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Abstract

Many theranostic nanomedicines (NMs) have been fabricated by packaging imaging and
therapeutic moieties together. However, concerns about their potential architecture instability and
pharmacokinetic complexity remain major obstacles to their clinical translation. Herein, we
demonstrated the use of CulnS/ZnS quantum dots (ZCIS QDs) as “all-in-one” theranostic
nanomedicines that possess intrinsic imaging and therapeutic capabilities within a well-defined
nanostructure. ZCIS QDs were exploited for multispectral optical tomography (MSOT) imaging
and synergistic PTT/PDT therapy. Due to the intrinsic fluorescence/MSOT imaging ability of the
ZCIS QDs, their size-dependent distribution profiles were successfully visualized at tumor sites in
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vivo. Our results showed that the smaller nanomedicines (ZCIS NMs-25) have longer tumor
retention times, higher tumor uptake, and deeper tumor penetration than the larger nanomedicines
(ZCIS NMs-80). The ability of ZCIS QDs to mediate photoinduced tumor ablation was also
explored. Our results verified that under a single 660 nm laser irradiation, the ZCIS NMs had
simultaneous inherent photothermal and photodynamic effects, resulting in high therapy efficacy
against tumors. In summary, the ZCIS QDs as “all-in-one” versatile nanomedicines allow high
therapeutic efficacy as well as noninvasively monitoring tumor site localization profiles by
imaging techniques and thus hold great potential as precision theranostic nanomedicines.

Graphical Abstract

Keywords

ZCIS QDs

CulnS/ZnS quantum dots; photoacoustic imaging; multispectral optical tomography; photothermal
therapy; photodynamic therapy

Parallel advances in nanotechnology, imaging, chemistry, and biology in recent years have
resulted in the emergence of theranostic nanomedicines as promising agents to deliver
personalized medicine for disease- and patient-specific diagnosis and treatment.!~* By
integrating therapeutic and imaging components into a single nanoformulation, theranostic
nanomedicines allow precise disease diagnosis, assessment of treatment efficacy, and real-
time evaluation of pharmacokinetics by imaging techniques.>-® Despite these conceptual
advances, theranostic nanomedicines are still at an early stage of development and have not
yet achieved clinical application because of concerns mainly regarding their safety and
nanostructure/surface-dependent pharmacokinetics.”~!0 Notably, theranostic nanomedicines
are usually fabricated by encapsulating or conjugating both therapeutic and imaging
moieties together, which gives rise to concerns about unstable nanostructures, altered
surfaces, and increased pharmacokinetic complexity.Z> Therefore, it is essential to fabricate
“all-in-one” theranostic nanomedicines with intrinsic imaging and therapeutic capabilities,’
allowing high therapeutic efficacy as well as noninvasive monitoring of the localization
profile of the nanomedicine at the tumor site by imaging techniques.

Among the various biomedical imaging modalities, fluorescence imaging is the most widely
employed in (pre)clinical research due to its low cost and short acquisition time. Despite its
poor spatial resolution and limited penetration depth for in vivo imaging, fluorescence
imaging is of particular interest for single-molecule tracking and imaging of cellular
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constituents thanks to its outstanding sensitivity.!!-!2 On the other hand, multispectral
optoacoustic tomography (MSOT) is a hybrid imaging modality that overcomes the optical
diffusion limitation by integrating the spectral selectivity of molecular excitation with the
high resolution of ultrasound detection based on the photoacoustic (PA) effect.!3-15 MSOT
imaging thus holds great promise for the visualization of physiological and pathological
processes at the molecular level with deep tissue penetration and fine spatial resolution.
Therefore, it would be advantageous to integrate fluorescence and MSOT imaging into a
single nanomedicine, where highly sensitive fluorescence imaging enables detection of the
behavior of the nanomedicine 7n vitro, while MSOT imaging allows noninvasive
visualization of the nanomedicine accumulation profile at the tumor site 7 vivo.l> However,
the nanoparticles (NPs) used for MSOT imaging, such as carbon NPs, 16,17 CyS NPs,18-20
gold nanorods,?!+22 and nanoporphyrin,?3 usually show strong light excitation absorption
and would thereby result in serious fluorescence quenching when integrated with
fluorophores.2* Therefore, it is still a major challenge to achieve theranostic nanomedicines
with intrinsic fluorescence/MSOT dual-modal imaging ability.

