulse en-
ergy of ca. 15 yJ, fibre coupled to the fluoroimmunoreader.

The reader system is a commercially available Kryp-
tor immunoreader (Cezanne, Nimes, France) modified for
315 nm excitation wavelength. Luminescence intensities were
collected at (665 + 5) nm (channel A — QD emission) and at
(545 = 5) nm (channel B — Tb emission). Time-resolved de-
tection is performed by single photon counting with 2 mi-
croseconds integration steps over 8 milliseconds using one
photon multiplier tube (PMT) for each channel [22].

2.3. Time-resolved FRET calculations

Luminescence decay curves for the different mixtures of TbL-
Strep + Biot-QD are collected for both QD (channel A) and
Tb (channel B) luminescence.

The time-dependent luminescence intensity in channel A
(Ia(2)) is the sum of a background emission (due to directly
excited QDs (I(BgQD)), a weak Tb emission (I(BgTb)) oc-
curing from the *Dy—7F,_ transitions) and the QD emis-
sion arising from Tb to QD energy transfer given by FRET
theory [11]:

Ix(t) = a-1(BgQD) + b-1(BgTb)
+c.exp[ _t_ L(&)] (1)

D [5)) r

where 7p is the Tb luminescence decay time of pure TbL-
Strep (absence of the QD acceptor), Ry is the Forster radius of
the donor-acceptor pair, ¢ is the amount of transfered energy
or FRET intensity, and r is the average donor-acceptor dis-
tance. For the decay curves obtained from our experiments,
I(BgQD) is the time-dependent luminescence intensity of
0.1nM pure Biot-QD in channel A, I(BgTb) is the time-
dependent luminescence intensity of 1 nM pure TbL-Strep
in channel A, and a and b are correction factors depending
on the actual concentration of Biot-QD and TbL-Strep (in-
cluding donor emission decrease due to FRET) within the
different mixtures.

The two variable parameters r and ¢ are fitted (using the
Microsoft Excel Solver option) so that (1) fits the respective
decay function of each TbL-Strep + Biot-QD mixture. This
means that the donor-acceptor distance r and the FRET in-
tensity c are determined. Assuming that the luminescence de-
cay time of pure QDs is very fast compared to the decay time
of the pure Tb donor, the luminescence decay time of QDs
upon FRET sensitization (7ap) is the same as the Tb decay
time in presence of QD (7pa) [24]. Tap and Tpa can be cal-
culated using:

LZL:L+L.(&)6, @)

TAD TDA D D r

In order to verify the fitting procedure used for chan-
nel A (QD emission channel), a different method was used
for channel B, where a simple bi-exponential fit (using the
Origin fit procedure) is performed without using any fixed
parameters. The luminescence decay in this channel (Tb
emission channel) is determined by 7p (no FRET) and 7pa
(FRET). QD luminescence does not occur in this channel.
The time-dependent luminescence intensity in channel B is
given by:

Ig(t) = Iy + x- exp [ - TL] + y- exp [ - —], (3)
D
where I, is an intensity offset and:
J e[ -]]
x-exp| — — |dt =x-1p,
0 D

« t
J y-exp[——]dt = y:TpA
0 TDA

(4)
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represent the dimensionless luminescence intensities of Tb
in absence and presence of QD, respectively. In this case, the
FRET intensity can be described by y-7ps (increasing with
Biot-QD addition) or by x-7p (decreasing with Biot-QD ad-
dition).

2.4. Immunoassay detection limit

For calculation of the limit of detection (LOD) for Biot-QD
in this type of FIA, the luminescence intensity ratio (Ry) of
channel A and channel B integrated from 0.1 to 1.2 millisec-
onds after the excitation laser pulse (time gating) was used:

1.2
oI (1) dt

. 5
o imels(t)dt ®

I =

R; is displayed as a function of Biot-QD concentration
for the different mixtures of TbL-Strep + Biot-QD within the
FIA. The linear part of the rising R; over [Biot-QD] is then
used to calculate the LOD by three times the standard devi-
ation of 12 R; values at [Biot-QD] = 0 (o) devided by the
slope of R; over [Biot-QD]:

[Biot-QD]

LOD=3-00-A AR . (6)
1

3. RESULTS AND DISCUSSION
3.1. Luminescence decay time analysis

Besides the pure TbL-Strep stock solution (¢ = 1-107° M)
and two pure Biot-QD solutions (¢ = 1-107°M and ¢ =
1-107'° M), 13 mixtures of TbL-Strep + Biot-QD with ratios
ranging 0.007-2.0 Biot-QD per TbL-Strep were measured.
Figures 1 and 2 show some representative luminescence as
well as QD background decay curves for the two detection
channels.

Regarding the increasing QD emission in channel A
(Figure 1), FRET sensitization of QDs by Tb becomes already
obvious for low ratios of Biot-QD/TbL-Strep, whereas the
QD emission decreases again for ratios higher than 0.5 due
to the decreasing TbL-Strep donor concentration with Biot-
QD addition (cf. Section 2).

Higher amounts of Biot-QD are necessary for a clearly
visible FRET influence in the Tb channel B (Figure 2). There
are two reasons for this behavior, the high labeling ratio of
10 TbL per Strep, and the binding of up to six TbL-Strep per
Biot-QD, as suggested in previous publications [16, 17, 22].
This means that Biot-QD is saturated with TbL-Strep for low
ratios and there is still a majority of free TbL-Strep in solu-
tion. Hence, the influence on QD emission is strong whereas
it is negligible for Tb. At higher amounts of Biot-QD in the
assay, Tb emission is quenched due to FRET and a second
decay time becomes obvious in the decay curves.

In order to perform time-resolved FRET calculations us-
ing (1), the Forster radius Ry (in A) has to be determined by
[11]:

RS =8.79-10°-n,*- -2 J (M) (7)
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FiGUre 1: Luminescence decay curves for pure TbL-Strep (c =
1-107° M) and mixtures of TbL-Strep + Biot-QD with ratios be-
tween 0.007 and 2.0 Biot-QD per TbL-Strep measured in channel
A ((665 = 5)nm). A background decay curve of pure Biot-QD (c
= 1-107' M) arising from a strong detector saturation of short-
lived directly excited QD fluorescence is also displayed. Fits accord-
ing to (1) displayed as thick solid lines.
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FIGURE 2: Luminescence and background decay curves (for descrip-
tion, see Figure 1) measured in channel B ((545 = 5) nm).

with:
) = [FTbu) eqn(1)-AdA, (®)

where #, is the refractive index of the surrounding medium
(1.4 for aqueous media [11]), @rp is the Tb centered lumi-
nescence quantum yield [25], x? is the dipole orientation fac-
tor (2/3 for randomly oriented systems in solution [11, 25]),
J(A) is the overlap integral in M~! cm™! nm?*, Fyy, is the nor-
malized TbL-Strep luminescence spectrum in nm~' (with
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FIGURE 3: Normalized emission spectrum of TbL-Strep (green) and
extinction coefficient spectrum of Biot-QD (red).

J Fry(M)dA = 1), and eqp(A) is the Biot-QD extinction coef-
ficient spectrum in M~! cm™!. Taking the luminescence de-
cay time (7° = 1.48 ms) and the quantum yield (®%, = 0.49)
of TbL in pure water [26] and the Tb luminescence decay
time of pure TbL-Strep within the assay (7p = 1.83 millisec-
onds), a value of O, = 0.61 can be calculated by [17, 22]:

T
Oy = @%b-r—{i. (9)

Regarding the TbL-Strep luminescence spectrum and the
Biot-QD extinction coefficient spectrum in Figure 3, the very
good overlap becomes obvious, resulting in an extremely
large Forster radius of Ry = (100 = 2) A.

Taking this value for fitting r and c in (1) for each lumi-
nescence decay (measured in channel A) of the different TbL-
Strep + Biot-QD mixtures leads to a mean donor-acceptor
distance of 7 = (84 + 1) A (in good agreement with the pro-
posed TbL-Strep + Biot-QD binding model [16, 17, 22]) and
an average FRET sensitized QD luminescence decay time of
Tap = (0.47 = 0.03) milliseconds, which is an increase of
more than three orders of magnitude compared to the lu-
minescence decay times of pure Biot-QD, which are in the
100-nanosecond range [16, 17].

These values lead to a FRET efficiency of (74 + 6)% cal-
culated by [11]:

6
RO _ TAD

NerET = R +ro (10)

D

The calculations of 7pop and r could be confirmed
(Figure 4) by fitting the luminescence decay curves of chan-
nel B using (3). Values of 7psy = (0.46 = 0.07) milliseconds
and r = (83 + 3) A are obtained.

As mentioned above, the influence of FRET on the emis-
sion signal in channel B starts at higher Biot-QD/TbL-Strep
ratios. Hence, only decay curves for ratios above 0.04 are
taken into account for the calculations.

FIGURE 4: Luminescence decay times of Tb and QDs (7pa) due to
QD FRET sensitization by Tb and donor-acceptor distances (r) cal-
culated from luminescence decay curves of channel A (black dots)
and channel B (red triangles), respectively. The dashed lines repre-
sent mean values of Tp, and r.

Regarding the r~¢ dependence of FRET, it can be assumed
that mainly donors which are close to the QD acceptor con-
tribute to the measured FRET signals. As the QD lumines-
cence decay is several orders of magnitude faster than the one
of TbL, absorption saturation by direct QD excitation is neg-
ligible and a single QD acceptor can interact with several TbL
donors. This does not influence the FRET efficiency but lead
to a higher FRET signal intensity which has positive impact
on assay sensitivity. Nevertheless, due to the distribution of
several TbL donors labeled to streptavidin, Tap, r and #ppr
are average values.

Further evidence of FRET from Tb to QD is given by
the FRET intensities (¢ from (1) and x-7p as well as y-Tpa
from (3)) obtained from fitting the decays of channel A and
B. In order to compare the FRET intensities arising from
the different signals, they were normalized to unity at a
Biot-QD/TbL-Strep ratio of 0.25 and the decreasing (FRET
quenched) donor intensity (x-7p) was subtracted from the
concentration-dependent pure TbL-Strep donor signal (Tb
signal in absence of QD). Figure 5 shows the very good cor-
relation of the FRET intensities calculated from the three dif-
ferent signals.

A strong increase is first observed, up to the saturation of
the six biotins on the QD surface by TbL-Strep and is fol-
lowed by a decrease due to the reduced donor concentra-
tion in the assay volume. This confirms the strong increase
of FRET up to a ratio of 1/6 Biot-QD/TbL-Strep and the
proposed TbL-Strep + Biot-QD binding model [16, 17, 22].
Moreover, it shows that large QD aggregates bridged by TbL-
Strep are not formed at these low concentrations, as it would
result in a signal increase up to much higher Biot-QD/TbL-
Strep, regarding the number of ten Tb donors per Strep.

For understanding the dynamic parameters of FRET, in-
vestigation of luminescence decay times is of great impor-
tance. This luminescence decay time analysis over a broad
range of Biot-QD/TbL-Strep ratio gives clear evidence of
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FIGURE 6: Intensity ratio R; (cf. (5)) over Biot-QD concentration for
the TbL-Strep + Biot-QD immunoassay after 8 hours incubation.
Linear fit for LOD calculation shown as solid line.

FRET from Tb to QD within the homogeneous streptavidin-
biotin immunoassay and confirms the results accomplished
with time-gated emission intensity detection in earlier pub-
lications [16, 17, 22].

3.2. Immunoassay sensitivity

In order to evaluate the sensitivity of the assay, Ry (cf. (5)) is
displayed over Biot-QD concentration and the LOD is deter-
mined from the linear part of the rising R; calibration curve
obtained from the different TbL-Strep + Biot-QD mixtures
(Figure 6).

The R; function shows excellent linearity up to a con-
centration of ca. 2- 1071 M Biot-QD. The zero concentration
standard deviation has a value of 0y = 0.00013 which leads to
an LOD of 0.12 pM Biot-QD (18 attomol of Biot-QD within

the 150 ul assay volume) taking the slope of the linear fit in
Figure 6.

Comparing this detection limit to earlier results using the
same assay with azide containing solutions displays an im-
provement of one order of magnitude and an LOD decrease
of more than two orders of magnitude compared to the ho-
mogeneous FRET FIA “gold standard” donor-acceptor pair
of Eu-TBP and APC [21] using the same streptavidin-biotin
assay [17].

These results underline the very high sensitivity of the Tb
to QD FRET system to be used as powerful tool in biomedical
analysis, with the possibility of applications in long-distance
biological measurements, for example, in high throughput
screening for in vitro diagnostics. However, it has to be taken
into account that real-life immunoassays can be compli-
cated biological systems and intensive optimization of an-
tibody labeling and measuring conditions is required. First
results with good evidence for FRET in a human chorionic
gonadotropin (HCG) assay (e.g., applied as pregnancy test)
demonstrate the feasibility [22]. In order to achieve the de-
tection limits demonstrated here, these real-life assays are
currently under investigation for further optimization.
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Our goal is to develop the functionalized superparamagnetic iron oxide nanoparticles (SPIONs) demonstrating the capacities to
be delivered in liver specifically and to be dispersed in physiological environment stably. For this purpose, SPIONs were coated
with polyvinylbenzyl- O-B-D-galactopyranosyl-D-gluconamide (PVLA) having galactose moieties to be recognized by asialogly-
coprotein receptors (ASGP-R) on hepatocytes. For use as a control, we also prepared SPIONs coordinated with 2-pyrrolidone.
The sizes, size distribution, structure, and coating of the nanoparticles were characterized by transmission electron microscopy
(TEM), electrophoretic light scattering spectrophotometer (ELS), X-ray diffractometer (XRD), and Fourier transform infrared
(FT-IR), respectively. Intracellular uptake of the PVLA-coated SPIONs was visualized by confocal laser scanning microscopy, and
their hepatocyte-specific delivery was also investigated through magnetic resonance (MR) images of rat liver. MRI experimental
results indicated that the PVLA-coated SPIONSs possess the more specific accumulation property in liver compared with control,
which suggests their potential utility as liver-targeting MRI contrast agent.
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1. INTRODUCTION

In the last decade, many investigations with several types of
iron oxides have been carried out in the field of nanosized
magnetic particles (mostly, magnetite (Fe3O4) or maghemite
(y-Fe,03) single domains of about 5~20 nm in diameter)
[1]. These iron oxide particles of nanometer size present su-
perparamagnetic property and are ideal for magnetic reso-
nance imaging (MRI) contrast agent by enhancement of pro-
ton relaxation in the tissue microenvironment [2—4].

For the MRI application, these SPIONs must have high
magnetization values, stability in physiological environment,
and size smaller than 20 nm with overall narrow particle size
distribution so that the particles have uniform physical and
chemical properties [5]. However, the iron oxide magnetic
nanoparticles have several problems such as aggregation in
water, chemical instability in air, biodegradability in physi-
ological environment, and toxicity, which limit their use to
the medical diagnostic agent. Ferrofluids are colloidal sus-

pensions of magnetic nanoparticles, forming magnetizable
fluids that remain liquid in the most intense magnetic fields
[6]. Even though the stability of the ferrofluid is of utmost
importance for its biomedical applications, the nanoparticles
in colloidal suspension are likely to agglomerate and form
large cluster due to hydrophobic interactions between the
magnetic iron oxide particles with a large hydrophobic sur-
face area to volume ratio [1]. These problems of naked iron
oxide nanoparticles have been overcome by coating the sur-
face of magnetic particles with synthetic polymers such as
polyethylene glycol (PEG) [7], polyvinyl alchol (PVA) [8],
polyvinyl pyrrolidone (PVP) [9], and natural polymers like
dextran [10], chitosan [11], and pullulan [12]. However, the
nanoparticles coated with the above-mentioned polymers
were nonspecifically accumulated into tissues and organs, re-
sulting in the poor availability in the imaging of specific tis-
sues and organs [13, 14]. Therefore, targeted delivery of MRI
contrast agent is a highly desirable strategy for enhancing
efficiency and reducing unintended side-effects and toxicity
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[14, 15]. One strategy to realize efficient and specific deliv-
ery of SPIONSs is to modify the nanoparticle surface with a
ligand that is efficiently taken up by target cells via receptor-
mediated endocytosis [16].

In this work, our prime aim is to achieve hepatocytes-
specific delivery of SPIONs by coating with galactose-
carrying polymer for liver imaging as well as to enhance their
functions in vivo containing the stabilization of magnetic
fluid suspension.

