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ABSTRACT In this paper, we report the successful use of non-cadmium-based quantum dots (QDs) as highly
efficient and nontoxic optical probes for imaging live pancreatic cancer cells. Indium phosphide (core) —zinc sulfide
(shell), or InP/ZnS, QDs with high quality and bright luminescence were prepared by a hot colloidal synthesis
method in nonaqueous media. The surfaces of these QDs were then functionalized with mercaptosuccinic acid to
make them highly dispersible in aqueous media. Further bioconjugation with pancreatic cancer specific
monoclonal antibodies, such as anticlaudin 4 and antiprostate stem cell antigen (anti-PSCA), to the functionalized
InP/ZnS QDs, allowed specific in vitro targeting of pancreatic cancer cell lines (both immortalized and low passage
ones). The receptor-mediated delivery of the bioconjugates was further confirmed by the observation of poor in
vitro targeting in nonpancreatic cancer based cell lines which are negative for the claudin-4-receptor. These
observations suggest the immense potential of InP/ZnS QDs as non-cadmium-based safe and efficient optical
imaging nanoprobes in diagnostic imaging, particularly for early detection of cancer.

KEYWORDS: quantum dots - bioconjugates - bioimaging - pancreatic
cancer - targeted delivery

emiconductor nanocrystals, or so-

called quantum dots (QDs), possess

unique optical properties that make
them potential candidates as luminescent
nanoprobes for biological applications,
ranging from immunoassays to live cell
and tissue imaging.' ~'® Such nanomateri-
als have significant advantages over tradi-
tional fluorescent probes such as organic
dyes and fluorescent proteins.'* "7 For ex-
ample, they have robust photochemical sta-
bility, high quantum yield, and excellent re-
sistance to chemical and photochemical
degradation, as well as size-tunable photo-
luminescence that ranges from visible to
near-IR with sharp spectral bands.®'%?
Also, QDs with different emission colors
can be simultaneously excited with a single
light source, with minimal spectral overlap,
providing significant advantages for multi-
plexed detection of molecular targets.?® %2
More importantly, QDs can be tuned to emit
in a range of wavelengths by systemati-
cally changing the nanoparticle size, shape,
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and composition, whereas new architec-
ture of organic dyes must be designed to
shift their emission toward desirable opti-
cally detectable wavelengths.®?" Thus,
these QDs have recently attracted much at-
tention as new generation probes for opti-
cal bioimaging.523~28

One major drawback which severely lim-
its the potential for clinical translation of
QDs is the toxicity concern of common use
of lI=VI semiconductor (such as CdSe and
CdTe) QDs in biomedical applications.
These semiconductor nanoparticles are eas-
ily disintegrated in biological systems if
their surfaces are not carefully modified
with shell coatings, biocompatible poly-
mers, and biomolecules. Therefore, in re-
cent years, the emphasis has shifted toward
the fabrication of non-cadmium-based QDs
for applications in biology. In this direction,
QDs made up of IlI-V semiconductors
(such as InP) are extremely promising as
they are not only cadmium free but also
more robust structurally owing to the pres-
ence of covalent bonds in their matrix.?® 3’
This structural robustness confers enhanced
optical stability and, most importantly, re-
duced toxicity as a result of non-erosion of
constituent ions in biological systems.>? For
example, it was reported that Syrian golden
hamsters survived throughout a two-year
observation period, where they were given
3 mg/kg InP particles intratracheally for 8
weeks.** Our group has demonstrated the
use of folic acid—InP QD bioconjugates for
confocal and two-photon imaging of KB
cancer cells.?*3* Also, our group has re-
cently shown that the optical properties of
the core—shell structures were strongly de-
pendent on the nature of the shell around
InP. By simply coating the InP core with a
ZnS, ZnSe, and CdSe shell, the emission
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wavelength can be systematically tuned from ~525 to
~590 and from ~590 to ~680 nm, respectively.' These
features have made InP QDs a very attractive candi-
date for replacing cadmium-based QDs for biological
studies. However, to date, there are very little studies re-
porting the use of InP QDs in bioimaging applications,
as they are difficult to prepare because of the sensitiv-
ity of precursors and surfactants toward the reaction en-
vironment in obtaining good quality InP QDs.?° We
have successfully overcome these challenges by using
a simple one-pot synthesis approach in fabricating
high-quality InP/ZnS QDs.*®

