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ABSTRACT: We report our newly developed low-temper-
ature synthesis of colloidal photoluminescent (PL) CuInS2
nanocrystals (NCs) and their in vitro and in vivo imaging
applications. With diphenylphosphine sulphide (SDPP) as a S
precursor made from elemental S and diphenylphosphine, this
is a noninjection based approach in 1-dodecanethiol (DDT)
with excellent synthetic reproducibility and large-scale
capability. For a typical synthesis with copper iodide (CuI)
as a Cu source and indium acetate (In(OAc)3) as an In source,
the growth temperature was as low as 160 °C and the feed
molar ratios were 1Cu-to-1In-to-4S. Amazingly, the resulting
CuInS2 NCs in toluene exhibit quantum yield (QY) of ∼23% with photoemission peaking at ∼760 nm and full width at half
maximum (FWHM) of ∼140 nm. With a mean size of ∼3.4 nm (measured from the vertices to the bases of the pyramids), they
are pyramidal in shape with a crystal structure of tetragonal chalcopyrite. In situ 31P NMR (monitored from 30 °C to 100 °C)
and in situ absorption at 80 °C suggested that the Cu precursor should be less reactive toward SDPP than the In precursor. For
our in vitro and in vivo imaging applications, CuInS2/ZnS core−shell QDs were synthesized; afterwards, dihydrolipoic acid
(DHLA) or 11-mercaptoundecanoic acid (MUA) were used for ligand exchange and then bio-conjugation was performed. Two
single-domain antibodies (sdAbs) were used. One was 2A3 for in vitro imaging of BxPC3 pancreatic cancer cells. The other was
EG2 for in vivo imaging of a Glioblastoma U87MG brain tumour model. The bioimaging data illustrate that the CuInS2 NCs
from our SDPP-based low-temperature noninjection approach are good quality.

KEYWORDS: CuInS2 nanocrystals, quantum dots, diphenylphosphine sulphide, in vitro imaging, in vivo imaging

1. INTRODUCTION

Colloidal semiconductor nanocrystals (NCs), such as I−III−VI
CuInS2 NCs which are cadmium-free and lead-free, have
attracted significant attention for their potential in a wide range
of applications.1−12 With a bulk exciton Bohr radius of ∼4.1
nm, CuInS2 NCs could exhibit significant quantum confine-
ment effect (QCE) when they are smaller than ∼8 nm;
furthermore, with a bulk direct bandgap of ∼1.5 eV (827 nm),
CuInS2 NCs could be tuned to emit from the visible to near-
infrared (NIR) spectral range. Recently, in vivo imaging of mice
sentinel lymph node suggested that CuInS2/ZnS NCs exhibited
reduced toxicity, as compared to CdTeSe/CdZnS QDs.8 Thus,
with high absorption coefficients, CuInS2 NCs are good
candidates as fluorescent contrast agents for biolabeling/
imaging.7−12

Various synthetic methods to emissive CuInS2 NCs have
been reported and are summarized in Table S1 in the
Supporting Information.7,13−25 These methods required
reaction temperatures as high as 200−240 °C, and the resulting
CuInS2 NCs typically exhibit emission quantum yields (QYs) ≤

10%. Thus, there is a significant demand for the development of
lower temperature synthesis of brighter CuInS2 NCs.
Diphenylphosphine (DPP), a commercially available secondary
phosphine, has been applied actively in our laboratories and a
few other groups to promote various semiconductor NCs
including PbSe,26−29 PbSeS,30−32 PbSeTe,32 PbSTe,32 ZnSe,33

ZnSeS,34 CdS,35 and CdSe,36,37 with high particle yield and
high synthetic reproducibility via a noninjection-based
approach in 1-octadecene (ODE) at low temperature.
Herein, we report our newly developed, low-temperature,

non-injection-based one-pot approach to highly-photolumines-
cent CuInS2 NCs. The synthesis was carried out in 1-
dodecanethiol (DDT, CH3(CH2)11SH, RSH) instead of
ODE, with diphenylphosphine sulfide (SDPP) as a sulfur
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precursor made from elemental S and DPP. To the best of our
knowledge, the present study is the first using SDPP to
synthesize CuInS2 NCs at temperature as low as 160 °C.
Extensive optimization of experimental parameters such as
various Cu (I), Cu (II), and In (III) source compounds, Cu-to-
In-to-SDPP feed molar ratios, SDPP concentrations, and
alternative solvents/ligands (including ODE, oleic acid (OA),
and oleylamine (OLA)) suggested an optimal approach in
DDT with the feed molar ratio of 1CuI-to-1In(OAc)3-to-
4SDPP, as shown by eq 1. The resulting CuInS2 NCs dispersed
in toluene exhibited QY as high as 23%. Structural and
compositional characterizations by transmission electron
microscopy (TEM), X-ray diffraction (XRD), X-ray photo-
electron spectroscopy (XPS), and energy-dispersive X-ray
spectroscopy (EDX) were performed. The resulting CuInS2
NCs are gradiently-alloyed with Cu locating more on the inner
part and In more on the outer layer. Both in situ high-
resolution 31P NMR with 1H decoupling and in situ absorption
measurements testify that the reactivity of CuI/DDT toward
SDPP in DDT is lower than that of In(OAc)3/DDT.
Furthermore, in situ high-resolution 31P NMR suggests that
the combination of Cu−S and In−S monomers leads to
nucleation/growth of the alloyed CuInS2 NCs, as shown in
Scheme 1.

+ + →

‐ ‐ ‐ ‐ °

CuI/DDT In(OAc) /DDT SDPP CuInS NCs

(1Cu to 1In to 4S, 160 C, in DDT)

3 2

(1)

The developed CuInS2 NCs were applied to in vitro and in
vivo imaging, with well-established cancer model systems. After
coating with a ZnS shell, the resulting CuInS2/ZnS NCs were
transferred into water and then bio-conjugated with single
domain antibodies (sdAbs). As outlined in our previous
papers,38,39 sdAbs, such as EG2 and 2A3, have favorable
chemical and physical properties for QD-based bio-imaging
applications. EG2 was raised against the epidermal growth
factor receptor (EGFR), which is a known tumor marker. 2A3
was raised against carcinoembryonic antigen-related cell
adhesion molecule 6 (CEACAM6), a known tumor associated
antigen of pancreatic cancer.40,41 In the present study,
pancreatic cancer cell lines were used to assess in vitro imaging
with QD-2A3 bio-conjugates, and a Glioblastoma U87MG
delta EGFR model for in vivo imaging of brain cancer in mice
with QD-EG2 bioconjugates.