PVLA, that is, a galactose-carrying polymer, has an am-
phiphilic structural unit composed of hydrophilic oligosac-
charide side chains covalently bound to a hydrophobic
polystyrene backbone. The binding profile of the carbohy-
drating ligands with cell surface receptors has been well char-
acterized for ASGP-R on hepatic parenchymal cells [17-19].
The ASGP-R recognizes galactose or N-acetylgalactosamine
residues of desialylated glycoproteins and brings into the
hepatocytes through endocytotic process as a ligand-receptor
complex [20, 21]. Further, the amphiphilic structure of
PVLA allows it to serve as an emulsifier. Maruyama et al.
reported that the nanoparticles prepared using the PLVA as
an emulsifier were hardly aggregated during storage and cen-
trifugal treatment [22]. Therefore, such capabilities of PVLA
will open the door to the design and synthesis of MRI con-
trast agent that can be accumulated specifically on liver with-
out aggregation in physiological medium.

In this study, PVLA-coated SPIONs were prepared by
traditional coprecipitation method, followed by a thermo-
chemical treatment and postcoating with PVLA solution.
Various characterization techniques have been applied to
obtain information about the sizes, structure, and coating
of the nanoparticles. Intracellular trafficking of the PVLA-
coated SPIONSs was visualized by confocal laser scanning mi-
croscopy and their hepatocyte-specific delivery was also in-
vestigated through MR images of rat liver.

2. MATERIALS AND METHODS
2.1. Materials

Ferric chloride hexahydrate (FeCl;-6H,O > 97%) and fer-
rous chloride tetrahydrate (FeCl,-4H,O > 99%) were pur-
chased from Sigma-Aldrich (St. Luois, Miss, USA). PVLA
(MW =5x10*) was prepared by the same method previously
reported [23]. The chemical structure of PVLA is shown in
Figure 1. Fluorescence labeling of PVLA was performed sim-
ilar to the method previously described [22]. All other chem-
icals were of analytical reagent grade and were used without
further purification.

2.2. Iron oxide nanoparticles

PVLA-coated SPIONs were prepared by alkaline coprecipita-
tion of ferric and ferrous chlorides in aqueous solution [24,
25]. FeCl3-6H,0 (3.255g, 12.04 mmol) and FeCl,-4H,0
(1.197 g, 6.02mmol) were dissolved in 70 mL of deoxy-
genated water, respectively. In a typical experimental proce-
dure, the solutions were mixed and precipitated by adding
7mL of NH,OH solution (28-30%) while stirring vigor-
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FiGure 1: Chemical structure of PVLA, f-galactose-carrying poly-
mer.

ously. The black precipitate which immediately formed was
washed several times with ultrapure water until the pH de-
creased from 10 to 7. After sedimenting the precipitate with
a permanent magnet, the supernatant was removed by de-
cantation. Then 20 mL of 2 M HNQOs3 was added to the black
sediment and the mixture was stirred for 5 minutes. After
adding 30 mL of 0.35 M Fe(NO3); to the mixture, it was re-
fluxed for 1 hour under nitrogen gas. During this step, the
initial black slurry turned brown. The system was allowed
to cool to room temperature, the remaining liquid was dis-
carded, and 50 mL of ultrapure water was added to the slurry
which immediately dispersed. The brown suspension was di-
alyzed for 2 days against 0.01 M nitric acid, and stored at 4°C.
In a final step, the obtained product was mixed with solution
of PVLA to obtain SPIONs coated with PVLA. For biolog-
ical investigations, the pH was adjusted to 7 using aqueous
ammonia [8]. The content of SPIONs in the ferrofluid was
determined by dry weight analysis [26].

For use as a control, 2-pyrrolidone-coated SPIONs were
prepared through thermal decomposition of ferric triacety-
lacetonate (Fe(acac)s) in hot organic solvent, 2-pyrrolidone,
by following previously developed method [27]. However, 2-
pyrrolidone not only serves as a media for high-temperature
reaction, but also involves surface coordination which ren-
ders the magnetic nanoparticles water-soluble and colloidal
solution stable [27]. Before the sample was withdrawn, the
dispersed solution was sonicated for 5 minutes to obtain the
better particle dispersion.

2.3. Characterization

Fourier transform infrared (FT-IR) spectra were recorded in
the transmission mode on a Nicolet Magna 550 series II spec-
trometer (Midac, Atlanta, Ga, USA). The transparent films
for SPIONs, PVLA, and PVLA-coated SPIONSs were prepared
by casting each solution on silicon wafer and followed by dry-
ing at room temperature.

The size of SPIONs was assessed using an electrophoretic
light scattering spectrophotometer (ELS 8000, Otsuka Elec-
tronics, Osaka, Japan) with 90° and 20° scattering angles at
25°C. The volume of the samples was 4 mL containing a final
concentration of 1 mg/mL in distilled water.

The average particle size and morphology of SPIONs
were observed by transmission electron microscopy (TEM)
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Figure 2: FTIR spectra of SPIONSs (a), PVLA (b), and PVLA-coated
SPIONS (c).

using a JEOL Model JEM 1010 at 80 kV. For sample prepa-
ration, a diluted drop of SPIONs suspension was placed on
a carbon-coated copper grid. The grid was allowed in air to
dry further for 15 minutes and was then examined with the
electron microscope.

To investigate the nanocrystallinity of SPIONs, X-ray
diffraction (XRD) data were collected on an X-ray diffrac-
tometer (Bruker-AXS GmbH D8 Advance, Karlsruhe, Ger-
many) equipped with a rotating anode, Sol-X energy disper-
sive detector, and Cu-Ka radiation source (A = 0.1542 nm).

2.4. Hepatocyte isolation and culture

Hepatocytes were prepared by noncirculation perfusion of
male ICR mouse liver with a two-step collagenase perfusion
technique of Seglen [28]. Briefly, the male ICR mice (5-7
weeks of age) employed in this study were purchased from
Jungang Lab. Animal, Inc. (Seoul, Korea). The liver was per-
fused by 0.5 mM of ethylene glycol-bis[3-amino ethyl ether]-
N,N,N"’,N""-tetraacetic acid (EGTA) in Hanks’ balanced salt
solution (HBSS) without CaCl, and 5 x 107%% (wt./wt.)
collagenase in HBSS with CaCl, (5mM) through a dispos-
able needle (25G-1) aligned along the inferior vena cava. The
collagenase-perfused liver was dissected, suspended in HBSS,
and filtered through cheesecloth and 100-ym nylon mem-
brane to remove connective tissue debris and cell clumps.
Hepatocytes were purified by a density-gradient centrifu-
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FiGure 3: X-ray diffraction patterns of 2-pyrrolidone-coated SPI-
ON s (a), PVLA-coated SPIONSs (b).

gation (50 g force, 10 minutes) using 45% Percoll solution
(Pharmacia, Piscataway, NJ, USA) at 4°C. Cell viability mea-
sured by trypan blue exclusion was more than 90%.

Isolated hepatocytes were suspended in a serum-free
Williams” E (WE) medium (Gibco BRL, NY, USA) contain-
ing 50 yug/mL penicillin and 50 yg/mL streptomycin.

2.5. Observation of phase contrast, fluorescence,
and confocal laser scanning micrographs

The isolated hepatocytes were plated on collagen-coated glass
cover slips in 12-well plates (Iwaki Glass Co., Tokyo, Japan) at
110 cells per well. The hepatocytes were incubated at 37°C
for 2 hours. Then, the old medium was removed and WE
medium containing FITC-PVLA-coated SPIONs (1 mg/mL)
was added to cells. After 15-, 30-, and 60-minute incuba-
tion, cells were rinsed twice with 0.1 M PBS. The coverslips
were enclosed in 1 mL of glycerol and visualized by confo-
cal laser scanning microscope (Micro Systems LSM 410, Carl
Zeiss, Germany). Gallery mode of optical sections was used
for checking internalization of complexes into cells [29, 30].

2.6. Invivo MRimage

For all rats, liver MR images were taken prior and 1 hour
after injection of contrast agents. PVLA-coated SPIONs
and pyrrolidone-coated SPIONs were intravenously injected
through the tail vein. Rats (SD, female, 6 weeks) were anes-
thetized with the use of a general inhalation anesthesia (1.5%
isoflurane in a 1 : 2 mixture of O,/N;) during MR exami-
nation. MR imagings were performed with a 1.5 T MR scan-
ner (GE Signa Exite Twin-speed, GE Health Care, Milwaukee,
Wiss, USA) using an animal coil (4.3 cm Quadrature volume
coil, Nova Medical System, Wilmington, Del, USA). For fast
spin echo (FSE) T>-weighted MR imaging, the following pa-
rameters were adopted: repetition time (ms/echo) time mil-
liseconds of 4,800/102, flip angle of 90°, echo train length of
8, field of view of 6 cm, section thickness of 2 mm, intersec-
tion gap of 0.1 mm, and 256 X 160 matrix.
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FIGURE 4: Transmission electron micrograph of 2-pyrrolidone-
coated SPIONSs (a), PVLA-coated SPIONs (b).

The quantitative analysis was performed by one radiolo-
gist for MR imaging. The signal intensity (SI) was measured
in defined regions of interest (ROI) in identical site of liver
before (SI pre of liver) and after (SI post of liver) contrast in-
jection. In addition, the SI in the ROI of back muscle adjacent
to the liver was measured before (SI pre of BM) and after (SI
post of BM). SI of back muscle is not affected by the SPIONs
injection. Relative signal enhancement of liver was calculated
by using the formula [(SI post of liver/SI post of BM—SI pre
of liver/SI pre of BM)/SI post of liver/SI post of BM] x100.

3. RESULTS AND DISCUSSION

3.1. Preparation and characterization of
PVLA-coated SPIONs

Surface modification of iron oxide nanoparticles with bio-
compatible polymers is potentially beneficial to prepare MRI
contrast agents for in vivo applications. In particular, tar-
geted delivering, nonaggregating, and nontoxic properties
are required for the nanoparticles to achieve the accumula-
tion in liver. To produce well-dispersed iron oxide colloidal
solutions with hepatocytes targeting properties, we prepared
SPIONs coated with PVLA having galactose residues as
hepatocyte-specific ligand and serving as an emulsifier due to
its amphiphilic property [22]. The parent nanoparticles were
synthesized by coprecipitation of ferrous and ferric ions in
an aqueous solution upon addition of ammonium hydrox-
ide. Common problems of the naked magnetic nanoparti-
cles are their tendency to agglomerate once formed and their
chemical instability with respect to oxidation in air [25]. The
final iron oxide compositions are very often intermediate
between magnetite (Fe;O4) and maghemite (y-Fe,03), due
to the oxidation of the particles during the synthesis [31].
The problem of oxidation-sensitive magnetite could be over-
come by the deliberate introduction of a second oxidation
step [25]. Stable ferrofluids for liver targeting can be pre-
pared by adsorption of PVLA on the surface of magnetic
nanoparticles after the second oxidation step. Polymer can
be adsorbed by electrostatic, covalent, hydrophobic, and hy-
drogen bonding mechanism [32]. Hydrogen bonding is as-
sumed to be the predominant mechanism for the adsorption
of nonionic polymer such as PVLA on oxide surface. The hy-
drogen bonding result from the interaction between polar

functional groups of PVLA and hydroxylated and protonated
surface sides of the oxide [25]. The importance of surface hy-
droxyl functions in hydrogen bonding has been further veri-
fied by adsorbing the polymer onto pure gold sol, the surface
of which is not oxidized and, therefore, dose not carry any
hydroxyl groups; in this case, no adsorption of the polymer
is detected [33]. Accordingly, it is believed that the hydrogen
bonding may be strengthened by the second oxidation step
mentioned above.

FTIR analysis was performed to confirm the coating on
SPIONS surface with PVLA. Figure 2 shows a comparison be-
tween the FTIR spectra of the SPIONs (a) the pure PVLA it-
self (b), and the PVLA-coated SPIONSs (c). The presence of
magnetic iron oxide nanoparticles can be seen by two strong
absorption bands at around 631 and 564 cm~!. These bands
result from split of the v; band at 570 cm™!, which corre-
sponds to the Fe—O bond of bulk magnetite [34]. Further-
more, an adsorption band was observed at around 434 cm™!,
which corresponds to the shifting of the v, band of the Fe—
O bond of bulk magnetite (at 375cm™!) to a higher wave
number [34]. The strong band at 1078 cm™! as shown in the
FTIR spectrum of PVLA (b) is attributed to the skeletal vi-
brations and C—O stretch of oligosaccharide [35], and the
band at 2926 cm ™! and a pair of bands at 1542 and 1423 cm™!
are attributed to the stretch of -CH, and aromatic C=C of
polystyrene backbone, respectively [12, 36]. In addition, the
N-H bending and C=O0 stretching bands are overlapped at
1647 cm™! [37]. Comparing the FTIR spectrum of SPIONs
(a) and that of PVLA-coated SPIONSs (c), the characteris-
tic bands resulted from the oligosaccharide and polystyrene
containing PVLA appeared near 2926 and 1078 cm ™!, respec-
tively, for PVLA-coated SPIONS, indicating that PVLA was
coated at the nanoparticle surface. After the adsorption of
PVLA, the characteristic bands of Fe—O bond of bulk mag-
netite (631 and 564 cm™!) shifted to the higher wave num-
bers of about 636 and 588 cm™!, an indication of the oc-
currence of hydrogen bonding between hydroxyl groups of
PVLA and hydroxylated and protonated surface sides of the
oxide.

We compared the structure, size, and uniformity of
the PVLA-coated SPIONs with those of the 2-pyrrolidone-
coated SPIONs prepared for use as a control.

Figure 3 shows the XRD patterns for the 2-pyrrolidone-
coated and PVLA-coated SPIONSs. Six characteristic peaks
(26 = 30.1, 35.5, 43.1, 53.4, 57.0, and 62.6°), marked by
their indices [(220), (311), (400), (422), (511), and (440)],
were observed for 2-pyrrolidone-coated SPION samples.
The positions and relative intensities of all diffraction peaks
in Figure 3(a) match well with those from the JCPDS file
(PCPDFWIN v.2.02, PDF No. 85-1436) for magnetite and
reveal that the resultant nanoparticles were pure magnetite
with spinal structure [11]. As shown in Figure 3(b), the XRD
pattern of PVLA-coated SPIONSs also proved its highly crys-
talline nature and the peaks are consistent with standard
maghemite reflections [38, Supporting Information], being
an indication of the magnetite-maghemite transformation
due to second oxidation step. It is already known that mag-
netite is transformed to maghemite at pH 2 upon addi-
tion of ferric ions. Jolivet and Tronc have reported on the
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FIGURE 5: Particle size distribution profiles of 2-pyrrolidone-coated SPIONSs (a), PVLA-coated SPIONS (b).

behavior of colloidal magnetite in acidic medium in the pres-
ence of iron nitrate and studied the phenomena that induce
the magnetite-maghemite transformation [25, 39]. Further,
XRD confirmed the high degree of crystallinity of the both
types of particles.

The shape, size, and uniformity of the 2-pyrrolidone-
coated and PVLA-coated SPIONs were observed by means
of TEM. The TEM images of these both particles show el-
lipsoidal iron oxide particles with an average size less than
10 nm as shown in Figure 4. As well known, a representative
TEM image of naked magnetic nanoparticles showed that the
particles strongly agglomerated [6, 25]. On the other hand,
our samples that were obtained after monomer or polymer
coating reveal well-separated particles. Especially, in PVLA-
coated particles (b), the particle distribution is more homo-
geneous than the 2-pyrrolidone-coated particles (a).

Figure 5 shows number average sizes and size distribu-
tion of synthesized magnetite and PVLA-coated SPIONs
by ELS. It was clear that size distributions of both the
2-pyrrolidone-coated and PVLA-coated SPIONs were uni-
modal and particles were uniformly prepared. The aver-
age particle sizes were 20.8 + 4.4 and 25.8 = 6.1 nm for 2-
pyrrolidone-coated and PVLA-coated SPIONS, respectively.
The average diameters obtained by ELS were larger than
the sizes determined from the TEM image for correspond-
ing samples. This may presumably be because ELS gives
a mean hydrodynamic diameter of magnetic nanoparticles
surrounded by PVLA layer in aqueous solution whereas TEM
gives the diameter of magnetic nanoparticles alone in dry
state [40].

3.2. Observation of confocal laser
scanning micrographs

The FITC on the nanoparticles allowed direct visualization
of the nanoparticle uptakes into cells. Figure 6 shows fluo-
rescence (a) and phasecontrast (b) micrographs of hepato-
cytes cultured in medium containing SPIONs coated with

FITC-labeled PVLA according to treatment time. The fluo-
rescence micrograph demonstrates a time-dependent uptake
of FITC-PVLA-coated SPIONs into hepatocytes as shown in
Figure 6(a). A significant uptake of the nanoparticles was
clearly observed after 1 hour of culture. We performed a
quantitative evaluation of uptake in the in vivo although only
qualitative evaluation was performed in the in vitro, because
the specific interaction between galactose moieties of PVLA
and asialoglycoprotein receptors in the hepatocytes has been
already reported.