Pancreatic cancer ranks as the fourth leading cause
of cancer related deaths in the United States. The mean
survival rate is estimated to be 6 months, and less than
5% of all patients diagnosed with pancreatic cancer sur-
vive beyond 5 years.>®*” This dismal scenario is prima-
rily due to the fact that most patients are diagnosed
when the cancer has reached an advanced stage, which
is the result of a lack of specific symptoms and limita-
tions in diagnostics that allows the disease to elude de-
tection during its formative stages.>® Thus, it is critical
that novel targeted bioimaging probes be developed
which would specifically diagnose pancreatic cancer in
vivo at their earliest stage, without exerting any sys-
temic toxicity. Nontoxic InP-based QDs with high lumi-
nescence and ease of linkage with cancer-specific tar-
geting ligands are therefore ideal candidates for this
purpose.?”°

We here present the use of InP/ZnS QDs as tar-
geted optical probes for labeling human pancreatic
cancer cells, both immortalized and low passage ones.
Antibodies such as anticlaudin 4 and anti-PSCA, whose
corresponding antigen receptors are known to be over-
expressed in both primary and metastatic pancreatic
cancer, were utilized for the synthesis of QD
bioconjugates.*®*? The mercaptosuccinic acid func-
tionalized InP/ZnS QDs were conjugated with antibod-
ies using carbodiimide chemistry. To our knowledge, no
study has been reported on the use of antibody—InP/
ZnS QD bioconjugates as targeted optical probes for
live pancreatic cancer cell imag-
ing. With confocal microscopy
and localized spectroscopy, we
demonstrate receptor-mediated
uptake of QD—antibody biocon-
jugates into pancreatic cancer
cells. Also, we have found that
the InP/ZnS QDs have very low
cytotoxic effect on the cells,
thereby justifying our strategy
of using them for targeted
bioimaging.

RESULTS AND DISCUSSION
Scheme 1 illustrates the sur-
face functionalization and bio-
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Scheme 1. Schematic illustration showing the formation of the

water-dispersible InP/ZnS QD bioconjugates.

conjugation of QDs for cellular targeting and imaging.
The first step involves the ligand exchange process of
myristic acid capped QDs with mercaptosuccinic acid in
the organic phase. The mercaptosuccinic acid coated
QDs with carboxyl groups being terminated on their
surface are readily dispersible in water. Next, the mer-
captosuccinic acid coated QDs are conjugated with tar-
geting biomolecules by using the carbodiimide
chemistry.

The InP/ZnS QDs were systematically characterized
by transmission electron microscopy (TEM) and pow-
der X-ray diffraction (XRD). Panels a and b of Figure 1
show the TEM images of InP/ZnS QDs with a diameter
of 15—20 nm at low and high resolution, respectively.
The powder XRD pattern from the InP/ZnS QDs is
shown in Figure 2. All of the diffraction peaks from the
four samples can be readily indexed to the zinc blende
InP. The three strong peaks with 26 values of 26.05,
30.15, and 43.15° correspond to the (111), (220), and
(311) planes, respectively.

Figure 3a shows the absorption and photolumines-
cence (PL) spectra of InP/ZnS in chloroform. The QDs
demonstrate an absorption feature at ~645 nm and a
band edge emission at ~650 nm. The PL quantum yield

Figure 1. (a,b) TEM image of water-dispersible InP/ZnS QDs at different magnification.
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Figure 2. XRD profile of InP/ZnS QDs.