2. RESULTS AND DISCUSSION

Figure 1 shows the optical properties of one CuInS2 NC
ensemble from our low-temperature noninjection approach
shown in eq 1. The growth was at 160 °C for 120 min, with a
[Cu + In] concentration of 106 mmol/kg in DDT and 1CuI/
DDT-to-1In(OAc)3/DDT-to-4SDPP feed molar ratios. The as-
synthesized sample emitted at 768 nm with its photo-
luminescent (PL) QY in toluene estimated to be ∼23.2%
(based on dye Oxazine 170 in ethanol with 60% QY).42 The
CuInS2 NCs exhibited good storage stability, as monitored after
dark storage at −30 °C for ∼3 months.
Figure S1A in the Supporting Information shows the

temporal evolution of the optical properties of the as-
synthesized CuInS2 NCs from another batch of the eq 1
approach with the same 1CuI/DDT-to-1In(OAc)3/DDT-to-
4SDPP feed molar ratios but a [Cu + In] concentration of 72
mmol/kg in DDT. Eleven samples were taken from 50−160
°C, and the nucleation/growth took place at temperature lower
than 50 °C. A persistent increase in photoemission QY is
worthy of notice, as demonstrated in Figure S1A (bottom left)
in the Supporting Information. Such an increase from Sample 5
(120 °C/15 min) to Sample 11 (160 °C/120 min) is similar to
what was observed during the growth of ZnxCd1−xS gradiently
alloyed QDs43 and CdTe/CdSe core−shell QDs.44 Figure S1B
in the Supporting Information demonstrates the good synthetic

Scheme 1. Schematic Drawing of the Formation of the
CuInS2 NCs via the Combination of the Two Monomers of
Cu−S and In−S. The Valence of Cu and In Is Not Addressed
Here. The Combination of Monomers Leading to
Nucleation and Growth Was Proposed before for Binary and
Ternary NC Systems26,27,34,37

Figure 1. Optical properties of the resulting CuInS2 NCs from the eq 1 approach with [Cu + In] 106 mmol/kg in DDT and 1CuI-to-1In(OAc)3-to-
4SDPP feed molar ratios. The growth was at 160 °C for 120 min, and the PL QY was estimated to be ∼23% for the as-synthesized NCs. The
absorption (left, offset) and emission (middle, normalized) measurements were performed at 0 day (as-synthesized), and after 28 and 99 days
storage in the dark at −30 °C, with one identical sample concentration of 3 μL of the crude reaction mixture dispersed in 1.0 mL of toluene.
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reproducibility with the comparison of the two synthetic
batches, namely the relatively large-scale batch shown in Figure
1 and the relatively small-scale batch shown in Figure S1A in
the Supporting Information. The former was 1.5 times of the
[Cu + In] concentration and 3.5 times of the volume of the
latter. Although two samples were taken from the former and
11 samples from the latter, both the two samples with 120 min
growth at 160 °C exhibited emission peaking at ∼760 nm with
∼144 nm FWHM.
It should be pointed out that, for the eq 1 approach, the Cu

and In precursors could be in the form of Cu-SR and [In]-
(SR)n (n = 1−3, RSH = DDT), respectively, after the two
mixtures of CuI and DDT, and In(OAc)3 and DDT were kept
at 65 °C under a strong vacuum (∼50 mTorr) for at least 1 h.
We symbolize preferably CuI/DDT as the Cu precursor and
In(OAc)3/DDT as the In precursor, due to the possible
presence of I− and OAc− without purification. Furthermore,
being a sulphur precursor, SDPP is much more reactive than
DDT, as evidenced by the substantial decrease in nucleation

temperature. As shown in Figure S1C (top left) in the
Supporting Information, with DDT as a sulphur source and
with CuI and In(OAc)3 as the respective Cu and In sources, the
nucleation of CuInS2 NCs in ODE took place at ∼180 °C.
Therefore, the optimal growth temperature with SDPP as the
sulfur source could be reduced to 160 °C, which is appreciably
lower than the typical CuInS2 NC growth temperature of 200−
240 °C.7,13−25

Figure 2 presents 31P NMR spectra with 1H decoupling in
situ collected from three reaction mixtures of 1CuI/DDT +
2SDPP (top), 1In(OAc)3/DDT + 2SDPP (middle), and 1CuI/
DDT + 1In(OAc)3/DDT + 4SDPP in DDT (bottom). 85%
H3PO4 was used as an external standard and the spectra were
collected when the temperature was increased from 30 °C (1)
to 100 °C (2) and back to 30 °C (3). As shown in the top-right
part of Figure S2 in the Supporting Information, three
phosphorous-containing species were readily detected in the
SDPP stock solution made from a mixture of 1S-to-1DPP (feed
molar ratio); they are SDPP (Ph2P(S)H, ∼22 ppm)34,35 as a

Figure 2. In situ 31P NMR with 1H decoupling of three reactions of 1CuI/DDT-2SDPP with [Cu] ∼74 mmol/kg (top), 1In(OAc)3/DDT-2SDPP
with [In] ∼21 mmol/kg (middle), and 1CuI/DDT-1In(OAc)3/DDT-4SDPP with [Cu + In] ∼38 mmol/kg (bottom). The spectra (left) were
collected when the temperature was increased from 30 °C (1) to 100 °C (2) and back to 30 °C (3), as indicated. The regions of 50−80 ppm in the
right panel display probable Cu−S and In−S complexes formed.
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major component (76%), diphenyldithiophosphinic acid
(Ph2P(S)SH, ∼55 ppm)34,45 as a minor component (11%),
together with DPP (13%, approximately −40 ppm).26,27,29 Also,
trace amounts of one unknown species (∼61 ppm) and
Ph2P(S)OH (∼73 ppm)46 were detected, the latter of which
could be the result of the oxidation of Ph2P(S)H.
As shown in the top panel of Figure 2, the 1CuI/DDT-

2SDPP reaction mixture at 30 °C (1) exhibits appreciable peaks
at −36.9 ppm (a Cu-DPP complex),47,48 22.8 ppm (Ph2P(S)-
H), 54.9 ppm (Ph2P(S)SH), 60.6 ppm (the unknown from the
SDPP stock solution), and 72.5 ppm (Ph2P(S)OH). The
formation of the Cu-DPP complex is supported by two
mixtures of 1CuI/DDT-to-3DPP and 1CuI/DDT-to-6DPP
with low-temperature in situ 31P NMR measurements which are
presented in the left panel of Figure S2A in the Supporting
Information. The two spectra (1) and (3) collected at 30 °C
before and after heating to 100 °C illustrate the decrease of
Ph2P(S)SH with a little change of Ph2P(S)H, and the
appearance and increase of the ∼63 ppm peak (CuS2PPh2).