It was also checked whether the PVLA-coated SPIONs
existed in the cytosol or was only attached to the plasma
membrane of hepatocyte. The cell was sectioned at vari-
ous depths from cell surface by confocal laser scanning mi-
croscopy, and each fluorescence distribution was observed
(see Figure 7). Fluorescence of the magnetic nanoparticles
was observed more intensively inside the cell membrane and
uniformly distributed in the cytosol. These results suggest
that the many nanoparticles were internalized in the cytosol
through a receptor-mediated endocytosis. The affinity of AS-
GPR to natural and synthetic oligosaccharides having nonre-
ducing galactose residues had been reported by Lee et al.
[17].

3.3. Invivo MR imaging of liver

We examined an applicability of the PVLA-coated SPIONSs
for in vivo liver imaging based on a T,—weighted FSE echo
imaging, which is a useful way to the liver accumulation of
the magnetic nanoparticles [14]. We examined three rats to
obtain the preliminary data. Liver signal intensity of all ani-
mals showed similar degree of signal drop. We described the
typical case in our experiment. However, we did not calculate
the statistical analysis due to small number of animals.

At 1 hour postinjection of the PVLA-coated SPIO, sig-
nal intensity of liver was hypointense compared to SI of
back muscle FSE T,-weighted MR image (data not shown).
The relative signal enhancement on the FSE T,-weighted



Journal of Biomedicine and Biotechnology

Control

15 min

30 min

60 min

(b)

F1GuUrEk 6: Fluorescence (a) and phase-contrast (b) microphotographs of hepatocytes incubated with FITC-PVLA-coated SPIONs (1 mg/mL)

against time at 37°C.

MR image was observed in the liver with a T, signal drop
of 70.9% for PVLA-coated SPIO, indication of the accu-
mulation of nanoparticle in liver. Figure 8 shows the T5-
weighted MR images of middle part of liver before and af-
ter injection of SPIONs through tail vein. After injection
of the PVLA-coated SPIONS, the SI of liver clearly dropped
on T,-weighted MR image. The relative signal enhancement
of the T,-weighted MR image was observed in the liver
with a T, signal drop of 75.4% for PVLA-coated SPIONs
and 36% for pyrrolidone-coated SPIONs. SI of liver on T5-
weighted MR image after injection of PVLA-coated SPIONSs

was darker than that after pyrrolidone-coated SPIONSs (see
Figures 8(b) and 8(d)). Thus, PVLA-coated SPIONs were
more successfully targeted the liver than pyrrolidone-coated
SPIONs. PVLA-coated SPIONs can be used as the hepatocyte
targeted contrast agent such as mangafodipir trisodium, for-
merly known as Mn-DPDP [41]. Additionally, we observed
accumulation in kidneys after injection of PVLA-coated SPI-
ONss (data not shown). We think that the nanoparticles will
be cleared from kidney. Renal excretion of nanoparticles is
beneficial to develop nontoxic MR nanoparticles in the clin-
ical use.



Mi Kyong Yoo et al.

Ficure 7: Confocal laser micrograph of hepatocytes incubated with FITC-PVLA coated SPIONs (1 mg/mL) for 1 hour (gallery mode obser-

vation).

FIGURE 8: T,-weighted MR image (b) after 1-hour injection of PVLA-coated SPIONs shows marked signal drop (darkening) of liver com-
pared to T,-weighted MR image of preinjection (a). Degree of signal drop is mild between T,-weighted MR image of pre- (c) and postinjec-

tion (d) of pyrroridone-coated SPIONSs.

4. CONCLUSION

We have demonstrated that PVLA can serve as the coating
material for SPIONs to achieve the stabilization and liver-
specific delivery of ferrofluid. The PVLA-coated SPIONs of
about 10nm diameter having a core—shell structure with
magnetic core and polymeric shell have been successfully
prepared. The FTIR experimental results proved that the
PVLA is adsorbed onto the surface of SPIONs through the
hydrogen bonding between polar functional alcohol groups
of PVLA and hydroxylated and protonated surface sides of
the oxide. Hence the resultant nanoparticles possess an ex-
cellent solubility and stability in ferrofluid. In vivo experi-
mental result indicated that the PVLA-coated SPIONs were
accumulated in liver appreciably. Therefore, PVLA as a coat-
ing material not only prevented the aggregation between SPI-
ONss in physiological medium but also provided a capacity to
be delivered in liver specifically, which suggests the potential
utility of PVLA-coated SPIONSs as a contrast agent for liver
diagnosis.
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Tuberculosis (TB) is a global public health emergency,
fueled by the spread of human immunodeficiency virus
(HIV)/Acquired Immune Deficiency Syndrome (AIDS) and
the emergence of drug-resistant stains of Mycobacterium tu-
berculosis (M. tuberculosis). Approximately 2 billion people—
one third of the human population—are currently infected
with TB, with one new infection occurring every second.
Each year there are more than 8.8 million cases and close to
2 million deaths attributed to TB worldwide. Experts at the
World Health Organization (WHO) predicted these num-
bers would escalate in coming decades, nearly 1 billion peo-
ple would become newly infected, over 150 million would
become sick, and 36 million would die worldwide between
now and 2020—if control was not further strengthened [1].
Rapid and accurate diagnosis of tuberculosis is a critical step
in the management and control of TB. For decades, diag-
nosis has largely relied on acid-fast staining and culture of
bacilli. However, the sensitivity of acid-fast staining is poor,
and culture is a relatively time-consuming process. Many ef-

forts have been directed toward developing techniques for
rapid diagnosis of tuberculosis with higher sensitivity and re-
liability [2], including methods based on molecular biology
(molecular diagnosis techniques) [3], such as nucleic acid
amplification tests (NAA tests) [4, 5], DNA probes [6, 7]; and
methods based on immunology (serodiagnosis techniques)
[8], such as enzyme-linked immunosorbent assay (ELISA)
[9, 10], immunochromatographic assay [11], latex aggluti-
nation assay [12]. Recently, more simple, direct, and visually
detectable assays have been developed for rapid diagnosis of
TB with Au nanoparticles [13, 14]. These approaches have
contributed much on the improvement of sensitivity and ac-
curacy of the detection but still exhibit deficiencies in some
extent [15]. NAA tests have been the subject of a number of
investigations. Many commercial kits are available including
the Amplicor and MTD tests which are currently US FDA ap-
proved. The NAA tests have high specificity and work better
to rule-in TB. However, sensitivity of NAA tests is lower and
it is less good to rule-out TB. Serological tests for the diagno-
sis of tuberculosis have been attempted for decades. Dozens
of commercial kits are available, most of which are focused
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on antibody detection. However, assays based on antibodies
detection are hard to distinguish active TB from BCG vacci-
nation and past infection. Therefore, more studies are needed
to develop and improve the detection methods for tubercu-
losis.

Dye-doped silica nanoparticles [16, 17], exhibiting such
important advantages as high luminescence and photosta-
bility compared to conventional fluorescent dyes, have been
widely applied in biological imaging and ultrasensitive bio-
analyses, including cell staining [18], DNA detection [19,
20], cell surface receptor targeting [21-24], and ultrasensi-
tive detection of Escherichia coli O157:H7 [25]. Owing to the
dye-encapsulated structure, thousands of dye molecules em-
bedded in one nanoparticle contribute to the luminescence
of one particle, causing significant signal amplification. In
this paper, we establish a rapid immunological method for
detection of M. tuberculosis by combining highly lumines-
cent RuBpy-doped nanoparticles with indirect immunoflu-
orescence microscopy. Since direct anchoring of antibod-
ies onto solid supports via covalence methods is always
faced with the loss of activity of the antibodies, Protein A
was applied as an affinitive adsorber. In order to obtain
full antibody activity, M. tuberculosis was first recognized
with the specific antibody in solution then signaled by Pro-
tein A functionalized fluorescent nanoparticles. This method
was used to detect M. tuberculosis in mixed bacterial sam-
ples and spiked sputum samples. Meanwhile, signal intensity
and photostability of the method were compared with con-
ventional fluorescent dye fluorescein isothiocyanate labeling
method.

2. MATERIALS AND METHODS
2.1. Bacteria

The H37Ra strain of M. tuberculosis was obtained from the
National Institute for the Control of Pharmaceutical and
Biological Products (Beijing, China). M. tuberculosis was
cultured by Dr. Songlin Yi (Hunan Tuberculosis Hospital,
Hunan, China) on modified Lowenstein-Jenson medium at
37°C for 3-4 weeks to obtain pure bacterial culture for use
in establishing detection method. M. tuberculosis was har-
vested in pH 7.4, 0.01 M phosphate buffered saline (PBS)
to form predominantly single-cell suspension using pre-
viously described method [26]. E. coli strain DH5a (Mi-
crobial Culture Collection Center of Guangdong Institute
of Microbiology, Guangdong, China) was grown overnight
in Luria-Bertani broth at 37°C. The bacterial suspensions
were counted in a Petroff-Hausser chamber, and the con-
centrations of bacteria were adjusted for use in experi-
ments.

2.2. Materials

Tris(2,2-bipyridyl)dichlororuthenium(II) hexahydrate (R-
uBpy), Triton X-100, fluorescein isothiocyanate (FITC),
and Protein A from Staphylococcus aureus were purchased
from Sigma-Aldrich. Sodium carbonate, sodium bicar-

bonate, sodium dihydrogen phosphate, disodium hydro-
gen phosphate, sodium hydroxide, sodium citrate, acetoni-
trile, glycine, and N-acetyl-L-cysteine (NALC) of analytical
grade were obtained from China National Medicines Group
Shanghai Chemical Reagents Company (Shanghai, China).
Cyanogen Bromide (CNBr) was synthesized using previously
described method [27]. Purified rabbit anti-M. tuberculo-
sis IgG and FITC-conjugated rabbit anti-M. tuberculosis IgG
were supplied by Biodesign International (Me, USA). Rabbit
anti-p53 IgG was purchased from Boster Biological Technol-
ogy (Wuhan, China).

2.3. Instrumentation

The morphology and uniformity of RuBpy-doped silica
nanoparticles were measured with an atomic force micro-
scope (AFM) SPI3800N-SPA400 (Seiko). Size distribution
analysis of RuBpy-doped silica nanoparticles was determined
at 25°C by dynamic light scattering (DLS) using Zetasizer
3000HS, (Malvern). The volume-weighted average diame-
ter obtained by the manufacturer’s software was used for the
calculation of the average nanoparticle volume. A refractive
index of 1.47 was used for nanoparticles (the refractive in-
dex of silica). Viscosity was determined at 30°C using a cone
plate digital viscometer LVDV-III+CP (Brookfield). Deter-
mination of protein concentration according to the Bradford
method was done with a UV-Vis spectrophotometer DU-800
(Beckman) [28].

2.4. Biological modification of the RuBpy-doped
silica nanoparticles

RuBpy-doped silica nanoparticles were prepared using the
water-in-oil (W/O) microemulsion method that had been
described before [21]. In order to immobilize Protein A
onto the nanoparticles, the surface of the RuBpy-doped sil-
ica nanoparticles was first activated with CNBr. Nanoparti-
cles (11.2 mg) were suspended in 2ml of 2M sodium car-
bonate solution by ultrasonication. A solution of CNBr in
acetonitrile (0.78 g of CNBr dissolved in 2 ml of acetonitrile)
was then added dropwise to the particle suspension under
stirring at room temperature for 5 minutes. After the activa-
tion reaction, the particles were washed twice with ice-cold
water and twice with pH 7.4, 0.01 M PBS buffer. For cova-
lently coupling of Protein A onto the nanoparticle surface,
a 40 ul portion of aqueous solution of 2 mg/ml Protein A
was added to 1 ml of 1.1 mg/ml freshly activated nanopar-
ticles in PBS, and stirring was continued for 24 hours at
4°C. The Protein A immobilized nanoparticles were then
blocked with 6 ml of 0.3 M glycine solution (pH 8.0) 4°C for
16 hours in order to reduce the effect of nonspecific bind-
ing in the subsequent immunoassay. The final product was
washed, resuspended in PBS, and stored at 4°C for future
usage. The surface coverage of Protein A on nanoparticles
was determined by measuring the decrease of Protein A con-
centration in the coupling solution by the Bradford method
(28, 29].
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2.5. Indirect immunofluorescence detection of
M. tuberculosis with bioconjugated nanoparticles

Rabbit anti-M. tuberculosis antibody was added to a 500 ul
suspension of M. tuberculosis in PBS (antibody final con-
centration: 5ug/ml) and incubated at 37°C for 1 hour.
The suspension was subsequently washed with PBS twice.
Nanoparticle-Protein A conjugates (0.1 mg/ml) were then
added, and the mixture was incubated at 37°C for 1 hour.
To remove the free nanoparticle-Protein A conjugates that
did not bind to the bacteria, the mixture was centrifuged at
8000 rpm for 2 minutes, and then the supernatant was dis-
card. The pellet was washed twice again. Smear slide was
made by spreading the pellet on glass slide and observed with
fluorescence microscopy or confocal microscopy. For con-
trols, the rabbit anti-p53 antibody or PBS only was substi-
tuted for the primary antibody. Another bacterium E. coli
DH5a was treated with the same strategy to test the cross-
reaction with bioconjugated nanoparticles.

For immunofluorescence detection of M. tuberculosis
with FITC-labeled antibody, the FITC-conjugated rabbit
anti-M. tuberculosis antibody was added to a 500 yl suspen-
sion of M. tuberculosis in PBS (antibody final concentration:
25 pg/ml) and the mixture was incubated at 37°C for 1 hour.
The suspension was subsequently washed with PBS for three
times and then spread on glass slide for microscopic exami-
nation.

2.6. Preparation of mixed bacterial sample

The mixed bacterial sample was prepared by mixing FITC-
labeled E. coli and unlabeled M. tuberculosis. The FITC-
labeled E. coli was first obtained according to the follow-
ing method. E. coli was incubated at a concentration of 10°
cells/ml with 0.5mg of FITC in 0.1 M Na,CO3-NaHCO3
buffer (pH 9.2) at 37°C for 2 hours in the dark. The E. coli
was then washed for three times with PBS to remove free
FITC and resuspended in PBS. A 500 ul of mixed bacterial
sample was prepared by easily mixing 1.8 10 cells/ml FITC-
labeled E. coli and 3.6 x 10° cells/ml unlabeled M. tuberculosis.
The mixture was detected with the FNP-IIFM method.

2.7. Preparation of spiked sputum sample

Sputum (2ml) from healthy individual was collected and
equally divided into two portions. One portion was spiked
with M. tuberculosis, whereas the other portion was used as
the unspiked sample. Then samples were liquefied with the
NALC-NaOH method. In brief, the samples were mixed with
equal volumes of NALC-NaOH solution (2% NaOH, 1.45%
Na-citrate, and 0.5% NALC), shaken vigorously for diges-
tion, and the mixtures were allowed to stand for 15 minutes
at room temperature. Then the samples were diluted with
8 ml of water. To remove big agglomerates in the sputum, the
mixtures were centrifuged at 1000 rpm for 2 minutes. The
precipitates were disposed and the supernatants were cen-
trifuged at 4000 g for 15 minutes. After the supernatant fluids
were carefully decanted, the sediments were resuspended in

10 ml of PBS and centrifuged again at 4000 g for 15 minutes.
The supernatants were discarded. The resulting pellets were
suspended in 500 ul of PBS and detected with the FNP-IIFM
method.

2.8. Microscopy imaging

An inverted fluorescence microscope ECLIPSE TE300
(Nikon) equipped with a 100 W mercury lamp, a fil-
ter block (consisting of a 450-490 nm bandpass excitation
and a 515nm longpass emission filter), and a color CCD
(Digital Camera DXM1200, Nikon) was used for com-
mon smear microscopic examination. Confocal microscopy
was performed on an inverted Olympus IX70 microscope
with an argon/krypton laser emitting at 488 nm to ex-
cite both RuBpy-doped nanoparticles and FITC fluores-
cence. We used a dichroic beam splitter (DCB) around
560 nm, together with either a longpass (LP) 560 nm fil-
ter for RuBpy-doped nanoparticles signal or an LP 505 nm
filter for FITC signal. The RuBpy-doped nanoparticles sig-
nal was displayed in the pseudocolor red and the FITC sig-
nal in green. To study the differentiation between M. tu-
berculosis and E. coli in mixed bacterial samples with the
FNP-IIFM method, the smears were scanned by sequen-
tial excitation mode. In brief, an argon/krypton laser emit-
ting at 488 nm and a helium/neon laser emitting at 543 nm
were used to excite FITC and RuBpy-doped silica nanopar-
ticles fluorescence, respectively. We used a DCB around
560 nm, together with the following emission filter: ei-
ther a bandpass (BP) 505-525 nm when the argon/krypton
laser (FITC signal) was used or an LP 560 nm when the
helium/neon laser (RuBpy-doped silica nanoparticles sig-
nal) was used. A x60 objective (Olympus PlanApo NA 1.4
oil) was used for routine studies. Pixel format was 512 X
512.