(QY) of the InP/ZnS QDs is estimated to be 25—30%.
The QY was measured by comparing the emission of
the QD with that of a fluorophore with known QY
(rhodamine 6G), at normalized absorption. The QY
value, although not as high as that for the cadmium-
based quantum dots, is still sufficient for live cell imag-
ing studies. The solution containing mercaptosuccinic
acid coated InP/ZnS QDs did not show any significant
decrease in the photoluminescence intensity for 2 days,
even after conjugating them with an antibody.

The optical stability of the mercaptosuccinic acid
coated InP/ZnS QDs under different pH was examined.

- a
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Figure 3b shows the PL intensity of the InP/ZnS QDs
from acidic to basic pH conditions. In changing the pH
from 3.3 to 10.8, more than 35% of variation in the PL in-
tensity is observed, although they remain stable for
more than 48 h. Even with a ~38% decrease in PL inten-
sity at neutral pH, there is still sufficient photolumines-
cence intensity for cell imaging studies in our case (see
below). At pH 10.8, a ~40% loss of their PL was ob-
served immediately, and further loss of the PL intensity
was observed after 1—2 days of storage at room tem-
perature. However, it is worth mentioning that, for the
InP/ZnS QDs dispersion in the pH range of 3.3—-8.5, the
band edge emission of PL spectra was still maintained
even after storing them for more than 2—3 days. The
mercaptosuccinic-coated InP/ZnS QDs also exhibit
stable PL for more than 1 week when dispersed in com-
mon physiological buffers such as PBS and MES.

DLS was used to estimate the size distribution of
the prepared nanoparticle suspensions. Figure 4a
shows the effective size as well as size distributions of
InP/ZnS particle suspensions in 1X PBS. From Figure 43,
it is evident that the particles in 1X PBS buffer have an
average effective diameter of ~33 nm. According to our
TEM results, the size of the InP/ZnS particles is 15—20
nm. This does not directly agree with the DLS data.
However, TEM only measures the size of the inorganic
semiconductors and does not consider the surface cap-
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Figure 3. (a) Absorption and emission spectra of InP/ZnS QDs dispersed in chloroform. (b) Photoluminescence stability of
InP/ZnS QDs under different pH conditions after dispersing the QDs for 48 h.
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Figure 4. (a) DLS plot of InP/ZnS QDs water dispersion. (b) Time dependence of hydrodynamic diameter of InP/ZnS QDs

dispersed in PBS buffer.
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Figure 5. Confocal microscopic images of (a) MiaPaCa cells treated with anticlaudin 4-conjugated InP/ZnS QDs; (b) MiaPaCa cells treated
with unconjugated InP/ZnS QDs; (c) MiaPaCa cells treated with anti-PSCA-conjugated InP/ZnS QDs; (d) XPA3 cells treated with anticlau-
din 4-conjugated InP/ZnS QDs; and (e) KB (human nasopharyngeal epidermal carcinoma cell line) cells treated with anticlaudin
4-conjugated InP/ZnS QDs. In all cases, blue represents emission from Hoechst 33342 and red represents emission from InP/ZnS QDs.

ping surfactants. The results of the DLS experiments
demonstrate the hydrodynamic diameter of the par-
ticles that includes the overall size of the solvated cap-
ping ligands. A similar trend in size measurements be-
tween DLS and TEM has been observed in the previous
reports.?®

In this study, DLS was also used to determine the
colloidal stability of the InP particles dispersed in the
PBS buffer. Figure 4b shows the time-dependent pro-
file of the effective diameter of the QDs. Over the time
range from 0 to 90 h, the effective diameter varies by
less than 10%, indicating that their colloidal stability is
not affected under physiological pH. In addition, we
want to emphasize that the result shown here is to
demonstrate the nonaggregation of the QDs under
physiological conditions.