Activatable theranostics have been receiving enormous attention as an emerging clinical
approach to early diagnosis, monitoring, and prognostic evaluation of diseases via imaging
techniques followed by tailored therapy.23-2 In particular, photomediated therapeutic
approaches, such as photodynamic therapy (PDT) and photothermal therapy (PTT),
14.23-25.27-31 have been increasingly recognized as promising alternatives to traditional
cancer therapies, due to the advantages of spatiotemporal selectivity, reduced side effects,
and minimal invasiveness. PTT, which involves photothermal conversion agents that induce
hyperthermia by exposure to a laser, can result in ablation of cancer cells depending on the
increase in the local temperature in the tumor. Typically, an elevated temperature (>70 °C) is
needed for efficient hyperthermal destruction of a tumor,32 which might cause undesirable
destruction of nanomedicines and serious collateral damage to normal tissue. On the other
hand, PDT employs a photo-sensitizer (PS) that can convert normal oxygen (30,) to the
reactive and cytotoxic singlet oxygen (10,) upon exposure to specific light wavelengths.
However, typical PS agents absorb light in the ultraviolet/visible region and suffer from easy
photodecomposition.33-34 Therefore, it would be advantageous to build theranostic
nanomedicines that enable simultaneous PTT and PDT following a single NIR laser
exposure, which will achieve high therapeutic efficacy even at a moderate local temperature
(<45 °C).

Quantum dots (QDs) have been intensively investigated as theranostic nanomedicines due to
their distinct advantages of bright fluorescence, broad excitation spectrum, robust structure,
and resistance to photobleaching.33-3¢ However, QDs have seldom been exploited for MSOT
imaging and PTT since the first pioneering exploration by Zharov’s group.3’ In this work,
we report on highly versatile “all-in-one” theranostic nanomedicines based on CulnS/ZnS
(ZCIS) QDs, which have a broad absorption band in the visible region (600—700 nm).
Significantly, the ZCIS QDs exhibited strong NIR emission centered at 730 nm as well as
good MSOT imaging ability and synergistic PTT/PDT effects upon 660 nm laser irradiation.
These properties have rarely been reported to date. Thus, the ZCIS QDs are intrinsically
capable of various imaging and therapeutic functions and have successfully been evaluated
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as “all-in-one” theranostic nanomedicines that can be used for fluorescence/MSOT dual-
modal imaging and PTT/PDT-mediated tumor ablation (Figure 1A).

RESULTS AND DISCUSSION

Characterization, Fluorescence, and MSOT Properties of ZCIS NMs

Our proposed “all-in-one” theranostic nanomedicines (NMs) were made from ZCIS QDs
with a surface coating of lipid (DSPE-PEG-2K) and are denoted as ZCIS NMs. The
employed ZCIS QDs were synthesized according to our previously reported methods with
advantages of low toxicity and NIR emission over conventional CdSe-class QDs.38-3° The
imaging capabilities of the ZCIS NMs were investigated in detail. As indicated in Figure 1B,
the ZCIS NMs were well-dispersed in aqueous medium and showed strong NIR
fluorescence emission with a peak at 730 nm. The fluorescence quantum yields were
calculated to be 12.2% using a fluorospectrophotometer equipped with an integrating sphere.
Transmission electron microscopy (TEM) observation (Figure 1D) confirmed the uniform
size distribution and spherical morphology of the obtained ZCIS QDs and revealed a well-
resolved crystal lattice, which indicates robust nanostructure. Notably, a significant
absorption band was observed in the NIR region (650-750 nm) (Figure 1C), suggesting
potential photoacoustic (PA) imaging ability. Encouraged by this result, we audaciously
explored the potential of the ZCIS NMs for PA imaging, despite the fact that similar studies
have seldom been carried out on QDs. As presented in Figure 1E and G, ZCIS NMs at
various mass concentrations were embedded in agar gel cylinders to create in vitro PA
imaging phantoms, which were studied in a MSOT imaging system. The results in Figure 1E
reveal that the PA signal was a function of the excitation light wavelength and the ZCIS NM
concentration. The ZCIS NMs showed a continuous PA spectrum, with a more intense signal
in the shorter wavelength NIR region. This corresponds to the observed optical absorption
spectrum in Figure 1C. Quantitative analysis showed that the PA intensity was linearly
correlated with the ZCIS NMs concentration from 0 to 200 pg/mL, as presented in Figure 1E
and F. These findings demonstrated the potential of these versatile ZCIS NMs as theranostic
nanomedicines with intrinsic fluorescence/MSOT dual-modal imaging ability.

