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Quantum dots (QDs) are very attractive for in vivo bio-imaging and therapeutic applications due to their
relatively large absorption coefficient, high quantum yield, low level of photo bleaching, and large Stokes
shift. However, two technical issues need to be resolved before they can be practically applied to in vivo
bio-imaging applications: ensuring both reduced toxicity and efficient emission in the near-infrared (NIR)
frequency range. Here we report a simple and reliable method to synthesize highly luminescent, NIR-
emitting Cu,ln,S,/ZnS (CIS/ZnS) core-shell QDs for deep-tissue bio imaging applications. Off-
stoichiometric effects are utilized with 1-dodecanethiol as a reaction medium for thermolytic synthesis.
The most important finding in our work is that at a high Cu/In ratio, the emission spectrum of CIS/ZnS
QDs can be tuned to NIR frequencies with a high quantum yield up to approximately 65%. The maximum
emission wavelengths of the synthesized QDs are 589 nm (QDsgg) and 726 nm (QD,¢) at a Cu/In ratio of
0.25 and of 1.8, respectively. Their feasibility for optical bio-imaging in a deep-tissue condition is
investigated by the intramuscular injection of QD-loaded polymer microspheres in a mouse model. Our
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tissue of 0.9 cm, whereas emission from the QDsgg is not detectable. Our investigation on the off-
DOI: 10.1035/c5ra06912b stoichiometric effects of CIS QDs will contribute to the development of highly luminescent, NIR-emitting,
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emission spectra, high quantum yields, photochemical
stability, and broad excitation spectra.** However, typical
cadmium-based II-VI QDs (e.g., CdS, CdSe, and CdTe) exhibit
intrinsic toxicity, limiting their applicability for in vivo bio-

Introduction

Optical imaging techniques with advanced functions, such as
rapid acquisition, high resolutions, and non-invasiveness, are
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the subject of increasing attention in relation to biomedical
applications.”” To achieve such functions, it is very important to
develop not only a high-performance optical apparatus but also
high-quality, functional optical materials. Semiconductor
nanocrystals, often called quantum dots (QDs), have been
widely studied as an advanced optical agent. The advantages of
QDs over commonly used organic dyes include tunable
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imaging.” Ternary I-III-VI, QDs have attracted a considerable
amount of attention as an alternative to cadmium-based QDs
given their low toxicity and good optical properties.® In partic-
ular, Cu,In,S, (CIS) QDs have a large absorption coefficient,
large Stokes shifts, and high photostability.’

Various synthetic methods for CIS-based QDs have been
reported, including a hotinjection process, solvothermal
synthesis, and the thermal and photochemical decompositions of
precursors.'*** Recent studies have shown that CIS/ZnS core-shell
QDs can have a very high photoluminescence quantum yield
(PLQY) of about 90% at 620 nm when synthesized by means of
solvothermal synthesis in an octadecene-free condition with 1-
dodecanethiol (DDT) as a sulfur source, a surface ligand, and a
reaction medium.'® However, their fluorescence emission was
found to be limited to only visible light frequencies. Unfortu-
nately, thus far no synthetic procedures have been reported for
near-infrared (NIR)-emitting CIS-based QDs with a high PLQY
(>60%). The NIR wavelength (700-900 nm) is considered to be the
optimum spectral range for optical bio-imaging because scat-
tering and absorption, which are caused by proteins, lipids, and

RSC Adv., 2015, 5, 43449-43455 | 43449


http://crossmark.crossref.org/dialog/?doi=10.1039/c5ra06912b&domain=pdf&date_stamp=2015-05-13
http://dx.doi.org/10.1039/C5RA06912B
http://pubs.rsc.org/en/journals/journal/RA
http://pubs.rsc.org/en/journals/journal/RA?issueid=RA005054

Published on 08 May 2015. Downloaded by Korea Advanced I nstitute of Science & Technology / KAIST on 19/11/2015 05:52:08.

RSC Advances

water, are minimized."”*® Therefore, if the emission spectra of
CIS-based QDs can be extended to the NIR frequencies, an
excellent candidate will be realized for in vivo bio-imaging with
efficient optical penetration into deep tissues.