One of the greatest challenges in preparing a stable
aqueous dispersion of nanoparticles involves the selec-
tion of small, biocompatible, and low toxicity hydro-
philic ligands to replace the hydrophobic moieties on
the surface of the QDs. An appropriate ligand improves
the overall colloidal stability of the QDs, which is essen-
tial to obtain successful bioconjugation.?° We have
found that the mercaptosuccinic acid coated QDs are
more optically and colloidally stable than the “tradi-
tional” mercaptoacetic acid coated QDs. This may be
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due to the presence of two carboxyl groups in the mer-
captosuccinic acid molecule. Also, with the mercapto-
succinic acid coated QDs, we were able to maintain the
consistency of conjugating biomolecules with the QDs
using the carbodiimide chemistry. So far, we have suc-
cessfully conjugated transferrin, folic acid, monoclonal
antibodies, polyclonal antibodies, and other proteins to
the QDs. These bioconjugates can be used to label
cells without any obvious loss of photoluminescence.
We have observed that mercaptoacetic acid coated QDs
are found to be more toxic than the mercaptosuccinic
acid coated QDs when they are used for labeling cells at
high concentration (~10 wg/mL). This finding sug-
gests that the surfactants are also playing a critical role
in contributing to the overall toxicity level of the func-
tionalized QDs.

In the in vitro study, we used InP/ZnS QDs to label
human pancreatic cancer cells (MiaPaCa or Panc-1).
The QDs were conjugated with anticlaudin 4, whose
corresponding antigen receptors are known to be over-
expressed in both primary and metastatic pancreatic
cancer.”® Figure 5a illustrates labeling of pancreatic can-
cer cells (MiaPaCa) with the bioconjugates, anticlaudin
4—InP/ZnS QDs. Cellular uptake of the QD bioconju-
gates can be clearly observed from the robust optical
signal of the MiaPaCa cells, while no or little signal is ob-
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Figure 6. Flow cytometry data showing the relative uptake of unconju-
gated QDs and PSCA-conjugated QDs in MiaPaCa cells. The number of
positively labeled cells was represented as the percentage of total cell
counts.

served in the case of cells treated with nonbioconju-
gated QDs (see Figure 5b), which demonstrates the spe-
cific nature of the antibody-mediated targeting of the
pancreatic cancer cells. Local spectral analysis of the
overall cell staining by the bioconjugated QDs confirms
the origin of cellular luminescence signal from the InP/
ZnS QDs. More importantly, no signs of morphological
damage to the cells were observed upon treatment
with various QDs, thereby illustrating their low cytotox-
icity. The observed staining pattern is indeed due to
the functionalized QDs, which have been demonstrated
by several reports.'®°44~¢ |n addition to monoclonal
antibody conjugation, QDs were also conjugated with a
polyclonal antibody, anti-PSCA, for specific targeting of
human pancreatic cancer cells. Figure 5¢ shows confo-
cal images of MiaPaCa pancreatic cancer cells labeled
with anti-PSCA—QD bioconjugates. A strong uptake of
the anti-PSCA—QD bioconjugates was also observed.
These prepared QD bioconjugates (both monoclonal
and polyclonal antibodies) were also further tested in

a low passage pancreatic cancer cell line XPA3, and a
similar labeling trend was observed (see Figure 5d).
From these results, it clearly shows that the engineered
InP/ZnS bioconjugates can serve as a potential biocom-
patible targeted nanoprobe to specifically diagnose hu-
man pancreatic cancer cells.

To further confirm a receptor-mediated uptake of
the bioconjugates, receptor-negative cells (human na-
sopharyngeal epidermal carcinoma cell line, also known
as KB) for claudin-4 were treated with anticlaudin
4—InP/ZnS bioconjugates. A significantly reduced up-
take of both the QD bioconjugates in KB cells was ob-
served (see Figure 5e) compared to that for Panc-1 and
MiaPaCa cells under similar conditions. This experi-
ment confirms “active” targeting, or the receptor-

mediated nature of labeling of pancreatic cancer cells
with the bioconjugated QDs.