49,50

As shown in middle panel of Figure 2, the In(OAc)3/DDT-
2SDPP reaction mixture at 30 °C (1) displays three noticeable
peaks at −40.3 ppm (DPP), 21.3 ppm (Ph2P(S)H), and 58.9
ppm ([In]-(S2PPh2)x with 1 ≤ x < 3). The chemical shift of
In(S2PPh2)3 in CDCl3 was reported to be δ = 68.9 ppm.51 The
sharp DPP (approximately −40 ppm) peak suggests the
absence of an In-DPP complex. The disappearance of the
peaks of ∼73 ppm (Ph2P(S)OH), ∼61 ppm, and ∼55 ppm
(Ph2P(S)SH), together with the decrease of the ∼23 ppm peak
(Ph2P(S)H), indicates the high In(OAc)3/DDT reactivity. The
increase in the peak of ∼59 ppm and the DPP peak of ∼40
ppm stands for the formation of [In]-(S2PPh2)x accompanied
by the release of DPP, together with an increase of a substantial
peak at ∼29.5 ppm, which is assigned to Ph2P-SR.

52

The above 31P NMR study shown in Figure 2 illustrates that
the reactivity of In(OAc)3/DDT is higher than that of CuI/
DDT, which could be explained by the hard-soft-acid-base
(HSAB) principle.53 Cu1+ is considered as a soft acid, In3+ a
hard acid, and DDT a soft base.14,18 Accordingly, the Cu-SR
bond should be stronger than the In-SR bond, and CuI/DDT is
less reactive than In(OAc)3/DDT. Such reactivity difference
could be demonstrated by in situ absorption shown in Figure 3,
where nucleation did not take place for the 2CuI/DDT-4SDPP
mixture at 80 °C (left), but did for the 2In(OAc)3/DDT-

4SDPP (middle) and 1CuI/DDT-1In(OAc)3/DDT-4SDPP
(right) mixtures at 80 °C.
As shown in the bottom panel of Figure 2, the 1CuI/DDT-

1In(OAc)3/DDT-4SDPP reaction mixture seems to be a
simple superimposition of the 1CuI/DDT-2SDPP (top) and
In(OAc)3/DDT-2SDPP (middle) reactions. Spectrum (3)
discloses phosphorus-containing species including CuS2PPh2
(∼62 ppm), In(S2PPh2)x (∼59 ppm), Ph2P-SR (∼29 ppm),
Ph2P(S)H (∼22 ppm), and the Cu-DPP complex (∼-34 ppm).
The absence of addition reactions conveys essential information
on the probable formation mechanism of the CuInS2 alloyed
NCs, namely the combination of individual Cu−S and In−S
monomers formed leading to nucleation/growth shown in
Scheme 1.27 See the absorption and emission of the resulting
CuInS2 NCs shown in the bottom-right part of Figure S2 in the
Supporting Information; the ready formation of the CuInS2
NCs at low temperatures is worthy of notice. At the same time,
the relative peak shapes of approximately −37 ppm in the top
and bottom of Figure 2 of Spectrum (2) collected at 100 °C
and Spectrum (3) at 30 °C are interesting. The significant
difference of approximately −37 ppm at 30 °C of the two
Spectra (3) indicates two different environments, where the
phosphorous-containing species moved faster in Figure 2, top
(without the formation of nanoparticles) than in Figure 2,
bottom (with the formation of nanoparticles). At 100 °C, the
environment effects decreased with two sharp approximately
−37 ppm peaks in the top and bottom of Figure 2. The
sharpness of NMR peaks is sensitive to environment and
conformational exchange.
To explore the growth, we performed another batch that was

similar to that shown in Figure 1 but with [Cu + In] 141
mmol/kg, and samples were taken at 100 °C/15 min (Sample
1), 160 °C/15 min (Sample 2), and 160 °C/120 min (Sample
3). The optical properties of the three samples are presented in
Figure S4A in the Supporting Information, together with dark-
field TEM images in Figure S4B in the Supporting Information.
Figure 4, top, shows the powder X-ray diffraction (XRD)
patterns of the three samples purified, together with that of
bulk CuInS2. The CuInS2 NCs seem to have a tetragonal
chalcopyrite crystal structure, as suggested by the XRD pattern
and the pyramidal shape revealed by TEM (see Figure S1B in
the Supporting Information). Along the growth from 100 °C to
160 °C, the XRD peaks become narrower, indicating an

Figure 3. In situ observation of the nucleation/growth of the NCs from three batches at 80 °C. With a [Cu + In] concentration of 10 mmol/kg, the
three batches are 2CuI/DDT-4SDPP (left), 2In(OAc)3/DDT-4SDPP (middle), and 1CuI/DDT-1In(OAc)3/DDT-4SDPP (right). The absorption
spectra were collected with 5 min intervals, and the purple and blue spectra stand for the growth periods of 0 and 60 min, respectively.
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increase in size. It is well-known that Cu+ and In3+ have similar
radii;13 thus, these three samples exhibited similar diffraction
peak positions.
Table 1 summarizes the diameters of the nanocrystals

estimated from the diffraction peak (112) of ∼2.8 nm (Sample
1), ∼3.2 nm (Sample 2), and ∼3.4 nm (Sample 3), together
with their compositions studied by energy dispersive X-ray
spectroscopy (EDX) and X-ray photoelectron spectroscopy
(XPS). The three samples exhibited similar EDX Cu/(Cu + In)
atomic ratios in the range of 0.45±0.02. Furthermore, such Cu/
(Cu + In) atomic ratios obtained from the 1CuI/DDT-to-
1In(OAc)3/DDT-to-4SDPP batch also suggest that the overall
amount of In is more than that of Cu and support that the
reactivity of CuI/DDT is lower than that of In(OAc)3/DDT, in

agreement with our 31P NMR (Figure 2) and in situ absorption
(Figure 3) measurements.
At the same time, the three samples exhibited XPS Cu/(Cu +

In) atomic ratios of 0.21 for Sample 1 and 0.30 for Samples 2
and 3. With EDX more sensitive to bulk and XPS to surface,
the larger values of EDX than XPS Cu/(Cu + In) atomic ratios
suggest inhomogeneity of the distribution of Cu and In,
together with an increase of In from the center of a NC toward
the surface. Note that we reported ZnCdS gradiently alloyed
NCs with more reactive Cd rich in the inner region of a NC
and less reactive Zn rich on the outer region of a NC.43 Cd is
much more reactive than Zn; such an increase in less reactive
Zn from the center to the surface is easier to understand.
CuInS2 NCs with In rich on their outer region were
documented and supported by EDX and XPS.22 The Cu
vacancy has been acknowledged as one of the main defects in
CuInS2 NCs.54,55 The filling of Cu vacancy by In or Zn
(through cation exchange) has been employed to achieve
higher PL emission QYs; such substitution may widen the band
gap at the same time.22,25 Here, In3+ may substitute efficiently
the Cu1+ vacancy especially on the NC surface because of
diffusion during reaction; such a compositional feature of our
CuInS2 NCs with the probable gradient distribution of more
In3+ on the surface rather than Cu1+ could be the very reason
for the relatively high PL QY.
Figure 4, bottom, demonstrates a typical TEM image of the