Several approaches have been tried to modulate the emis-
sion spectra of CIS QDs toward NIR while maintaining efficient
photoluminescence. Because CIS has an excitonic Bohr diam-
eter of about 8.2 nm and a direct bandgap of approximately
1.5 eV, size control essentially becomes a possible route for the
fine-tuning of the emission spectra of CIS QDs. However, the
optical properties of CIS QDs are greatly influenced by the
presence of both of the internal and surface defects. The radi-
ative carrier recombination process is driven by the intragap
defect states, resulting in relatively large Stokes shifts. There-
fore, to induce the spectral shift of CIS QDs toward the NIR
region, it is important to control the internal defects, which are
greatly affected by the stoichiometry of copper and indium
ions.”?* However, only a few studies have reported a PLQY of
more than 20% for CIS/ZnS QDs in the NIR region.*>** These
values are far from sufficient for practical bio-imaging appli-
cations.'****” Non-radiative recombinations that originate from
surface defects are considered as a major cause of such low
PLQYs."?**% Therefore, both the stoichiometry of CIS QDs and
the minimization of surface defects need to be considered to
develop NIR-emitting CIS-based QDs with a high PLQY.

In this work, we report on a facile route for the synthesis of
highly luminescent CIS/ZnS core-shell QDs with a PLQY of
more than 50% in the NIR range. A simple heating-up method
was utilized with DDT as a multi-functional agent, i.e., a reac-
tion medium, a sulfur source, and a capping ligand. No other
organic solvents (e.g., octadecene) or ligands except for DDT
were used in our work. The structural, chemical, and optical
properties of the synthesized CIS and CIS/ZnS QDs were
examined. In vitro and in vivo feasibility tests for deep-tissue bio-
imaging with the synthesized CIS/ZnS QDs were also conducted
using a tissue-like phantom and a mouse model with an intra-
muscular administration.

Experimental
Chemicals and materials

Copper iodide (Cul, trace metals basis, 99.999%), indium acetate
(In(Ac)s, trace metals basis, 99.99%), DDT (98%), zinc unde-
cylenate (98%), octadecene (90%), intralipid emulsion (20%),
hemoglobin from bovine blood (a substrate powder), sodium
chloride (99%), Trizma base (99.9%), sodium azide (NaNj,
99.5%), gelatin from bovine skin (type B, powder), human serum
albumin (HSA, purity = 96%), and polyvinyl alcohol (PVA) (M,, =
146-186 kDa, 88% hydrolyzed) were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Poly(methyl methacrylate)
(PMMA) with a nominal molecular weight of about 50 kDa was
obtained from Kimex Co., Ltd (Suwon, Republic of Korea).

Synthesis of CIS/ZnS core-shell QDs

CIS QDs with different feeding ratios of Cu to In (0.25, 0.5, 1.0,
and 2.0) were synthesized by controlling the concentration of
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Cul with a fixed concentration of In(Ac);. Both of Cul and
In(Ac); were dissolved in 20 mL of DDT and added to a 50 mL
three-necked flask. The reaction mixture was magnetically
stirred at 70 °C while it was degassed under a vacuum for 1 h
and then purged with argon gas (ultra-high purity, 99.999%).
The temperature was subsequently raised to 180 °C at a rate of
10 °C min . The reaction temperature was maintained for 10 h.
To synthesize a ZnS shell, 861.5 mg (2 mmol) of zinc unde-
cylenate was dissolved in 8 mL of octadecene. The mixture was
degassed for at least 15 min, refilled with argon gas, and then
injected in a dropwise manner at a rate of 2 mL min ™" into the
suspension of CIS QDs at 200 °C using a syringe pump (5 mL,
NORM-JECT). After ZnS passivation, the heating mantle was
removed, and the solution was cooled to 60 °C. The resulting
CIS/ZnS core-shell QDs were purified by centrifugation in a
mixture of methanol and chloroform (11 000xg) at 25 °C for
5 min. The precipitates were dispersed in chloroform and kept
in the dark at room temperature until use.