In addition to receptor-negative cell lines, flow cy-
tometry was used to quantify their luminescence from
the treated cells as shown in Figure 6. The fluorescence
intensity of untreated cells was in the range between
10° and 107, and the cells treated with unconjugated
QDs exhibited luminescence intensity in the range be-
tween 10" and 102 Thus, the cells that exhibited lumi-
nescent intensity higher than 102 were taken as posi-
tively labeled with bioconjugates. The superior uptake
of the bioconjugated nanoparticles is evident from the
fact that there is a noticeable change in the lumines-
cence signal observed between unconjugated QDs and
antibody-conjugated QDs labeled Panc-1 cells, indicat-
ing that the specific uptake capability of the bioconju-
gates is maintained well after the conjugation with QDs.

So far, cytotoxicity of cadmium-based QDs has been
consistently reported for in vitro studies.’>*”*® The
cause of cytotoxicity has been suggested to depend
on a number of factors including size, capping agents,
concentration of QDs, coating materials, and processing
parameters.® For example, Derfus et al. have shown
that uncapped CdSe QDs will slowly decompose in
aqueous solution and generate Cd?* ions.*” The Cd**
ion concentration was directly correlated with the cyto-
toxic effects. Shiohara et al. have reported the cyto-
toxic effects of CdSe/ZnS QDs with different sizes on
three different cell types.*® To our knowledge, no stud-
ies were reported on the cyctotoxicity of InP/ZnS QDs.
We have examined the cytotoxicity of InP/ZnS QDs us-
ing the cell viability (MTS) assay on Panc-1 cells. Figure 7
shows that the viability of treated cells (for both 24
and 48 h) are in the range of 80—90% relative to that
of untreated cells, even at a treatment concentration as
high as ~300 pg/mL. This safe dosage is 30 and 15
times higher than that of the cyctotoxicity dosage of
CdTe”® and PbSe®® QDs, respectively. This result
strongly indicates that the InP/ZnS QDs have a rela-
tively low cellular cytotoxicity, thereby justifying our
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Figure 7. In vitro cell viability of MiaPaCa treated with varying
concentrations of InP/ZnS QDs for 24 and 48 h. Percentage cell
viability of the treated cells is calculated relative to that of un-
treated cells (with arbitrarily assigned 100% viability).
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strategy of using them as non-cadmium-based tar-
geted optical probes for biomedical applications.

To date, many reports have shown the use of
cadmium-based QDs for in vitro and in vivo targeted im-
aging. However, a major limitation of using cadmium-
based QDs is their potential toxicity that is due to the
degradation of QDs when their surfaces are not prop-
erly functionalized. So far, there are many reports re-
garding the short- and long-term toxicity caused by
cadmium-based QDs.*”*® In our study, we did not ob-
serve any cytotoxicity effects of the InP/ZnS QDs in vitro
for up to 48 h of treatment. In a recent report, it was re-
ported that no adverse effects were found in mice
treated with CdSe QDs. For example, Akerman et al. ad-
ministrated peptide-labeled CdSe/ZnS QDs into mice
and studied the tissue distribution.?’ It was found that
these functionalized QDs accumulated in the liver and
spleen, in addition to the targeted sites, and this non-
specific accumulation was reduced by further modify-
ing the QD surface with PEG molecules. The group re-
ported that no acute toxicity was caused by this QD
formulation after 24 h of circulation. Similarly, Larson
et al. reported that no acute toxicity was observed af-
ter injecting CdSe/ZnS QDs into the mice and hypoth-
esized that CdSe/ZnS QDs successfully excrete from the
body before the breakdown of surface coating that
will cause the leakeage of heavy metals from the core
materials.”” However, it is still debatable whether
cadmium-based QDs will eventually degrade in biologi-
cal environment and cause acute toxicicity in the long-
term. Many scientists are currently investigating this is-
sue, but no conclusions on the in vivo toxic effects of
cadmium-based QDs have been drawn to date. In a re-
cent report from Nie's group, the authors have sug-
gested that if it is revealed in the near future that Cd
ions are indeed released during their usage in the bio-
logical environment, then, new types of QDs must be
developed for advancing the biomedical imaging
field.>*> Thus, we suggest that InP/ZnS QDs might be a
good alternative probe for replacing cadmium-based
QDs for biological use. We have noted that no studies
are available in the literature on the toxicity of InP/ZnS
particles, and at present, we can only speculate and ex-

