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ABSTRACT: Improving the effectiveness of cancer therapy will
require tools that enable more specific cancer targeting and
improved tumor visualization. Theranostics have the potential
for improving cancer care because of their ability to serve as
both diagnostics and therapeutics; however, their diagnostic
potential is often limited by tissue-associated light absorption
and scattering. Herein, we develop CuInSe2@ZnS:Mn quantum
dots (QDs) with intrinsic multifunctionality that both enable
the accurate localization of small metastases and act as potent
tumor ablation agents. By leveraging the growth kinetics of a
ZnS shell on a biocompatible CuInSe2 core, Mn doping, and
folic acid functionalization, we produce biocompatible QDs
with high near-infrared (NIR)-II fluorescence efficiency up to
31.2%, high contrast on magnetic resonance imaging (MRI), and preferential distribution in 4T1 breast cancer tumors. MRI-
enabled contrast of these nanoprobes is sufficient to timely identify small metastases in the lungs, which is critically important
for preventing cancer spreading and recurrence. Further, exciting tumor-resident QDs with NIR light produces both
fluorescence for tumor visualization through radiative recombination pathways as well as heat and radicals through
nonradiative recombination pathways that kill cancer cells and initiate an anticancer immune response, which eliminates
tumor and prevents tumor regrowth in 80% of mice.
KEYWORDS: semiconductor quantum dots, intrinsic multifunctionality, NIR-II emission, cancer theranostics,
exciton recombination pathways

Cancer theranostics have generated considerable global
attention because of their potential to provide both
diagnostic information and therapeutic benefits,

enabling imaging-guided high-precision therapy for personal-
ized medicine and providing an opportunity to noninvasively
monitor therapeutic efficacy.1−7 This approach generally relies
on advanced theranostic nanocarriers that are largely
constructed by integrating different functional moieties into
one nanoplatform. This strategy inherently suffers from the
undesired dissociation of the functional components in vivo,
leading to inaccurate diagnosis and poor therapeutic efficacy.8,9

Therefore, it is necessary to develop theranostic nanoplatforms
that intrinsically exhibit physicochemical properties that can
both diagnose and treat cancer without the risk of
dissociation.10−12 Functional inorganic nanoparticles, espe-
cially those possessing a strong light-absorbing ability in the

near-infrared (NIR) region, have great potential to meet these
criteria.1,13−19 The NIR light absorbed by these nanoparticles
will dissipate through radiative and nonradiative recombination
pathways, which is the typical case when NIR light absorption
originates from an interband transition for narrow-bandgap
semiconducting materials. The former pathway gives rise to
NIR photoluminescence for diagnosis whereas the latter
promotes the local heating for photothermal therapy (PTT)
or even the formation of radicals for photodynamic therapy
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(PDT). Therefore, the rational utilization of NIR light via
different mechanisms can be reasonably expected to provide
NIR fluorescence imaging and phototherapeutic functionalities
in a single inorganic nanoparticle.
Among all the NIR luminescent probes developed thus far,

semiconductor quantum dots (QDs) formed by narrow-
bandgap materials are attractive for their ability to give rise
to tunable NIR-I (700−900 nm)/NIR-II (1000−1700 nm)
emission governed by the quantum confinement effect, such as
Ag2S,

20−22 Ag2Se,
23,24 Ag2Te,

25 Cu−In−Se,26,27 CdSe@HgS@
CdS,28 InAs@CdSe@CdS,29,30 and PbS.31 In comparison with
NIR-I fluorescence imaging, NIR-II fluorescence imaging
affords improved sensitivity and enhanced spatiotemporal
resolution as well as increased tissue penetration depth, owing
to the reduced autofluorescence and light absorption by
tissues, thereby providing an opportunity to be used in cancer
diagnosis.32−38 Bright fluorescence, i.e., high photolumines-
cence quantum yield (PLQY), is of the utmost importance for
improving imaging performance, but it is strongly dependent
on the competition between radiative and nonradiative
relaxation channels in the photoexcited QDs, largely due to
QD defects. Therefore, great effort has been dedicated to
facilitating the radiative recombination transitions of photo-
excited charge carriers in QDs to boost NIR-II fluorescence,
including shell coating,3,39,40 alloying,41 and doping.42,43

However, QDs that intrinsically possess strong light-absorbing
properties will also inevitably convert photon energy into heat
or radicals through nonradiative recombination pathways,
which is potentially beneficial for improving therapeutic effects,
but is often ignored, resulting in the underuse of absorbed NIR
light in the theranostic context. Nevertheless, there remains a
lack of in-depth studies on the properly balanced combination
of the two competing recombination pathways as a way of
engineering QDs with intrinsically high NIR-II fluorescence
efficiency and highly efficacious phototherapy.
Although NIR light-based theranostic technologies hold

great promise, they intrinsically lack the ability to provide
information about the anatomical and pathological features
necessary for spatially localizing to tumors due to the inherent
limitations of spatial resolution and penetration depth
associated with the optical imaging modality. One approach
to overcoming these limitations is the integration of a second
imaging modality, thereby leveraging the strengths of tomo-
graphical techniques, such as magnetic resonance imaging
(MRI), to obtain a high spatial resolution without practical
limitations in imaging depth.44−46 For example, core/shell
Ag2S@Fe2C QDs with an emission centered at 1071 nm were
created to enable NIR-II fluorescence imaging due to the Ag2S
core and MRI from the Fe2C shell for visualizing tumors in
vivo.44 Nevertheless, direct heterocrystalline growth of
magnetic materials on a QD surface or doping of magnetic
atoms inside a QD core lattice often deteriorates the
fluorescence of the core due to the quenching effect of the
magnetic domains.45 Therefore, coating the host QD with a
shell of a semiconducting material doped with magnetic ions is
among the most promising ways to address this challenge.45,47

In contrast to I−VI QDs such as Ag2S and Ag2Se, I−III−VI
CuInSe2 (CISe) QDs are compatible with available shell
coating materials, such as zinc sulfide (ZnS), which can
enhance the emission efficiency while acting as the matrix for
manganese doping owing to the compatible lattice. Moreover,
they exhibit size- and composition-dependent NIR emission
owing to a narrow bulk bandgap (1.04 eV).48−50 However, the

majority of CISe QDs developed thus far have exhibited bright
fluorescence in the visible and the NIR-I windows,51−53

although there have been a few studies that have further
extended CISe QD emission to the NIR-II range through
different methods.50,54,55 Nevertheless, simultaneously manip-
ulating their NIR-II emission with high PLQY in combination
with light absorption to boost phototherapy remains largely
unexplored and needs thorough investigation. To achieve this,
it will be important to design QD structures to coordinate the
light-based theranostic properties with the newly built-in
magnetic functionality to optimally enhance theranostic
performance.
In this work, a NIR-II-emitting and magnetic CISe@

ZnS:Mn QD probe with built-in theranostic multifunctionality
was designed and synthesized. This probe not only enables the
visualization of tumors through NIR-II fluorescence and
magnetic resonance (MR) dual-modality imaging but also
generates heat for PTT and radicals for PDT within tumors.
The schematic illustration is given in Figure 1. Copper indium

selenide (CISe) cores with tunable NIR-II fluorescence were
first synthesized and then coated with a ZnS shell followed by
Mn doping to improve the NIR-II fluorescence while
suppressing the Mn doping related quenching effect, resulting
in highly photoluminescent CISe@ZnS:Mn QDs in the NIR-II
window. The QDs were then rendered water-soluble through
surface ligand exchange and were subsequently conjugated
with folic acid (FA) to further endow the QDs with a moiety
that preferentially targets cancer cells. The resulting tumor-
specific probe enabled the integration of NIR-II fluorescence
and MR imaging capabilities in a single nanocrystal and was
able to sensitively visualize tumors in 4T1 breast cancer tumor-
bearing mice with the latter modality enabling the
identification of lung metastases. Moreover, this probe
simultaneously showed excellent photothermal and photo-
dynamic therapeutic effects, which effectively destroyed tumors
and generated an antitumor immune response.

Figure 1. Scheme of a CISe@ZnS:Mn quantum dot (QD)
engineered with intrinsic multifunctionality. Illustration of a
tetrahedral-shaped CISe@ZnS:Mn QD with a NIR-II-emissive
CuInSe2 (CISe) core and Mn doped ZnS shell, which can not only
visualize the tumor regions through radiative NIR-II fluorescence
and magnetic resonance (MR) dual-modality imaging but also
promote heating for photothermal therapy and radical formation
(e.g., 1O2) via TET for photodynamic therapy through non-
radiative recombination pathways. NIR-II FI, fluorescence imaging
in the near-infrared-II window; MRI, magnetic resonance imaging;
ROS, reactive oxygen species; TET, triplet energy transfer; CB,
conduction band; VB, valence band.
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RESULTS AND DISCUSSION