3. RESULTS AND DISCUSSION

3.1. Highly luminescent and photostable
fluorescent nanoparticles

We used an easy and efficient water-in-oil microemulsion
method to synthesize RuBpy-doped silica nanoparticles. The
obtained nanoparticles were uniform and well dispersed as
shown in the AFM image (Figure 1(a)). Dynamic light scat-
tering (DLS) measurements for the nanoparticles showed
that the size distribution of RuBpy-doped nanoparticles was
narrow and the volume-weighted mean hydrodynamic di-
ameter determined was 63.8 nm (Figure 1(b)). For the struc-
ture of dye-doped silica nanoparticles, dye molecules are
trapped inside the silica matrix, which endows the nanopar-
ticles with two important merits. For one thing, the flu-
orescence emitted by one nanoparticle is contributed by
thousands of dye molecules embedded in the silica ma-
trix. So it is easy to see that one dye-doped nanoparticle
is much more luminescent than one dye molecule, which
is called the significant signal amplification effect. This at-
tribute makes the dye-doped nanoparticles be advantageous
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FiGURE 1: Properties of RuBpy-doped silica nanoparticles. (a) AFM micrograph of the RuBpy-doped silica nanoparticles. Particle size is
determined to be 65 + 2 nm. (b) Size distribution analysis of RuBpy-doped silica nanoparticles in water by dynamic light scattering (DLS).
The volume-weighted average diameter determined is 63.8 nm. (c) Photostability of RuBpy-doped silica nanoparticles versus pure RuBpy
dye molecules and FITC dye molecules. Realtime measurements of fluorescence intensities were performed on an confocal microscope with
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FIGURE 2: Schematic representation of the principle of the detection
of M. tuberculosis with the fluorescent nanoparticle-based indirect
immunofluorescence assay.

in improving detection sensitivity in many aspects and very
suitable for detection of bacteria with higher sensitivity. As
another advantage, due to the protective function of the sil-
ica matrix, the nanoparticles are much more photostable
than ordinary dye molecules. As shown in Figure 1(c), af-
ter continuous intensive illumination with a laser source for
80 seconds, the fluorescence intensities of both RuBpy and
FITC dyes were decreased to below 20%, while the fluo-
rescence intensiy of RuBpy-doped nanoparticles remained
above 80%.

3.2. Covalent immobilization of Protein
A on nanoparticles

Covalent attachment of antibodies directly to solid supports
via glutaraldehyde, carbodiimide, succinimide ester, and so
forth is always found with the loss of biological activity of
the antibodies. One of the main reasons for such reduction
is attributed to the random orientation of the asymmetric
macromolecules on support surface [30]. Several approaches
for achieving oriented antibody coupling for good steric ac-
cessibilities of active binding sites and increased stability have
been developed, including the use of Protein A or Protein G
[31], chemical or enzymatic oxidation of the immunoglob-
ulin (IgG) carbohydrate moiety [32], and the use of biotin-
avidin or streptavidin techniques [33]. Protein A, a highly
stable 42 kDa coat protein extracted from Staphylococcus au-
reus, is capable of binding to the Fc portion of immunoglob-
ulins, especially IgGs, from a large number of species [34]. In
our scheme, Protein A was used as an affinitive adsorber to
avoid direct attachment of antibody to nanoparticles.

For immobilization of Protein A on the RuBpy-doped sil-
ica nanoparticles, the CNBr method was used to activate the
surface of silica nanoparticles and then couple the Protein A.
The surface coverage of Protein A on the nanoparticles was
quantified by the Bradford method, and the average mass of
one particle was determined through the viscosity/light scat-
tering method, then the number of Protein A molecules at-
tached to one particle could be calculated. The amount of
Protein A immobilized on nanoparticles was calculated ap-
proximately as [29]:

q=[(C—-C)V]/m, (1)
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Ficure 3: The specific, nonspecific interactions, and signal amplification effect of biocojugated nanoparticles interacted with bacteria. All
pictures were obtained with confocal microscopy (60 x oil), (a)—(e) transmission images, (f)—(j) fluorescence images. (a), (f) M. tuberculosis
recognized with bioconjugated fluorescent nanoparticles. The bacteria display a bright fluorescence. (b), (g) Control with PBS in place of the
primary rabbit anti-M. tuberculosis antibody. No fluorescence is associated with the bacteria. (¢), (h) Control with rabbit anti-p53 antibody
in place of the primary rabbit anti-M. tuberculosis antibody. No fluorescence is associated with the bacteria. (d), (i) E. coli incubated with
bioconjugated fluorescent nanoparticles. No labeling of the bacteria with nanoparticle bioconjugates is observed. (e), (j) M. tuberculosis
recognized with FITC conjugated rabbit anti-M. tuberculosis antibody. The bacteria display a faint fluorescence.

where q is the amount of Protein A immobilized onto a unit
mass of the nanoparticles (mg/mg); C; and C; are the con-
centrations of the Protein A in the initial solution and in the
supernatant after the immobilization reaction, respectively
(mg/ml); V is the volume of the aqueous phase (ml); and m
is the mass of the nanoparticles (mg). C; and C; were deter-
mined by the Bradford method [28]. The amount of Protein
A immobilized on nanoparticles calculated according to (1)
in our experiment was ~0.41 mg/mg. The average mass of
one particle was then determined and calculated as

m; = C/N, (2)

where m; is the average mass of one nanoparticle (mg); C is
the concentration of the nanoparticle suspension (mg/ml);
N is the number of nanoparticles in a unit volume of sus-
pension liquid (particles/ml), which was calculated through
the viscosity/light scattering method [35] as

N = ¢/[4/37(d/2)°], (3)

where 4/37(d/ 2)3 is the average volume of a nanoparticle; d
is the volume-weighted diameter determined by light scatter-
ing; and ¢ is the volume fraction of the particles determined
by viscosity and calculated as

¢ = (h/hy — 1) /2.5, (4)

where £ is the viscosity of the nanoparticle suspension; kg is
the viscosity of the solvent without nanoparticles. According

to (2)—(4), the average mass of one nanoparticle calculated
was ~8.8 x 1077 g. So there were ~3.6 X 10~'* mg Protein A
on one particle, that is, ~5.2 X 10? Protein A molecules on
one particle. It provided a foundation for optimal binding of
the nanoparticle-Protein A conjugates with the antibody in
the later process.

3.3. Detection of M. tuberculosis in pure culture

A method of fluorescent nanoparticle-based indirect im-
munofluorescence microscopy (FNP-IIFM) was developed
for the rapid detection of Mycobacterium tuberculosis. The
principle for this method was illustrated in Figure 2. In this
scheme, M. tuberculosis was first recognized by a rabbit anti-
M. tuberculosis antibody and then the nanoparticle-Protein A
conjugates were used to generate fluorescent signal. To exam-
ine the binding of bioconjugated nanoparticles to bacteria,
the incubated bacteria were imaged using either fluorescence
microscopy or confocal microscopy.

Pure M. tuberculosis suspension was first immuno-
detected with the FNP-IIFM method and the resulting con-
focal images were shown in Figures 3(a), 3(f). The bacte-
ria displayed a bright fluorescence. This indicated that large
quantities of nanoparticles had bound to the M. tuberculosis
cells. In order to demonstrate whether the binding of biocon-
jugated nanoparticles to M. tuberculosis was solely through
the antigen-specific targeting pattern or there were other
nonspecific interactions between the Protein A-nanoparticle
conjugates and other surface molecules of the bacteria, two
controls were set in which the primary antibody was substi-
tuted with the following: (1) PBS only; (2) a rabbit anti-p53
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F1GURE 4: Detection of M. tuberculosis in mixed bacterial samples
with the FNP-IIFM method. A mixture containing 1.8 x 10° cells/ml
FITC-labeled E. coli and 3.6 x 10° cells/ml unlabeled M. tuberculosis
was detected. (a) Confocal microscopic images (60 X oil): (A) im-
age obtained after excitation with the 488 nm laser and displayed in
the pseudocolor green (FITC signal); (B) image obtained after ex-
citation with the 543 nm laser and displayed in the pseudocolor red
(RuBpy-doped nanoparticles signal); (C) overlay of the green chan-
nel and the red channel images; (D) transmission image. The con-
focal images show that there is no colocalization of the red fluores-
cent nanoparticles with E. coli (green). (b) Truecolor fluorescence
image (100 x oil) with an inverted fluorescence microscope. Green:
FITC-labeled E. coli; Orange: bioconjugated fluorescent nanoparti-
cles identified M. tuberculosis. The differentiation of M. tuberculosis
from E. coli in the mixture with the FNP-IIFM method is good.

antibody. No fluorescence was observed to associate with the
M. tuberculosis in both controls as shown in Figures 3(b),
3(g) and 3(c), 3(h), suggesting that there was little nonspe-
cific interaction between the Protein A-nanoparticle conju-
gates and the M. tuberculosis cell wall. These results identify
that the bioconjugated nanoparticles bind to M. tuberculosis

through the antibody-mediated antigen binding pattern. An-
other bacterium E. coli DH5« was also tested with the FNP-
IIFM method. No labeling of the bacteria with the nanopar-
ticle bioconjugates was observed as shown in Figures 3(d),
3(i). The result shows that the anti-M. tuberculosis antibody
does not cross-react with E. coli DH5«, and the nanoparticle
bioconjugates do not attach to E. coli DH5« nonspecifically,
which indicates that the FNP-IIFM method can be used to
detect Mycobacterium tuberculosis in pure culture.

The fluorescence enhancement capability of the biocon-
jugated nanoparticles label in the FNP-IIFM method has also
been investigated. The detection of M. tuberculosis with bio-
conjugated RuBpy-doped nanoparticles was compared with
the commercial FITC conjugated rabbit anti-M. tuberculosis
antibody. The final antibody concentration used in the FITC
method was 25 pyg/ml. It was 5-fold higher than that used
in the FNP-IIFM method. We used higher concentration of
antibody in the FITC method because the induced fluores-
cence signal was too low when the antibody concentration
was 5 ug/ml. Figures 3(e), 3(j) showed the confocal images
of M. tuberculosis recognized by the FITC method. The flu-
orescence signal from the bacteria recognized with the FITC
method (Figure 3(j)) was much weaker than the signal with
the FNP-IIFM method (Figure 3(f)). Although the primary
antibody used in the FNP-IIFM method was only one fifth
of that used in the FITC method, the average fluorescence
intensity of M. tuberculosis recognized with the FNP-IIFM
method was determined to be above five times of that with
the FITC method. The experiment reveals the signal advan-
tage that the fluorescent nanoparticles possess over conven-
tional fluorescent dye.

3.4. Detection of M. tuberculosis in
mixed bacterial samples

To evaluate the detection capability of the FNP-IIFM method
in complex samples, artificial complex samples consisting of
M. tuberculosis and E. coli were used for test. In order to
estimate the accuracy of the detection with the FNP-IIFM
method in bacterial mixture, E. coli was labeled with FITC
to distinguish from M. tuberculosis prior to the detection.
Then the FITC-labeled E. coli was mixed with unlabeled M.
tuberculosis to constitute the mixed bacterial samples and
detected with the FNP-IIFM method. The results obtained
with confocal microscopy were shown in Figure 4(a). The
image in Figure 4(a)-A showed the FITC fluorescence asso-
ciated with E. coli in the mixture (pseudocolor green, emis-
sion filter: BP 505-525nm). Figure 4(a)-B showed the flu-
orescence of the bioconjugated RuBpy-doped nanoparticles
which had bound to bacteria (pseudocolor red, emission fil-
ter: LP 560 nm). If the nanoparticles also attached to E. coli,
the fluorescence would appear yellow in the overlay image
(the combination of green plus red). The overlay image in
Figure 4(a)-C showed no colocalization of the red fluorescent
nanoparticles with E. coli, so the bioconjugated nanoparti-
cles only bound to the M. tuberculosis. Besides, the detec-
tion was also observed with the less-expensive fluorescence
microscopy. As shown in Figure 4(b), the differentiation of
M. tuberculosis from E. coli with the FNP-IIFM method was
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F1GURrE 5: Photostability comparing of the fluorescent nanoparticles labeled on M. tuberculosis and FITC dyes labeled on E. coli. A mixture
containing 1.8 X 10° cells/ml FITC-labeled E. coli and 3.6 x 10° cells/ml unlabeled M. tuberculosis was detected with the FNP-ITFM method.
The slide was successive irradiated with an intensive argon/krypton laser under the confocal microscope (60 X oil) for (a) and (b) 0 second,
(c) 1 minute, (d) 2 minutes, (e) 4 minutes, (f) 6 minutes. (a) Transmission image, (b)—(f) Fluorescence images. Green: E. coli; Red: M.
tuberculosis. The fluorescence of FITC was dim after being continuously irradiated for 2 minutes while that of the nanoparticles was still

bright.

good. These results indicate that the FNP-IIFM method can
be used to detect M. tuberculosis in mixed bacterial sam-
ples.

Meanwhile, the photostability of the fluorescent label in
the FNP-IIFM method was also investigated. We compared
the photostability of RuBpy-doped nanoparticles bound on
M. tuberculosis and FITC dyes labeled on E. coli. The fluores-
cence of FITC was dim after being continuously irradiated
for 2 minutes while that of the nanoparticles was still bright,
as shown in Figure 5. It is demonstrated that the biocon-
jugated RuBpy-doped silica nanoparticles used in the FNP-
IIFM method possess much better photostability in compar-
ison with the FITC dye label.

3.5. Detection of M. tuberculosis in spiked sputum

In order to demonstrate the usefulness of our method for M.
tuberculosis detection under clinical condition, M. tuberculo-
sis was spiked into sputum and detected with the FNP-IIFM
method. The result was compared with unspiked sputum
control to make certain whether the M. tuberculosis could
be detected in the sputum. Sputum from healthy individ-
ual was collected and equally divided into two portions. One
portion was spiked with M. tuberculosis, whereas the other
portion was used as the unspiked sample. The spiked sample
and unspiked sample were parallelly pretreated and detected
by the FNP-ITFM method. For sample pretreatment, we used
the NALC-NaOH method to liquefy the sputum. After lig-
uefaction for 15 minutes, the viscosity of the sputum was

greatly decreased. However, there were some visible big ag-
glomerates in both the spiked and unspiked sputum which
could neither be liquefied nor be brokenup by vigorously
vortexing. These big agglomerates caused poor smear quality
such as uneven thickness, and had better been removed be-
fore immuno-reaction. To remove the big agglomerates, we
centrifuged the liquefied sputum samples at low centrifugal
speed (1000 rpm, 2 minutes) and disposed the precipitates.
The supernatants were detected with the FNP-IIFM method.
As we expected, the sputum samples were much complex
mixtures containing a great deal of bacteria and impurities
shown in Figure 6. In the unspiked sputum sample, no fluo-
rescent bacterium was found as shown in Figure 6(b). It indi-
cates that the bioconjugated nanoparticles have little nonspe-
cific interaction with the sputum components and the oral
bacteria. In the spiked sputum sample, we found highly lu-
minescent bacteria in many microscopic fields as shown in
Figure 6(a) (the luminescent bacterium indicated by the ar-
row). By comparing with the unspiked sample, the lumines-
cent bacteria were considered to be M. tuberculosis recog-
nized by the bioconjugated nanoparticles. The high intensity
of fluorescence associated with the recognized M. tuberculo-
sis well distinguished the object bacteria from the complex
background. The time needed to finish detecting M. Tuber-
culosis with the FNP-IIFM method in sputum is <4 hours
after the receipt of specimen (sample pretreatment: <1 hour,
immunoassay and smear examination: <3 hours). This result
demonstrates that our FNP-IIFM method is useful for rapid
detection of M. tuberculosis in sputum.
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F1GURE 6: Detection of M. tuberculosis in spiked sputum. M. tuber-
culosis spiked sputum and unspiked sputum control were detected
with the FNP-IIFM method after pretreatment with the NALC-
NaOH method. Both images were overlay of the fluorescence chan-
nel and the trasmitted channel of confocal images (60 X oil). (a)
Sputum spiked with M. tuberculosis. Note that a bacterium displays
bright fluorescence, indicated by the arrow. (b) Unspiked sputum.
No fluorescent bacterium is found.