Photothermal and Photodynamic Effect of ZCIS NMs

Given the efficient photon absorption of the ZCIS NMs in the NIR region (650-750 nm), we
next wanted to investigated the potential of the nanodots for use in PTT and PDT ablation of
tumors. The temperature elevation of aqueous dispersions of the ZCIS NMs at various
concentrations (0—200 ug/mL) was monitored under continuous laser irradiation (660 nm, 1
W/cm2) with an infrared thermal camera, as shown in Figure 2A—C. No obvious temperature
rise was observed in the control sample of pure water, while the aqueous ZCIS NMs
exhibited a clear photothermal effect. Temperature increases of 10-22 °C were detected after
laser irradiation for 10 min, owing to the efficient NIR absorption of the ZCIS NMs. The
temperature rise at the end of the 10 min laser irradiation period was plotted against the
ZCIS NM concentration (Figure 2B). The temperature elevation profile flattened out with
increasing concentration, which can be attributed to the dependence of the logarithmic
absorbance on the fraction of incident radiation. To further study the photothermal stability
and transduction efficiency of the ZCIS NMs, an aqueous solution (200 pg/mL,1 mL) was
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continuously illuminated by a 660 nm laser (1 W/cm?2) until it reached a steady-state
temperature, at which point the laser was stopped and the suspension was allowed to cool
naturally. The temperature change during the heating—cooling process was monitored for
four cycles to derive a heat generation—dissipation curve as shown in Figure 2D. An almost
equal temperature elevation of 22 °C occurred during each laser ON/OFF cycle, suggesting
excellent photothermal stability of the ZCIS NMs. On the basis of the photothermal curve in
Figure 2D and the quantification method first developed by Roper#” (see method details and
Figure S1 in the Supporting Information), the photothermal conversion efficiency was
calculated as 11.6%, which is fairly acceptable and comparable to that of Au nanoshells
(13%).4!

QDs possess several distinct characteristics that make them potentially suitable as
photosensitizers.*243 We therefore investigated whether the ZCIS NMs were able to
generate reactive oxygen species (ROS) in vitro upon exposure to the same laser treatment
(1 W/ecm?2). ROS were detected by incubating ZCIS NMs with p-nitrosodimethylaniline
(RNO), which is subjected to photobleaching and exhibits reduced absorbance at 440 nm in
the presence of ROS. As shown in Figure 2E and Figure S2 (in the Supporting Information),
the maximum absorption of the suspension gradually decreased as the laser irradiation time
increased, suggesting that ROS was efficiently generated. Notably, equal decreases in
absorbance and negligible fluorescence changes (see Figure S3 in the Supporting
Information) were observed for each time interval during the 25 min laser irradiation,
implying good photo-chemical stability of the ZCIS NMs. These interesting findings
demonstrated that the ZCIS NMs are promising nanomedicines that allow simultaneous PTT
and PDT upon a single laser exposure.