EXPERIMENTAL SECTION

Materials. Indium acetate, sulfur, myristic acid, tristrimethyl-
silylphosphine, apo-transferrin, octadecene, and HPLC water
were purchased from Aldrich. Zinc 2-ethylhexanoate was ob-
tained from Alfa Aesar. All chemicals were used as received. All
solvents (hexane, toluene, DMSO, and ethanol) were of reagent
grade and used without further purification. Panc-1, MiaPaCa,
and KB cells are purchased from ATCC (Manassas, VA). All cell cul-
ture media and reagents were obtained from Invitrogen (USA).

One-Pot Synthesis of InP/ZnS Quantum Dots. The synthesis method
was adapted from that presented by Lucey et al*> 4 mmol in-
dium acetate, 6 g of myristic acid, and 5 mL of octadecene were
loaded into a 100 mL three-necked flask. Next, the reaction mix-
ture was slowly heated under an argon atmosphere to 180 °C. Af-
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trapolate from other relevant in vivo studies using
indium-based nanoparticles. For in vivo studies using In-
AsP/ZnSe QDs, ~150 pmol of injected QDs contains 22
ng of indium.>® It was reported that an average Ameri-
can ingests on the order ~10 p.g of indium daily from
food and water.>*** Therefore, despite being com-
posed of potentially toxic materials, the dosage may
be small enough that overall toxicity is low. It is worth
noting that reports on the development of targeted
probes for detecting human pancreatic cancer are very
few. Thus, there is an urgency to develop robust imag-
ing agents that can specifically target pancreatic cancer
in vivo, leading to improved diagnosis at an early stage.
We believe that the current work will serve as an impor-
tant milestone for future in vivo studies aimed at an
early detection of pancreatic cancer, where the tumor
targeting efficiency of multiple pancreatic cancer-
specific markers can be simultaneously used.

CONCLUSIONS

In summary, we have synthesized photostable, bio-
compatible, and water-dispersible InP/ZnS QDs by a
facile method. These mercaptosuccinic-coated QDs can
be readily conjugated with monoclonal as well as poly-
clonal antibodies for targeted bioimaging. By using
confocal microscopy technique, we have demonstrated
the labeling of QD bioconjugates in claudin-4 and PSCA
overexpressing pancreatic cancer cells such as Mia-
PaCa and the low passage cell line, XPA-3. An efficient
receptor-mediated uptake of the InP/ZnS bioconju-
gates in MiaPaCa cells is confirmed by their robust cel-
lular staining, as opposed to the weaker staining of the
bioconjugates in receptor-negative (KB) cells. These
findings not only offer insights into the receptor-
mediated delivery mechanism but also help the design
and development of future nanoprobes for in vivo can-
cer detecting and therapeutic applications. InP/ZnS
QDs combining the brightness, photostability, and bio-
compatibility characteristics will serve as a new genera-
tion of targeted optical probes for several biomedical
applications, including early detection of cancer, replac-
ing the cadmium-based (e.g., CdSe) QDs.