Synthesis and Characterization of CISe@ZnS QDs.
CuInSe2 (CISe) QD cores were first synthesized via a wet-
chemical synthetic approach. In brief, 1.5 mmol of selenium
was dissolved in 1.5 mL of oleylamine (OLA) and 1.5 mL of 1-
dodecanethiol (1-DDT), which was injected into a mixture of
0.75 mmol of copper iodide, 0.75 mmol of indium acetate, 0.75
mL of 1-DDT, 0.75 mL of OA, and 15 mL of 1-octadecene
(ODE) at 175 °C. The typical temporal evolutions of the PL
spectra of the resulting QDs were recorded during the reaction
at 200 °C. As shown in Figure 2a, NIR-II fluorescence of the
QDs was observed after 10 min of reaction, and the PL
emission peak maxima (λmax) progressively redshifted with
reaction time, i.e., from 956 nm at the beginning to 1224 nm
after 120 min of reaction. Along with these variations, the
normalized PL full width at half-maximum (fwhm) (PL fwhm/
λmax) gradually broadened with reaction time for 50 min
(Figure S1). On further prolonging the reaction time, the PL
exhibited a faster broadening process upon redshifting of the
PL due to Ostwald ripening. Therefore, the QDs obtained after
50 min of reaction were chosen for the continued development
of core/shell QDs. The PL spectra of the QDs obtained at the
ratios and concentrations of the precursors for the preparation
of CISe QDs without a Se precursor were also recorded during
the reaction (Figure S2), which confirmed that the NIR-II
fluorescence of the QDs is generated only in the presence of Se
precursors, suggesting the formation of CISe QDs rather than
CuInS2 (CIS) QDs.
To enhance the NIR-II fluorescence, zinc sulfide (ZnS), as a

nontoxic, stable, and abundant semiconductor with a large bulk

bandgap (Eg,bulk ∼ 3.61 eV), was chosen to overcoat the CISe
cores to obtain a core/shell CISe@ZnS QDs with a type-I
band alignment structure. As shown in Figure 2b, 0.5 h of ZnS
shell growth at 200 °C led to a blueshift of the PL emission
peak from 1119 to 1095 nm, and when the coating reaction
was prolonged, the blueshift of the PL greatly slowed down
(further blueshifted to 1071 nm after 3 h). Along with this
process, the NIR-II fluorescence was greatly enhanced with
shell growth time (Figure S3a). The initial blueshift or increase
in the quantum confinement arises from the shrinkage in the
emissive core size, likely due to near-surface Zn2+ diffusion,
which has been observed in our previous studies.47,56−58 This
can be attributed to neither the further growth nor the ripening
of the underlying CISe cores, although the unpurified CISe
cores directly served as the seeds for further shell growth in the
presence of excess CISe precursors. CISe nanocrystals possess
a chalcopyrite structure as a slightly modified form of zinc
blende, where Cu+ and In3+ ions occupy the Zn2+ sites. Zn2+

ions readily diffuse into the CISe lattice because of the small
difference in ionic radii between Zn2+ and Cu+. Therefore, the
blueshifts of the PL peaks can be attributed to the Zn2+

diffusion into the near-surface lattice sites of the CISe core. As
a result, the radiative recombination transition of the electrons
from the conduction band of the CISe-dominant core
involving Zn2+ to interband Cu+-related energy levels occurs,
thus providing a wider energy gap between the conduction
band edge and Cu+ levels, consequently leading to the blueshift
of PL due to the wider bulk bandgap of ZnSe compared to
CISe. The observed narrowing of the PL fwhm with shell
growth time at later stages suggests that any annealing of the

Figure 2. Steady-state and transient spectroscopic characterization of the CISe, CISe@ZnS, and CISe@ZnS:Mn QDs. (a) PL spectra of CISe
core QDs for different growth time. (b) PL spectra of CISe@ZnS QDs for different shell growth time, together with the temporal evolutions
of (upper inset) PL emission peak maxima (λmax) of CISe@ZnS QDs with shell growth at different temperatures and (lower inset) the
corresponding ratios. (c) PL excitation−emission color map for CISe@ZnS QDs obtained after 3 h of ZnS shell growth. (d) PL spectra of
CISe@ZnS:Mn QDs for different Mn doping time. Dashed line depicts absorption by the 2-h doping sample. Arrows indicate the relevant y
axis for absorption (left) and PL emission (right). (e) PLQYs and (f) time-resolved PL decay curves of QDs during 3 h of ZnS shell growth
and subsequent 2 h of Mn doping.
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CISe related to the diffusion of Zn2+ ions and simultaneous
ZnS shell overcoating did not result in broadening of the size
or composition distribution of the particles in the ensemble
(Figure S3b). These observations can be manifested by
adjusting the shell coating temperature from 200 to 230 °C
as shown in the insets of Figure 2b and Table S1. These results
show that the PL blueshifting rate is directly proportional to
shell growth temperature, indicating that fast ZnS shell growth
kinetics has a significant adverse impact on NIR-II
fluorescence. For example, 3 h of shell growth at 230 °C led
to a larger blueshift of the PL, with the emission peak
appearing at 984 nm, along with a stronger narrowing of the
PL fwhm (Figure S3b). This is further supported by an
increase in the molar ratio of Zn:Cu as a function of shelling
temperature, whereas the molar ratio of Cu:In remains nearly
unchanged. This suggests that increasing the temperature not
only accelerates the thermal decomposition kinetics of 1-DDT
molecules for sulfur release to form the ZnS shell but also
promotes undesired Zn2+ diffusion, thus largely mitigating the
positive contribution of the ZnS shell to the NIR-II
fluorescence. When the distinct epitaxial growth of the ZnS
shell at the later stage is dominant over the Zn2+ diffusion, it
can effectively serve as a protective barrier surrounding the
core and meanwhile provide a net NIR-II PL enhancement.
Therefore, the optimal shell growth temperature for construct-
ing CISe@ZnS QDs is 215 °C as that point at which it is more
favorable for balancing ion diffusion and shell growth kinetics
to ensure sufficient ZnS shell thickness for boosting NIR-II
fluorescence.
Another important indication of the formation of a core/

shell structure is observed in the PL emission spectra recorded
at different excitation wavelengths (λex). As shown in Figure
2c, the PL emission remains unchanged with respect to the
peak position and fwhm upon excitation by incident
wavelengths of 300, 350, 405, 530, 630, and 808 nm,
indicating that there is only one type of emissive center in
the core/shell QDs with no repetitive nucleation occurring for
ZnS during the shell growth. The excitation wavelength-
independent PL emission profiles suggest that heterostructural
QDs formed upon ZnS shell growth maintain the NIR-II
emission characteristics of the CISe-dominant core rather than
forming any significant fraction of separate ZnS nanoparticles.
Such a broad excitation range for the NIR-II fluorescence of
the QDs is beneficial for imaging applications and provides
high flexibility in the choice of excitation light sources.
Mn Doping Effect on the Optical Properties of CISe@

ZnS QDs. To further overcome the inherent limitation of the
NIR-II fluorescence imaging modality in assessing the
anatomical structure during diagnosis, doping by paramagnetic
Mn2+ ions was employed to introduce magnetic functionality
into the shell layer of core/shell QDs to combine NIR-II
fluorescence and paramagnetism into a dual-modality imaging
probe. Mn doping was carried out using a growth doping
approach. In brief, a ZnS shell was first grown on the CISe core
for 3 h at 215 °C; thereafter, the temperature of the above
CISe@ZnS reaction system was lowered to 180 °C as an
MnSt2 precursor decomposed more readily than the ZnSt2
precursor at that temperature (Figure S4). Under the new
condition set, a reactive Mn2+ dopant precursor was introduced
along with the Zn precursor, and the doping occurred during
the ZnS shell coating process, with the corresponding QDs
denoted as CISe@ZnS:Mn. This decoupling technique enables
the spatial confinement of dopants within the ZnS shell. The

first 1 h of the Mn doping process slightly blueshifted the PL
peak by curtailing the long-wavelength wing of the PL emission
profile and was accompanied by a consequently slightly
narrowed PL fwhm, as shown in Figure 2d and Figure S5.
Thereafter, the PL emission peak and its PL fwhm were nearly
unchanged after another 1 h of reaction, while showing an
increasing Mn doping level with reaction time, for example,
from 3.8% at 1 h to 7.9% at 2 h, as shown in the inset of Figure
2d and Table S2. It should be mentioned that no fluorescence
quenching was observed during the entire doping process. In
principle, the energy of the excitonic transitions in NIR-II
emissive QDs is lower than that of the Mn2+ ligand-field
transition, and thus, the interaction between the 3d electrons
of Mn2+ and conduction/valence carriers hardly occurs, which
then blocks the energy transfer from the QD to the Mn2+

dopant. However, even with the appropriate alignment of
energy levels, retaining strong PL emission of the host QDs is
often challenging because the inclusion of dopant atoms in the
structure can create additional nonradiative recombination
channels. To verify this, in a separate synthesis, an MnS shell
was directly overcoated onto CISe cores instead of the ZnS
shell, which resulted in a strong quenching effect and blueshift
in PL emission after 30 min of reaction (Figure S6), indicating
that nonradiative recombination pathways associated with
Mn2+ dopants appeared in that case. These observations
suggest that introducing a ZnS shell as a spacer between the
CISe core and the Mn2+ dopants is important for protecting
the cores from PL quenching upon Mn doping. The ZnS shell
both provides a suitable matrix for Mn doping due to a
compatible lattice and boosts the NIR-II fluorescence of the
QD cores by eliminating nonradiative recombination path-
ways.
The NIR-II emission of the CISe cores shows an increasing

trend in the absolute PLQY with the coating time of the ZnS
shell and the following doping process. The overall improve-
ment in the absolute PLQY is shown in Figure 2e for the
excitation at 808 and 650 nm. The PLQY of the CISe core is
0.14% upon 650 nm excitation and increases to 24.3% for
core/shell CISe@ZnS QDs after 3 h of ZnS shell coating,
which is further increased to 31.2% after following 2 h of
doping for CISe@ZnS:Mn QDs. When QDs are excited with
808 nm NIR light, the absolute PLQY of QDs after 2 h of
doping is 21.0%. The PLQY data series upon 808 nm
excitation were likely slightly underestimated due to the
incomplete collection of the short-wavelength skirt of the PL
emission signal when an 850 nm long-pass filter was used. All
of these variations lend further support to the important role of
the ZnS shell in eliminating the nonradiative recombination
channels originating from both the core itself and the
introduced Mn2+ dopants. Therefore, the overgrowth of a
shell on the fluorescent core based on a wider bandgap ZnS
semiconductor effectively suppresses exciton trapping at the
surface states of the underlying core, which is mainly
responsible for the quality of the resulting core/shell interfaces
formed during the shelling reaction and for the subsequent
accommodation of Mn2+ dopants.
The charge carrier recombination kinetics of the fluorescent

