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A
theranostic nanoparticle is a multi-
functional nanosystem that is well-
designed for specific andpersonalized

disease management by combining diag-
nostic and therapeutic capabilities into one
single biocompatible and biodegradable
nanoparticle.1 Many preclinical studies and
clinical trials with peptide- or antibody-
conjugated imaging nanoparticles and che-
motherapeutics have already demonstrated
the value of such specifically targeted ima-
ging and therapy of tumors.2�4 Many types
of theranostic nanoparticles have been
developed in the past decade for treating
cancers, based on both organic and inor-
ganic platforms.5,6 However, most of these
studies have been focused on using passive
targeting strategies of tumors based on the
enhanced permeability and retention (EPR)
effect.7,8 To date, engineering of biocompa-
tible theranostic nanoparticles with highly
specific in vivo tumor active targeting cap-
abilities is still in its very early stages with

only few examples of in vivo tumor actively
targeted theranostic nanoparticles being
reported.9

Here, we report surface engineering and
in vivo vasculature targeting of a new cate-
gory of theranostic nanoparticle for future
cancer management. As shown in Figure 1a,
water-soluble copper sulfide (CuS) nano-
particles were selected as the core owing
to their strong near-infrared (NIR) optical
absorption and high molar extinction co-
efficient (8.66 � 107 cm�1 M�1 @ 930 nm,
∼11 nm sized).10 Shell-thickness and pore-
size controllable mesoporous silica nano-
shells (MSN) were introduced as not only
a protective shell, but also an anticancer
drug reservoir for potential targeted drug
delivery and thermal-chemotherapy (Step 1
in Figure 1a). As-synthesized CuS@MSN
was then surface engineered with amino
groups (�NH2),NOTA(1,4,7-triazacyclononane-
triacetic acid, a well-known chelator for
copper-64 [64Cu] labeling), polyethylene
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ABSTRACT Actively targeted theranostic nanomedicine may be

the key for future personalized cancer management. Although

numerous types of theranostic nanoparticles have been developed

in the past decade for cancer treatment, challenges still exist in the

engineering of biocompatible theranostic nanoparticles with highly

specific in vivo tumor targeting capabilities. Here, we report the

design, synthesis, surface engineering, and in vivo active vasculature

targeting of a new category of theranostic nanoparticle for future

cancer management. Water-soluble photothermally sensitive copper sulfide nanoparticles were encapsulated in biocompatible mesoporous silica shells,

followed by multistep surface engineering to form the final theranostic nanoparticles. Systematic in vitro targeting, an in vivo long-term toxicity study,

photothermal ablation evaluation, in vivo vasculature targeted imaging, biodistribution and histology studies were performed to fully explore the potential

of as-developed new theranostic nanoparticles.
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glycol (PEG, for improved in vivo biocompatibility and
stability), TRC105 (a human/murine chimeric IgG1
monoclonal antibody, which binds to both human
and murine CD105 on tumor neovasculature),11 and
finally the radioisotope 64Cu (a positron emitter with
a 12.7 h half-life, for positron emission tomography
[PET] imaging and biodistribution studies) (Step 2 in
Figure 1a, also see Figure S1, Supporting Information,
for more details). Note, since all the CuS@MSN con-
jugates contain the sameNOTA and PEG chains (5 kDa),
both “NOTA” and “PEG” were omitted from the acro-
nyms of the final conjugates for clarity considerations.

RESULTS AND DISCUSSION

Synthesis and Characterization of CuS@MSN. Sodium
citrate-capped CuS (i.e., CuS-Cit) nanoparticles, or CuS

with other varied morphologies, are part of a relatively
new class of photothermal agentswith attractive photo-
thermal ablation properties, due to their behavior as
p-type semiconductors.10,12,13 Silica (or silicon dioxide)
is “generally recognized as safe” by the Food and
Drug Administration (FDA, ID Code: 14808�60�7),14

which is highly desirable for future clinical translation.
Mesoporous silica nanoparticles exhibit controllable
pore size, high specific surface area, large pore volume,
and well-established surface modification chemistry,15

and have thus been accepted as highly attractive drug
carriers since 2001.16

Our initial attempt to encapsulate CuS-Cit nano-
particles into MSN was not successful (Figure S2b),
possibly due to its negatively charged surface (zeta
potential:�21.3( 4.0 mV, Figure S3a). To facilitate the