sample presented in Figure 1. The CuInS2 NCs exhibit high
crystallinity with a mean size of 3.4 ± 0.4 nm estimated from
the pyramidal shape.18,56 The composition of this sample was
determined by EDX to be Cu0.44In0.56S1.17.
For the bright CuInS2 NCs from the eq 1 approach,

extensive efforts were carried out, as shown in Figures S3A in
the Supporting Information to S3K. See Figure S3A, B in the
Supporting Information for the CuI/DDT-to-In(OAc)3/DDT
feed molar ratio effect, Figure S3C in the Supporting
Information for 1CuI/DDT-to-1In(OAc)3/DDT-to-xSDPP
feed molar ratio effect, Figure S3D−F in the Supporting
Information for the nature of the reaction medium effect, and
Figure S3G−K in the Supporting Information for the effect of
the different Cu and In source compounds explored. For the
four batches shown in Figure S3B in the Supporting
Information with the feed molar ratios of xCuI-(2-x)In-
(OAc)3-4SDPP, where x = 1.5, 1, 0.5, and 0.2, Batch 1CuI-
1In(OAc)3-4SDPP is superior regarding the quantum yield of
the 160 °C/120 min samples. This should be related to the fact
that In(OAc)3/DDT is more reactive than CuI/DDT. For the
five batches shown in Figure S3C in the Supporting
Information with the feed molar ratios of 1CuI-1In(OAc)3-
xDPPS, where x = 0.5, 1.2, 2, 4, and 8, again, Batch 1CuI-
1In(OAc)3-4SDPP is superior regarding the quantum yield of
the 160 °C/120 min samples.
Table 2 summarizes the emission properties of the 160 °C/

120 min samples from the six synthetic batches shown in Figure
S3D, E in the Supporting Information. With the feed molar

Figure 4. (Top) Powder XRD patterns of the samples taken at 100
°C/15 min (1), 160 °C/15 min (2), and 160 °C/120 min (3),
together with that of bulk tetragonal (JCPDS 85-1575) and cubic
zincblende CuInS2 as references indexed. The compositions estimated
by EDX are indicated. (Bottom) Typical high-resolution TEM image
of the 160 °C/120 min CuInS2 NCs; the scale bar is 5 nm.

Table 1. Compositions and Sizes of the Three Samples
Shown in Figure 4 XRD Spectra

sample growth
EDX

compositions
XPS

compositions
XRD mean
sizes (nm)

(1) 100 °C/15 min Cu0.43In0.57S1.43 Cu0.21In0.79S1.46 2.8

(2) 160 °C/15 min Cu0.44In0.56S1.20 Cu0.30In0.70S1.47 3.2

(3) 160 °C/120 min Cu0.47In0.53S0.98 Cu0.30In0.70S1.46 3.4
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ratios of 1CuI-to-1In(OAc)3-to-4SDPP, the increase of ODE in
DDT led to the decrease of the PL efficiency. Also, the
presence of OA or OLA in DDT resulted in the decrease of the
PL efficiency. Here OLA may react with SDPP,37 to solvate the
metal reagents,57 and increase the polarity of the reaction
media, leading to delayed nucleation. Therefore, DDT was
identified as the sole ligand and solvent to achieve controlled
nucleation/growth of CuInS2 NCs. Table 3 summarizes the

emission properties of the 160 °C/120 min samples from the
nine synthetic batches shown in Figure S3G−J in the
Supporting Information. Interestingly, EDX suggested

(Cu0.45In0.55)S1.20 from Batch 76DDT-to-24ODE (Table 2
with ∼13% QY) and (Cu0.46In0.54)S1.19 from Batch CuI-to-
In(acac)3 (Table 3 with ∼18% QY). These CuInS2 NCs
including those shown in Table 1 exhibit a strong deviation
from the ideal 0.5-to-0.5-to-1 chalcopyrite composition; such
deviation should have direct consequences on the optical
properties of the NCs.
Finally, we applied our CuInS2 NCs for in vitro and in vivo

bioimaging applications, based on our previous experience with
single-domain antibodies (sdAbs) for selective and efficient
cancer detection.38−41 ZnS coating was performed first and
then bio-conjugation with sdAbs EG2 or 2A3. Usually, for a
mean size core of ∼3.4 nm, its resulting core-shell NC was
estimated to be ∼6.6 nm leading to the shell thickness of ∼1.6
nm. EG2 is a IIama sdAb, which was raised against a widely-
known tumor marker, epidermal growth factor receptor
(EGFR); in the present study, EG2 was used for in vivo
brain tumor imaging. 2A3 was derived from a IIama sdAb
library to target carcinoembryonic antigen-related cell adhesion
molecule 6 (CEACAM6), a biomarker of pancreatic cancer; in
the present study, 2A3 was used for in vitro pancreatic cancer
cell imaging. Figure 5 demonstrates successful bioconjugation,
for example, with EG2, via the reduced mobility of bio-
conjugated versus non-conjugated CuInS2/ZnS QDs in agarose
gel electrophoresis.
See Figure S5 in the Supporting Information for the

characterization before and after ZnS coating and subsequent
bio-conjugation. For the ZnS coating,7 a mixture of zinc oleate
and zinc ethylxanthate was usually added dropwise to a reaction
flask consisting of the CuInS2 NCs at 220 °C. An increase in PL
QYs to up to 60 % accompanied by blueshift in emission from
∼770 nm to ∼710 nm was observed, as shown in Figure S5A in
the Supporting Information. The blueshift can be interpreted
by a reduction of the core size due to the cation exchange
between Zn and Cu/In.16,22 XRD of the core and core/shell
NCs, and bulk CuInS2 and bulk ZnS is shown in Figure S5B in
the Supporting Information. The diffraction peak positions of
the core/shell NCs locate between those of CuInS2 and ZnS.
The EDX compositions of the core and core/shell NCs are

Table 2. Summary of the Emission Properties of the 160 °C/
120 min Samples from the Six Flask Reactions Shown in
Figure S3D, E in the Supporting Information

reaction media emission position (nm) FWHM (nm) QY (%)

DDT 100 758.8 141.2 15.7

DDT:ODE (76:24) 801.7 148.8 12.3

DDT:ODE (52:48) 815.8 159.0 8.3

DDT:ODE (26:74) 857.8 195.4 2.2

DDT:OA (74:26) 779.9 141.5 11.5

DDT:OLA (76:24) 705.9 115.7 1.7

Table 3. Summary of the Emission Properties of the 160 °C/
120 min Samples from the Nine Flask Reactions Shown in
Figure S3G−J in the Supporting Information

Cu source In source
emission position

(nm)
FWHM
(nm)

QY
(%)