Characterization

The absorption spectra were measured using an UV-vis spec-
trophotometer (UV-1800, Dong-il Shimadzu Corporation, Seoul,
Republic of Korea). The photoluminescence (PL) spectra were
measured using an F-7000 fluorescence spectrophotometer
(Hitachi High-technologies, Tokyo, Japan) with an excitation
wavelength of 370 nm. Size and structural characterization were
obtained from transmission electron microscopy (TEM, JEOL
JEM-3010, Tokyo, Japan) images with energy dispersive X-ray
spectra (EDS) at an acceleration voltage of 200 kV. The crystal
structures were determined by an X-ray diffraction analysis
(XRD, D/MAX-2500/PC, Rigaku, Tokyo, Japan). The simulated
CulnS, powder XRD patterns were obtained by using Diamond
3.0.** The chemical compositions were analyzed using induc-
tively coupled plasma atomic emission spectroscopy (ICP-AES,
iCAP 6300, Thermo Scientific, Rochester, USA). The fluores-
cence decay lifetime was measured using a fluorescence lifetime
spectrometer (FL920, Edinburgh Instruments, UK).

In vitro imaging

Tris-buffered saline (TBS, 50 mM Trizma base and 150 mM
sodium chloride) was used as a buffered solution (pH 7.4) for
the tissue-like phantoms.?* Sodium azide was added to the
TBS to form 0.1 wt% TBS/azide. Ten grams of gelatin were
suspended in 100 mL of TBS and autoclaved at 45 °C for
30 min, with continuous stirring until the gelatin was
completely dissolved. The TBS with the gelatin was then
cooled to 25 °C, and 10.9 g (170 uM) of bovine hemoglobin
and 1 g of intralipid were added to the gelatin solution under
magnetic stirring. The mixture was poured into a mold and
allowed to solidify at 4 °C. To prepare an emitting layer, 1 mL
of a CIS/ZnS QD solution (10 mg mL ™" in chloroform) was
added to a 1 mL gelatin/TBS solution instead of bovine
hemoglobin and intralipid. An in vitro imaging sensitivity
test was conducted by stacking tissue-like phantoms on the
emitting layer. Six phantom layers were stacked on one
emitting layer. The degree of imaging sensitivity was
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calculated by comparing the fluorescence intensity of initial
emitting layer and the phantom-stacked emitting layer. The
fluorescence images were captured with an IVIS® Lumina
imaging system (Caliper Life Sciences, Hopkinton, MA, USA).
The ROI (regions of interest) analysis was measured with
Living Image® Software. The CCD exposure time was 2 s.

In vivo imaging

The CIS/ZnS QDs were encapsulated within PMMA micro-
spheres by an oil-in-water single emulsification and solvent
evaporation method.** Both the QDs (150 mg) and PMMA (1 g)
were dissolved in 5 mL of methylene chloride. The resulting
solution was injected all at once in 50 mL of a 0.3 wt% PVA
aqueous solution and homogenized for 3 min at 2000 rpm,
after which it was stirred magnetically for 12 h at room
temperature to evaporate the methylene chloride. The QD-
PMMA microspheres were collected by centrifugation for
10 min at 2000xg and washed several times with 50 mL of
deionized water. Two female BALB/C nude mice (6 weeks of
age, about 17 g) were housed one per cage in a pathogen-free
environment. They were supplied with autoclaved and non-
fluorescent mouse chow and water. All animal experiments
were conducted in accordance with the guidelines provided by
the Institutional Animal Care and Use committee of KAIST. The
prepared QD-PMMA microspheres were dispersed in 0.2 mL of
phosphate buffer saline (PBS, 137 mM NacCl and pH 7.4) and
implanted intramuscularly into the posterior thigh muscle of a
nude mouse with 2-3 mm in depth. For in vitro and in vivo
imaging sensitivity tests, GFP (A, = 445-490 nm and
Aem = 515-575 nm) and ICG (Aex = 710-760 nm and A, = 810-
875 nm) excitation and emission filters were used for the
visible light and NIR regions, respectively.