4. CONCLUSIONS

We have developed a new method for the detection of M. tu-
berculosis using fluorescent nanoparticle-based indirect im-
munofluorescence microscopy. With this method, M. tu-
berculosis can be detected in both mixed bacterial samples
and sputum samples. Total assay time including sample pre-
treatment is within 4 hours. Comparing with conventional
fluorescent dyes, the use of fluorescent nanoparticles as la-
bel in immunofluorescence microscopy offers advantages of
higher luminescence and higher photostability. This method
can integrate with epifluorescent filter techniques to further
shorten the time needed for detection. In addition, by sub-
stituting the antibody to suit to other bacteria, this technique
has the potential to develop to a universal method for detect-
ing a wide variety of bacteria in biomedical and biotechno-
logical areas.
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1. INTRODUCTION

The systems for controlled delivery of the medicaments in
the body are causing real revolution in the medicine and
pharmacy in the recent years, and all in favor of better med-
ical treatments of the patients [1]. Using the system for the
controlled and balanced release of medicaments, opposing
to standard and conventional methods, constant and uni-
form concentration of medicament in the body is achieved
throughout longer period of time. Copolymer poly(D,L-
lactide-co-glycolide) is used for the controlled delivery of
several classes of medicaments like anticancer agents, anti-
hypertensive agents, immunomodulatory drugs, hormones,
and macromolecules like nucleic acid, proteins, peptides,
antibodies, DLPLG nanospheres are very efficient mean of
transdermal transport of medicaments in the body, for ex-
ample, ascorbic acid [2]. DLPLG polymer particles allow the
encapsulation of the medicament within the polymer matrix,
where the principle requirement for the controlled and bal-
anced release of the medicament in the body is the particle’s

ideal spherical shape and narrow distribution of its size. The
size and shape of the particles play key role in their adhe-
sion and interaction with the cell. Dynamic of the release
(pace and concentration) depends of the morphology, that is,
structure of the copolymer. The chemical structures, molec-
ular weight, composition, as well as the synthesis conditions,
are parameters which influence the final morphology of the
polymer. The direct relation between these parameters and
morphology is inadequately examined thus making it a topic
of many researches. Depending on the nature and matrix of
the selected material, methods of obtaining polymer parti-
cles can be divided in general into dispersion of the polymer
solution method, polymerization of the monomer method,
and coacervation [3-6]. The PLGA spheres obtained with
emulsion process are in range of 150-200um (7], 45um
[8], 30 um [9]. With modified emulsion method, the parti-
cle sizes are decreased to 10 ym [10]. Further modification
of the process for synthesis of the particles, that is, emulsi-
fication solvent evaporation method, the obtained particles
are in nanometer scale of 570-970 nm [11] and 244-260 nm
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[12—14]. The latest researches in this field indicated the pos-
sibility of producing DLPLG spheres with average diameter
under 100 nm [15]. Controlling the conditions of obtain-
ing DLPLG by solvent/nonsolvent method, changing the pa-
rameters like aging time, after adding nonsolvent, time and
velocity of centrifugal processing, it is possible to influence
on morphology (size and shape) and uniformity of DLPLG
polymer powder [16]. DLPLG powder with short aging time
with nonsolvent and longest time and velocity of the cen-
trifugal processing has smallest particles and highest unifor-
mity. DLPLG copolymer has potential to be used for trans-
port of ascorbic acid in the body, thus considerably increas-
ing its efficiency. Ascorbic acid reduces free radicals, and in
that way damages created by oxidative stress which is a root
cause of, or at least associated with, many diseases are min-
imized. The aim of this research is obtaining the nanopar-
ticles of copolymer poly(D,L-lactide-co-glycolide) in which
ascorbic acid is encapsulated, as well as examining the influ-
ence of the synthesis method on morphological characteris-
tics of poly(D,L-lactide-co-glycolide) particles with the dif-
ferent content of ascorbic acid.

2. MATERIALS AND METHODS
2.1. Materials

Poly(D,L-lactide-co-glycolide) (DLPLG) was obtained from
Durect, Lactel, Adsorbable Polymers International and had a
lactide to glycolide ratio of 50 : 50. Molecular weight of poly-
mer was 40000-50000 g/mol. Time of complete resorption of
this polymer is 4-8 weeks. Molecular weight of ascorbic acid
was 176.13 g/mol. Polyvinyl alcohol (PVA) was used with a
98% hydrolization degree. All other chemicals and solvents
were of reagent grade.

2.2. Preparation of nanopatrticles

Copolymer powder DLPLG was obtained by means of
physical methods from commercial granules using sol-
vent/nonsolvent systems (Figure 1). Commercial granules
poly(D,L-lactide-co-glycolide) (0.05g) were dissolved in
1.5mL of acetone and, after approximately two hours, 2 mL
of methanol was added into solvent mixture. DLPLG pre-
cipitated by the addition of methanol and the solution be-
came whitish. The polymeric solution thus obtained was very
slowly poured into 20 mL of aqueous PVA solution (0.02%
w/w) while continuous stirring at 1200 rpm by a stirrer. Af-
ter that, the solution was centrifuged and decanted. Time and
velocity of the centrifugal processing were 120 minutes and
4000 rpm. PVA is used as a stabilizer which creates negative
charge of the DLPLG particles, that is, it creates negative zeta
potential [17]. By creating specific zeta potential, PVA brings
to reduction of agglomeration of the particles. All used so-
lutions are nontoxic for environment. The ascorbic acid was
encapsulated into the polymer matrix by means of homog-
enization of water and organic phases. The water solution
with the variable ratio of the ascorbic acid was added to the
polymer solution. This was followed by the precipitation us-
ing alcohol methanol. In the particles of DLPLG copolymer,

Centrifugation

DLPLG + acetone

____________

! hours

+ Water solution
of ascorbic acid

E/Iethanol

o
1Stabilization with!

| zetapotential |

____________

Decanting

J

DLPLG/ascorbic acid
nanoparticles

Aqueous PVA
solution

FIGURE 1: Schematics for obtaining of the DLPLG/ascorbic acid
nanoparticles.

different concentration of ascorbic acid has been encapsu-
lated with ratios 85% DLPLG to 15% ascorbic acid, 70%
DLPLG to 30% ascorbic acid, 50% DLPLG to 50% ascorbic
acid, and 30% DLPLG to 70% ascorbic acid.

2.3. Infrared (IR) spectroscopy measurements

The quality analysis of the samples was performed with
IR spectroscopy. The IR measurements were performed on
Perkin-Elmer 983G infrared spectrophotometer, using the
KBr pellet technique, in the frequency interval of 400-
4000 cm™!.

2.4. Scanning electron microscope (SEM) observation

The morphology of obtained particles of DLPLG was ex-
amined by scanning electron microscope (SEM) JEOL JSM-
6460LV. The powder samples for SEM analysis were coated
with gold using the physical vapor deposition (PVD) process.
Samples were covered with gold (SCD 005 sputter coater),
using 30 mA current from the distance of 50 mm during 180
seconds.

2.5. Stereological analysis

The particle size and morphology were examined using the
area analysis method [18, 19] by semiautomatic image ana-
lyzer (Videoplan, Kontron), connected with a scanning elec-
tron microscope (SEM). From 200 to 300 particles in the
SEM were measured and the following parameters were de-
termined: area section Aa, perimeter Lp, maximal diameter
of the particle Dmax, feret x and feret y, and form factor (fL)
(Figure 2).

2.6. Ultraviolet (UV) spectroscopy

Release of the ascorbic acid from DLPLG particles in vitro in
physiological solution (0.9% sodium chloride in water) was
studied with UV spectroscopy. The UV measurements were
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FIGURE 2: Shematics of the stereological parameters: (a) area (Aa); (b) perimeter (Lp); (c) feret x and feret y (d) maximal particle diameter

(Dmax); (e) form factor (fL).
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FIGURE 3: IR spectra of the DLPLG nanoparticles.

performed on Perkin-Elmer Lambda 35 UV-V is spectropho-
tometer in the frequency interval of 200-400 nm.

3. RESULTS AND DISCUSSION

The IR spectra in Figure 3 illustrate all characteristic groups
for copolymer poly(D,L-lactide-co-glycolide). The IR spec-
tra of DLPLG show peaks at 2994, 2946, 2840 (CH bend),
1769 (C=0 ester), 1460, 1424, 1371 (CHs3), 1150, 1069 984
(C-O0 stretch), 732509 (CH-bend) cm~! while the band

Poly(DL-lactide-co-glycolide)/ascorbic acid

1.2 4

0.8 4

T (a.u.)

0.4 4

4000 3500

T T T T
3000 2500 2000 1500 1000 500

Wavenumber (cm 1)

FIGURE 4: IR spectra of the DLPLG/ascorbic acid 85/15% nanopar-
ticles.

on 3100-3600 cm™! belongs to the OH group of the water
molecule [20].

Comparing the obtained IR spectra for DLPLG and
ascorbic acid (Figure 4) with the IR spectra charecteris-
tics for ascorbic acid shown in the literature [21, 22],
it is confirmed that obtained nanoparticles are composed
of poly(D,L-lactide-co-glycolide) and ascorbic acid. Besides
the characteristic groups for copolymer DLPLG, the four
O-H bands of ascorbic acid could be assigned by means
of infrared investigations at 3528, 3411, 3317, 3217 cm™'.
The spectra show bands that can be assigned to CHj,
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Ficure 5: SEM images of (a) DLPLG nanoparticles; (b) DLPLG/ascorbic acid 85/15% nanospheres; (c¢) DLPLG/ascorbic acid 70/30%; (d)

DLPLG/ascorbic acid 50/50%; (e) DLPLG/ascorbic acid 30/70%.

CH,, or CH groups in the ascorbic acid environment at
2720cm~! and the spectra also clearly show the band
corresponding to C=0 groups at 2916cm™!. The bands
that correspond to the wave number 1754 cm™! belong to
C=C groups, 1673cm™~! C-0O-C, and 1020cm~! C-0O,
respectively.

The morphological characteristics of the obtained
DLPLG particles, with and without encapsulated ascor-
bic acid, were examined with a scanning electron micro-
scope. From the SEM recordings of DLPLG particles with-
out ascorbic acid (Figure 5(a)), it is visible that the particles
have spherical shape, smooth surface, low level of agglom-
eration, and high level of uniformity—higher than other
samples. From the SEM recordings of the second sample
(Figure 5(b)), where DLPLG copolymer has encapsulated

ascorbic acid in ratio DLPLG/ascorbic acid 85/15%, it is vis-
ible that particles also have spherical shapes, that is, spheri-
cal shape of the initial DLPLG has not been compromised.
DLPLG/ascorbic acid 85/15% nanoparticles are uniform
with sizes from 130 to 200 nm depending on which stere-
ological parameters are considered (Dmax, maximum di-
ameters, feret X, or feret Y). The particles of the sample
DLPLG/ascorbic acid 70/30% (Figure 5(c)) also have spheri-
cal shapes, but their sizes are increased. In case of the fourth
sample, DLPLG/ascorbic acid 50/50% (Figure 5(d)) unifor-
mity is perturbated, particles have both spherical and irreg-
ular shapes and they are much agglomerated. For the fifth
sample, DLPLG/ascorbic acid 30/70% (Figure 5(e)), the par-
ticles were very much agglomerated, so stereological analyses
could not be performed.
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Ficure 6: Comparative results of the stereological examining of
DLPLG particles and particles with different ratio of DLPLG and
ascorbic acid, DLPLG/ascorbic acid 85/15%, DLPLG/ascorbic acid
70/30%, DLPLG/ascorbic acid 50/50%, based on maximal diameter
of the particle Dmax.

The stereological analysis is giving us the parameters
which are characterizing the particle sizes (area section—
Aa, perimeter—Lp, maximal diameter—Dmax, and feret’s
diameters) and parameter which is characterizing the par-
ticle shape (perimeter form factor—fL). For all parameters,
minimum, maximum, and mean values were recorded and
presented in Table 1.

Based on the obtained results of the stereological analysis
of DLPLG particles, it is visible that they are uniform, their
average mean size varies from 0.15 to 0.23 ym depending on
the stereological parameter taken in consideration (Dmax,
feret X, or feret Y) (Table 1). Dmax values range from 0.09
to 0.39 ym with particle’s mean size 0.23 ym (Figure 6). Fig-
ures 7 and 8 present comparative results of DLPLG particles
with and without ascorbic acid based on their area section
and perimeter form factor.

From the comparative results of the stereological analy-
sis of the area section (Aa) of DLPLG with and without en-
capsulated ascorbic acid (Figure 7) as well as comparative re-
sults of the perimeter form factor (fL), (Figure 8) we can see
that DLPLG particles without ascorbic acid have the small-
est area section (minimum value for Aa is 0.02 ym?and max-
imum is 0.08 yum?) and the highest mean value of perime-
ter form factor which is 0.89. Nanoparticles DLPLG/ascorbic
acid 85/15% have minimum Dmax of 0.09 yum and maxi-
mum Dmax of 0.49 um, where their mean size is 0.20 ym
(Figure 6). The mean value of the area section is 0.03 ym?
(Figure 7) and of the perimeter form factor is 0.87 (Figure 8).
For particles DLPLG/ascorbic acid 70/30%, minimum Dmax
is 0.30 ym and maximum Dmax is 2.59 ym, where their mean

100

80
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40

Cum. freq. (%)

20 +

Aa (um?)

—m— DLPLG

—e— DLPLG/ascorbic acid 85/15 %
—A— DLPLG/ascorbic acid 70/30 %
—v— DLPLG/ascorbic acid 50/50 %

Ficure 7: Comparative results of the stereological examining of
DLPLG particles and particles with different ratio of DLPLG and
ascorbic acid, DLPLG/ascorbic acid 85/15%, DLPLG/ascorbic acid
70/30%, DLPLG/ascorbic acid 50/50%, based on area section Aa.

size is 0.67 ym (Figure 6), which indicates that the unifor-
mity is decreased and size is increased. The mean value of
the area section is 0.41 yum? (Figure 7) and of the perimeter
form factor is 0.77 (Figure 8). For particles DLPLG/ascorbic
acid 50/50%, minimum Dmax is 0.28 ym and maximum
Dmax is 4.51 ym, where their mean size is 1.60 ym (Figure 6).
The mean size of the area section is 2.30 um? (Figure 7)
and of the perimeter form factor is 0.74 (Figure 8). In case
of DLPLG/ascorbic acid 30/70%, the stereological analysis
could not be performed.

The release amount of the ascorbic acid from the polymer
particles was determined periodically during the eight weeks
with UV spectroscopy. A calibration curve of the ascorbic
acid in physiological solution at different concentrations has
been prepared using the specific absorbance peak of the
ascorbic acid at 264 nm.

Figure 9 shows the dependence of the maximum ab-
sorption from the degradation time in cases of DLPLG
without ascorbic acid, DLPLG/ascorbic acid 85/15%,
DLPLG/ascorbic acid 70/30%, and DLPLG/ascorbic acid
50/50%. This absorbance is correlated with the calibra-
tion curve and amount of ascorbic acid is determined
in percentages. Figure 10 gives cumulative curves of the
release of the ascorbic acid in percentages over the pe-
riod of time of the degradation. Figure 10 also shows the
relative review in percentages of the ascorbic acid release
in periods of up to two days, 2-11, 11-17, 17-24, 24-31,
31-39, 39-46, and 46-55 days. In the first 24 days of
the degradation, for all samples, less than 10% of the
encapsulated ascorbic acid have been released. For all
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TaBLE 1: Results of the stereological analysis of DLPLG and DLPLG/ascorbic acid particles.
Ratio DLPLG/ Lp (um) Aa (um)? Dmax (ym) Feret x (um) Ferety (ym) fL
ascorbicacid  Min Max Mean Min Max Mean Min Max Mean Min Max Mean Min Max Mean Min Max Mean
100% DLPLG 0.19 1.12 0.81 0.02 0.08 0.03 0.09 039 0.23 0.09 0.25 0.15 0.09 0.28 0.19 0.49 091 0.89
85/15% 0.37 139 0.70 0.01 0.14 0.03 0.09 049 0.20 0.05 043 0.15 0.03 0.26 0.13 0.57 1.00 0.87
70/30% 095 892 240 0.06 4.63 0.41 030 259 0.67 0.17 2.19 046 0.17 1.65 048 0.48 0.92 0.77
50/50% 1.62 14.23 586 0.20 13.25 230 0.28 4.51 1.60 0.21 4.13 1.13 0.15 3.10 1.09 0.35 097 0.74
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DLPLG/ascorbic acid samples, the overall quantities of the
encapsulated ascorbic acid have been released in 8 weeks of
the degradation.