Figure 1. Synthesis and characterization of CuS@MSN. (a) A schematic illustration showing 3 major steps for the synthesis of
64Cu-CuS@MSN-TRC105 theranostic nanoparticle. Step 1: encapsulating CuS-CTAC insidemesoporous silica shell, resulting in
CuS@MSN nanoparticle. Step 2: surface engineering of CuS@MSN to form 64Cu-CuS@MSN-TRC105 nanoconjugates (see
Figure S1 formore details). (b) A TEM image of CuS-CTAC. Inset shows the digital photo of CuS-CTAC inwater. (c) A TEM image
of CuS@MSN. Inset shows the digital photo of CuS@MSN in water. (d) Nitrogen adsorption�desorption isotherms and the
corresponding pore size distribution of CuS@MSN (inset, see Figure S4 for enlarged figure). (e) UV�vis absorption spectra
of CuS-CTAC (black line) and CuS@MSN (red line). Inset shows the photothermal images of water, CuS-CTAC and CuS@MSN
(from left to right) (see Figure S5 for enlarged figure). Note, both CuS-CTAC and CuS@MSN have the same amount of CuS
nanoparticles (i.e., 0.25 mM of Cu based on ICP-AES measurement). (f) Quantitative temperature change of CuS@MSN
aqueous solution as a function of 980 nm laser exposure time (laser power density: 4.0 W/cm2). Concentration of CuS@MSN
was based on total Cu amount measured by using ICP-AES. Inset shows the increased temperature for samples with varied
CuS@MSN concentrations (see Figure S6 for enlarged figure).
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coating of MSN over CuS, positively charged cetyltri-
methylammonium chloride (i.e., CTAC) stabilized CuS
(i.e., CuS-CTAC) was used instead. Figure 1b shows
the representative transmission electron microscopy
(TEM) image of CuS-CTAC with an average particle size
of ∼10 nm. Dynamic light scattering (DLS) and zeta
potential measurements showed a slightly increased
particle size of 18.3 ( 0.2 nm, and 33.4 ( 1.3 mV of
surface charge.

It is worthwhile to note that the surfactant CTAC
functions as not only the capping agent for stabilizing
the CuS nanoparticles, but also as the template for the
successful growth of the mesoporous silica shell over
CuS. Figure 1c shows the TEM image of core@shell
structured CuS@MSN with an average particle size
of 65 nm (detailed synthetic procedures can be found
in the Supporting Information). The amount of extra
CTAC used plays a significant role in controlling the
size, yield, and monodispersity of CuS@MSN. Our
results showed that higher yield and smaller-sized
CuS@MSN (30�40 nm) could be achieved by reducing
the CTAC (25 wt % solution) amount from 2 g (or
∼20 mg/mL by concentration) to 0.5 g (or ∼5 mg/mL
by concentration) (Figure S7c), while only CuS@MSN
with severe aggregations could be obtained if no extra
CTAC was used (Figure S7d). The template CTAC was
then removed by stirring the nanoparticles in 1 wt %
solution of NaCl in methanol at room temperature for
3 days. Fourier transform infrared spectroscopy was
later performed to confirm the successful and com-
plete removal of CTAC, as evidenced by the absence
of characteristic C�H peak in the 3000�2800 cm�1

wavelength range for surfactant-extracted CuS@MSN
(FigureS8).17Nitrogenadsorption�desorption isotherm
results further indicate that as-synthesized CuS@MSN
possesses significantly higher specific surface areas
(495 m2/g) and larger pore volume (0.68 cm3/g)
than that of previously reported similar structure
(surface areas: 221 m2/g, pore volume: 0.22 cm3/g)
(Figure 1d).18 Average pore sizes was further found
to be ∼2.2 nm (Figure 1d), holding great potential for
anticancer drug delivery.

Anticancer Drug Loading, Releasing and Photothermal
Ablation Properties of CuS@MSN. Next, we demonstrated
that with the coating of MSN, as-synthesized
CuS@MSN not only preserved the photothermal abla-
tion property, but could also be used as an anticancer
drug delivery system. The small molecule anticancer
drug doxorubicin (DOX) was selected as the model
drug, and was loaded into CuS@MSN by mixing them
together in phosphate buffered saline (PBS) solution
under shaking. The loading capacity of DOX was found
to be as high as 465.1 mg/g after 24 h incubation. Due
to the decrease in the electrostatic interaction be-
tween DOX and silica with the decrease of pH value,19

CuS@MSN(DOX) also showed a fast release rate at
pH 5 when compare with that at pH 7.4 (as shown in