Results and discussion

The synthetic procedures used for the CIS/ZnS QDs are sche-
matically described in Fig. 1. Typically, Cul and In(Ac); were

Synthesis of CulnS, core
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mixed with DDT in a three-necked flask. After degassing and
backfilled with argon gas, the mixture was heated. The metal
ions, Cu” and In**, can react with DDT to form transition metal-
thiolate complexes, (-Cu-SR-In-SR-), at 70 °C.** Thermal
decomposition of the metal-thiolate complexes was carried out
at 180 °C, leading to the nucleation of CulnS, clusters followed
by growth. This reaction was indicated by a gradual evolution in
the color from transparent yellow to bright orange, and finally
to black, as the temperature increased. After additional Zn**
ions were injected into the as-prepared CIS QDs, ZnS was
epitaxially grown at 200 °C. The elemental compositions of the
CIS QDs were analyzed by ICP-AES (Table 1). The measured Cu/
In compositions were 0.25, 0.41, 1.1, and 1.8 for Cu/In feeding
ratios of 0.25, 0.5, 1.0 and 2.0, respectively. This result indicates
that the actual Cu/In ratios were similar to the feeding ratios for
all of the prepared samples.

XRD diagrams of the synthesized CIS QDs with different Cu/
In ratios of 0.25, 0.41, 1.1, and 1.8 are shown in Fig. 2A. The
distinctive diffraction peaks with 2-theta values of 28.0°, 46.5°,
and 54.9° can be assigned to the (111), (220), and (311) planes,
respectively, of the cubic zinc blende structures.****** The
differences between the XRD pattern of zinc blende structure
and that of chalcopyrite structure are only several minor peaks,
which have low intensities. Therefore, it is very hard to distin-
guish the differences in their diffraction patterns, especially if
the reflections are broadened because of the small sizes of the
QDs.””* In our work, the CIS QDs with different Cu/In ratios did
not show any distinguishable differences in their diffraction
patterns, indicating that the crystal structure was not greatly
altered, even by the strong off-stoichiometric compositions.
Compared to chalcopyrite CulnS,, zinc blende CulnS, have a
wider range of tunable Cu/In ratio because Cu" and In*" ions
can occupy the same position and have a random distribution
in the zinc blende unit cell.*** Therefore, it is reasonable to say
that the synthesized CIS QDs have the zinc blende structure.
TEM images of the CIS QDs with different compositions are
shown in Fig. 2B. The HRTEM images shown in the inset show
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Fig.1 Schematic description of the synthetic procedures of CIS/ZnS QDs by a heating-up method using DDT as a reaction medium as well as a

sulfur source.

This journal is © The Royal Society of Chemistry 2015

RSC Adv., 2015, 5, 43449-43455 | 43451


http://dx.doi.org/10.1039/C5RA06912B

Published on 08 May 2015. Downloaded by Korea Advanced I nstitute of Science & Technology / KAIST on 19/11/2015 05:52:08.

RSC Advances

Table 1 Elemental compositions and optical properties of the
synthesized CIS QDs

[Cu/In]* 1.8 1.1 0.41 0.25
[Cu/In]teeding” 2.0 1.0 0.5 0.25
Absorption peak (nm) N/A 551 482 449
PL peak (nm) 823 719 641 652
PLQY (%) 8.6 7.9 7.3 9.2
FWHM (nm) 105 148 116 134

“ The molar ratio of Cu to In in the final products as measured by ICP-
AES. ? The molar ratio of Cu to In added to the reaction mixture.

the high crystallinity of the synthesized CIS QDs, with an
average diameter (d, shown above the TEM images) of approx-
imately 3 nm with a narrow size distribution (Fig. S17). The
observed distance of the lattice fringes of the CIS QDs ranged
from 0.319 nm to 0.326 nm, which were very close to the
d-spacing of the (111) planes for zinc blende CulnS,. The
increased d-spacing between the (111) planes increased with the
increased Cu/In ratio. This tendency is very similar to the
reported results of a previous study.”® The origin of diffraction
peak shifts seems to be related to a crystal distortion due to the
generation of intrinsic defects. Because the bond length of In-S
is about 5% larger than that of the Cu-S bond, the presence of
intrinsic defects, such as Cu-on-In antisite defects, can induce
crystal distortion.