4. CONCLUSIONS

The particles obtained with solvent/nonsolvent physical
method and technique of the centrifugal processing have
potential use in transdermal systems for controlled delivery
of ascorbic acid. It is possible to encapsulate ascorbic acid
into DLPLG particles in various concentrations thus pro-
ducing particles with different morphological characteris-
tics. The nanoparticles of DLPLG/ascorbic acid with lesser
ratio of ascorbic acid have higher uniformity, lower level

Time (days)

Figure 9: Comparative curves for the dependence of the maximum
absorbance from the time of the degradation for the DLPLG with
and without ascorbic acid.

of agglomeration, and smaller sizes. The nanoparticles of
DLPLG/ascorbic acid 85/15% have spherical shapes and their
sizes are from 130 to 200 nm.
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Advances in nanotechnology have led to the development of novel fluorescent probes called quantum dots. Quantum dots have
revolutionalized the processes of tagging molecules within research settings and are improving sentinel lymph node mapping and
identification in vivo studies. As the unique physical and chemical properties of these fluorescent probes are being unraveled,
new potential methods of early cancer detection, rapid spread and therapeutic management, that is, photodynamic therapy are
being explored. Encouraging results of optical and real time identification of sentinel lymph nodes and lymph flow using quantum
dots in vivo models are emerging. Quantum dots have also superseded many of the limitations of organic fluorophores and are
a promising alternative as a research tool. In this review, we examine the promising clinical potential of quantum dots, their
hindrances for clinical use and the current progress in abrogating their inherent toxicity.
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1. INTRODUCTION

Quantum dots (QDs) are fluorescent semiconductor nano-
crystals [1] with diameters of the order of 2—-10 nanometers,
or roughly 200-10,000 atoms [2]. QDs are made from a va-
riety of different compounds. They are referred to as II-VI,
[I-V, or IV semiconductor nanocrystals, based on the pe-
riodic table groups that these elements are from. Cadmium
selenide (CdSe) and Cadmium telluride (CdTe) nanocrystals
are examples of QDs which are group II-VI semiconductor
nanocrystal. CdSe contains cadmium (Cd) from group Il and
selenide (Se) from group VI of the periodic table. Their novel
optical and physical properties have attracted immense in-
terest in developing them for biological applications that re-
quire long-term, multitarget, and highly sensitive imaging.
The general structure of QDs comprises an inorganic core,
an inorganic shell, and an aqueous organic coating to which
biomolecules are conjugated, as shown in Figure 1. Modifi-
cations in development can be used to control the size and
composition of the nanocrystal core to create specific spec-
tral properties of the QDs.

Developing high-quality QDs cores with a specific wave-
length, chemical composition, and size is a prerequisite. Syn-

thesis is achieved by heating appropriate organometallic pre-
cursors with stabilizers in high boiling solvents to produce
QDs, which can then be dissolved in nonpolar organic sol-
vents to form transparent colloidal QDs dispersions. Organic
solvents such as trioctylphosphine oxide (TOPO) and hex-
adecylamine are commonly used and contain alkyl chains
which extend from the QDs surface, rendering the QDs ster-
ically stable as colloids [3]. Altering the size of the QDs core
during synthesis helps in tuning the color of emission [4].
The inherent toxicity of the individual ions (Cd?*, Se?~, and
Te?~) within the cores has been circumvented by growing
an inorganic shell, that is, zinc sulphide (ZnS) on top of
the CdSe or CdTe nanoparticles [5]. The ZnS shell serves
as a barrier whereby the CdSe cannot come in contact with
the surrounding solvent and thus dissolve through ioniza-
tion. Secondly, it improves the quantum vyield by passivat-
ing the surface nonradiative recombination sites. QDs have
been rendered water soluble [6] by providing a shell of func-
tionalized silica, phospholipids micelles [7], or linkers, such
as mercaptoacetic acid [5], dihydrolipoic acid [8], or am-
phiphilic polymers, that is, modified polyacrylic acid [9, 10].
In general, stabilization in aqueous solution is achieved by
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coating the QDs in amphiphilic polymers or by ligand ex-
change.

In order to use QDs in biological applications, QDs have
been integrated with biomolecules. QDs are modified with
bifunctional or amphiphilic molecules with one end bind-
ing or interacting with the QDs surface and the other po-
lar end protruding from the surface [11]. QDs are conju-
gated electrostatically either directly, between QDs and pro-
teins engineered to incorporate charged domains or via a
bridge. Covalent coupling has also been harnessed whereby
QDs bioconjugates are bound through carboxylic acids and
biomolecules. Stabilization of QDs in aqueous solutions pro-
vides some QDs with coats which possess reactive functional
groups such as amines, carboxylic acids, alcohols, and thiols
[6, 8, 12]. Through these functional groups, covalent conju-
gation with a variety of biological molecules can be achieved.
Once a biological interface has been provided, QDs can ef-
fectively and specifically target different biomakers at cellu-
lar, tissue, tumor, and organ levels. The above developmental
process has been summarized in Figure 2 and an overview
of the current techniques of QDs—conjugate synthesis, bio-
functionalization, and bioconjugation has been summarized
in Table 1.

2. CLINICAL POTENTIAL (IN VIVO APPLICATIONS)

The unique properties of QDs can be put to use in a wide va-
riety of biological applications. A key feature is that they can
be modified with a large number of molecules and linkers to
optimize their functionality for particular applications. QDs
have been used to selectively tag molecules, proteins, and
cells [8, 9, 13, 14] of interest. QDs have great potential for use
in sentinel lymph node (SLN) mapping which is the mapping
of the first tumor draining lymph node, [15-19], diagnos-
tic tools (e.g., imaging), for therapeutic purposes (e.g., drug
delivery and cancer treatment) [14], live cell labelling, and
tracking over long periods of time [20]. Multicolor in vivo
imaging has enabled noninvasive surgeries to be carried out
in a way that has not been feasible without QD.

3. GUIDING CANCER SURGERY
3.1. TypellQDs

When tissues absorb light, there is a possibility that fluores-
cent light will be emitted. This causes tissue “autofluores-
cence” which can severely limit signal to background ratio.
Some organs have increased green autofluorescent, for ex-
ample, skin, small intestine, gall, and urinary bladder when
excited with blue light. Exciting the gall and urinary bladder
with green light will reduce their autofluorescence [21]; how-
ever, the use of a near-infrared (NIR) light reduces fluores-
cence background immensely. Type II QDs emit light within
the NIR spectrum and have been used for cancer-guided
surgery. Type I QDs structures are composed of CdSe/ZnS or
CdTe/ZnS (core/shell) structure whereas Type II QDs struc-
tures are composed of CdTe/CdSe (core/shell) or CdSe/ZnTe
(core/shell) heterostructures. Type II structures can allow ac-

Core, nanocrystal
(i.e., CdTe, CdSe)

Inorganic shell
(i.e., ZnS)

Organic coating (i.e.,

POSS-nanocomposite)

Conjugated biomolecules

3 (i.e., antibodies)

F1GURE 1: General structure of a QDs-modified from [21].

| Core synthesis ‘

iyl

| Inorganic shell coating ‘

Stabilization in aqueous solution
o Ligand exchange
e Polymer coating

iyl

Bioconjugation for biomedical
application

o Electrostatic binding
o Covalent binding

F1GURE 2: Overall development of QDs for biological application.

cess to wavelengths that would otherwise not be available
with a single material [32].

3.2. Sentinel lymph node mapping

SLN identification and lymphatic mapping are one of the
most revolutionary advances in surgical oncology in recent
years [33]. Mapping and removal of the SLN provides accu-
rate staging and therapeutic planning, determining the need
for adjuvant oncological management [34]. In the USA, lym-
phatic mapping and SLN biopsy have become the standard
of care for melanoma, with increasing acceptance in breast
cancer and a growing acceptance in tumors of the gastroin-
testinal tract [35]. Identification of the sentinel node can
be performed by the use of a radioisotope and intraopera-
tive handheld gamma probe, a vital blue dye, or a combi-
nation of the two [34]. Current techniques of SLN mapping
are limited by unpredictable drainage patterns, high back-
ground signal, and the inability to image lymphatic tracers
relative to surgical anatomy in real time [15]. Novel fluores-
cent probes (QDs) have been developed to provide real-time
image-guided localization using an NIR fluorescence system
which facilitates the resection of the SLN [15-19].
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TABLE 1: Overview of current techniques for synthesis, biofunctionalization, bioconjugation of QDs, and their conjugates.

First author Synthesis Biofunctionalization Bioconjugation Bioapplication
Amphiphilic polymer
Zhou [22] ZnS$ capped shell, ca.rboxyhc acid, Peptide ligand S.electlve cell surface a.nd
and amine single-molecule imaging
functionalized
Amphiphilic polymer Biolabelling Hydra
Tortiglione [23] ZnS capped shell, diamino PEG Glutathione (GSH) vulgaris a freshwater
functionalization invertebrate
. e . Oleyl—O—pqu(ethylene Cell membrane targeting
Fe;03-CdSe magnetic  Silicanization with glycol)succinyl-N- . .
Selvan [24] QDs (110 ZnS ing) of mine o hvdr inimidyl for biolabelling and
s (no capping surface amine groups eZteroxysucc y] imaging of live cells
Quantitative analysis of
. Biotin-streptavidin viral binding and
Kampani [25] Zn$ capped PEG layer complex attachment of human T
cell leukemia virus type I
Medintz [26] ZnS capped Hexahistidine peptide DNA oligonucleotides Genetic analysis
PP linker with thiol 8 4
CdS/Cd(OH),(no ZnS  Glutaraldehyde Anti-A monoclonal Biolabelling of human

Albuquerque de farias [27]

capping)

cross-linking

antibody

erythrocytes

Mercaptoacetic acid with
bovine serum albumin
coating to increase

Potential for molecular

28
Gao [28] ZnS capped quantum yield and to None sensing
provide amine and thiol
functional groups
PEG and Immunoglobulin G
Wolcott [6] Silica capped thiol-terminated nog Biolabelling and imaging
- proteins
biolinkers
Human epidermal .
Tan [29] ZnS capped Chitosan growth factor receptor 2 TraF king of RNA
. delivery
antibody
Parungo [19] CdSe inorganic shell Oligomeric phosphines ~ None Pleural space SLN
mapping
. Paramagnetic lipid Gd- Human annexin A5 Multimodal detection of
Van Tilborg [30] ZnS shell DTPA-bis(stearylamide) ~ protein molecules apoptotic cells
. L Avidin or L
. Dihydrolipoic acid . . Long-term imaging of
Jaiswal [8] Zns shell (DHLA) ant{P—glycoprotem live cells
antibody
. Deoxyribonucleic acid Labelling of Xenopus
Dubertret [7] ZnS capped Phospholipids (DNA) embryos
:ﬁ?iﬁfﬂf;ﬁ?gﬁﬁ;diz Arginine-glycine- In viro targeting of
Mul 1 ic aci
ulder [31] ZnS shell Gd-DTPA- aipiiélecsaad (RGD) human endothelial cells
bis(stearylamide) pep
Bharali [5] ZnS shell Mercaptoacetic acid Folic acid Imaging of live cells
W [9] 7S shell Amphiphilic polymer Streptavidin or Labelling of cancer

anti-Her2 antibody

marker Her2

Tumor staging and treatment planning is improved if as-
sessment of the primary lymph node draining a tumor site

is accurate. Gastrointestinal (esophageal, gastric, jejuna, and

colonic) and pulmonary SLN mapping have been carried out

in in vivo models with a real-time NIR fluorescence imaging

system. NIR fluorescent QDs have been used for intraopera-
tive mapping of lymphatic drainage of various organs and for

guiding excision of the primary draining node on a patient-
specific basis [15, 18].

3.3. Gastrointestinal SLN mapping

In gastrointestinal SLN mapping, injection of 200 pmol of
NIR fluorescent QDs into various intra-abdominal organs
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FiGure 3: NIR fluorescent SLN mapping of the porcine colon.
(a) NIR fluorescent images of the surgical field pre-, during, and
postinjection of NIR quantum dots. (b) Same image in “(a)” reveals
no QDs fluorescence in the area of the excised SLN [15].

identified the SLN in less than 60 seconds and the afferent
lymphatics in 100% of the cases [15]. QDs may be engi-
neered to precise sizes which enable localization in the SLN
unlike blue dye which contains particles <5 nm that can pass
through multiple nodes therefore leading to false-positive re-
sults [15]. Examination of the operative site after surgery can
be done to ensure successful removal of the lymph nodes.
This has been demonstrated in Figure 3 where images after
SLN excision in a porcine colon reveal no fluorescence in the
area of the excised SLN. However, SLN analysis by the pathol-
ogist is facilitated as the QDs help identify the specific part of
the SLN that is most likely to contain malignant cells [16].

3.4. Pulmonary SLN mapping

In pulmonary SLN mapping, injected QDs identified the
SLN within 1 minute, whereas isosulfan blue (the gold stan-
dard visible lymphatic tracer) could be visualized in the same
node within 4 minutes. In contrast to QDs, isosulfan blue re-
duces clarity due to extravasation. NIR QDs do not inter-
fere with the visualization of the surgical field as they are
invisible to the human eye [18]. NIR fluorescence imaging
with QDs in two species demonstrated that the highest su-
perior mediastinal lymph nodes are the SLNs of the pleural

space [19]. Advancement of the NIR fluorescence imaging
with QDs indicate a promising future in clinical lymphatic
mapping. Table 2 shows various studies using NIR fluores-
cent QDs in SLN mapping.

4. CANCERIMAGING
4.1. Strong potential for sensitivity in cancer diagnosis

QDs have been shown to specifically and effectively label
molecular targets at cellular level and they have been used
as a diagnostic tool for cancer in in vivo studies [14, 36].
In vivo targeting studies of human prostate cancer devel-
oped in nude mice showed that QDs probes accumulated
in tumors by both the enhanced permeability and reten-
tion at tumor sites through antibodies binding to cancer-
specific cell surface biomarkers [14]. For active tumor target-
ing, antibody-conjugated QDs were used to target a prostate-
specific membrane antigen (PSMA). Previous research has
identified PSMA as a cell surface maker for both prostate ep-
ithelial cells and neovascular endothelial cells [37]. Results
obtained from QD-PSMA antibody probes injected into the
tail vein of a tumor-bearing mouse showed that nanoparti-
cles were delivered and retained by the tumor xenograft [14].
Comparison with other surface modifications of the QDs
probe: carboxylic (COOH) group, polyethylene glycol (PEG)
groups, and PEG plus PSMA antibody showed, no tumor sig-
nals were detected with the COOH probe, only weak tumor
signals were observed with the PEG probe (passive targeting)
and intense signals were detected in PEG-PSMA antibody-
conjugated probe [14]. The above results present new oppor-
tunities for ultrasensitive imaging of biomarkers involved in
cancer invasion and metastases, as a result alerting clinician
to early intervention.

Using QDs, precancerous biomarkers have been investi-
gated in cervical cancers [13]. It is widely accepted among
immunohistochemistry studies in the cervix that epidermal
growth factor receptor (EGFR) levels demonstrate a statis-
tically significant increase when a lesion progresses from a
dysplastic to an invasive lesion [38]. SiHa cervical cancer cells
were targeted with QDs conjugated to anti-EGFR antibodies
[13]. This showed specific labelling of EGF receptors. Using
optical imaging technologies, they postulated that QDs can
help visualize changes in the cervical cancer at the molec-
ular level hence the need for early intervention. The ability
to image molecular changes will directly affect patient care
by allowing earlier detection of disease and identification of
specific molecular targets for treatment [39].

5. THERAPEUTIC
5.1. Photodynamic therapy in cancer treatment

Photodynamic therapy (PDT) has been developed as a novel
management technique for a diverse variety of cancers [40].
In conjunction with surgical treatment, PDT has been used
successfully in lung cancer and is increasingly being used on
gastrointestinal malignancies. This modality is already an es-
tablished treatment entity in ophthalmology. During PDT,
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TaBLE 2: Studies using NIR fluorescent QDs (Type II NIR QDs) in SLN mapping, using emission of 840—860 nm wavelength [15-19].

NIR fluorescent

Model i
Lymph tracer ode Tissues/organs Outcome
. GI tract (gastric, Identified SLN in less than 1
Soltesz [15] Pig jejunal, colonic) minute in 100% of pigs
. Identified SLN within 5 minutes in
Soltesz [18] Pig Lungs 100% of pigs
Demonstrated that station 1 lymph
Parungo [19] Rat and pig Pleural space nodes are the SLN of the pleural
space in rats and pigs
. ) Limbs (1yrpphatic Identified SLN in 3—4 minutes
Kim [16] Mouse and pig ﬂov?r to axilla and (percentage not mentioned)
groin)
Parungo [17] Pig Esophagus A single SLN was identified within

5 minutes in 100% of pigs

singlet oxygen is generated in the diseased cells by a sim-
ple and controllable light-activated process. This process in-
volves a photosensitizer that is capable of absorbing light of
an appropriate wavelength and utilizing that energy to excite
oxygen to its singlet state which initiates apoptosis of can-
cer cells [41]. Selectivity is significant in cancer treatment
and has been utilized in PDT. Only cells which are simulta-
neously in contact with the photosensitizer, light and in the
presence of oxygen are subjected to the cytotoxic reactions
[42]. In the work of Samia et al. [43], CdSe QDs were linked
to a silicon phthalocyanine (Pc4) photosensitizer through an
alkyl group, and used as a primary energy donor. Excitation
of CdSe QDs activated emission of Pc4 photosensitizer at
680 nm, which enabled the use of an excitation wavelength
that is not absorbed by the sensitizer. Through the fluores-
cence resonance energy transfer mechanism from QDs to the
silicon Pc4 photosensitizer, oxygen reactive species were gen-
erated for photodynamic cancer therapy. Furthermore, the
semiconductor nanocrystals alone were found to generate
oxygen reactive species without a mediating photosensitizer.
In view of their flexible spectral characteristics, QDs can be
engineered in size and composition to match those of any
PDT photosensitizer and be used as energy donors. Figure 4
shows a summarized mechanism of PDT involving QDs.