In Vitro Phototherapy Evaluation and Multicellular Spheroid Penetration

Encouraged by the promising phototherapy efficiency, we next evaluated the cytotoxicity
and in vitro phototherapy efficacy of the ZCIS NMs in the mouse mammary carcinoma cell
line 4T1. We tested the viability of 4T1 cells after exposure to various concentrations of
ZCIS NMs for 24 h with or without laser irradiation. As shown in Figure 3A, even with 200
pg/mL of ZCIS NMs, the cell viability was almost 90%, which suggested that ZCIS NMs
had very low cytotoxicity. To verify the enhanced phototherapy efficacy induced by ZCIS
NMs, live and dead cells were differentiated by costaining with calcein AM (green
fluorescence; living cells) and PI (red fluorescence; dead cells) after laser treatment (Figure
3C). In the untreated and control (ZCIS NMs only or laser only) groups, all cells displayed
green fluorescence, illustrating that ZCIS NMs alone or NIR laser irradiation alone had little
effect on the viability of the cells. In contrast, almost all the cells that were incubated with
ZCIS NMs and then exposed to NIR laser (1 W/ecm?, 10 min) were killed and displayed red
fluorescence. As shown in Figure 3B, the phototherapeutic efficacy of the ZCIS NMs was
dependent on the irradiation time, with over 95% of the cells killed after 10 min exposure.
On the basis of the above study, we predict that the synergistic PTT and PDT effect of the
ZCIS NMs will enhance their efficacy. Next, we examined the intracellular ROS production
by ZCIS NMs under NIR laser irradiation using 2”,7’-dichlorofluorescin diacetate (DCFH-
DA). DCFH-DA is deacetylated to a nonfluorescent compound once it has diffused into cells
and is oxidized by ROS to 27 7" -dichlorofluorescin (DCF), which has fluorescent emission
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at 525 nm. As shown in Figure 3D and Figure S4 (see Supporting Information), confocal
laser scanning microscopy (CLSM) observation revealed very weak fluorescence of ROS,
when the cells were cultured with phosphate-buffered saline (PBS) or ZCIS NMs only or
treated with NIR irradiation alone. In contrast, intense intracellular green fluorescence was
observed in cells cultured with ZCIS NMs followed by 660 nm laser irradiation (1 W/cm?2,
10 min), indicating efficient intracellular ROS generation. Meanwhile, the inherent
fluorescence of ZCIS NMs allowed us to visualize their intracellular distribution. The NIR-
emissive ZCIS NMs clearly accumulated in the cytoplasm, leaving the nucleus as a clear
zone (Figure S5, see Supporting Information). Together with the results of the cell viability
tests, these lines of evidence indicate that the ZCIS NMs are efficient theranostic
nanomedicines with intrinsic and synergistic PTT and PDT properties.

In Vivo Fluorescence/MSOT Imaging Guided Tumor-Site Accumulation of ZCIS NMs

On the basis of the favorable in vitro results, we next used in vivo fluorescence/MSOT dual-
modal imaging to evaluate the penetration and retention of ZCIS NMs at the tumor site.
Prior to animal experiments, the initially hydrophobic ZCIS QDs were encapsulated into
lipid-PEG (DSPE-PEG) micelles, resulting in ZCIS NMs. By varying the amount of DSPE-
PEG, ZCIS NMs with hydrodynamic diameters (HDs) of 25.3 and 82 nm were prepared and
designated as ZCIS NMs-25 and ZCIS NMs-80, respectively (Figures S6 and S7 in the
Supporting Information). As shown in Figure S8 (in the Supporting Information), the
temporal evolution of the HD profile was recorded up to 3 days, depicting a good colloidal
stability of the ZCIS NMs-25 in water and PBS. These ZCIS NMs were employed to study
the effect of size on the retention and penetration profiles of the particles in nude mice
bearing 4T1 tumors. When the tumor volume reached 100 mm?3, the mice were administered
with an intravenous (i.v.) injection of ZCIS NMs (2 mg/mL, 200 puL) and then subjected to
NIR fluorescence and MSOT imaging. As shown in Figure 4, ZCIS NMs fluorescence was
distributed throughout the body soon after i.v. injection. Between 6 and 48 h postinjection,
the ZCIS NMs gradually accumulated in the tumor site through the enhanced permeability
and retention (EPR) effect, resulting in strong signals in the tumor region. The accumulation
of ZCIS NMs in tumors was semiquantified 7n vivo by fluorescence intensity (Figure 4C).
The average fluorescence intensity derived from the tumor site increased continuously until
24 h postinjection, after which it decreased slightly. At 48 h postinjection, the major organs
of the treated mice were harvested for ex vivo fluorescence imaging and tissue
biodistribution quantification by ICP-MS. As presented in Figure 4B, distinct fluorescent
signals were clearly observed in the tumors despite the strong signals in the liver and spleen.
These results were in agreement with the ICP-MS data shown in Figure 4D. Notably, a
higher tumor site signal was observed in the mice injected with ZCIS NMs-25 than with
ZCIS NMs-80. The quantification analysis shown in Figure 4C and D also indicates that the
ZCIS NMs-25 have a longer retention time (48 h) and higher relative uptake efficiency (5.2
+ 1.2%) than ZCIS NMs-80 (24 h, 3.2 + 0.7%). This implies that the behavior of the ZCIS-
NMs at the tumor site is size-dependent.