cores as a function of ZnS shell growth time and Mn doping
were further studied by time-resolved PL (TRPL) measure-
ments to reveal the nature and influence of various surface
states involved in the PL emission process. The PL decay
curves measured at the PL emission peak maxima (λmax) are
shown in Figure 2f. In general, the PL relaxations of the CISe
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seeds and their core/shell structures are characterized by
multiexponential decay processes that are best fit by a three-
exponential function (all PL decay fitting data are summarized
in Table S3). The average PL lifetimes (τavg) of the entire
fluorescence process were further calculated from these three-
exponential decay fits. The entire recombination process of the
initial CISe cores comprises three decay components with time
constants of 8.9, 162.1, and 571.7 ns. The origin of the PL
emission in ternary I−III−VI QDs is not yet fully understood
but may involve a combination of surface defect-related
recombination, conduction band-to-internal defect (typically
Cu+ defect-related) recombination, and donor−acceptor pair
recombination processes.59−62 The fitting data suggest that the
fastest recombination channels for CISe core emission (surface
defect-related recombination) dominate the emission at the PL
peak position. As a consequence of the 3 h ZnS shell coating
process used, the PL lifetime associated with the fastest decay
component increased from 8.9 to 17.9 ns, indicating a
reduction in the recombination rate via this surface defect-
related recombination channel. The corresponding amplitude
of the decay component (B1) decreases from 41.9% to 36.2%,
and the lifetime-amplitude product ( f1) decreases from 1.7% to
1.4% (Table S3). Therefore, the relative time-integrated
contribution from the surface defect-related recombination to
the overall number of emitted photons (i.e., the emission
intensity measured in steady-state PL spectra) is decreased.
This result suggests that the ZnS shell overcoating effectively

suppresses the fastest decay channel by reducing the
nonradiative recombination associated with the surface defect
states of the CISe cores. A more substantial effect of shelling is
seen in the changes in the second decay process relating to the
transition from conduction band-to-internal defects. Here, the
emission linked to this process increased in both component
amplitude and decay lifetime, resulting in a net increase in PL
emission ( f 2) from 20.8% to 69.9% (2 h of shell) and 37.8% (3
h), respectively. Compared with the core-only QDs, this
increase is seen as evidence of the diffusion of Zn into the core
surface lattice, as observed in the above-mentioned steady-state
spectroscopic results, essentially filling defects in the cores and
thereby healing them. In contrast to the second component,
the third PL decay component associated with donor−
acceptor-related recombination diminished with respect to its
net contribution ( f 3) to the PL emission intensity, from 77.5%
to 60.8%. This suggests that the Cu-related internal defects
that largely account for the third slow recombination process
were decreased by Zn indiffusion into the core lattice.
However, this recombination channel still dominates the
whole sum of the emission process, suggesting that the nature
of the CISe core emission was maintained and the internal
defects at the origin of the PL emission were located inside the
CISe cores. The recombination rates derived from the above
transient PL spectroscopy measurements are plotted against
reaction time in Figure S7. A gradual decrease in the apparent
nonradiative recombination rate (i.e., calculated assuming no

Figure 3. Morphological and compositional characterization. TEM images of (a) CuInSe2 (CISe) QDs (inset: HRTEM image), (b) CISe@
ZnS QDs, and (c) CISe@ZnS:Mn QDs. (d) Atomically resolved HAADF-STEM and STEM images, and the corresponding elemental
mapping of Cu, In, Se, Zn, S, Mn as well as merged map of Cu, Zn, Mn for CISe@ZnS:Mn core/shell QDs. (e) Elemental profiles of Zn, Cu,
and Mn from a typical QD in the dark-field STEM image.
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dark fraction of emitters) is observed during 3 h of ZnS shell
growth, while the radiative recombination rate presents the
reverse tendency. All these variations reveal that the initial ZnS
shell coating (3 h) effectively modulates the recombination
kinetics of the underlying CISe cores and promotes radiative
recombination pathways by eliminating the surface trap states
of the core to boost NIR-II fluorescence.
Upon Mn doping of the ZnS shell, the recombination rate of

the fastest decay channel remained nearly unchanged, while
the decay rates for both the conduction band-to-internal defect
recombination and donor−acceptor pair recombination were
accelerated. Thus, during the Mn doping stage, the radiative
and nonradiative recombination rates increased in parallel
(Figure S7). Such a change in the recombination kinetics after

Mn doping again supports the notion that the Mn ions have
been successfully doped into the CISe@ZnS dots through a
shell-growth doping strategy with properly balanced radiative
and nonradiative recombination rates. These results can be
evidenced by the ongoing increase in the NIR-II PLQY of the
QDs during the 2 h doping process in Figure 2e.
Structural and compositional variations resulting from the

progressive deposition of the ZnS shell and Mn doping were
then carefully studied, as shown in Figure 3. As determined by
transmission electron microscopy (TEM) images shown in
Figure 3a, the average size of the starting CISe cores increases
from 4.6 ± 0.6 nm to 5.3 ± 0.7 nm after 3 h of ZnS shell
overcoating (Figure 3b), which lends further support for the
formation of the ZnS shell. The following 2 h of Mn doping

Figure 4. In vitro evaluation of T1 relaxivity, targeting capability, and phototherapy of CISe@ZnS:Mn QDs. (a) Experimentally determined
data (solid symbols) and the corresponding linear fitting (solid line) for T1 relaxation rates (1/T1) of water protons measured on a 3 T MRI
clinical instrument, plotted against the molar concentration of Mn2+ ions. Inset: the corresponding MR images. (b) Bright field images,
fluorescence images of the nuclei stained with DAPI, fluorescence images collected from QDs, together with overlaid images of 4T1 cells
incubated with QD-FA and parental QD, respectively. (c) Cell viability assessment for 4T1 cells incubated with QD-FA and parental QD.
Data are represented as mean ± SD. Statistical significances, one-way ANOVA (****P < 0.0001. ns = not significant). (d) Time-dependent
temperature change of QD-FA probe under 808 nm NIR radiation at different power densities (upper) and concentrations (lower). (e,f)
Fluorescence images of 4T1 cells treated with QD-FA, parental QD, and PBS, respectively, followed by (e) live−dead staining and (f)
DCFH-DA staining of 4T1 cells showing the cell killing of the QD-FA probe after exposure to laser irradiation for 10 min. The scale bars in
panels b, e, and f correspond to 50, 100, and 50 μm, respectively.
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along with the ongoing ZnS shell overcoating only leads to a
slight further increase in the average size to 5.4 ± 0.7 nm, as
shown in Figure 3c. As depicted in the inset of Figure 3a, the
high-resolution TEM (HRTEM) image confirms that the QD
cores have a tetrahedral-shaped structure with a well-defined
chalcopyrite crystal phase that is characteristic of the bulk
CuInSe2 compound. There is no diffraction signal of other
residual phases from the electron diffraction patterns of these
CISe@ZnS:Mn QDs (Figure S8), further indicating that the
shell growth and subsequent Mn doping process do not alter
the chalcopyrite structure of the starting CISe cores. The high
PLQYs can be directly attributed to the ZnS shell growth
process, which is expected to significantly improve the QD
properties. Indeed, atomically resolved aberration-corrected
high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) images and energy dispersive
spectroscopy (EDS) mappings shown in Figure 3d demon-
strate that the QDs possess core/shell structures. Moreover,
our growth approach enables the diffusion of Zn into the CISe
cores, leading to the formation of Zn-gradient Cu−In−Zn−Se
as bridging layers, as shown in Figure 3d,e, which favors the
suppression of interfacial strain. This reveals that the QDs are
composed of Cu, In, Se, Zn, Mn, and S, further proving
successful ZnS shell growth and doping with the Mn element.
The average number of Mn2+ dopant ions is approximately 53
per single QD based on the concentrations of cations from
inductively coupled plasma atomic emission spectroscopy
(ICP-AES) data and the TEM image of the CISe cores.
To determine the valence state of the Mn2+ dopants and

ensure the introduction of paramagnetism of Mn2+ ions, X-ray
photoelectron spectroscopy (XPS) characterization was
performed, and the result is shown in Figure S9. The result
shows that Mn 2p3/2 signals appear at 641.6 eV, suggesting that
Mn2+ dopants are predominantly doped in the Mn(II) state.
Electron paramagnetic resonance (EPR) measurements were
further performed to determine the electron spin character-
istics of the Mn2+ dopants serving as paramagnetic centers.
CISe@ZnS:Mn QDs exhibited a representative single line EPR
spectrum with a broad peak (Figure S10), in contrast to the
undoped CISe@ZnS QDs with only background recorded.
Although the absence of the hyperfine splitting structure of
Mn2+ ions is probably caused by spin−spin interactions
between Mn2+ ions close to each other, the observed EPR
signal is characteristic of the electron spin of Mn2+ due to the
existence of five unpaired d-electrons, which endows the
CISe@ZnS:Mn QDs with the desired paramagnetism for MRI.
In Vitro Evaluation of T1 Relaxivity, Targeting

Capability, and Phototherapy of CISe@ZnS:Mn QDs.
Doping Mn2+ ions acting as paramagnetic centers is expected
to significantly affect the T1 MR signal that is dependent on the
nuclear longitudinal relaxation of water protons surrounding
the QDs. Therefore, water solubility and colloidal stability are
essentially required to facilitate the interactions between the
electron spin of the paramagnetic Mn2+ center in the CISe@
ZnS:Mn QDs and nearby water protons. To this end,
asymmetric polyethylene glycol (PEG) ligands bearing a
dithiol-based anchoring moiety at one end (DHLA-PEG)
were used to replace the original hydrophobic ligands of the
QDs upon ligand exchange. To introduce reactive moieties to
the QD surface, a ligand mixture of carboxyl acid-terminated
DHLA-PEG (DHLA-PEG-COOH) and methoxy-terminated
DHLA-PEG (DHLA-PEG-OCH3) at a molar ratio of 1:10 was
employed as a coligand to perform ligand exchange.