A = Simulated [Cu/ln]
CulnS, (Zinc Blende) — 0.25
— 0.48
111 220) (311
—g 1) ( .) (311) 14
h — 1.8
L ' Y, SO
21 /i :
< H
] MW
b= i
[ 1
MNP

Fig. 2 XRD diagrams (A) and TEM images (B) of the CIS QDs synthe-
sized with different compositions.
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The normalized absorption and emission spectra of CIS QDs
with various Cu/In ratios are shown in Fig. 3. Interestingly,
despite no significant changes in the size and structure, the Cu/
In ratio greatly affected the optical properties of the QDs. With
an elevated ratio of Cu to In, the shoulder peak of the absorp-
tion spectra shifted from 449 nm to 551 nm. In the Cu-rich QDs,
the shoulder peak was broadened ([Cu/In] = 1.1) and dis-
appeared ([Cu/In] = 1.8), while the absorption level in the
visible range to the NIR frequency increased broadly. In the PL
spectra, the wavelength of the maximum PL peak was also
shifted from the visible range (Aem peax = 641.6 nm) to the NIR
range (Aempeak = 814.2 nm) as the Cu/In ratio increased. The
red-shift and the spectral shape change of PL with respect to the
increased Cu content can be ascribed to (i) the direct adjust-
ment of the bandgap and (ii) the introduction of intragap defect
states. In the Cu-rich composition, the repulsion between the d
orbital of Cu and the p orbital of S is higher than that in Cu-
deficient conditions, widening the gap between the bonding
and anti-bonding states that constitute the valence band of the
crystals.*® This widening increases the valence band maximum
such that the bandgap energy of the CIS QDs is reduced.***' The
aforementioned red shift of the absorption shoulder also
supports this explanation. In addition, the high concentration
of Cu species during the crystal growth causes defects, i.e., Cu
interstitials (Cu;), Cu-to-In antisites (Cuy,), and In vacancies
(Vin)- A previous report on bulk CIS films suggests Cu; as a deep-
lying donor, Cuy, as a deep acceptor, and Vi, as a shallow
acceptor.” The deep trap transitions caused by the newly
introduced defect pairs are attributed to the NIR emission in the
Cu-rich CIS QDs. Therefore, the effects of Cu-rich compositions
on the spectral changes of CIS QDs are likely caused by both of
the direct change in the bandgap structures and the generation
of intragap defect states. The photoluminescence of Cu-rich CIS
QDs originates from the recombinations of electrons and holes
trapped in the defect states (Fig. 4).*

The PLQY of the QDs was determined by comparing the total
emission intensity of the QDs with that of rhodamine 6G at an
excitation wavelength of 500 nm. The measured PLQYs of CIS
QDs when Cu/In = 1.1, 0.41, and 0.25 were 7.9, 7.3, and 9.2%,
respectively (Table 1). Previous studies showed that a Cu-rich
composition resulted in a low level of fluorescence emis-
sion;*'>** however, in the present work, it was found that the

[CulIn]

[CulIn]
— 0.25

400 500 600 700 800 900
Wavelength (nm)

Absorbance (a.u.) >
PL intensity (a.u.) 00

300 400 500 600 700 800 900
Wavelength (nm)

Fig. 3 Absorption (A) and PL (B) spectra of the CIS QDs synthesized
with different Cu/In ratios at 180 °C. The excitation wavelength was
fixed at 370 nm for PL measurements.
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Fig. 4 Absorption (A and C) and PL (B and D) spectra of the CIS QDs
with Cu/In ratios of 0.25 (A and B) and 1.8 (C and D) as a function of
synthesis time at 180 °C. In the absorption spectra, the absorbance
values of each curve at 900 nm were almost the same, but they were
presented with increasing the level of base lines for easier comparison.
The original curves are provided in the ESI (Fig. S37). In the PL spectra,
the excitation wavelength was 370 nm.