Because fluorescence imaging has relatively poor resolution, we exploited the intrinsic
MSOT imaging feature of the ZCIS QDs to carry out a more thorough study of the size-
dependent tumor site distribution behaviors of the ZCIS NMs in mice. In vivo MSOT
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imaging is noninvasive and facilitates the acquisition of both anatomical and functional
information with deeper penetration and higher spatial resolution. As shown in Figure 4E,
the contrast at the tumor site was markedly enhanced from 4 h postinjection, indicating the
efficient passive targeting and MSOT imaging ability of ZCIS NMs in vivo. The PA signal
analysis in Figure 4G shows that the PA signals initially rose and then slightly decreased
after 24 h postinjection, a pattern that is similar to the fluorescence profile in Figure 4C. We
also focused in more detail on the different information from the tumor area of the two
experimental groups (ZCIS NMs-25 and ZCIS NMs-80). As shown in Figure 4E,G, at 24 h
postinjection of ZCIS NMs-25, the PA signal intensity in the tumor was enhanced by over
300%, while the enhancement was less than 200% in the case of ZCIS NMs-80. This is in
accordance with the uptake analysis by ICP-MS in Figure 4C. In the mice injected with
ZCIS NMs-25, the tumor was more markedly visible even up to 48 h postinjection compared
to the mice injected with ZCIS NMs-80, suggesting a longer tumor retention time. The
tumor penetration activities of ZCIS NMs-25 and ZCIS NMs-80 are clearly demonstrated by
the enlarged orthogonal view of the tumor in Figure 4E. Following ZCIS NMs-80 treatment,
the periphery of the tumor showed significant PA signals, but the signals from the interior
area of the tumor were weak. In the case of ZCIS NMs-25, intense PA signals were clearly
detected throughout the tumor region, demonstrating the deeper penetration and uniform
distribution of ZCIS NMs-25 in the tumor. In order to eliminate the possibility that the
results were due to tumor necrosis, the mice were subjected to magnetic resonance imaging
(MRI), which provides tissue pathological and anatomical information (Figure 4F). The
tumors exhibited homogeneous contrast imaging, indicating no necrosis or inflammation.
The size-dependent penetration capability of ZCIS NMs was also carefully validated using
in vitro multicellular spheroids (MCSs). MCSs are versatile 3D tumor models that are
similar to solid tumors based on their morphology and biological properties.***> As shown
in Figure 3E, the CLSM Z-stack scanning results revealed that the red fluorescence of ZCIS
NMs-80 was mostly detected on the periphery of the MCSs, while the fluorescence of ZCIS
NMs-25 was clearly observed inside the MCSs even at a depth of 110 um. This suggests that
the smaller ZCIS NMs have a more favorable penetration profile. Taken together, the
evidence suggests that ZCIS NMs-25 have an advantageous tumor distribution profile,
including longer retention time, higher tumor uptake efficiency, and deeper tumor
penetration. This is consistent with previous reports that nanoparticles with sizes ranging

from 20 to 50 nm have favorable accumulation and retention in tumors. 1440

In Vivo Phototherapy Efficacy and Toxicity Assessment of ZCIS NMs

Having precisely monitored the tumor site distribution profiles of the ZCIS NMs, we next
assessed their phototherapy efficacy against tumors 7 vivo. When the tumor volumes
reached about 100 mm?3, nude mice bearing 4T1 tumors were divided into four treatment
groups: PBS injection only; ZCIS NMs-25 injection only; PBS injection and laser
irradiation; and ZCIS NMs-25 injection and laser irradiation. The treated mice were i.v.
injected with ZCIS NMs at a dose of 40 mg/kg and then exposed to a 660 nm laser (1 W/
cm?) for 12 min at 12 h postinjection. During the laser exposure, thermal images were
continuously acquired with an infrared thermal camera to monitor changes in the
temperature at the tumor site (Figure 5A,B). Tumors in the mice injected with PBS or ZCIS
NMs-25 only showed no temperature change. The temperature of the tumor area in the mice

ACS Nano. Author manuscript; available in PMC 2018 March 20.



1duosnuepy Joyiny 1duosnuepy Joyiny 1duosnuepy Joyiny

1duosnuepy Joyiny

Lvetal.