After the QDs were rendered hydrophilic, T1 MR relaxivity
measurements were then performed to investigate the local
environments of the dopants and thus their ability to shorten
the longitudinal relaxation time (T1) of nearby water protons.
The performance of PEGylated CISe@ZnS:Mn QDs as MRI
contrast agents was evaluated on a 3.0 T MRI analyzer at room
temperature. As shown in Figure 4a, the experimentally
determined longitudinal relaxation rates R1 (1/T1) of water
protons are plotted against the molar concentrations of Mn2+

ions, together with the molar concentration of QD particles
(Figure S11). Derived from the slopes of the concentration-
dependent R1, the concentration-independent molar longi-
tudinal ionic relaxivity (r1,Mn) and QD particle relaxivity (r1,QD)
were extracted as 1.8 and 94.7 mM−1 s−1, respectively. These
values are larger than those reported for commercial
manganese-based complexes in an aqueous solution at a
lower field strength (e.g., manganese dipyridoxal diphosphate,
1.6 mM−1 s−1 at 0.47 T),63 considering that the r1 value is
expected to increase when lowering the applied field
strength.64,65 The above observations together demonstrate
that Mn2+ dopants located within the ZnS shell can introduce a
T1 contrast-enhanced effect to CISe@ZnS:Mn QDs owing to
efficient interactions between the electron spin of paramagnetic
Mn2+ dopants and adjacent protons in water, thus endowing
NIR-II emissive QDs with magnetic properties suitable for
MRI.
The above results demonstrate that a single CISe@ZnS:Mn

QD particle can combine NIR-II fluorescence and para-
magnetism for dual-modality imaging performance. We then
sought to introduce tumor-targeting moieties on the QD
surface to increase their utility. To achieve this, folic acid (FA),
whose receptor is overexpressed in the majority of cancer cells,
was covalently conjugated with the QDs through the surface
carboxyl residues of QDs. Upon covalent conjugation, FA is
modified onto the surface of CISe@ZnS:Mn QDs, and the
resulting QD/folic acid conjugate is denoted as QD-FA.
Fourier transform infrared (FTIR) absorption spectroscopy as
shown in Figure S12a demonstrates that the surface of QDs is
successfully modified with FA molecules. The corresponding
dynamic light scattering results reveal that no particle
agglomeration occurred during the conjugation reaction and
that the hydrodynamic size of the QDs slightly increased after
surface attachment of the FA molecules (Figure S12b).
Additional evidence supporting the formation of the
conjugates is that the particle surface ζ-potential changed
from −20.5 to −13.0 mV after the conjugation reaction.
Next, the tumor-targeting capability of the resulting QD-FA

nanoprobe was evaluated with murine breast cancer 4T1
tumor cells, as displayed in Figure 4b. The FA residue on the
outer surface of the nanoprobe provides high-affinity
interactions with the folate receptor (FR) and will thus
interact preferentially with cancer cells that overexpress the FR,
endowing the nanoprobe with tumor-specific targeting ability.
The fluorescence microscopy images clearly reveal that the
QD-FA nanoprobe preferentially binds to 4T1 cells, as
indicated by strong fluorescence signals from the cells, while
the cells treated with the QDs not functionalized with FA show
extremely weak fluorescence under the same condition.
Comparing the tumor cell binding ability of these two kinds
of QD particles, it can be reasonably inferred that this targeting
ability of QD-FA nanoprobes is related to the surface FA
residues.
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The cytotoxicity of the QD-FA probe was evaluated using an
in vitro cell proliferation assay with 4T1 tumor cells. As shown
in Figure 4c, both the QD-FA probe and control QDs without
FA present minimal toxicity to 4T1 cells for Cu concentrations
up to 5.0 mmol/L, which is 2-fold higher than the dose chosen
for subsequent in vivo imaging studies (6.35 mg per kg body
weight). The cell viability starts to decrease when the
concentration is higher than 10.0 mmol/L but remains above
40% even when the concentration reaches 20.0 mmol/L.
Further theoretical fitting demonstrates that the IC50 (50%
inhibitory concentration) values of the QD-FA probe and QDs
are approximately 10.9 and 11.1 mmol/L, respectively. This
indicates the potential biocompatibility of the Cd-free CISe@
ZnS:Mn for in vivo applications.
As mentioned above, epitaxial shell growth on CISe cores

efficiently promotes their radiative pathways for NIR-II
fluorescence by eliminating exciton trapping by surface defects,
while a significant extent of intrinsic defects (e.g., vacancies,
interstitial defects, antisite defects) in ternary I−III−VI QDs
often inevitably leads to complicated nonradiative relaxation
pathways of photoexcited charge carriers.53,59,66 The non-
radiative transition mediated by defects can cause the photon
energy to be lost (e.g., as heat), which may be the primary
obstacle in realizing near-unity PLQY of our current CISe-
based QDs, in contrast to the visible color emitting Cd-
containing CdSe-based QDs.67−69 Encouragingly, even though
near-unity PLQY could not be achieved, our magnetic CISe@
ZnS:Mn QDs still exhibit quite high PLQYs in the NIR-II
window due to the proper manipulation of both the shell
growth kinetics and the Mn doping structure, with absolute
values comparable to or even higher than the recent values
reported for CISe-based QDs without Mn doping.50,54 Inspired
by the existing nonradiative decay channels in our QDs, we
sought to utilize this nonradiative process to promote local
heating and/or radical production for phototherapy to
maximize the diverse benefits of the absorbed photon energy
of QDs.
To explore the above phototherapeutic potential, the

photothermal conversion capability was first evaluated by
exposing aqueous solutions of the QD-FA nanoprobe at
different concentrations to an 808 nm NIR laser. The
temperature of each solution was recorded for 10 min under
continuous irradiation until the solution approached temper-
ature equilibrium. As shown in Figure 4d, the photothermal
heating curves exhibit strong concentration- and power
density-dependent photothermal effects for the QD-FA
probe. For example, the temperature increment (ΔT) of the
QD-FA probe drastically ascends with the probe concentration
and is up to 36.1 °C at a concentration of 0.8 mmol/L after
irradiation with a power density of 1.0 W·cm−2. In contrast, a
temperature increase of only 2.0 °C was observed in the case of
water alone under equivalent 808 nm NIR laser exposure. In
addition, according to the heating/cooling process of the
nanoprobe solution and the system time constant extracted
through the linear regression of the cooling profile (Figure
S13), the photothermal conversion efficiency (PCE) of the
QD-FA nanoprobe was calculated to be 22.5% under 808 nm
NIR laser irradiation (detailed calculation is provided in the
SI), which compares well to PCEs previously reported for
noble metal-based nanostructures such as nonluminescent Au
nanoshells (13%), Au nanorods (22%), and Pd@Au nano-
plates (28%).70,71 This high value of the CISe@ZnS:Mn QD
probe makes it promising as a photothermal agent for the PTT

treatment of cancer, as cancer cells will be destroyed via
thermal ablation if the local temperature is elevated above 45
°C.72,73

On the basis of this excellent photothermal performance, the
4T1 cell killing ability of the QD-FA nanoprobe was
investigated in vitro through calcein AM and propidium
iodide (PI) costaining assays to distinguish live and dead cells.
As shown in Figure 4e, the QD-FA probe under irradiation at
either 808 or 650 nm (1.0 W·cm−2 for 10 min) led to a gradual
increase in the range of dead cell markers (red) when the
probe concentration was higher than 40 μg/mL (with respect
to Cu). In addition, most of the cells were killed by the QD-FA
probe at a concentration up to 100 μg/mL under irradiation.
In contrast, there was negligible death in cells treated in the
absence of the QD-FA probe and without laser irradiation.
These results confirm that CISe@ZnS:Mn QDs can achieve
high killing efficiency in 4T1 cells and have favorable
properties as a PTT agent for photothermal tumor ablation.
Nonradiative relaxation of photoexcited QDs can not only

produce heat under light irradiation but also directly produce
radicals, especially reactive singlet state oxygen (1O2) species,
via triplet energy transfer (TET) from QD particles to nearby
ground-state triplet molecular oxygen (3O2).

74−76 Therefore,
the QD-FA nanoprobe is expected to also generate reactive
oxygen species (ROS) when activated by light. To confirm this
expectation, the accumulated intracellular ROS after laser
irradiation was visualized through DCFH-DA staining, as
shown in Figure 4f. In the absence of light irradiation, no
fluorescence signal was observed in 4T1 cells incubated only
with QD-FA. However, after irradiation by either an 808 or
650 nm laser, a strong intracellular green fluorescence signal
was observed, implying that a large amount of excessive ROS
accumulated inside the tumor cells after light irradiation. This
strongly confirms that a fraction of photoexcited QDs and 3O2
molecules are in contact to undergo a TET process to form
1O2. Therefore, the QD-FA nanoprobe can intrinsically serve
as an agent for both PDT and PTT to treat tumors while
offering optical and magnetic properties that can be used for
simultaneous dual-modality tumor imaging for therapy
guidance.