ter 30 min of heating, a clear homogeneous solution was ob-
tained. The reaction mixture was maintained at 180 °C for
another 10 min, then 2.6 mL of P(TMS); solution (1 g of tristri-
methylsilylphosphine P(TMS); in 4 mL of octadecene) was rap-
idly injected. After 10 min of heating, the reaction temperature
was lowered to 150 °C. Separately, an oleylamine—sulfur solution
was prepared by dissolving 0.1926 g of sulfur (6 mmol) in 5 mL
of oleylamine, and zinc 2-ethylhexanoate —octadecene solution
was prepared by mixing 2 mL of zinc 2-ethylhexanoate with 5 mL
of octadecene. These two mixtures were used for ZnS shell
growth. Two milliliters of zinc 2-ethylhexanoate—octadecene so-
lution was injected into the reaction mixture. Then, 2 mL of
oleylamine—sulfur solution was added dropwise into the reac-
tion mixture. The reaction mixture was then held at ~210 °C for
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45 min, and then an aliquot was removed via syringe and was in-
jected into a large volume of toluene at room temperature,
thereby quenching any further growth of the QDs. The QDs
were separated from the surfactant solution by addition of etha-
nol and centrifugation. The dark-brown QD precipitate could be
readily redispersed in various organic solvents (hexane, toluene,
and chloroform).

Preparation of Mercaptosuccinic Acid Functionalized InP/ZnS Quantum
Dots. The preparation method of aqueous dispersion of QDs was
adapted from that presented by Bharali et al.° In this reaction, 4
mmol of mercaptosuccinic acid was mixed with 5 mL of chloro-
form under vigorous stirring. After stirring for 10 to 15 min, 2 mL
of concentrated (~10—20 mg/mL) InP/ZnS QDs solution was
added into this mixture. Approximately 1 min later, 1 mL of am-
monium hydroxide was added to this vigorously stirred solution.
This solution was stirred overnight at room temperature. The
QDs were separated from the surfactant solution by addition of
ethanol followed by centrifugation. The precipitate was redis-
persed in 5 mL of HPLC water, and the solution was further fil-
tered using a syringe filter with a pore diameter of 0.45 pm. The
mercaptosuccinic acid coated QDs have relatively good colloi-
dal stability, and no precipitation was observed after several
weeks. This solution was kept in the refrigerator at 4 °C for fur-
ther use.

Conjugation of Mercaptosuccinic Acid Coated InP/ZnS QDs with
Transferrin. The preparation method for an aqueous dispersion of
transferrin—QD bioconjugates was adopted from our previous
report.*® From the diluted stock solution, 100 wL of mercapto-
succinic acid coated QD stock solution was mixed with 200 pL of
2.5 mM EDC solution and gently stirred for 1 to 2 min. Next,
200 pL of transferrin was added into this mixture and incu-
bated at room temperature for 2 h to allow the protein to co-
valently bond to the lysine-coated QDs.

Conjugation of Mercaptosuccinic Acid Coated QDs with Antibodies. The
preparation method of aqueous dispersion antibody—QD bio-
conjugates was adopted from that presented by Yong et al:"®
100 pL of mercaptosuccinic acid coated QD stock solution was
mixed with 100 pL of 2.5 mM EDC solution and 300 pL of wa-
ter. The mixture was gently stirred for 1 to 2 min. Next, 7 pL of
anticlaudin 4 (500 pg/mL) was added into this mixture and incu-
bated at room temperature for 2 h. In this study, we estimated
that there are at least 1—2 antibodies per QD.

Cell Staining Studies. For in vitro imaging with QDs, the estab-
lished human cancer cell lines Panc-1, MiaPaCa, and KB were cul-
tured in Dulbecco minimum essential media (DMEM) with 10%
fetal bovine serum (FBS), 1% penicillin, and 1% amphotericin B.
In addition, low passage pancreatic cancer cells (XPA-3) were
also used, cultured in RMPI-1640 medium with 10% fetal bovine
serum (FBS), 1% penicillin, and 1% amphotericin B. The day be-
fore treatment, an appropriate number of cells was seeded in 35
mm culture dishes. On the treatment day, the cells (at a conflu-
ency of 70—80%) in serum-supplemented media were treated
with the antibody-conjugated QDs for 2 h at 37 °C (1—5 pg/mL).
Nuclei were then stained with Hoechst 33342 (10 wM, 1 h; Aem
461 nm). After 2 h, the cells were washed three times with PBS
and directly imaged in a confocal microscope. In order to con-
firm that the expression of membrane proteins and the binding
of targeted QDs to these proteins is not simply an artifact of
long-term passage in established cell lines, we also validated
the targeting experiments using XPA3, a low passage cell line es-
tablished at the Johns Hopkins University. These low passage
lines retain many of the biological properties observed in the in
vivo tumor setting by virtue of their limited ex vivo passage num-
bers.>