Page 8

treated with ZCIS NMs-25 and laser irradiation rapidly increased to 46 °C within 6 min. In
contrast, the tumor temperature of the mice treated with PBS and laser irradiation showed an
increase of ~5 °C. The tumor volumes and body weights of each group of mice were
monitored for 12 days (Figure 5C,D). While the tumors in the control groups all increased in
size, the tumors in the group treated with ZCIS NMs and laser irradiation showed marked
growth inhibition and regression after 12 days, leaving scars at the initial sites. On the basis
of our in vitro investigations, we attributed the efficient phototherapy efficacy of the ZCIS
NMs to the intrinsic and synergistic PTT and PDT effect of the CIS/ZnS QDs. The tumors
from each group were harvested at the end of the experimental period (Figure SE) and
stained with hematoxylin and eosin (H&E) (Figure 5F). The histochemical analysis
suggested obvious necrosis of the QDs+Laser-treated tumor tissues, including features such
as nuclear condensation, severe cell shrinkage and loss of contact, and breakdown of the
tumor extracellular matrix. On the other hand, no obvious damage to the tumor tissue was
observed in the three control groups. Taken together, these results demonstrate that ZCIS
NMs are efficient nanomedicines with intrinsic phototherapy effects.

It is essential to assess the safety of any nanomaterial that is intended for use in biomedical
applications. Therefore, we further evaluated the 7n vivo toxicity of ZCIS NMs by H&E
staining of the major organs and blood biochemistry analysis (Figure 5G and Figure S9 in
the Supporting Information). No significant difference was observed in the concentrations of
hepatic function markers (ALT and AST) and renal function markers (CREA, UA, and
BUN) after the ZCIS NMs injections. This suggests that the ZCIS NMs induced negligible
renal and hepatic dysfunction. Meanwhile, the H&E-stained slides did not show any obvious
tissue inflammation, cell necrosis, or apoptosis in the heart, liver, spleen, lung, and kidney
(Figure 5G), indicating an absence of evident toxic side effects. Collectively, our results
verified that ZCIS NMs had low toxicity and could therefore serve as theranostic
nanomedicines with dual-imaging and phototherapeutic properties.

CONCLUSION

In summary, ZCIS NMs QDs were demonstrated as “all-in-one” theranostic nanomedicines
with inherent fluorescence/MSOT imaging properties as well as PTT/PDT effects. The ZCIS
NMs can simultaneously act as a “spy satellite” and a “precision weapon’ for precise
diagnosis and efficient destruction of tumors. Due to their efficient absorption in the range of
650-750 nm, ZCIS QDs were successfully used for MSOT imaging and synergistic
PTT/PDT therapy. The intrinsic fluorescence/MSOT imaging ability of the ZCIS QDs
enabled the noninvasive visualization of their size-dependent distribution profiles at the
tumor site in vivo. Our results showed that the smaller nanomedicines (ZCIS NMs-25) have
longer tumor retention times, higher tumor uptake, and deeper tumor penetration than the
larger nanomedicines (ZCIS NMs-80). In addition to the imaging properties, the ability of
ZCIS QDs to mediate photoinduced tumor ablation was intensively explored. Our results
verified that the ZCIS NMs delivered simultaneous photothermal and photodynamic effects
upon a single 660 nm laser irradiation, resulting in efficient synergistic phototherapy
efficacy against tumors. These nanoparticles still require in-depth research into their
pharmacokinetic properties and potential toxicity. Nevertheless, the ZCIS QDs, as versatile
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“all-in-one” nanocrystals, hold great potential as a paradigm for precision theranostic
nanomedicines.

EXPERIMENTAL SECTION

Reagents

Copper(I) iodide (Cul, 99.9%), indium(III) acetate (In(OA)3, 99.9%), zinc stearate (ZnO,
12.5-14%), 1-dodecanethiol (DDT, 98%), oleylamine (97%), oleic acid (OA, 90%), 1-
octadecene (ODE, 90%), calcein-AM, propidium iodide (PI), p-nitrosodimethylaniline, and
2’,7"-dichlorodihydrofluorescein diacetate (DCFH-DA) were purchased from Sigma-
Aldrich and used as received without further purification. DSPE-PEG-2K was purchased
from Yarebio (Shanghai, China). Deionized water (18.2 MQ-cm resistivity at 25 °C) was
used for all tests.

Synthesis of ZCIS QDs

ZCIS QDs were prepared via a thermal decomposition strategy reported in our previous
work.39 Typically, Cul (0.2 mmol), zinc stearate (Zn(SA);) (0.1 mmol), In(Ac)z (0.2 mmol),
and OA (1.0 mmol) were mixed with 8.0 mL of ODE and 1.0 mL of DDT in a four-neck
flask under magnetic stirring. The solution was heated to 100 °C, degassed for 30 min, and
subsequently further heated to 240 °C under an argon atmosphere. The reaction solution was
cooled to 150 °C after 60 min, followed by sequential injections of 2 mL of sulfur precursor
(0.1 M in ODE/oleylamine, v/v 10:1) and 3 mL of zinc stearate solution (0.1 M in ODE) in
three batches with a time interval of 15 min. Then the temperature was increased to 220 °C
for 60 min. The as-prepared ZCIS QDs were added with ethanol until the solution became
turbid and then collected by centrifugation (8000 rpm, 20 min). Two more purifications with
hexane/ethanol (1:3) cosolvents by centrifugation were performed. The obtained ZCIS QDs
were finally dispersed into chloroform.