5.2. Drug delivery

QDs probes have been shown to accumulate in tumors by en-
hanced permeability and retention at tumor sites or by anti-
body binding to cancer-specific cell surface biomarkers [14].
Enhanced permeability and retention (EPR) effect is the ba-
sis for selective targeting of macromolecular drugs to tumors
and the concept is now utilized for selective delivery of many
macromolecular anticancer agents [44]. Styrene-maleic acid-
doxorubicin micelles utilizing EPR effect have been shown to
enhance the therapeutic effects of doxorubicin while reduc-
ing toxicity [45]. Polyethylene glycol-liposomes encapsulat-
ing doxorubicin were less extensively taken up by the retic-
uloendothelial system and were able to extravasate through
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FIGURE 4: Summarized mechanism of PDT involving QDS [43].

“leaky” tumor vasculature resulting into doxorubicin local-
ization in tumor tissue [46]. EPR can deliver therapeutic
agents to desired targets while reducing systemic toxicity. Re-
search in drug delivery has benefited from the use of nan-
otechnology in dendrimers [47] and liposomes [48]. Com-
bining QDs, specifically their ability to bind molecules that
recognize cancer cells and a drug, might offer a new strategy
for molecular cancer therapy through targeted molecular de-
livery vehicles.
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6. QDs AS A RESEARCH TOOL
6.1. Bio-sensitive

The rate of success of QDs usage in the laboratory has in-
creased immensely. As a biosensitive tool, detection of sin-
gle bacteria pathogenic Escherichia coli 0157:H7 serotype
was made possible with the use of QDs [49]. Under con-
tinuous excitation, QDs retained their high fluorescence in-
tensities for hours while organic dyes bleached in seconds,
allowing more rapid and accurate identification of E. coli
0157:H7 in single-cell fluorescence-based assays. QDs al-
lowed lower limits of detection, which increased sensitiv-
ity, and has important implications in the development of
any fluorescent immunoassay for bacteria pathogens. QDs-
labeled chromatophores have been used as virus detectors to
detect H9 avian influenza virus based on antibody-antigen
reaction [50]. Selective determination of free cyanide in wa-
ter with high sensitivity (detection limit of 1.1 x 10~® M) has
been demonstrated via analyte-induced changes in QDs pho-
toluminescence after photoactivation [51].

6.2. Bioimaging

QDs have been used to stain Hydra vulgaris (a fresh water in-
vertebrate) and study its behavior [23], to image in in vivo
tumor vasculature in mice [39], and to study vasculogen-
esis in Zebrafish [52]. Bovine serum albumin-coated QDs
have been used as a fluorescent, angiographic contrast agent
in the NIR range [39]. Observation of vessels surrounding
and penetrating a murine squamous cell carcinoma in a C3H
mouse was made possible. Distinction between the superfi-
cial vessels associated with the tumor and deep vessels could
be made with the deep vessels visible in fluorescence images.
Colabelling of Zebra fish embryo’s blood vessels with QDs
enabled documentation of the embryonic pattern of vascu-
logenesis as the QDs marked the newly formed vessels [52].
As a result, detailed knowledge about the progression of vas-
cular systems development has been obtained.

6.3. Biolabelling

Different groups have successfully demonstrated that QDs
can be tagged and incorporated into cells and drugs without
affecting their activation and function [20, 27, 53-55]. Up
to 108 QDs could be injected in Zebra fish embryos without
malformations or developmental problems during embryo-
genesis [52]. QDs were used to follow labeled cells during
their developmental stages to reveal cellular behavior. Semi-
conductor nanocrystals have been used for in vivo tracking of
cancer cells during metastases. Tumor cells labeled with QDs
were used in fluorescence microscopy to study extravasation,
a part of metastasis formation at high resolution in living an-
imals [20]. QDs-labeled cells survived the selective pressure
of the circulation and managed to extravasate into tissues just
as effectively as unlabeled cells. The use of QDs provided the
opportunity to simultaneously identify and study the inter-
actions of multiple different populations of tumor cells and
tissue cells in a natural tissue environment.

7. COMPARISON TO OTHER
FLUORESCENT COMPOUNDS

Fluorescent QDs that overcome many of the limitations of
organic fluorophores are a promising alternative. Organic
fluorophores’s excitation and emission wavelengths are de-
pendent on a chemical structure whose tuning to a pre-
cise wavelength requires complicated chemistry. The quan-
tum yield of conventional organic fluorophores is usually less
than 15% in aqueous environments [21]. QDs have a large
absorption cross-section, good quantum yield, and a large
saturation intensity that makes them much brighter than flu-
orescence dyes or fluorescent proteins [56]. QDs have broad-
band absorbance to the blue of emission which has been ex-
ploited for in vivo applications. Studies have demonstrated
that tissue scatter and absorbance may sometimes offset in-
creasing QDs absorption at blue light wavelength and coun-
teract this advantage [57]. However, QDs that emit in the
NIR region of the electromagnetic spectrum have been de-
veloped for live tissue imaging. Within the NIR of the spec-
trum there is low tissue scattering and absorption, yielding
great tissue penetration depth and optical signal [11].

In the work of Gao et al. [14], sensitivity detection and
spectral features of QDs and green fluorescent protein (GFP)
were compared by linking translocation peptide HIV Tat to
QDs and delivering them into living cancer cells. QDs-tagged
cells and the GFP-transfected cells were similarly bright in
cell cultures, however only the QDs signal was observed in
vivo. GFP signals were not discerned at the injection site.
Even if results did not provide an absolute intensity compar-
ison between GFP and QD, they provided a qualitative spec-
tral comparison demonstrating that the emission spectra of
QDs could be shifted away from the autofluorescence, allow-
ing spectroscopic detection at low signal intensities [14]. The
large Stroke’s shift which is the difference between the peak
absorption and the peak emission wavelengths enables flu-
orescent signals from QDs to be easily separated from scat-
tered excited light [13].

QDs are more highly photostable than organic fluo-
rophores. Organic dyes are often photobleached and fade by
>90% in less than one minute, whereas QDs are stable for
more than 30 minutes under identical experimental condi-
tions [58]. In vivo fluorescence quenching of QDs-micelles
and rhodamine green-dextran was compared after 80 min-
utes of constant illumination at 450 nm under the micro-
scope. The QDs fluorescence intensity remained the same,
whereas the dextran had photobleached [7]. While detecting
tumor marker CA125 in ovarian carcinoma, Wang et al. [59]
compared the photostability of QDs signals and a conven-
tional organic dye fluorescein isothiocyanate (FITC). QDs
signals were found to be more specific and brighter than
those of FITC, with exceptional photostability during con-
tinuous illumination for 1 hour, whereas FITC signals faded
very quickly and became undetectable after 24 minutes of
illumination. Arguably, the extreme photostability of QDs
may have little significance in the context of clinical potential
as fluence rates that photobleach organic fluorophores have
no place in the clinical settings. The susceptibility of con-
ventional fluorophores to photobleacing limits the fluence
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rate that can be applied to a sample and as a result it af-
fects the sensitivity of detection [21]. In order to minimize
the potential for toxicity, Kim et al. [16] increased the flu-
ence rate, and proportionally decreased the dose of injected
QDs. Their photobleaching data suggested that at least a 100-
fold lower dose could be used. Although QDs are photo-
stable and they can achieve high-quantum yields in organic
solvents, they underperform organic fluorophores as a func-
tion of molecular volume. That is, given their size, QDs are
much poorer photoluminescence agents than organic fluo-
rophores. In depth, discussions of various properties of QDs
in relation to conventional fluorophores have been published
[14, 21, 56, 60)].

8. RECENT DEVELOPMENTS

In the burgeoning field of nanotechnology QDs synthesis,
biofunctinalization and bioconjugation techniques are ad-
vancing rapidly. Conventionally inorganic cores have been
capped with inorganic shells, ZnS; while other techniques
of capping the core with cadmium sulphide (CdS), Sil-
icon, CdTe or CdSe to form CdTe/CdSe (core/shell), or
CdSe/ZnTe (core/shell) [32, 36, 61] are emerging. CdTe/CdSe
(core/shell) or CdSe/ZnTe (core/shell) is expected to have
many novel properties that are fundamentally different from
CdSe/ZnS (core/shell) or CdTe/ZnS (core/shell) because of
their valence and conduction band differences [32]. These
properties are being exploited in in vivo applications. Water-
based synthesis of highly luminescent QDs is a promising
alternative to QDs prepared in organic solvents [62—65] in
cellular imaging and biolabelling. It offers the advantage of
engineering water soluble, stable QDs with smaller hydrody-
namic diameters that are easily conjugated to biomolecules.
Synthesis of group III-V semiconductor QDs (i.e., InP) as
a luminescence probe for imaging in live cells has been re-
ported [5]. Group III-V QDs are potentially less toxic as op-
posed to II-VI QDs theoretically making them better probes
for bioapplications. Drawbacks to utilizing III-V QDs as flu-
orescent probes are their low quantum yield and laborious
synthesis. Future work to harness their full potential will
include increasing the quantum yield and minimizing the
aqueous size of the quantum dot.

The aqueous size of the QDs should be appropriately
matched to the in vivo study of interest [16]. Types 11 QDs
with aqueous sizes of 15.8—-18.8 nm have been used for SLN
mapping [15-19]. Recent work of Zimmer et al. [66] demon-
strates the synthesis of a size series of (InAs)ZnSe (core) shell
QDs that emit in the NIR and exhibit aqueous size of less
than 10 nm. These QDs circulated in the blood before they
were able to migrate out of the blood vessels and into the
interstitial fluid. It is a significant achievement in the devel-
opment of QD; hence after intravenous injection, they can
possibly penetrate most normal organs or micrometastases.

Bimodal nanoparticles consisting of QDs that are en-
capsulated in a paramagnetic micelle to enable both optical
imaging and magnetic resonance imaging (MRI) are being
developed [30, 31]. This has potential to detect pathologi-
cal processes in in vivo models and tumor angiogenesis with
both intravital fluorescence microscopy and MRI [30, 31].

Various strategies of biofunctionalization and bioconjuga-
tion have been developed to generate water-soluble QDs as
previously discussed however some have encountered prob-
lems. QDs solubilization with mercaptoacetic acid [5, 28]
have been reported to cause a drop in fluorescence quan-
tum yields after solubilization and desorption of mercap-
toacetic acid has led to aggregation and precipitation of sol-
ubilized QDs [28]. Bovine serum albumin has been used to
improve the fluorescent intensity of the QDs solubilized in
mercaptoacetic acid [28]. Techniques of biofunctionalization
and bioconjugation have to (i) be reproducible, (ii) maintain
the size of the QDs complex to a minimum, (iii) maintain
the photoluminescence properties of the QDs, (iv) provide
chemical stability of the QDs complex, and (v) be reliable
methods for conjugation to biomolecules.

9. DISCUSSION

The future of QDs is promising however there are funda-
mental questions that still need to be answered. Questions
have arisen about their toxicity, long-term in vivo stability
and metabolic elimination from the body. Prevention of core
atoms, Cd atoms, from being accessible to or potentially re-
leased in the surrounding environment has been passivated
by shelling the core in extra layers of material. Questions re-
garding biochemical mechanisms of cytotoxicity are slowly
beginning to be answered, mechanisms suggested involve
production of reactive oxygen species such as free hydroxyl
radicals and singlet oxygen [43, 67, 68]. Treatment with N-
acetylcysteine (NAC), an antioxidant, has shown to prevent
“naked” QD-induced organelle and cell damage which is me-
diated by reactive oxygen species (ROS) [68]. In the work of
Lovri¢ et al. [68], NAC improved cell survival by reducing
concentration of ROS in cell culture medium. NAC further
induced the synthesis of glutathione, an effective cellular an-
tioxidant, and possibly improved QDs surface passivation,
leading to less damage to the mitochondrial redox system.
Understanding the mechanisms of QDs cytotoxicity is sig-
nificant in order to make use of their potential.

Studies of bovine serum albumin-QDs conjugates have
shown bovine serum albumin to provide protection against
QDs-induced cytotoxicity [69]. Albumin reduced or elimi-
nated toxicity through possession of peptides responsible for
the extracellular antioxidant defense system. However, work
on mercarpto-undecanoic acid QDs (MUA-QDs) in sheep
serum albumin (SSA); showed that MUA-QDs caused cell
damage even at low concentrations [70]. Cytotoxicity caused
by mercapto-undecanoic acid QDs in sheep serum albumin
was attributed to the nonchemical bonds between the SSA
and the MUA-QDs. There could be a possibility that MUA
QDs capping alone without the QDs caused cell damage as
effects of MUA alone on vero, hela cells and primary hu-
man hepatocytes were not assessed. There is a need to evalu-
ate the strength of bonds between the QDs and their surface
coatings. Possible enzymatic, physical and chemical degrada-
tion of the semiconductor cores upon injection in live an-
imals could occur. Under what shear stress in vivo circu-
latory pressures are the surface coatings likely to hold? Ar-
guably, QDs do not have to be in the circulatory system for
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clinical application, however, they may gain access to circu-
lation through blood and lymphatic channels therefore their
degradation needs to be assessed.

Polydentate phosphine-coated NIR QDs were found to
be stable in 100% serum after incubation for twice the
amount of time needed for a typical SLN mapping procedure
[16]. There was minimal disruption in the optical properties
of the NIR QDs, which is promising for biological applica-
tions. Biocompatible polymer such as silicon are safer mate-
rials to use for encapsulation and are highly unlikely to de-
grade [14, 70].

QDs surfaces can control serum lifetime and pattern of
deposition [10] which has been exploited in many in vivo
applications. Deposition in the reticuloendothelial system is
significant for detecting SLNs. Polymer encapsulation with
surface PEG groups reduced the rate of organ uptake and
improved circulation half-life of QDs, leading to accumula-
tion of the nanoparticles in the tumor [10]. The size of the
nanoparticles plays a vital role in avoiding filtration by the
reticuloendothelial system. In a similar strategy exploited in
drug delivery systems, drug-carrying liposomes are believed
to have an increased lifespan partly due to their ability to ex-
travasate through the splenic and liver fenestrae [71].

Different reports have been published highlighting the
inertness of QDs in vivo studies where physiological func-
tion has not been affected, however lots of gaps exist re-
garding biodegradation and excretion. Encapsulation of QDs
prepared in organic solvents is one of the most widely used
methods of abrogating QDs toxicity, however new ways of
QDs synthesis and negating QDs toxicity need to be devised.
Adding extra coating onto the QDs core improves blood
halflife which in essence increases the dissolution. Additional
QDs surfaces will not enhance the translation of QDs to the
clinical setting as they do not eliminate the toxic cores. Sur-
face coatings and surface modification prior to in vivo ap-
plication may have a big role to play on QDs degradation
or elimination. However, the current state and design of the
QDs precludes the elimination of QDs from the body. The
ability to functionalize QDs with many different chemical
groups increases its aqueous size. This presents an enormous
predicament since the core, shell, organic coatings, and func-
tional groups will be larger than the pore size of the endothe-
lium and the renal threshold. To the best of our knowledge
there are no in vivo studies on the metabolism and excretion
of QD.

The engineering of QDs for biological applications is at
its infancy. Progress is being made in designing sizable and
biocompatible QDs. As optimism in exploiting QDs clinical
potential is high, there is need to assess their cytotoxicity, in
vivo distribution, and excretion. A much more work needs
to be done to combat QDs inherent toxicity before they are
applied in the clinical settings.