CuI In(OAc)3 758.8 141.2 16.2

CuCl In(OAc)3 748.5 156.0 15.9

Cu(OAc) In(OAc)3 745.2 142.5 12.2

CuBr2 In(OAc)3 824.2 179.7 15.3

CuCl2 In(OAc)3 795.0 176.6 16.6

Cu(OAc)2 In(OAc)3 753.0 142.3 10.5

CuI In(acac)3 759.0 139.5 17.6

CuI InCl3 889.9 200.2 0

CuI InI3 911.5 230.1 0

Figure 5. Agarose gel electrophoresis of EG2-CuInS2/ZnS NCs for 20 min (left) and 50 min (right) using Tris-acetate-EDTA (TAE) buffer. Lanes
1−4 are EG2-CuInS2/ZnS NCs purified (1), EG2-PEG-CuInS2/ZnS NCs purified (2), EG2-CuInS2/ZnS unpurified NCs (3), and CuInS2/ZnS
NCs (4). The gel images were taken by an eXplore Optix pre-clinical imager at 750 nm.
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shown in Table S2 in the Supporting Information. Very
interestingly, Zn should have replaced In more than Cu, due to
the decrease in the In atomic ratio from 0.56 (core NCs) to
0.35 (core−shell NCs). Such Zn replacement of In more than
Cu should be related to the gradient structure of the core NCs,
which is rich in In on the surface. The TEM image of the core/
shell NCs shown in Figure S5B in the Supporting Information
demonstrates high crystallinity and low size distribution.
For the bioconjugation, surface ligand exchange was

performed first to transfer the CuInS2/ZnS core-shell NCs
after purification into aqueous environments. For in vitro
imaging of pancreatic cancer cells, dihydrolipoic acid (DHLA)
was used for the surface ligand exchange and 2A3 for the bio-
conjugation. For in vivo imaging of brain tumor cancer cells,
mercaptoundecanoic acid (MUA) was used for the surface
ligand exchange and EG2 for the bio-conjugation. The ligand
exchange and bioconjugation procedures are illustrated in
Figure S5C in the Supporting Information. The EDC method58

to bioconjugate 2A3 to MUA-capped NCs and EG2 to DHLA-
capped NCs was successful. The optical properties of the
corresponding QDs used for in vitro imaging (Figure 6) and in
vivo imaging (Figure 7) are summarized in Figures S6 and S7 in
the Supporting Information, respectively. The QY of our
CuInS2/ZnS core−shell NCs decreased from ∼45% to 8% after
aqueous phase transfer and bioconjugation; the NCs with ∼8%
QY emitting at ∼656 nm and ∼790 nm were sufficiently bright
for our bioimaging.

Figure 6 shows in vitro imaging BxPC3 pancreatic cancer
cells with 2A3 bio-conjugated CuInS2/ZnS NCs and non bio-
conjugated CuInS2/ZnS NCs. The filter which was used only
transmitted the short wavelength tail portion of the
luminescence band, the signal-to-noise ratio was sufficiently
large to yield images with good contrast. The images shown in

Figure 6. In vitro false color images (80 × 80 μm2) of (a−c) autofluorescence excited at 488 nm and detected in the 516−556 nm range, green with
the same intensity scale, and (d−f) QD fluorescence excited at 543 nm and detected in the 604−644 nm range, red with the same intensity scale. (a,
d) Single BxPC3 pancreatic cancer cell with 2A3-sdAb-CuInS2/ZnS NCs, (b, e) clump of BxPC3 cells with 2A3-sdAb-CuInS2/ZnS NCs, and (c, f)
single BxPC3 cell with CuInS2/ZnS NCs. Washing was performed before taking the images. (a−c) Autofluorescence excited at 488 nm (all three
images are shown with the same intensity range). (d−f) QD fluorescence excited at 543 nm (all three images are shown with the same intensity
range). The images are cropped to an 80 × 80 μm2 area.

Figure 7. In vivo optical images demonstrate the biodistribution of the
EG2 bioconjugated (left) and non-bioconjugated (right) CuInS2/ZnS
NCs after their 4 h intravenous injection, as well as enhanced targeting
of the bioconjugated CuInS2/ZnS NCs in an orthotopic brain
glioblastoma tumor model, as compared by the intensity difference
at the two sites pointed by the two arrows. The other bright spots
correspond to excretion through the liver.
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Figure 6 demonstrate that the CuInS2/ZnS NCs without 2A3
are not targeted and are barely detectable (Figure 6f)
,indicating that nonspecific adsorption is minimal. The intensity
of autofluorescence, represented by false-coloured green, is
comparable in the top panel images. The intensity of the near-
IR fluorescence, signified by false-coloured red, is significantly
stronger in images d and e in Figure 6 than in image f, because
of the binding of the 2A3 bioconjugated CuInS2/ZnS NCs on
the surface of the cancer cells. Thus, the 2A3 conjugation was
accomplished and the resulting CuInS2/ZnS NCs have the
potential to detect CEACAM6 for the early-stage diagnostics of
pancreatic cancer. Note that previously presented western blot
data demonstrated that 2A3 binds specifically to cells
expressing CEACAM6 and does not bind to CEACAM6-free
cells.41

Figure 7 shows in vivo imaging brain tumor cancer cells with
EG2 bio-conjugated CuInS2/ZnS NCs and non bio-conjugated
CuInS2/ZnS NCs. The bioconjugated CuInS2/ZnS NCs were
injected into one nude mice nine days after introducing 75,000
U87MG delta EGFR Glioblastoma cells, and the non
bioconjugated CuInS2/ZnS NCs were injected into another
nude mice as a control. It is clear that, for the mice injected
with the bio-conjugated CuInS2/ZnS NCs, the fluorescence
intensity at the tumor site is much greater than that of mice
injected with the non-bio-conjugated CuInS2/ZnS NCs, and
remains at a high level after 4 h of intravenous injection. Note
that the intensity scale is logarithmic. The region with bright
signal in the dorsal side of the mouse corresponds to the liver of
the mouse. Liver is a major organ of the reticulo-endothelial
system. Many of the NCs end up in the liver, leading to the
high fluorescent signal. The difference in brightness of the liver
region in the two figures may be due to different clearance and
pharmacokinetics of the NCs when they are bio-conjugated or
not to the sdAb. Thus, the EG2 conjugation was successful and
the resulting CuInS2/ZnS NCs are unambiguously capable of in
vivo imaging in the near IR window.