Preparation of ZCIS NMs

The initially prepared ZCIS QDs were hydrophobic and biologically modified with
mMPEG)(99-DSPE via an ultrasonication emulsion strategy prior to biomedical applications.
For the typical preparation of ZCIS NMs-25, 4 mL of water containing 8 mg of mPEG;(-
DSPE was placed under an ultrasonic transducer. Then 1 mL of ZCIS QDs (2 mg) solution
in chloroform was added dropwise into the aqueous solution under ultrasonication (100 W).
After ultrasonicating for 5 min, the obtained QDs/lipid emulsion was evaporated to remove
chloroform followed by sonication for 5 min, resulting in a clear aqueous ZCIS NMs-25
solution. The resulting solution was filtered to remove large aggregations and centrifuged
three times to remove excess mMPEG;o-DSPE. The final solution was kept at 4 °C for
further use. The mass concentration was determined by lyophilization. ZCIS NMs-80 can be
prepared at the same conditions except increasing mPEG»(09-DSPE to 16 mg.

Penetration of ZCIS NMs-25 and ZCIS NMs-80 in MCSs

MCSs were transferred to ultralow attachment 24-well plates (Corning, USA) and incubated
in RPMI 1640 medium containing ZCIS NMs (100 pg/mL) for 12 h. Then, the MCSs were
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collected and washed with PBS three times and observed by a Zeiss LSM 710 inverted laser
confocal scanning microscope.

In Vivo Fluorescence/MSOT Imaging

ZCIS NMs (200 pL, 2 mg/mL) were i.v. injected into the 4T1 tumor bearing BALB/c nude
mice. The fluorescence images were acquired on a CRI Maestro system using the red
excitation channel and an NIR filter at different postinjection time points. The images were
unmixed by the Maestro software. All mice were euthanized after the 48 h imaging. All
major organs including tumors were collected and subjected to ex vivo imaging.

In vivo photoacoustic imaging was acquired on the multispectral optical tomography system
(MSOT inVision 128, iThera medical, Germany). Photoacoustic signals were detected under
different excitation wavelengths (680-900 nm). The two excitation wavelengths were used
to measure oxygenated and deoxygenated hemoglobin at 850 and 750 nm, respectively.
MSOT signals before injection were recorded as a control.

In Vivo Phototherapy Assessment

The 4T1 tumor-bearing BALB/c nude mice (female, 6 weeks old) were i.v. injected with
ZCIS NMs-25 at a dose of 40 mg/kg when the tumor diameter reached ~6 mm. An equal
volume of PBS buffer solution was injected into the mice as a control. After 12 h
postinjection, the tumor sites of both experimental and control groups were exposed to a 660
nm laser (1 W/cm? for 12 min). During the irradiation process, the temperature of the mice
was continuously monitored by a Fluke (Ti400) thermal imaging camera.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Scheme and characterization of ZCIS QDs. (A) Illustration of ZCIS QDs used as theranostic
nanomedicines with intrinsic fluorescence/MSOT imaging and PTT/PDT therapy abilities.
(B) Fluorescence emission spectra (inset: the digital photograph). (C) UV—vis absorption
spectrum (inset: enlargement of the absorption from 600 to 800 nm). (D) TEM and high-
resolution TEM (inset) images of ZCIS QDs. (E) Photoacoustic signal spectrum of ZCIS
QDs@lipid nanomedicines (designated ZCIS NMs) at various concentrations. (F) Linear
relationship between PA signal intensities and concentrations of ZCIS NMs. (G) MSOT
imaging phantoms, consisting of various concentrations of ZCIS NMs embedded in agar gel
cylinders. The abbreviations in the illustration are as follows: ZCIS QDs (CulnS/ZnS
quantum dots), PA signal (photoacoustic signal), NIR (near-infrared), MSOT (multispectral