In summary, the development of QDs for clinical usage
will have to circumvent a few more hurdles to gain recogni-
tion as a novel fluorescent probe for SLN, early cancer de-
tection, rapid spread, and therapeutic intervention. The idea
of engineering QDs for clinical purposes is not far fetched.
The ideal QDs for clinical application would possess non-
toxic elements, being chemically stable and with tunable size

to perfectly negate through the endothelial pores, and would
need to be completely eliminated from the body. With im-
provements in nanotechnology, nanotoxicology, and chem-
istry, some of the above goals could be achieved; however, it
will be difficult to replace the toxic core of the QDs without
losing the optical properties, or our efforts have to be redirect
to less-toxic elements.
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Semiconductor nanocrystals (NCs) are increasingly being used as photoluminescen markers in biological imaging. Their bright-
ness, large Stokes shift, and high photostability compared to organic fluorophores permit the exploration of biological phenomena
at the single-molecule scale with superior temporal resolution and spatial precision. NCs have predominantly been used as extra-
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somal/lysosomal compartments. For long-period observation the potential cytotoxicity of cytoplasmically loaded NCs must be
evaluated. This review focuses on the challenges of intracellular uses of NCs.
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1. INTRODUCTION In this review, we focus on the intracellular applications
of semiconductor nanocrystals in biological imaging. We
first discuss their unique optical properties, we then intro-
duce some considerations on their surface chemistry and we
explore in the following sections the different possible strate-
gies to deliver NC inside the cell and to specifically target
them to a protein of interest. Finally, we report on recent ap-

plications of NCs in whole animal imaging in vivo and ad-

Semiconductor nanocrystals (NCs) “quantum dots” are in-
creasingly being used in a wide range of biomedical applica-
tions, from cell biology to medical diagnostics. They have a
core diameter of 2-10 nm and significantly larger hydrody-
namic diameter, making them suitable as large yet relatively
biocompatible markers, and have remarkable photophysi-

cal properties related to quantum confinement effects [1].
Their superior brightness, higher photostability, and nar-
rower spectral emission compared to conventional organic
fluorophores have progressively lead biophysicists to adopt
them as a new tool for single-molecule imaging, in vitro
and in vivo. NCs have become an alternative for organic
fluorophores and complementary tool of fluorescent pro-
teins in single-molecule fluorescence and whole-cell labelling
assays.

dress the risk of potential cytotoxicity.

2. CHEMICAL AND OPTICAL PROPERTIES

NCs are inorganic particles of 200 to 1000 atoms. NC cores
are commonly synthesized from group II-VI (e.g., CdSe,
CdS, ZnSe, and CdTe) and III-V (e.g., InAs, InP, and PbS)
semiconductor materials. For any energy exceeding the band
gap, which depends on the core diameter, absorption of
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a photon generates an electron-hole pair, which on recom-
bination results in the emission of a less-energetic photon.
Due to their broad absorption spectra, NCs can efficiently be
excited with a multitude of laser lines. Variations in the par-
ticle composition and size result in different band-gap ener-
gies and hence NCs different photoluminescent (PL) emis-
sion, ranging from the near UV to the IR (400-1350 nm)
[2]. NCs have narrow and symmetric photoluminescence
(PL) emission peaks with typical full widths at half maxi-
mum (FWHM) of 25-35nm [3] that facilitate multicolour
imaging by allowing efficient single-colour excitation whilst
minimizing emission cross-talk [4], see [5] for a critical dis-
cussion. Unlike with organic dyes, the PL emission arises
from the radiative recombination of an exciton. For NCs, re-
laxation to the ground state takes ~10 nanoseconds, about
one order of magnitude longer than singlet-singlet electronic
transitions in organic fluorophores. The slow PL decay makes
NCs attractive sources for time-gated imaging, which can be
used to reduce the relative contribution of cellular autofluo-
rescence to the total collected signal [6]. Figure 1 graphs the
evolution of the collected fraction of long-lived NC emission,
relative to that of the short-lived autofluorescence for differ-
ent time gates Ar at a fixed lifetime ratio of 1:10. Larger gates
are required to attain the same suppression of background
for increasing levels of autofluorescence. For intensity-based
detection NCs benefit from their large brightness (¢¢) which
results from a 10-to-100 time larger molar extinction coeffi-
cients (e~10°-10° M~!cm') than organic dyes [7, 8] at com-
parable quantum yield ¢. Finally, due to their significantly
higher photostability than organic fluorophores, NCs are at-
tractive for long-period observation (LPO). The resistance to
photobleaching results from the deposition of an additional
semiconductor shell (e.g., ZnS or CdSe) having a larger band
gap than the core. The result is the confinement of the ex-
citons to the core. However, NCs are not completely inert
to prolonged illumination. The photophysical properties fa-
cilitate LPO at the single-NC level, a particularly interesting
property in single-particle tracking (SPT) applications [9],
tracing cell lineage [10], and live animal imaging [11], that
all combine the demand for imaging small numbers of fluo-
rophores over extended observation periods.

Beyond their established function as molecular markers,
NCs are increasingly being used for FRET-based biosensing
(see [12] for review). NCs are both a scaffold and central
donor for exciting multiple organic acceptor fluorophores in
these inorganic/organic hybrid FRET sensors [13-16]. Also,
NCs are attractive FRET donors because, through selecting
the appropriate size, they can be dialed into almost arbitrary
acceptors. The large overlap integrals between donor emis-
sion and acceptor absorbance allow for larger FRET efficien-
cies or transfer over larger donor/acceptor distances. Due to
the broad absorption bands and narrow-band emission, one
can chose excitation wavelengths minimizing direct acceptor
excitation and minimal bleed-through of donor fluorescence
into the FRET detection channel.

At the single-NC level, the radiative recombination of the
exciton can temporarily be prevented despite ongoing excita-
tion, resulting in intermittent PL emission, known as “blink-
ing” [17]. Blinking results from the stabilization of the exci-

ton at the NC surface and is associated with surface defects.
Dark states reduce the duty cycle, complicate the interpreta-
tion of intensity-based measurements, and prompt the elab-
oration of specific algorithms for quantitative SPT [18].

However, blinking can be turned to an advantage in as
much as it allows the identification of single NCs and the de-
tection of single-pair FRET (spFRET, Figure 2(a)), as shown
on panel (b) between a QD565STV NC donor and an Alex-
aBiotin organic fluorophore acceptor (Yakovlev, Luccardini,
and others’ personal observations). Blinking of neighboring
NCs can also be used for ultrahigh resolution studies beyond
the classical resolution limit [19] and allows the emission of
single particle to be isolated from the crowd. NC detection
is not restricted on detecting PL. Their electron density and
crystal structure provide sufficient contrast in transmission
electron microscopy (EM) [9, 20]. Their use in EM is an ad-
ditional advantage over labelling samples with conventional
dyes that need to be photoconverted or require the addition
of electron-dense material to generate contrast on EM im-
ages. However, the contrast obtained with NCs is lower than
when using Au nanoparticles for immunolabelling.

3. NANOCRYSTAL SURFACE CHEMISTRY

Successful cell biological applications of semiconductor NCs
had to await the development of reliable protocols for syn-
thesizing water-soluble and colloidally stable nanoparticles.
To be of use in cellular imaging, NCs need to be first ren-
dered water-soluble and nonaggregating and then function-
alized to be specifically targeted to a molecule of interest.
They should also be stable and ideally have a long shelf life
as well as to allow for experiment series under reproducible
conditions. The time needed to develop potent solubilization
and functionalization strategies justifies the time elapsed af-
ter the first proposition of NCs as biological probes [3, 22]
and their wider use by the biological community which is
only beginning. NCs are synthesised in organic solvents and
are subsequently coated with a hydrophobic shell of surfac-
tant trioctyl phospine oxide (TOPO) to maintain the parti-
cles monodispersed in organic solvents. Their water solubil-
ity is obtained by capping the NC surface with an additional
hydrophilic coating layer. Among the many solubilization
strategies that have been designed the most efficient, in terms
of colloidal stability and biocompatibility, is at present the
amphiphilic polymer coating [23-25]. Particle aggregation
can further be reduced through the addition of a polyethy-
lene glycol (PEG) layer, which also minimizes nonspecific in-
teractions [20, 26, 27]. Taken together, the improvements in
understanding NC surface chemistry and hence controlling
their colloidal properties have prompted an ever increasing
number of studies using colloidal semiconductor NCs as PL
markers in cell biological applications (see, e.g., [28, 29] for
review).

The easier accessibility of extracellular epitopes of cellular
membrane antigens readily motivates the increasing number
of studies using NCs instead of organic-fluorophore conju-
gated antibodies as extracellular markers in immunofluores-
cence [9, 30, 31]. Different linkers have been used for func-
tionalizing NCs, including streptavidin [32-34], receptor
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FiGure 1: Time-gated acquisition of nanocrystal photoluminescence suppresses short-lived autofluorescence, [6]. (a) Schematic representa-
tion of the relative timing of the laser pulse (instantaneous, blue), along with the normalized decays of autofluorescence (AF, purple, 7 = 1
nanosecond), NC photoluminescence (NC, green, 7 = 10 nanoseconds), and their sum (red), respectively. (b) Background rejection versus
gate time. SNR is the ratio of the integrated signal of the NC divided by the integrated signal of the AF. The numbers/colors represent 5
different ratios Inc/Iae. To obtain the same SNR at a higher level of AF, a larger time gate is required. The shift in time is relative to the
center of a sigmoidal function 1/(1 + exp (—T/t)) that describes detector gating. We assumed a detector on response (10-90%), T = 4.4
nanoseconds. Thus, at At = 0 detection efficiency is 50%.

o 4l e
- o s ® 5w

Time (s)

—— Quantum dots channel
—— FRET channel

(a) (b)

F1GURE 2: Use of blinking to detect single-particle fluorescence resonance energy transfer (spFRET). (a) Schematic representation of the
donor/acceptor geometry consisting of a central QD565-ITK/STV donor (green) and biotinylated Alexa594 acceptor (red). NCs were im-
mobilized on glass slides using a biotin-antibody linker. (b) Time-resolved traces of PL intensity simultaneously observed in the donor
(D565/20 nm) and FRET channel (D655/40 nm) upon donor 440-nm excitation. The green-emitting NC donor transfers its energy to mul-
tiple orange-red fluorescing acceptors. Donor bleed through and acceptor direct excitation are negligible, and contribute less than 0.5% each
to the total signal, respectively. Note the concomitant blinking in both channels, indicating no energy transfer when the quantum dot donor
is in an OFF state, a hallmark of spFRET [21]. cps = counts per second.

ligands [35, 36], peptides [37], as well as secondary [38] or
primary antibodies [39]. The popularity of NCs for study-
ing molecular migration comes, at least in part, from the fact
that NCs often offer a viable compromise between the de-
sired stability and the tolerable degree of invasiveness. On
the one hand, they are clearly more stable than small organic
fluorophores that in turn exert less influence on the bound
ligand. On the other hand, over tags offering a comparable
long-term stability, such as the much bigger (and hence in-
vasive) fluorescent nanobeads or light-scattering gold par-
ticles [40], through their smaller size, so that NCs are less

prone to reduce ligand mobility and access to the binding
site.

Despite their obvious advantage for extracellular la-
belling, four main difficulties are encountered when using
NCs for intracellular labelling of cytoplasmic constituents
in live cells. First, to deliver NCs into the cell, the plasma
membrane has to be made transiently permeable for these
nanoscale (but in a cellular context yet relatively large) ob-
jects, while maintaining the cell intact and viable [41]. Sec-
ond, as NCs are also unspecifically taken up, probably by
a process similar to pinocytosis, any specific uptake has to
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dominate over these nonspecific uptake mechanisms to en-
sure a specific labelling. Pinocytosis occurs in all types of
cells, leading to pinosomes which can be bigger than 1um
(macropinocytosis). Because their size, macropinosomes
provide an efficient route for nonselective endocytosis of so-
lute macromolecules, and hence NCs in solution. Third, once
the NCs have penetrated the cell, they must stay monodis-
persed and reach their molecular target through diffusion or
transport. However, nanometric hard particles are frequently
recognized as exogenous objects and are engulfed in endo-
/lysosomal compartments. Finally, even in the case of a suc-
cessful cytoplasmic loading, the main obstacle remains the
difficulty in addressing NCs to their specific target sites and
in removing the unbound NC fraction from the cytoplasm.

4. CROSSING THE PLASMA MEMBRANE

Whole-cell labelling has been demonstrated with biocompat-
ible, but nonfunctionalized (bare) NCs. The addition of NCs
to the extracellular medium leads to their spontaneous up-
take [28, 42]. Not only specialized macrophages and fibrob-
lasts but also many cells internalize both extracellular parti-
cles and fluid via phagocytosis and pinocytosis, respectively.
Virtually all cells are able to take up NCs via endocytic mech-
anisms. This uptake leads to endodomes that are much big-
ger than the NCs itself (macropynosomes >1 ym, clathrin
coated pits ~120 nm, caveolae ~60 nm, and clathrin- and
caveolin-independent endocytosi ~90 nm [43]). However,
these tracks often lead to aggregations of NCs crowded in
intracellular compartments (recognized by the absence of
blinking). Thus, additional and more specific loading tech-
niques are required for specific NC loading.

Microinjection is a simple tool for loading monodis-
persed NCs into the cytoplasm [10, 36]. Dubertret and
coworkers injected NCs into Xenopus laevis oocytes and
traced the cell lineage throughout embryonic development.
Single-cell electroporation [44] potentially is another tech-
nique for loading charged NCs into individual cells, but its
efficiency critically depends on the size and charge of NCs
(Luccardini and Yakovlev unpublished observations). How-
ever, similar to patch clamping or microinjection, it is time-
consuming techniques; and more efficient techniques are de-
sirable when the loading of larger cell populations is re-
quired.

Bulk electroporation of cell suspensions allows the paral-
lel delivery of NCs into thousands of cells, but has been re-
ported to go along with NC aggregation [36, 45]. This tech-
nique probably traps NCs on the plasma membrane where
they are endocytoted during the time that is required for the
cells to settle on the cover glass before imaging (Luccardini
and Yakovlev, personal observations). Thus, the osmotic ly-
sis of pinosomes (Figure 3, upper panel) provides a simple
and convenient method to efficiently load monodispersed
NCs into many cells simultaneously, under identical condi-
tions. During loading, the cell morphology did not change
and plasma membrane integrity and cell viability were not
affected through the osmotic shock and inclusion of NCs
(Figure 3, lower panel). This technique enabled, for exam-
ple, the loading of NCs to track single kinesin motors in

live cells [46]. Chemical methods to deliver NCs to the cy-
toplasm include the use of cationic polymers [36, 45, 47]
and cationic lipids [10, 48]. After liposome formation, NCs
penetrate the plasma membrane, but accumulation in en-
dosomal compartments is frequently observed [36, 39, 49].
Also, liposome-loaded NCs have been found in late endo-
somes/lysosomes [50], and in keeping with this observation,
tend to concentrate in regions close to the nucleus [10].
Overcoming NC sequestration, encapsulation of NCs in a
PEG-grafted polyethylenimine coat has been reported to per-
mit their escape from endosomal compartments [51]. An-
other possibility for NCs delivery into the cytosol is their
conjugation to specific peptide sequences [52, 53], similar to
what has been used for the delivery of magnetic nanoparti-
cles [54]. Although this is a particularly interesting and ac-
tive area of research, and NC translocation to the cytoplasm
[55, 56] and specific labelling of intracellular organelles such
as mitochondria [36, 57] or the nucleus [36, 45] have been
published, the true impact of these studies can only be eval-
uated with a careful study of the three-dimensional (3-D)
intracellular localization of the NCs, for example, combin-
ing specific immunostaining and quantitative 3D imaging
[35, 58], and careful colocalization analysis [5]. Finally, the
conjugation of NCs to membrane-permeable toxins like bo-
tulinum toxin should represent an attractive strategy to de-
liver NC into the cytoplasm, although further work needs to
confirm these initial observations.

In summary, while many different strategies of NC load-
ing have been explored and some of them to produce a
monodispersed cytoplasmic labelling at least in the cell types
studied, the absence of rigorous criteria for successful cyto-
plasmic loading and the lack of appropriate controls along
with the often uncritical and overoptimistic interpretation of
intracellular fluorescent puncta make it hard to be directly
extrapolated from the published literature on the own ex-
periment. In principle, if NCs are localized in the cytoplasm
rather than sequestered in some intracellular compartment,
they should be evenly distributed in and randomly diffused
throughout the accessible volume; in contrast, many images
rather show localized distributions and heterogeneous clus-
ters of different sizes and brightnesses. A definite proof needs
SPT and the analysis of single molecule fluorescence. Blink-
ing and consistent diffusion coefficients will clarify if parti-
cles are monodispersed and trapped or they can diffuse freely.
As yet, it seems safe to say that the uptake and internalization
of nanoscale particles into cells has not been completely un-
derstood and probably varies both from cell type to cell type.
Also, it depends on the surface chemistry of the nanoparti-
cles. Additionally, purification steps could play a crucial role;
for example, in determining the concentration of excess lig-
ands in solution.

5. REACHING SPECIFIC INTRACELLULAR TARGETS

Site-specific labelling of intracellular proteins is far more
difficult than extracellular target recognition, since the
cytoplasm constitutes a crowded molecular environment,
containing a plethora of proteins, nucleic acids, and
other molecules. So as to achieve spec