3. CONCLUSIONS

Diphenylphosphine sulfide (SDPP) was used as a sulphur
source to synthesize brightly-emissive CuInS2 NCs via a low-
temperature non-injection one-pot approach in 1-dodecane-
thiol (DDT), which is the sole ligand and solvent. The low
nucleation/growth temperature is due to the high reactivity of
SDPP. At the same time, the relatively low CuI/DDT reactivity
as compared to that of In(OAc)3/DDT results in a gradient
structure with an In-rich surface; thus, the resulting CuInS2
NCs exhibited high QY of 23%. The exploration of the
chemical mechanism of the SDPP and SeDPP based
approaches to QDs is an ongoing effort in our laboratories.66

An enhanced QY to 50−60% was achieved via ZnS shell
coating; the resulting core-shell NCs were transferred into
aqueous phases for the subsequent bio-conjugation with sdAbs.
In vitro pancreatic cancer cell imaging was performed, together
with in vivo brain tumor targeted imaging, demonstrating high
specificity of cancer targeting with high detection sensitivity.

4. EXPERIMENTAL SECTION

4.1. Chemicals. All chemicals used are commercially available and
were used as received. Copper(I) iodide (CuI, 98%), copper(I)
chloride (CuCl, 99.995+%), copper(I) bromide (CuBr, 98%),
copper(I) acetate (Cu(OAc), 97%), indium(III) acetate (In(OAc)3,
99.99%), indium(III) chloride (InCl3, 98%), zinc acetate dihydrate
(Zn(OAc)2·H2O, 99.999%), zinc chloride (ZnCl2, 99.999%),

potassium ethyl xanthogenate (96%), 1-dodecanethiol (DDT, 98%),
oleic acid (OA, tech. 90%), oleylamine (OLA, tech. 70%), 1-
octadecene (ODE, tech. 90%), mercaptoundecanoic acid (MUA,
98%), tetramethyl ammonium hydroxide (TMAH, 25 wt % in H2O),
1-ethyl-3-[3-dimethylaminopropyl]carbodiimide (EDC), N,N′-dicy-
clohexylcarbodiimide (DCC, 99%), N-hydroxysuccinimide (NHS)
were purchased from Sigma-Aldrich. Diphenylphosphine (DPP, 99%),
copper(II) bromide (CuBr2, 99%), copper(II) chloride (CuCl2,
anhydrous, 98%), copper(II) acetate (Cu(OAc)2, anhydrous, 97%),
indium(III) iodide (InCl3, 99.999%) and indium(III) acetylacetonate
(In(acac)3, 98%) were purchased from Strem Chemicals. Sulfur
(precipitated) was purchased from Anachemia. Solvents used for
purification were anhydrous, including toluene (99.8 %), hexane (≥99
%), and methanol (99.8 %), which were purchased from Sigma-
Aldrich, along with acetone (99.5 %, ACP in Montreal, dried over 4 Å
molecular sieves).

4.2. Synthesis of CuInS2 NCs. The SDPP stock solution (0.66 M)
was prepared in a glovebox by adding DPP (1.6 mL, 9.1 mmol) to a
vial containing sulphur (0.289 g, 9.0 mmol). The resulting mixture was
gently heated with the cap sealed until a clear, colorless solution was
obtained, and then was allowed to cool, whereupon a white solid
appeared. Toluene (12.0 mL) was then added, and the mixture was
gently heated until a clear, colorless solution was obtained.

In a typical synthesis of CuInS2 NCs, CuI (0.20 mmol, 38 mg) and
In(OAc)3 (0.20 mmol, 58 mg) were added to a three-neck round-
bottom flask equipped with a condenser, thermometer, and magnetic
stir bar. DDT (6.25 mL) was added with rigorous stirring, and then
degassed at room temperature. When vigorous bubbling subsided, the
temperature was increased to 65 °C and degassed further for 1 h. If a
clear, yellow solution was not observed, the mixture was heated at 120
°C under N2 until this was obtained, and then degassed again at 60 °C
for 1 h. The temperature was lowered to 50 °C and the DPPS stock
solution (1.07 mL, 0.71 mmol) was added under N2. The reaction was
then degassed once more for 0.5 h to remove toluene. Under a flow of
purified N2, the reaction mixture was heated up from 50 °C to 160 °C
in a stepwise manner. To monitor the growth kinetics, 11 samples
(∼100 μL each) were taken with their temperature/growth periods of
50 °C/30 min (1), 60 °C/15 min (2), 80 °C/15 min (3), 100 °C/15
min (4), 120 °C/15 min (5), 140 °C/15 min (6), 160 °C/15 min (7),
160 °C/30 min (8), 160 °C/60 min (9), 160 °C/90 min (10), 160
°C/120 min (11). In some cases, 10 samples were collected without
the sampling at 160 °C/90 min. The absorption and PL emission
(excited at 500 nm) spectra were collected with diluted samples, which
included 5 μL of crude growth mixtures dispersed in 1 mL toluene.

4.3. 31P NMR with 1H Decoupling. The measurements were
performed on a Bruker AV-III 400 spectrometer operating at 161.98
MHz for 31P. An external standard 85% H3PO4 was used.

CuI-DDT stock solution (75 mmol/kg) was made from CuI (76
mg, 0.4 mmol) and DDT (6.25 mL), whereas In(OAc)3-DDT stock
solution (25 mmol/kg) was made from In(OAc)3 (58 mg, 0.2 mmol)
and DDT (9.38 mL). The mixtures were degassed separately at 60−70
°C till a clear solution was obtained and then transferred into a
glovebox filled with N2. DPPS stock solution in toluene-d8 (0.66 M)
was prepared in a similar manner as that in toluene by mixing S (48
mg, 1.5 mmol) and DPP (0.26 mL, 1.5 mmol) in toluene-d8 (2.0 mL).

For the top NMR spectra in Figure 2, 0.48 mL (0.03 mmol) of CuI-
DDT stock solution was added into a 5 mm NMR tube, followed by
0.08 mL (0.053 mmol) of DPPS stock solution, leading to [Cu] of
∼74 mmol/kg. For the middle NMR spectra in Figure 2, 1.95 g of
(0.05 mmol) In(OAc)3-DDT stock solution was added into a 10 mm
NMR tube, followed by 0.13 mL (0.09 mmol) of DPPS stock solution,
leading to [In] ∼21 mmol/kg. For the bottom NMR spectra in Figure
2, 0.30 mL (0.02 mmol) of CuI-DDT stock solution was added to a 5
mm NMR tube, followed by 0.76 g (0.02 mmol) of In(OAc)3-DDT
stock solution and 0.10 mL (0.066 mmol) of DPPS stock solution,
leading to [Cu + In ] of ∼38 mmol/kg. All the samples were prepared
in the glovebox filled with N2.