optical tomography), and ROS (reactive oxygen species).
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Photothermal and photodynamic properties of ZCIS NMs. (A) Temperature elevation of the
ZCIS NMs in aqueous solution at different concentrations under laser irradiation as a
function of irradiation time. (B) Plot of temperature change over a period of 10 min versus
the concentration of ZCIS NMs in aqueous solution. (C) Thermal infrared images of ZCIS
NMs in aqueous solution in a cuvette under laser irradiation. (D) Temperature elevation of
the ZCIS NMs in aqueous solution (200 ug/mL) over four ON/OFF cycles of NIR laser
irradiation. (E) Absorbance spectrum of RNO solution containing ZCIS NMs under laser
irradiation. (F) Plot showing the change in absorbance of RNO solution at 440 nm during 25
min of laser exposure (laser irradiation: 660 nm, 1 W/cm?).
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Figure 3.
In vitro cell experiments. (A) Viability of 4T1 cells after incubation with ZCIS NMs at

various concentrations for 24 h. (B) Viabilities of 4T1 cells after ZCIS NM-induced
photoablation under 660 nm laser irradiation (1 W/cm?) for different lengths of time. (C)

Fluorescence images of calcein AM/PI-costained 4T1 cells with or without ZCIS NM
solution (100 pg/mL) after exposure to a 660 nm laser (1 W/cm?2, 10 min). Ctrl: cells with no
ZCIS NM/laser treatment; QDs: cells treated with ZCIS NMs alone; Laser: cells treated with
laser alone; QDs+Laser: cells treated with both ZCIS NMs and laser irradiation. (D)
Confocal fluorescence images of cells treated with laser only (Laser), ZCIS NMs only
(QDs), and ZCIS NMs/laser (QDs+Laser). The 660 nm laser irradiation was at 1 W/cm? for
10 min. Cellular ROS generation was detected by DCF fluorescence. Scale bar = 16 um. (E)
Confocal fluorescence images showing in vitro penetration of ZCIS NMs-25 and ZCIS
NMs-80 into 4T1 multicellular spheroids (MCSs). The MCSs were incubated with ZCIS
NMs-25 or ZCIS NMs-80 for 8 h and observed by CLSM Z-stack scanning. The surface of
the MCSs was defined as 0 um. Scale bar = 50 um.
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Figure 4.
In vivo fluorescence and MSOT imaging. (A) Real-time 7n vivo NIR fluorescence images of

tumor-bearing mice at various time points after i.v. injections of ZCIS NMs-25 and ZCIS
NMs-80. (B) Ex vivo NIR fluorescence images of the major organs harvested at 48 h
postinjection (1, liver; 2, spleen; 3, lung; 4, heart; 5, kidney; 6, tumor). (C) Average
fluorescence intensities of the tumor areas over 48 h after injections. (D) Biodistributions of
ZCIS NMs-25 and ZCIS NMs-80 in major organs of 4T1 tumor-bearing mice at 48 h
postinjection, determined by ICP-MS analysis. (E) In vivo MSOT images of tumors (arrows)
in mice taken at different times after intravenous injection of ZCIS NMs-25 and ZCIS
NMs-80. Enlarged orthogonal views of the tumor region are also presented. (F) /n vivo MRI
images of the tumor-bearing mice acquired at 48 h postinjection (tumors are indicated by
arrows). (G) MSOT signal enhancement in the tumor at different time points postinjection.
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The signal enhancement values were calculated by Slpost/SIpre (SI denotes signal intensity).
Each group contained 3 mice. Error bars, mean + SD, *P < 0.05 (two-tailed Student’s ftest).
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In vivo thermal imaging and PTT. (A) Thermal IR imaging of 4T1 tumor-bearing mice after

i.v. injection of ZCIS NMs-25 and exposure to 660 nm laser irradiation. (B) Temperature
change curves of 4T1 tumors in mice treated with or without ZCIS NMs-25 and laser
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irradiation as a function of irradiation time. (C) Growth curves of tumors in mice from the

different treatment groups. Tumor volumes were normalized to their initial sizes. Error bars

represent the standard deviations of 3 mice per group. (D) Body weight curves of mice in the
different treatment groups. (E) Digital photos and (F) H&E staining of tumor tissues
collected from mice in the different groups at the end of treatment. (G) H&E-stained slices
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of the heart, liver, spleen, lung, and kidney in mice without and with PTT treatment. Scale
bar = 50 pm.
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