NIR-II Fluorescence and MR Dual-Modality Imaging
of Tumors in Vivo. To investigate the tumor imaging
capacity of the current NIR-II emissive and magnetic QD-FA
probe in vivo, a subcutaneous tumor model was adopted to
better show the tumor-specific targeting and imaging perform-
ance. The QD-FA probe was intravenously injected into the
tail vein of BALB/c mice bearing 4T1 tumors at the flank
region of the right hind and compared to an injection of the
parental QD lacking FA functionalization as a negative control.
The detailed procedures are given in Figure 5a. Benefiting from
the broad NIR fluorescence emission profiles of the current
probe, we imaged the tumor-bearing mice using a 1250 nm
long-pass filter to minimize tissue autofluorescence and
enhance the signal−noise ratio. A set of NIR-II fluorescence
images acquired at different time points postinjection is
presented in Figure 5b. After the QD-FA probe was delivered
intravenously, the NIR-II fluorescence signal at the tumor site
became apparent 30 min after injection, and the diameters of
the vessels could be estimated by the fwhm of intensity profiles
(Figure S14). Thereafter, the signal of the tumor region
quickly increased in intensity and reached a maximum at
approximately 8 h postinjection, suggesting that the QD-FA
probe is stable under physiological conditions. Meanwhile, the
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fluorescence signal of the tumor-to-background ratio increased
postinjection (Figure S15). Overall, NIR-II imaging is able to
better identify the tumor region, clearly depicting the tumor
margin. Similar to the QD-FA nanoprobe, the parental QDs
presented a similar signal evolution tendency, but the
fluorescence signal at the tumor site was much weaker,
which can be attributed to limited tumor residence by the
parental QDs due to low affinity for cancer cells over other

cells. This conclusion can be further supported by quantitative
analysis of the fluorescence signals recorded from the tumor
region after the injection of the QD-FA probe or the parental
QDs, as shown Figure 5c.
To further demonstrate the targeting capability of the QD-

FA probe, the variation of fluorescence signals from the liver
for both QD-FA probe and parental QDs are provided in
Figure 5d. These results clearly show that the fluorescence

Figure 5. In vivo NIR-II fluorescence and MR imaging of tumors. (a) Schematic illustration of the procedure for the subcutaneous tumor
detection through NIR-II fluorescence imaging after the intravenous injection of the QD-FA probe. (b) In vivo NIR-II fluorescence images
of subcutaneous tumors recorded at different time points after the intravenous injection of QD-FA and QD, together with the corresponding
fluorescence signals extracted from (c) tumor and (d) liver regions. (e,h) Schematic illustration of the procedure for the (e) subcutaneous
and (h) lung metastasis tumor detection through T1-weighted MR imaging after the intravenous injection of the QD-FA probe. (f,i) T1-
weighted MR images of (f) subcutaneous tumors and (i) lung metastases acquired at different time points of pre- and postinjection of QD-
FA and parental QD particles, respectively, together with corresponding relative T1 signal intensity extracted from the (g) subcutaneous and
(j) lung metastasis tumors. The scale bars in panel b and all inset H&E staining images of tumor slices correspond to 5 and 1 mm,
respectively.

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.2c01153
ACS Nano 2022, 16, 8076−8094

8084

https://pubs.acs.org/doi/suppl/10.1021/acsnano.2c01153/suppl_file/nn2c01153_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c01153?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c01153?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c01153?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c01153?fig=fig5&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.2c01153?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


signals in the liver of the control group treated with QDs
appear within 10 min after the injection, with the signal
intensity twice that of the QD-FA probe group. The
fluorescence signals in the liver from the control group
gradually increased until 4 h postinjection. The control group
treated with QDs without the FA modification quickly
accumulated in the liver; however, FA-modified QDs with

FA modification were taken up by the liver much more slowly.
These results demonstrate the excellent targeting ability of the
QD-FA probe featuring the FA targeting moiety, which
accumulated in tumors that overexpressed FR, as shown by
strong immunohistochemical staining with anti-FR (Figure
S16). Therefore, it can be concluded that the QD-FA
nanoprobe possesses tumor-targeting specificity and NIR-II

Figure 6. Therapeutic performance of the QD-FA probe. (a) Schematic illustration of QD-FA probe-based tumor therapy. (b) Thermal
images of 4T1 tumor-bearing mice injected with PBS or the QD-FA probe taken at different irradiation time using 808 nm laser (1.0 W·
cm−2, 10 min) and 650 nm laser (1.0 W·cm−2, 10 min). (c) Temperature changes at tumor sites recorded during the irradiation. (d)
Representative photographs of tumor-bearing mice receiving the different treatments as indicated. (e) Relative tumor volumes after various
treatments. Data are represented as mean ± SEM (n = 5, biologically independent replicates. One-way ANOVA and Tukey’s multiple
comparisons test. *P < 0.05, ****P < 0.0001. ns = not significant). (f) Body weight fluctuations after various treatments. (g) Representative
images of 4T1 tumors from each group harvested 20 days post-treatment. (h) Histological staining of tumors extracted after 1 day of
treatment. The scale bars in panel h correspond to 100 μm.
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tumor imaging capability, which can achieve precise optical
differentiation at the tumor margin.
With respect to MRI of tumors in vivo, a subcutaneous

tumor model was also established to show tumor-specific
targeting and imaging effects. The detailed procedures are
given in Figure 5e. The T1-weighted MR images acquired
before and at different time points after intravenous injection
are provided in Figure 5f. The dosage level of the probe was set
the same as that for optical imaging experiments. After
administration, the tumor area was readily identifiable 2 h
postinjection. Then, the T1 signals were homogeneously
distributed throughout the entire region and reached the
intensity maximum from 4 to 8 h postinjection. This signal
variation tendency is consistent with the optical imaging
results. In contrast, the parental QDs can only slightly enhance
the contrast of a small part of the tumor region due to the
limitations of the more generic enhanced permeability and
retention effect. This difference can also be quantitatively
characterized by the temporal evolution of the relative T1
signal within the tumor region. As shown in Figure 5g, the
relative tumorous T1 signal intensity for the QD-FA probe
increased by approximately 60% at 4 h postinjection, in
contrast to the 20% recorded from the parental QD-treated
mice at the same time point.
These results based on a subcutaneous tumor model

encouraged us to image the more complex tumor models
that can better reflect the complicated nature of cancers.
Therefore, a mouse model of hematogenous metastasis was
established through intravenous inoculation of 4T1 cells, as
shown in Figure 5h. Before the administration of QD or QD-
FA probes, the positions of lung metastases were detected by
T2-weighted imaging by highlighting the area with high water
content (Figure S17). The detection of pulmonary metastatic
tumors was performed with the QD-FA probe through
enhanced T1-weighted MRI before and at different time points
after intravenous injection, as shown in Figure 5i. The QD
dosage level was set the same as that for fluorescence imaging.
In general, the T1 signals of multiple, small pulmonary
metastatic nodes appeared 2 h after the injection of the QD-
FA probe, and these signals were maintained for more than 6 h
until 8 h postcontrast, followed by a decay upon prolonged
observation, as shown in Figure 5j. In contrast, the metastatic
nodes in the lung are difficult to identify during the whole
imaging period after injection with parental QDs lacking FA
functionalization at the same dosage. These results highlight
the unambiguous tumor-targeting ability and the outstanding
imaging sensitivity of the current QD-FA nanoprobes in vivo.
It should be noted that the variation of the relative tumor
position in the same mouse is mainly caused by the
displacement of the internal organs and tumor, induced by
repeatedly fixing the mouse on a respiration sensor for
monitoring the status of the mice under anesthesia during the
MRI experiments.
On the basis of the aforementioned in vivo tumor imaging

results, it can be concluded that the ultrasensitive magnetic/
NIR-II fluorescent dual-modality tumor-targeted nanoprobe
was successfully prepared by covalently attaching FA molecules
on the particle surface. This platform can not only precisely
diagnose subcutaneous tumors through both MRI and NIR-II
fluorescence imaging but also sensitively detect the tiny
pulmonary metastatic nodes through MRI.
In Vivo Antitumor Effects of the QD-FA Probe. On the

basis of the satisfactory tumor cell-killing efficiency of the QD-

FA nanoprobe in vitro through hybrid photothermal and
photodynamic therapy, together with the tumor-specific
targeting specificity that was confirmed by both NIR-II
fluorescence and MRI in vivo, the in vivo antitumor
therapeutic efficacy of the QD-FA nanoprobe was evaluated
in BALB/c mice bearing subcutaneous 4T1 tumors. Tumor-
bearing mice with tumors of ∼100 mm3 were randomly
divided into 7 groups for receiving intravenous injection of
PBS, PBS with subsequent 808 or 650 nm laser irradiation,
QD-FA probe, QD-FA probe with subsequent 808 or 650 nm
laser irradiation, and paclitaxel (PTX). Figure 6a shows a
schematic illustration of the therapy process. During the laser
irradiation, the temperature of the tumor area was monitored
using an infrared thermal camera. As shown in Figure 6b,c, the
local tumor temperature of mice injected with the QD-FA
probe increased dramatically to 62.5 and 59.4 °C under
irradiation with 808 and 650 nm lasers, respectively, which was
sufficient to ablate the cancer cells and eradicate their
malignant proliferation. In stark contrast, the tumor temper-
ature of mice receiving PBS was increased only to 43.3 and
41.7 °C at the same dosages of 808 and 650 nm laser
irradiation, respectively, which further indicates the effective
accumulation and excellent photothermal performance of the
QD-FA probe in vivo.
The quantitative analysis of the therapeutic efficacy of