Cellular Imaging. Confocal microscopy images were obtained
using a Leica fluorescence imaging system with laser excitation
at 405 nm. All images were taken with the exact same conditions
of laser power, aperture, gain, offset, and scanning speed.

Characterization Methods. The absorption spectra were collected
using an Agilent 8453 UV—visible spectrophotometer over the
range from 300 to 1100 nm. The samples were measured against
water as reference. All samples were loaded into a quartz cell
for measurements. Transmission electron microscopy (TEM) im-
ages were obtained using a JEOL model JEM-100CX microscope
with an acceleration voltage of 100 kV. The specimens were pre-
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pared by drop-coating the sample dispersion onto a carbon
coated 300 mesh copper grid, which was placed on a filter pa-
per to absorb the excess solvent. X-ray powder diffraction pat-
terns were recorded using a Siemens D500 diffractometer, with
Cu Ka radiation. A concentrated QD dispersion was drop cast
onto a quartz plate for measurement. Emission quantum yields
(QYs) of the QDs’ chloroform dispersion were determined by
comparing the integrated emission from the QDs to rhodamine
6 dye solutions of matched absorbance. Samples were diluted so
that they were optically thin. The effective size distribution of
the QD suspensions was estimated using a dynamic light scatter-
ing particle size analyzer (Brookhaven 90Plus fitted with APD de-
tector using a 656 nm laser). The InP/ZnS particles were dis-
persed in 1X PBS at a concentration of 1 mg/mL for the
measurement. These solutions were filtered through a 0.45 pm
syringe filter membrane to remove the dust impurities and then
analyzed directly.

Cell Viability. For each MTS assay, 24 culture wells (8 sets, each
set contains 3 wells) of Panc-1 cell were prepared. Seven sets
were treated with different concentration of InP/ZnS QDs, and
the remaining one set was the control. The complete assay was
performed three times, and results were averaged. Various con-
centrations of QDs ranging from 25 to 350 pg/mL were added to
each well and subsequently incubated with the cells for 24 and
48 h at 37 °C under 5% CO,. As described in the literature, the ab-
sorbance of formazan (produced by the cleavage of MTS by de-
hydrogenases in living cells) is directly proportional to the num-
ber of live cells. After the incubation, 150 pL of MTS reagent was
then added to each well and well mixed. The absorbance of the
mixtures at 490 nm was measured by using a UV—visible spec-
trophotometer. The cell viability was calculated as the ratio of
the absorbance of the sample well to that of the control well and
expressed as a percentage.

Flow Cytometry Analysis. The cellular uptake of QDs, with and
without conjugation with various targeting molecules, was
quantified by flow cytometry. MiaPaCa cells were seeded at 1.0
X 10° cells per T25 flask and allowed to attach for 24 h. To deter-
mine the extent of QD uptake, the cells were incubated with 25
wL of nanoparticle (~1 mg/mL) solution per 1T mL serum-free
medium for 2 h. Treated cells were then washed three times with
phosphate-buffered saline (PBS) and then harvested by
trypsinization. The QDs served as the luminescent marker to
quantitatively determine their cellular uptake, and the results
are analyzed by the FACS Calibur flow cytometry and CellQuest
Pro software (Becton Dickenson, Mississauga, CA).
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