4.4. In situ Observation of the Temporal Evolution of
Absorption. All the absorption spectra were collected on a Cary 5000
UV/VIS/NIR spectrometer using a 1 nm data interval and a scan rate
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of 600 nm/min. The reaction mixtures were loaded in 3.5 mL cuvettes
and the growth time started to count after the cuvettes were placed in
the instrument with the set up of reaction temperature and spectra
collecting time intervals. The light path was 10 mm.
4.5. ZnS Shell Coating. The zinc oleate stock solution (0.25

mmol/g) was prepared by mixing Zn(OAc)2·2H2O (2.19 g, 10.0
mmol), oleic acid (6.21 g, 22.0 mmol), and ODE (33 g) in a 100 mL
three-neck round-bottom flask equipped with a condenser and
thermometer. The mixture was gradually heated to ∼100 °C with
stirring under vacuum until no vigorous bubbling was observed. The
temperature was increased to 140 °C under N2 until a clear solution
was obtained. The temperature was decreased to ∼100 °C and
degassed once more for ∼1 h. At this point, the reaction was allowed
to cool to room temperature under N2.
Shell coating of the CuInS2 NCs with ZnS was carried out in situ

without purification of the core, following literature procedures.7 A
portion of the CIS core material (∼0.10 mmol) was degassed at 60 °C
for 1 h in a three-neck round-bottom flask with a condenser. In a
separate reaction vessel, the zinc oleate stock solution (0.84 mmol,
3.36 g) was degassed at ∼90 °C for 1 h, and a solution of zinc
ethylxanthate (0.10 mmol, Zn(ex)2, prepared from ZnCl2 and
potassium ethyl xanthogenate.59) in 0.10 mL of dimethylformamide
(DMF) and 1.0 mL of toluene was added with stirring, forming the
ZnS precursor solution. The core material mixture was heated to 220
°C under N2, and the ZnS precursor solution was added dropwise over
30 min (addition was performed over 45 min for larger batches). After
the addition was complete, the reaction was heated for a further 10
min then cooled to room temperature. The core synthesis and shell
coating have both been successfully scaled up by a factor of five by
volume without a significant decline in optical properties.
4.6. Characterization. Absorption spectra were collected with a

Cary 500 UV-vis-NIR spectrophotometer. PL emission spectra were
collected with a Horiba Jobin Yvon FluoroMax-4 NIR spectrofluor-
ometer. Both optical measurements used a 1 nm data interval. Built-in
Origin 8 was used for the integration of emission peaks to determine
peak positions, fwhm, and areas. The PL QY was estimated by
comparing the emission intensity of dilute samples in toluene (optical
density of ∼0.1 at the excitation wavelength of 500 nm) with that of
oxazine 170 (lit. QY 60%) in ethanol.42 The difference of the refractive
index of the two solvents was corrected for the QY estimation.
Prior to following characterizations, intensive purification was done

for samples. Purification was carried out by dispersing the crude
mixture in toluene and methanol (∼1:1:1 by volume), followed by
centrifugation (6000 rpm for 12 min). After removal of the
supernatant, the remaining solids were dispersed in a minimum
amount of hexane. The dispersion was centrifuged to remove insoluble
particles and transferred to a clean centrifuge tube. Acetone was added
to this dispersion to induce precipitation of the NCs, and was then
separated by centrifugation. The supernatant was removed and the
remaining crystals were dried under a N2 stream.
Powder X-ray diffraction (XRD) patterns were recorded at room

temperature on a Bruker Axs D8 X-ray diffractometer using Cu Kα
radiation in a θ−θ mode. The generator was operated at 40 kV and 40
mA. Data were collected in a range between 15 and 80° (2θ) with a
step size of 0.1° and a counting time of 7 s per step. An XRD sample
was prepared by depositing a concentrated NC dispersion in hexane
on a low background quartz plate.
Transmission electron microscopy (TEM) samples were prepared

by depositing diluted NC dispersions in hexane onto 400-mesh thin-
carbon-coated Cu grids, followed by drying in air. The samples were
examined in a JEOL JEM-2100F electron microscope equipped with a
scanning unit (STEM) operating at 200 kV. High resolution TEM
(HRTEM) images were obtained using a Gatan UltraScan 1000 CCD
camera, and high angle annular dark field scanning TEM (HAADF-
STEM) images were obtained using a Gatan ADF detector. The NC
sizes were obtained by manually analyzing ∼100 individual NCs. The
atomic composition of the NCs was studied by the energy dispersive
X-ray spectroscopy (EDX) in the STEM mode using an Oxford INCA
Energy TEM 200 attached to the JEM-2100F. The EDX samples were

prepared by concentrated NC dispersions in hexane deposited onto
300-mesh thin-carbon-coated Mo grids, followed by drying in air.

X-ray photoelectron spectroscopy (XPS) was performed using a
Kratos Axis Ultra XPS equipped with a monochromated Al Kα X-ray
source. The instrument pressure in the analysis chamber was 2.0 × 10‑9

Torr during analysis. Survey scans were conducted using a pass energy
of 160 eV, while high resolution scans were carried out at 20 eV using
an analysis area of approximately 300 × 700 μm2. Peak fitting was
performed using CasaXPS (ver. 2.2.107) data processing software.
Shirley background correction procedures were used as provided by
CasaXPS. Curve fitting procedures used for high resolution spectra
presented in this report employed a Gaussian-Lorentzian function.
High resolution analyses were calibrated to adventitious C 1s signal, at
285 eV. Quantification was performed using sensitivity factors
provided by CasaXPS’s Scofield element library.

4.7. Surface Ligand Exchange. Ligand exchange was performed
with purified CuInS2/ZnS core−shell NCs. For in vitro imaging,
dihydrolipoic acid (DHLA, 208 mg, 1 mmol, prepared following
literature method60) was dissolved in 2 mL of methanol containing
∼80 mg of NaOH. To this solution, ∼70 mg of Zn(NO3)2•6H2O
(0.24 mmol) was added and the mixture was stirred vigorously until a
clear solution was obtained. To 2 mL of such a solution was added 0.1
mL of a CuInS2/ZnS stock solution, which was prepared by adding 2
mL dry toluene to ∼40 mg of the purified NCs, and the mixture was
stirred at room temperature for 24 h and then centrifuged (4000 rpm/
30 min). The precipitates were washed with ∼500 μL methanol
(precipitates were partially dissolved in methanol) and then
centrifuged again. Precipitates were dispersed in water and filtered
using 0.45 μm and 0.22 μm pore size syringe filters (some QDs may
not be filtered out).

For in vivo imaging, MUA (0.93 g, 4.3 mmol) was added to 10 mL
of methanol and shaken vigorously. Tetramethyl ammonium
hydroxide (TMAH) was slowly added until a pH of 9−10 was
attained, and then this solution was stirred for 1 h. A portion of this
basic solution (3 mL) was added to 0.1 mL of a CuInS2/ZnS stock
solution, which was prepared by adding 2 mL of dry toluene to ∼40
mg of the purified NCs. The reaction was stirred vigorously for 3−24 h
and monitored by observing the amounts of precipitate in the vessel.
At the end of the reaction, the mixture was centrifuged and the
supernatant was decanted. Chloroform was added to the decanted
supernatant and the aqueous and organic phases were separated after
shaking thoroughly.