different treatments was determined by measuring tumor size
longitudinally. Photographs of the tumor-bearing mice in
different treatment groups are shown in Figure 6d and Figure
S18, together with the corresponding tumor growth curves
displayed in Figure 6e. With the aid of the QD-FA nanoprobe,
the tumors irradiated with an 808 nm laser were effectively
ablated and were observed to have shrunk, with black scars
showing after the first day of treatment, and were completely
eliminated in four out of five mice. The fifth mouse showed an
initial decrease in tumor size but showed slight recurrence at
later time points. In addition, the mice receiving the QD-FA
probe followed by 650 nm laser irradiation also achieved a
comparable outstanding therapeutic effect. Interestingly, with-
out laser irradiation, the nanoprobe alone still provided a small
therapeutic benefit that was comparable to the treatment with
a single dosage of PTX. This antitumor effect can be mainly
attributed to the activation of the immune system at the tumor
site, which was confirmed by histological evaluation. With
respect to the control groups, neither 650 nor 808 nm laser
exposure had a significant impact on tumor growth in
comparison with mice treated with only PBS, which further
demonstrates the antitumor efficacy of the current QD-FA
nanoprobe.
According to the tumor growth curves, on the last day of the

treatment course, the QD-FA probe in combination with 808
or 650 nm laser irradiation proved to be an effective antitumor
treatment, as tumor growth was effectively inhibited after 20
days of treatment. In addition, mice receiving only the QD-FA
nanoprobe treatment without irradiation exhibited a 7.2-fold
increase in volume, which is comparable with that of PTX-
treated groups (8-fold increase), but considerably smaller than
that of the PBS group (10.8-fold increase) and PBS followed
by 808 or 650 nm laser groups with 9.4-fold and 10.5-fold
increases, respectively. This result is consistent with the above-
mentioned cellular test, which suggests that these benefits
should be ascribed to a combination of PTT and PDT.
Furthermore, 20 days after treatment, all groups of mice
showed neglectable fluctuations in body weight (Figure 6f),
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indicating minimal systemic side effects from the nanoprobe or
NIR light exposure in vivo.
To further directly compare the tumor therapeutic effects of

different treatment groups, the mice from each group were
sacrificed after treatment and tumor tissues were harvested. As
shown in Figure 6g, 20 days after treatment, the tumors in
mice receiving the QD-FA nanoprobe without a laser and with
650 or 808 nm laser irradiation were on average only
approximately 1/1.4, 1/10.6, and 1/12.2 of the tumors in
mice receiving PBS in diameter, respectively. Therefore, both
in vivo and ex vivo results suggest that the current nanoprobe
exhibits a significant antitumor capacity.
To further illustrate the antitumor effect of nanoprobes at

the cellular level, one mouse from each group was sacrificed
after the first day of treatment, and then the tumor tissues were
harvested for histological analysis. As illustrated in Figure 6h,
the H&E staining of the tumor slices revealed that the tumor
receiving QD-FA nanoprobe and irradiation from a 650 or 808
nm laser was completely ablated. The basic structure of the
tumor cells was completely disordered. Even the cell nucleus
and cytoplasm were difficult to distinguish. This result
confirms the effectiveness of QD-FA probe-enhanced
combined PTT and PDT. In addition, in mice receiving the
QD-FA probe without laser irradiation, a large part of the
tumor presents with serious nuclear atrophy and a larger
intercellular space in comparison with the PBS-treated tumor,

indicating that the probes by themselves possess a certain
antitumor efficacy without light activation.
For a deeper understanding of the molecular mechanism of

the antitumor effect of the current nanoprobe, 4 slices parallel
and adjacent to the H&E-stained slice of the tumor section
were subjected to immunofluorescence staining. As shown in
Figure 7a, the expression of CD3 and CD8 was upregulated in
the tumor tissues of mice receiving the QD-FA nanoprobe and
laser irradiation compared with the control group receiving
PBS, implying that after PTT and PDT, a large amount of
CD3+CD8+ cytotoxic T lymphocytes (CTLs) were recruited
into the tumor region to eliminate cancer cells, which can lead
to the long-term prevention of tumor growth. Meanwhile,
CD4+ helper T cells that regulate the immune responses also
increased, further proving the immune system activation. In
addition, without laser irradiation, the QD-FA probe alone can
also increase the infiltration of CTLs. Therefore, it can be
reasonably inferred that the antitumor effect of the probe alone
during the in vivo tumor treatment experiments can be
attributed mainly to T cell infiltration and immune responses
within tumors. This result again lends support for the targeting
capability of QDs after FA modification, as a concentrating
effect of the probe could elevate the effective local
concentration of the probe to a point where it becomes
cytotoxic, thus contributing to the initial cause of cell death
that leads to the immune response.

Figure 7. Immunofluorescence assay. Immunofluorescence images of tumor tissue slices showing the staining of (a) T cell markers (CD3,
green; CD8, red; CD4, pink), (b) M2-phenotype macrophage marker (indicated by the expression of CD206, red), (c) TNF-α (red), and (d)
Ki 67 (red) in tumors extracted 1 day post-treatment. Blue represents DAPI in all cases. The scale bars correspond to 100 μm.
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Apart from T cells, the activated M2-phenotype of tumor-
associated macrophages (TAMs) was also investigated. As
displayed in Figure 7b, after treatment with the probe alone or
probe followed by laser irradiation, M2-phenotype CD206+

macrophages, considered an accomplice of tumor develop-
ment, were obviously reduced in comparison with the PBS
control treatment, implying that M2 macrophages were

suppressed by the QD-FA probe. In contrast, the activation
of M1-phenotype CD86+ macrophages was observed in tumors
from mice that received the QD-FA probe and irradiation
(Figure S19), again suggesting the initiation of an antitumor
immune response. Tumor necrosis factor-α (TNF-α), which is
mainly secreted by monocytes and macrophages and can
inhibit tumor growth and promote tumor immunity, also

Figure 8. Biosafety assessment of the QD-FA probe. (a) Histopathological assays of major organs obtained from mice receiving therapy with
probe + 808 nm laser, probe + 650 nm laser, probe, PBS + 808 nm laser, PBS + 650 nm laser, PBS, or PTX for 20 days. (b) Blood routine
and (c) blood biochemical test results of mice treated with the QD-FA probe for comparing with those from mice receiving no probe
injection (control) (n = 5, biologically independent replicates). Abbreviations: WBC, white blood cell; RBC, red blood cell; PLT, platelets;
NEUT, absolute neutrophil count; EO, eosinophil, LYMPH, absolute lymphocytes count; MCV, mean corpuscular volume; MPV, mean
platelet volume; HCT, hematocrit; PCT, plateletcrit; HGB, hemoglobin; MCHC, mean corpuscular hemoglobin concentration; MCH, mean
corpuscular hemoglobin; AST, aspartate aminotransferase; ALT, alanine aminotransferase; ALP, alkaline phosphatase; CREA, creatinine;
UREA, urea.
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appeared to be upregulated in the tumor tissue after probe-
enhanced PTT and PDT, as shown in Figure 7c and Figure
S20a. These results also suggest that the antitumor immune
response was successfully activated by nanoprobes accumulat-
ing in the tumor. On the basis of these underlying antitumor
molecular mechanisms of QD-FA, the cell cycle-associated
protein Ki 67 was significantly downregulated in the tumor
tissues due to probe-enhanced PTT and PDT, as expected, as
shown in Figure 7d and Figure S20b, which suggests that
tumor cell proliferation was inhibited.
Taken together, H&E staining and immunofluorescence

analysis revealed that the QD-FA probe can quickly eradicate
the majority of tumor cells through highly efficient PTT and
PDT and then continuously prevent the proliferation of the
residual tumor cells after one dose of treatment, eliciting a
long-term antitumor immune response. These combined
antitumor mechanisms together imbue the QD-FA probe
with excellent tumor therapeutic effects.
Biosafety Assessment of the QD-FA Probe. To further

assess the biosafety of the QD-FA nanoprobe, the major organs
of healthy (i.e., nontumor-bearing) BALB/c mice were
extracted 20 days after treatments for histochemical analysis
(Figure 8a). The results of H&E staining revealed that
intravenously injected nanoprobes and laser irradiation treat-
ments did not induce noticeable inflammation or damage in
any of the major organs, including the heart, liver, spleen, lung,
and kidney, which highlights the high biosafety feature of the
current QD-FA probe.
In addition, the blood of QD-FA probe-treated mice was

also collected for routine blood and biochemical testing and
compared to blood from another group of healthy mice
receiving no particle injection (n = 5). The blood analysis
results shown in Figure 8b,c reveal no significant differences for
all parameters associated with acute toxicity. All of the above
results suggest that the acute dosing of QD-FA nanoprobes at
the doses studied would not affect the overall health status of
the mice, thereby enabling their safe and effective use in
theranostic applications.

CONCLUSIONS
In summary, we have successfully developed a theranostic QD
nanoplatform with a NIR-II emissive core and Mn doped ZnS
outer shell for simultaneously visualizing and destroying
tumors via built-in multifunctionality. By leveraging the
optimal ZnS shell growth kinetics and subsequent Mn doping
of the ZnS shell to facilitate radiative recombination pathways
and boost NIR-II fluorescence, we created magnetically
engineered core-(doped)shell CISe@ZnS:Mn QDs with
absolute PLQYs up to 31.2% in the NIR-II window. Tumor-
specific CISe@ZnS:Mn QDs bearing an FA targeting moiety
exhibit high-performance NIR-II fluorescence and MRI dual-
modality imaging capacity for the sensitive visualization of
tumors in vivo using a 4T1 breast cancer model. MRI is
particularly notable due to its ability to identify small
metastatic tumors in the lungs, which is not readily achievable
using optical imaging methods. Additionally, this approach
does not have any clinically relevant limitations on imaging
depth, enabling deep tumors to be imaged. Together, these
properties are critical for the timely identification of tumors
and the prevention of recurrence. Meanwhile, the nonradiative
relaxation pathways of the QD probe upon light irradiation can
effectively generate heat for PTT and radicals for PDT via TET
to treat tumors, which further promotes the antitumor immune

response, consequently leading to excellent therapeutic
efficacy. Blood chemistry and tissue histological analysis
show that these QDs have minimal systemic toxicity with
acute administration at doses that were effective for visual-
ization and treatment. In summary, the current study reports
NIR-II-emissive and magnetic QDs designed to provide
sensitive dual-modality imaging capabilities and act as an
effective cancer therapy. By optimizing each key parameter in
series, we created a high-performance theranostic nanoprobe
offering a favorable biosafety profile, high imaging resolution,
and excellent therapeutic efficacy, including the ability to
initiate a potent anticancer immune response.