PLQY of the CIS QDs was not significantly dependent on the Cu/
In ratio as shown in Fig. S2.1 The PLQY of CIS QDs with a Cu-
rich composition ([Cu/In] = 1.8) was 8.6% in the NIR region.
Although the precise mechanism is not yet clear, the difference
between the current work and the previous results could be
related to the effect of the synthetic conditions on the deep-level
defect population. In the DDT-only environment in our scheme,
strong metal-thiolate complexes were always present at the
growing edges of the crystals, almost perfectly passivating QDs
while retarded the growth kinetics.**** In this regime, intrinsic
defects once created may scarcely migrate at the growing
surface, prohibiting any annihilation or destructive interaction
with the defects. Along with this effect, relatively a low growth
temperature (i.e., 180 °C) attenuates the diffusion of defect
species and contributes to the surface passivation of QDs. As
DDT acts as a stabilizing ligand during the reaction, its
decomposition at a high temperature results in rapid destabi-
lization of the colloids.”®*¢ Therefore, in our low temperature
and DDT-only synthesis, the surface of nanocrystals could be
more effectively passivated by the ligands, which can reduce the
surface defects that facilitate non-radiative decay, resulting in
the high PLQY in the NIR region.

Although the synthesized CIS QDs exhibited fluorescence
emission in the NIR region, the PLQY was less than 10%,
requiring a further improvement for practical bio-imaging
applications. To increase the PLQY of the CIS QDs, their
surface was subsequently passivated with zinc sulfide (ZnS). ZnS
has been widely used as a shell material for various QDs,
including CIS QDs, owing to its similar crystal structure and a
high bandgap energy (3.5 eV). The formation of a ZnS shell on

This journal is © The Royal Society of Chemistry 2015
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CIS QDs was confirmed by XRD and TEM analyses as shown in
Fig. 5. The size of QDs slightly increased as a result of the shell
formation (Fig. S47). The XRD patterns of the obtained CIS/ZnS
QDs indicate the presence of the (111), (220), and (311) planes of
zinc blende ZnS phase, and the clear lattice fringes in the
HRTEM image indicate the crystalline nature of the resultant
QDs.”

The formation of a ZnS shell layer on the CIS QDs offered a
dramatic increase in the PLQY to both types of the two different
stoichiometric CIS QDs (Fig. 6); the PLQY of the Cu-deficient
QDs ([Cu/In] = 0.25) increased from 8.48% to 56.2%, and that
of the Cu-rich QDs ([Cu/In] = 1.8) from 6.5% to 64.7%. This
dramatic rise in the emission is ascribed to the effective surface
passivation by the ZnS layer, reduced the surface trap sites on
the CIS core.***° Furthermore, we measured the PLQY of NIR-
emitting QDs, which have an emission peak at 718.6 nm,
using rhodamine B*° to confirm the reliability of the PLQY
determined with rhodamine 6G. Previous studies reported that
the PL of rhodamine 6G is quenched in various solvents,
including water, methanol, and ethanol,**** which can be an
extrinsic factor for the high PLQY of CIS/ZnS QDs. However, we
found that the PLQY measured with rhodamine B was 45.9%,
which is similar to that with rhodamine 6G (48.7%).%*%
Therefore, the high PLQY of CIS/ZnS QDs was not derived from
the PL quenching of rhodamine 6G, so the determined PLQY is
reliable. During the ZnS passivation step, the size of the effec-
tive CIS core is reduced through the surface etching of the CIS
core*™*® or by the formation of an alloyed interfacial CIS/ZnS
shell layer,*?*>* which can cause a blue shift of the absorp-
tion and emission peaks. The emission peak of the Cu-deficient
QDs was shifted from 653.8 nm to 589.6 nm and the Cu-rich
QDs also showed a blue shift from 786.2 to 726.6 nm. Park
et al. reported that the degree of the blue shift via ZnS shell
passivation increases proportionally to the increased PL emis-
sion peaks of CIS.* In this work, however, no significant
difference in that degree was observed between Cu-deficient
and Cu-rich QDs. This indicates that Cu-rich defects relevant
to the NIR emission are well incorporated and are localized
inside the core region of the CIS QDs in our synthetic scheme,
despite the fact that some of them near the CIS surface and non-
radiative defects appear to be annihilated during the ZnS shell
passivation process.