4.8. Bioconjugation. The purified CuInS2/ZnS QDs were
bioconjugated with sdAbs 2A3 and EG2 for in vitro and in vivo
imaging, respectively. For in vitro imaging, the DHLA-capped CuInS2/
ZnS stock solution (∼1 × 10−5 mmol) was mixed with a PBS solution
consisting of sdAb 2A3 (2.5 mg/mL sdAb/PBS), where 2A3 is
estimated to be ∼1 × 10−5 mmol based on a molecular weight of ∼15
K. Then 20 mL (∼1 × 10−4 mmol) of EDC and 10 mL (∼1 × 10−4

mmol) of NHS were added at room temperature and the mixture was
stirred vigorously for no more than 1h. The resulting bioconjugates,
unpurified and purified, were used for biological applications. The
purification was carried out with a 30,000 MWCO centrifuge filter
device. The feed molar ratio of QD:sdAb is 1:1, so the purified
bioconjugates should have a molecular weight greater than 30 kDa.
Only the bioconjugates and not the reactants should be retained on
the filter used.

For in vivo imaging, the MUA-capped CuInS2/ZnS NC stock
solution (0.4 mL, ∼4 × 10−5 mmol) was mixed with 0.4 mL of a PBS
solution containing the sdAb EG2 (2.5 mg/mL EG2/PBS). To this
was added EDC (0.020 mL, ∼1 × 10−4 mmol) and NHS (0.010 mL,
∼1 × 10−4 mmol), and the resulting mixture was stirred vigorously for
1 h. The resulting bioconjugates, both purified and unpurified, were
used for the bioimaging. The purification was carried out with a 30 000
MWCO centrifuge filter device, as above.

4.9. Gel Electrophoresis. 1% Ultra Pure Agarose (Invitrogen) gel
was used. Once the gel was solidified, the samples were loaded on the
gel and the electrophoresis was performed for 20 and 50 min using a
Tris-acetate-EDTA (TAE) buffer. Afterwards the samples were
visualized by using eXplore Optix pre-clinical imager at 750 nm.

ACS Applied Materials & Interfaces Forum Article

dx.doi.org/10.1021/am302951k | ACS Appl. Mater. Interfaces 2013, 5, 2870−28802878



4.10. In vitro Imaging. The BxPC3 human pancreatic cancer cell
line was used, which was obtained from American Type Culture
Collection (ATCC). The cells were cultured in RPMI (Gibco)
medium supplemented with 10% fetal bovine serum (Roche) at 37 °C,
5% CO2 in 6-well plates (Falcon) with a sterile coverslip in each well.
When the cells were about 70% confluence by the next day, they were
fixed on the coverslips by using 10% formaldehyde in PBS for 10
minutes. Then, cells were washed three times with PBS and then
incubated with 2% skimmed milk in PBS for 2 h. After washing with
PBS, cells were incubated with 2A3 conjugated or unconjugated
CuInS2/ZnS NCs for 1 h and washed three times with PBS. It is
important to note that the cells were washed after labeling so that
unconjugated QDs that were not targeted to the cells are washed off.
Two sets of fluorescence images were recorded for each sample with
an Olympus IX-81 fluorescence microscope equipped with Photo-
metrics Cascade 512B EMCCD camera. The images were acquired
using a 60x oil immersion objective and the same excitation and
detection conditions were applied for each set. In the first set, the
samples were excited at 488 nm and weak autofluorescence was
detected in the 516−556 nm range (Figure 6 top). In the second set,
the samples were excited at 543 nm (Figure 6 bottom). The samples
treated with 2A3 conjugated CuInS2/ZnS QDs showed strong
fluorescence signal in the 604-644 nm range, whereas no fluorescence
was observed for the samples treated with unconjugated CuInS2/ZnS.
Similarly, no fluorescence was observed in the 604-664 nm range for
untreated cells upon irradiation at 543 nm. Typical images are shown
in Figure 6 and presented with false color, the 488 nm excitation
images in green and the 543 nm excitation images in red. The same
color images are presented using the same intensity scale to facilitate
fluorescence intensity comparison between 2A3 conjugated and
unconjugated samples.
4.11. In vivo Imaging. Firstly, intracranial models of

U87MG.EGFRvIII glioblastoma in nude mice were used. All animal
procedures were approved by the NRC-IBS Animal Care Committee
and were in compliance with the Canadian Council of Animal Care.
CD-1 nude mice (males, 6−8 weeks old) were purchased from Charles
River Canada. The animals were housed in cages, maintained on a 12 h
light/dark schedule at a temperature of 22 °C and a relative humidity
of 50 ± 5%. Food and water was available ad libitum.
U87MG.EGFRvIII carrying the deletion mutant of EGFR (EGFRvIII)
cells was cultured in DMEM supplemented with 10% fetal calf serum
and maintained in a humidified 5% CO2 atmosphere at 37 °C. This
EGFRvIII mutation confers enhanced tumorgenicity in vivo,61 and
there is differential expression of the EGFR protein compared to the
U87MG parental cell line.62 Cells were harvested by trypsinization in
EDTA/trypsin, washed in PBS, and centrifuged three times at 200 g
for 2 min. Cell number was determined and mice were anesthetized
with isofluorane anesthesia and the scalp was swabbed with alcohol.
The skin was incised and a 10 μL Hamilton syringe was used to
inoculate a 5 μL cell suspension (75000 cells) into the corpus striatum
in the left hemisphere (3.0 mm deep; 1 mm anterior and 2.0 mm
lateral to the bregma). The U87MG.EGFRvIII implanted tumors were
allowed to grow for 9 days before the beginning of imaging
experiments.
Secondly, in vivo brain tumor fluorescence imaging was carried out

with near-infrared CuInS2/ZnS NCs bioconjugated with sdAb EG2 as
targeted NCs and CuInS2/ZnS as non-targeted NCs. Mice bearing 9
day old U87MG.EGFRvIII intracranial brain tumors were injected
with QD via the tail vein (20 μL of 1 μM solution). Animals were
subjected to in vivo imaging studies using a small-animal time-domain
eXplore Optix MX2 preclinical imager (Advanced Research Tech-
nologies, Montreal, QC, Canada), as described previously.63−65 In all
imaging experiments, a 488 nm pulsed laser diode was used for
excitation, and the fluorescence emission was collected at 750 nm.
Each animal was imaged whole body at various time points after i.v.
injection. The data were recorded as temporal point-spread functions
(TPSF) and the images were reconstructed as fluorescence
concentration maps. Total fluorescence intensity data from ROIs
placed around the tumor region, were subsequently analyzed using the

OptiView software package (Advanced Research Technologies,
Montreal, QC, Canada).
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