MATERIALS AND METHODS
Chemicals. Indium(III) acetate (In(OAc)3, 99.99%) was

purchased from Alfa Aesar. 1-Dodecanethiol (1-DDT, 97%), selenium
(Se, 99.99%), oleic acid (OA, 90%), oleylamine (OLA, ≥98%), 1-
octadecene (ODE, 90%), 4-(4,6-Dimethoxy-1,3,5-triazin-2- yl)-4-
methylmorpholinium chloride (DMTMM, ≥96%), and folic acid
(FA, ≥97%) were purchased from Sigma-Aldrich. Copper(I) iodide
(CuI, 99.995%), manganese(II) chloride tetrahydrate (MnCl2·4H2O,
99%), stearic acid (SA, 98%), and zinc stearate (ZnSt2) (10−12% Zn
basis) were purchased from Aladdin. DHLA-PEG2000 derivate ligand
and Jeffamine-modified FA were purchased as customized products
provided by Beijing Oneder Hightech Co. Ltd. Acetone, cyclohexane,
methanol, tetrahydrofuran, ether, dichloromethane, and toluene were
analytical reagent grade and purchased from Sinopharm Chemical
Reagent Beijing, Co., Ltd. Anti-FR (A20726) was purchased from
ABclonal, Inc. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium
bromide (MTT, 98%), dimethyl sulfoxide (DMSO), Roswell Park
Memorial Institute (RPMI-1640), and fetal bovine serum (FBS) were
purchased from Biodee Biotechnology Co., Ltd., Beijing, China. All
solvents and chemicals were used without further purification.

Synthesis of CISe Cores. The CISe seeds were prepared
according to a slightly modified method reported.56 In brief, CISe
cores were synthesized by mixing 0.75 mmol of CuI and 0.75 mmol of
In(OAc)3 in 0.75 mL of 1-DDT and 15 mL of ODE. The reaction
mixture was then degassed under vacuum for 20 min, purged with
nitrogen for 20 min, and degassed for an additional 45 min at 120 °C.
Next, 0.75 mL of OA was added to the mixture and the solution was
degassed for 20 min. After another 20 min nitrogen purge, the
solution was heated to 175 °C before the injection of selenium stock
solution. A selenium stock solution was first prepared by mixing 1.5
mmol of selenium powder and 1.5 mL of OLA in 1.5 mL of 1-DDT.
The selenium solution was degassed under vacuum for at least 30 min
at 60 °C and then injected into the reaction mixture. The reaction
mixture was heated to 200 °C and maintained at this temperature for
50 min under nitrogen. The CISe QDs were precipitated by acetone
and isolated by centrifugation, redispersion in toluene, and
subsequent precipitation using acetone for three cycles. The
nanocrystals finally obtained were redispersed in toluene for further
experiments.

Synthesis of CISe@ZnS QDs. ZnS shells were formed around
CISe cores through the dropwise addition of a stock solution
containing zinc. The stock solution of the zinc precursor was prepared
by mixing 7.5 mmol of ZnSt2 in 2 mL of 1-DDT and 30 mL of ODE,
degassing for 20 min, and purging with nitrogen for 20 min. Next, the
solution was heated to 110 °C and degassed under vacuum. The
resulting shell stock solution was added dropwise to the reaction
mixture of CISe cores at 0.5 mL/min rate using a peristaltic pump. At
the same time, 4 mL of 1-DDT was added at 0.03 mL/min rate to
thermally trigger the release of sulfur. The main reaction was kept at
200 °C under nitrogen protection. A series of aliquots were extracted
for monitoring the process. Afterward, the reaction solution was
cooled to room temperature and precipitated twice into acetone, once
into a 1:1 solution of acetone and methanol, and twice more into
methanol. After the final precipitation step, QDs were dispersed in
toluene. In parallel, two more samples were prepared at 215 and 230
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°C instead of 200 °C for adjusting the shell growth kinetics following
by the procedures mentioned above.
Synthesis of CISe@ZnS:Mn QDs. Following the aforementioned

procedures for synthesizing CISe@ZnS QDs, a parallel reaction
mixture was prepared at 215 °C for 3 h. Without applying the
purification procedures, we introduced 2 mL of 1-DDT solution
containing 0.75 mmol of MnSt2 after the temperature of the reaction
mixture was lowered to 180 °C to initiate the Mn doping process. The
MnSt2 used was synthesized according to a method previously
reported.47 The doped QDs were obtained by another 2 h of reaction.
The purification procedures used to collect particles were the same as
those described above.
PEGylated CISe@ZnS:Mn QDs. For these QDs 100 mg of

methoxy-terminated DHLA-PEG (DHLA-PEG-OCH3) and a carbox-
ylic acid-terminated variant (DHLA-PEG-COOH) at a molar ratio of
10:1 were dispersed in 5 mL of toluene containing 10 mg of
hydrophobic CISe@ZnS:Mn QDs. Then, the mixture was kept
stirring under nitrogen at 70 °C for 2 h. Thereafter, the resultant
PEGylated QDs were transferred and redispersed in water. The
carboxylic acid residues on the QD particle surface were ready for
further covalent conjugation with Jeffamine-modified FA via a
DMTMM-mediated amidation reaction at pH 8.0 to construct the
QD-FA probe. In brief, 0.09 mg of Jeffamine-modified FA was mixed
with 1.74 mg of QDs dispersed in water containing 0.04 mg of
DMTMM, and the reaction mixture was kept at room temperature for
2 h. The resulting QD-FA conjugates were subsequently purified
using 30 kDa centrifugal filters (Millipore) to remove the unreacted
Jeffamine-FA. The condensed probe solution was then ready for
further experiments.
Relaxivity Measurements. The relaxivity measurements were

carried out on a 3 T clinical MRI instrument (MR Solution 3.0 T). A
series of aqueous solutions of the probes in 2.0 mL Eppendorf tubes
were prepared. The parameters for T1 measurements were set as the
following: echo time (TE) = 11 ms; repetition time (TR) = 720 ms;
number of excitations (NEX) = 8.
In Vitro Cellular Imaging. For in vitro cell experiments, cells

from a mouse breast cancer cell line, 4T1, were cultured in RPMI-
1640 medium supplemented with 10% FBS and 1% penicillin-
streptomycin for 24 h at 37 °C in 5% CO2. In vitro cellular imaging
was then performed to evaluate the binding specificity of the
nanoprobes for their targets. Approximately 1 × 105 4T1 cells were
seeded in the wells of three confocal capsules and incubated overnight
at 37 °C under 5% CO2 to allow a firm adherence. After being rinsed
with the PBS buffer, the cells were incubated with the probe and the
parental QDs solution (100 μg/mL with respect to Cu), respectively,
for 4 h at 37 °C. After that, the cells were rinsed three times with PBS
to remove the unbound particles. The cells were further incubated
with DAPI for nuclei staining. The imaging of cells was carried out on
a fluorescence microscope (Leica DMI 3000B). The luminescence
signal of the cells was detected in the red channel for the particles and
the blue channel for the nuclei, respectively.
Cytotoxicity Assay of the QD-FA Probe. The colorimetric

MTT assays on 4T1 cells were performed to assess the cytotoxicity of
the PEGylated CISe@ZnS:Mn QDs. Specifically, 4T1 cells were first
seeded into wells in a 96-well cell culture plate at a density of 5000
cells per well and cultured at 37 °C under 5% CO2 for about
approximately 24 h in RPMI-1640 supplemented with 10% FBS. Cells
were then washed with 1× PBS and incubated with the probes and
control group at a series of concentrations at 37 °C for 24 h under 5%
CO2. Subsequently, the cells were washed twice with 1× PBS to
decant the supernatant containing excess QDs, and placed back in cell
culture medium for another 48 h. Afterward, 20 μL of MTT with a
concentration of 5 mg/mL was added to each well and allowed to
react with the cells for 4 h before the addition of 150 μL of DMSO to
dissolve the precipitate. Finally, the absorption of each solution was
measured at 490 nm on a microplate reader (Thermo, Varioskan
Flash), while the optical density at 630 nm was used as a reference.
In Vitro Photothermal Evaluation of the QD-FA Probe. To

assess the photothermal performance of the CISe@ZnS:Mn probe, a
CISe@ZnS:Mn solution with different concentrations of Cu (0.1, 1.0,

5.0, 10.0, 20.0 mM) was placed in a 96-well cell culture plate and
irradiated with an 808 nm laser with different power densities (0.5,
1.0, and 1.5 W·cm−2) for 10 min. The temperature variations of the
solutions were recorded using a digital infrared thermometer (FLIR
E6 of FLIR Systems, Inc., United States) every 30 s.