A [CulIn]
= JCPDS 00-005-0566
ZnS (Zinc Blende) — 0.25
— 048
(111) (220) (311) 11
{ | — 18

Intensity (cps)

20 30 40 50 60 70 80
2 theta (degree)

Fig. 5 (A) XRD diagrams of the CIS/ZnS QDs with different Cu/In
ratios. (B) TEM images of CIS/ZnS QDs.
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Fig. 6 Normalized absorption spectra and photoluminescence of the
CIS/ZnS QDs from Cu-deficient (A) and Cu-rich (B) CIS QDs. The
excitation wavelength was 370 nm for PL measurements.

Next, we determined the feasibility of the prepared NIR-
emitting CIS/ZnS QDs as an imaging agent for deep-tissue
imaging applications. The photon penetration efficiencies of
the CIS/ZnS QDs with maximum emissions of 589 nm and
726 nm, denoted as ‘QDsgo’ ([Cu/In] = 0.25) and ‘QDyy¢’
([Cu/In] = 1.8), respectively, were determined by in vitro and in
vivo methods. The PLQYs were 56.2% and 64.7% for QDsgo and
QD,6, respectively. For the in vitro tests, we prepared a tissue-
like phantom, composed of gelatin, intralipid, and hemo-
globin, with optical properties similar to cutaneous tissues. The
imaging sensitivity levels of the QDs were measured by
comparing the number of photons as a function of the number
of phantom layers. The QDs were mixed with molten gelatin
(10 mg mL ") to form a transparent QD-gelatin layer, called as ‘a
QD-emitting layer’ (Fig. 7A). On top of the QD-emitting layer,
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Fig.7 The digital photograph of QD-emitting layer (A) and the photon
penetration ratio of QDsgg (Amax = 589 NmM) and QD756 (Amax = 726 NM)
using tissue-like phantoms (B). (C and D) The fluorescence images of
the QD-loaded PMMA microspheres implanted into a thigh muscle by
intramuscular injection. Imaged taken using a GFP excitation filter
(445-490 nm) with a GFP emission filter (515-575 nm) (C) and an ICG
emission filter (810-875) (D).
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1.5 mm-thick layers of tissue-like phantoms were stacked in a
layer-by-layer manner. The photon penetration percentage was
29.4% through six layers of phantom from the emitting layer of
QD5,6, while no photons were detected from the emitting layer
of QDsgo (Fig. 7B). For an in vivo sensitivity test, both QDsgo and
QD;, were encapsulated within PMMA microspheres prepared
by an oil-in-water emulsification and solvent evaporation
method.>* The average diameter of the QD-loaded PMMA
microspheres was 8.38 + 6.46 um, as determined by SEM
(Fig. S5T). The QDs were encapsulated within the microspheres
with encapsulation efficiencies of about 46%. The QD-loaded
PMMA microspheres dispersed in PBS were implanted under
the thigh muscle of a mouse by an intramuscular injection (0.2
mL). The fluorescence emission from the QD,,s was clearly
observed through mouse thigh muscles that were approxi-
mately 2 mm thick (Fig. 7D, right red circle), while no signifi-
cant signal was detected from QDsgy (Fig. 7C, left red circle).
These results indicate that the NIR-emitting QD,,¢ has much
higher optical penetration efficiency through biological tissues.

Conclusions

This study introduced a new facile method to synthesize
cadmium-free, NIR-emitting CIS/ZnS core-shell QDs with a
high PLQY of about 65%, and it demonstrated the feasibility of
deep-tissue bio-imaging applications with these QDs. CIS/ZnS
QDs were synthesized using a heating-up method with DDT as
a reaction medium as well as a capping ligand. The synthesized
QDs exhibited not only high PL emission but also tunable
emission from yellow to the NIR region. Using in vitro and in
vivo imaging sensitivity tests, QD5,¢ was detectable at a depth of
a few millimeters in a phantom and in an intramuscular section
of a mouse. This study demonstrates the feasibility of less-toxic
NIR CIS/ZnS QDs for bio-imaging applications in deeper
tissues.
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