Photothermal Ablation of Cancer Cells. 4T1 cells were seeded
into a 48-well cell culture plate at approximately ∼1 × 104 cells/well,
and cultured at 37 °C in an atmosphere containing 5% CO2 for 24 h.
The QD-FA probes and parental QDs were added with different
concentrations (0, 20, 40, 50, 100 μg/mL with respect to Cu), and
incubated for 4 h prior exposing to laser irradiations (808 and 650
nm) with a power density of 1.0 W·cm−2 for 10 min. In order to
differentiate the viable cells from the dead cells after in vitro
photothermal treatment, the 3′,6′-Di(O-acetyl)-4′,5′-bis[N,N-bis-
(carboxymethyl)aminomethyl] fluorescein, tetraacetoxymethyl ester
(calcein-AM)/propidium iodide (PI) staining reagents were adopted
to stain the viable cells in green (λex = 490 nm, λem = 515 nm) and
dead cells in red (λex = 535 nm, λem = 617 nm), respectively.
Specifically, 100 μL of 20 mM calcein-AM and the PI solution were
added after the removal of the culture medium and rinsing of the
disks. After 30 min of incubation, the cells were observed with a
fluorescence microscope (Leica DMI 3000B).

Detection of Intracellular ROS In Vitro. Three groups of 4T1
cells were cultured in 24-well plates at approximately ∼1 × 105 cells/
well at 37 °C in 5% CO2 for 24 h. The probes were added at a series
of concentrations (0, 10, 20 μg/mL with respect to Cu), and
incubated for 4 h before irradiation (808 and 650 nm) with a power
density of 1.0 W·cm−2 for 10 min. Free nanoparticles were then
removed by washing the cells three times with PBS. The cells treated
with the same procedures without irradiation were set as controls.
After that, the cells were stained with DCFH-DA (1 mM) at 37 °C for
15 min for ROS detection. After two wash treastments with PBS, the
cells obtained were fixed with 4% paraformaldehyde, followed by cell
nucleus, and stained with DAPI for 10 min as a nuclear stain. The
intracellular levels of ROS were studied by fluorescence microscopy
(Leica DMI 3000B). The excitation was set at 488 nm and the
fluorescence signals were collected through a spectral window
between 500 and 560 nm.

Animal Tumor Models. The mouse subcutaneous and lung
metastatic tumor models used were established upon subcutaneous or
intravenous injection of a 100 μL of a 4T1 cell suspension (∼5 × 106)
into female BALB/c mice (4 weeks old), with the former injected into
the flank region of the right hind legs, and the latter into the tail veil.
The tumor imaging and therapy studies were carried out
approximately 7 days and 14 days after the inoculations with tumor
cells for subcutaneous and lung metastatic tumor models, respectively.
All animal experiments reported here were performed according to a
protocol approved by the Peking University Institutional Animal Care
and Use Committee.

NIR-II Fluorescence Imaging of Tumors In Vivo. The NIR-II
fluorescence images of a mouse bearing a subcutaneous tumor at the
flank region of the right hind leg were acquired with a NIR-II Imaging
System (Serious II 900-1700) manufactured by Suzhou NIR-Optics
Co., Ltd. (China). In detail, the mice were anesthetized, and then the
nanoprobes were intravenously injected through the tail vein (6.35
mg Cu per kg body weight), while the same dose of parental QDs was
intravenously injected in other mice as the control. The excitation
light used was an 808 nm laser (4 mW·cm−2), and a long-pass 1250
nm filter (OD4) was used for collecting the NIR-II fluorescence
signal. The exposure time (ET) for acquiring each fluorescence image
was set to 50 ms.

In Vivo MRI of Tumors. MR images were acquired on a 1.0 T
animal MRI instrument (Aspect M3). Mice bearing 4T1 subcuta-
neous or lung metastatic tumors were anesthetized and then the QD-
FA probe (2.75 mg Mn per kg body weight) or parental QDs with the
same dose were injected through the tail vein, respectively. The mice
were anesthetized by 1% isoflurane delivered via a nose cone and
subjected to MR imaging. The detailed T1-weighted imaging
parameters were set as the following: Mouse Mody-T1, matrix size
= 60 × 60; slice thickness = 1 mm; echo time (TE) = 10.614 ms;
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repetition time (TR) = 300 ms; number of excitations (NEX) = 6.
The detailed T2-weighted imaging parameters were set as the
following: Fast Spin Echo 2D, matrix size = 60 × 60; slice thickness
= 1 mm; TE = 84.021 ms; TR = 4000 ms; number of excitations
(NEX) = 4.
Combined Treatment of Tumors. Subcutaneous tumor-bearing

BALB/c mice with an average tumor volume of ∼100 mm3 were
randomly allocated into 7 groups (n = 6). Three groups of mice were
injected with 200 μL of a PBS solution containing the probes (6.35
mg per kg body weight with respect Cu), and two groups of them
were irradiated with a 650 nm laser (0.6 W·cm−2) or an 808 nm NIR
laser (1.0 W·cm−2) for 10 min at 4 h postmedication, respectively.
The mice in the control groups were treated with the same volume of
1× PBS with or without laser irradiation, or the same volume of saline
containing PTX (10 mg per kg body weight). One day after the initial,
one mouse from each group was sacrificed, and the tumors were
extracted for histological analysis. The sizes of tumors in remaining
mice were measured every day and the volumes were calculated
according to V = (a × b2)/2, where a and b represent the length and
width of each tumor, respectively. Relative tumor volumes were
calculated with reference to the initial volume recorded prior to
treatment. The weight of each mouse was measured every day as well.
Biosafety Assessment. Fifteen healthy BALB/c mice were

intravenously injected with probes (6.35 mg per kg body weight
with respect Cu) and sacrificed at a time point postinjection (20 days,
five mice per time point). Another five mice were sacrificed as a
control group. The blood collected from the mice was further used in
blood routine and biochemical tests. Major organs of these mice,
including the liver, spleen, kidney, heart, and lung, were harvested,
fixed in 10% neutral buffered formalin, processed routinely into
paraffin, sectioned into thin slices, and stained with H&E for
histological analysis.
Histopathological, Immunohistochemical, and Immuno-

fluorescence Analysis. Tumor-bearing BALB/c mice were
sacrificed 1 day after treatment, and their tumors were extracted for
analysis. After being embedded into paraffin, the fixed tumor tissues
were sliced. Three adjacent slices of tumor slices were subjected to
H&E staining, T cell markers (CD8, CD3, CD4), macrophage
markers (CD206, CD86), Ki 67, and TNF-α immunofluorescence
assays for studying cell apoptosis, immune response and cell
proliferation with microscopy by Servicebio (Wuhan, China). DAPI
was used as a nuclear stain. Additional slices of the tumor were cut,
stained with anti-FR, and imaged to evaluate FR expression. Briefly,
the paraffin-embedded tissue slices were deparaffinized and hydrated,
and antigen retrieval was performed in an ethylenediaminetetraacetic
acid buffer solution (pH 9.0). Thereafter, endogenous peroxidase was
inactivated with 3% hydrogen peroxide in water for 25 min, and
samples were incubated with bovine serum albumin to block
nonspecific staining. The anti-FR antibody was then incubated with
the slices overnight at 4 °C. After washing, the slices were treated with
a horseradish peroxidase-conjugated secondary antibody. Finally, after
staining the tissue with the diaminobenzidine (DAB) kit, the cell
nuclei were counterstained with hematoxylin. Finally, the stained
slices were imaged with microscopy. Adjacent slices that were not
stained with anti-FR were used as controls.
Major organs from one mouse of each group, including the heart,

kidney, liver, lung, and spleen, were harvested 20 days postinjection of
samples, fixed in 10% neutral buffered formalin, processed routinely
into paraffin, sectioned into thin slices, and stained with H&E for
histopathological analysis.
Statistical Analysis. Data are expressed as mean ± standard error

of the mean (SEM) or standard deviation (SD) as indicated in the
figure captions. Statistical differences of multiple groups were
determined by One-way ANOVA and Tukey’s multiple comparisons
test. A P value of <0.05 was regarded as statistically different. Both
tests were carried out by GraphPad Prism software v7.0.
Spectroscopic Characterization. The steady-state PL spectra

were measured on an Edinburgh FLS980 fluorescence spectrometer in
conjunction with a HAMAMATSU NIRPMT (R5509) detector using
530 nm excitation from a Xe lamp. Absolute PLQYs were determined

using an integrating sphere on the FLS980 fluorescence spectrometer
with excitation from 808 and 650 nm lasers. The sample was placed in
a polytetrafluoroethylene-capped quartz cuvette and a solvent blank
sample was used for the reference measurement. Spectral correction
curves were provided by Edinburgh Instruments. Time-resolved PL
decay curves were recorded on a Fluorlog-3 spectrofluorometer
equipped with a NanoLED pulsed diode laser as a single wavelength
excitation source (375 nm) for time-correlated single-photon
counting (TCSPC) measurements (HORIBA PPD). The UV−vis-
NIR absorption spectra were recorded on a Shimadzu UV-3600
spectrophotometer.

Structural and Compositional Characterization. Transmis-
sion electron microscopy (TEM) images were recorded with an HT
7700 transmission electron microscope operating at an accelerating
voltage of 120 kV. The particle size was measured with ImageJ
software by averaging at least 300 particles per sample. HRTEM
images and selected area electron diffraction patterns were taken on
JEM-2100F microscopes working at an accelerating voltage of 200 kV.
A HAADF-STEM image and EDS elemental mapping images were
taken from a JEM ARM300F spherical aberration-corrected trans-
mission electron microscope operating at accelerating voltages of 300
and 82 kV, respectively. The metal composition was determined by a
ICP-AES 6300 DV instrument. EPR spectra were recorded on a
JEOL-FA200 at 77 K. DLS measurements were carried out at 298 K
with a Nano ZS (Malvern) equipped with a He−Ne laser (λ = 632.8
nm) for determining the hydrodynamic sizes and the ζ-potentials of
the probes to monitor the QD particle surface reaction. FTIR spectra
were recorded at room temperature on a Bruker TENSOR-27 FT-IR
spectrometer.
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