Figure S9). This holds great potential for future pH-
sensitive drug delivery, considering that tumor cell
(lysosomes: pH 4�5, endosomes: pH 5�6) or tumor
microenvironment (pH 6.5�7.2) has a lower pH value
(caused by hypoxia) when compared with that in
bloodstream (pH 7.4).20

Although an 808 nm laser was first used for trigger-
ing the photothermal ablation of CuS nanoparticles,10

a recent study demonstrated that a 980 nm laser may
become a better choice due to the higher absorbance
of CuS at 980 nm, deeper tissue penetration depth, and
higher conservative limit for human skin (∼0.726 vs

∼0.33 W/cm2).13 The successful synthesis of CuS-CTAC
and CuS@MSN was further confirmed by their char-
acteristic green color (insets in Figure 1b,c) and strong
absorption peak at around 980 nm from the UV�vis
absorbance spectra (Figure 1e). As shown in Figure S10b,
nearly 100% of 980 nm light was absorbed by CuS@MSN
(0.5mM,basedon total amount of Cumeasuredbyusing
inductively coupled plasma atomic emission spectro-
scopy [ICP-AES]), as evidenced by the disappearance of
the laser spot from the near-infrared (IR) card. Efficient
energy conversion from light to heat was also confirmed
by their photothermal images (Figure 1e, inset) with the
control water sample showing only slightly increased
temperature after the same laser irradiation.

The quantitative temperature change of the
CuS@MSN aqueous solution as a function of laser
exposure time was also investigated. As shown in
Figure 1f, a total increase of 25 �C was observed after
exposing CuS@MSN (0.5 mM) to the 980 nm laser light
(a continuous wave fiber-coupled laser, 4 W/cm2) for
5 min, while an increase of only 9 �C was observed
in the pure water control group (due to the thermal
effect of 980 nm laser21). As expected, the 980 nm
light-induced thermal effect is highly dependent on
both the concentration of CuS@MSN in water and the
laser dose (power density and exposure time). Water-
soluble CuS@MSN with the highest concentration
(e.g., 0.5 mM) under the exposure to 980 nm laser
with a high power density (e.g., 4 W/cm2) showed the
most significant thermal effect when compared with
samples with lower concentration under excitation
of the 980 nm laser with reduced power density
(Figure S11).

The in vivo photothermal ablation of tumors was
also demonstrated after a single intratumoral injection
of CuS@MSN in 4T1 tumor-bearing mice (n = 5, dose:
33 mg/kg). Tumors were irradiated with the 980 nm
laser (4 W/cm2) for 15 min, followed by size measure-
ment with a caliper every other day. Two control
groups, CuS@MSN only and 980 nm laser only, were
also introduced to better demonstrate the photo-
thermal ablation property. As shown in the photo-
thermal images in Figures 2a�c, significant tempera-
ture increase from 25 to >42 �C was observed in the
CuS@MSNþ980 nm laser group, while the 980 nm laser
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only group showed only slightly increased skin
temperature due to the 980 nm laser thermal effect,
clearly indicating the photothermal effect of CuS@MSN
in vivo. After laser treatment, dark-red skin at the tumor
site was observed in both the CuS@MSNþ980 nm laser
and 980 nm laser only groups, suggesting tissue burns
caused by the local photothermal effect. Decreases in
the tumor size in these two groups were also observed
with a more prominent shrinking rate found in the
CuS@MSNþ980 nm laser group during the first 4 days
(Figure S12). Tumors from CuS@MSNþ980 nm laser
group continued to shrink, and completely vanished
on Day 14 with no regrowth in the next 67 days
(Figure 2d,g). In comparison, tumors started regrowing
after Day 4 in the 980 nm laser only group (Figure 2h,
S12), and continued to grow rapidly over the next
30 days. No initial tumor shrinkage and only rapid
growth were observed in the CuS@MSN only group.
Taken together, these studies demonstrated the po-
tential of using CuS@MSN as an anticancer drug carrier
as well as an in vivo photothermal ablation agent.

In Vitro CD105 Targeting and In Vivo Long-Term Toxicity
Studies. CD105 (also known as endoglin) is considered
one of the most reliable markers for the proliferation
of endothelial cells, and is overexpressed on most
tumor neovasculature.22,23 TRC105 is a CD105-targeted
antibody with a very high avidity for human CD105

(KD: 2 ng/mL). TRC105 has been used for PET imaging
of CD105 in a variety of disease models, including
cancers, hindlimb ischemia, and myocardial infarction
models.24�26 The successful targeting of functional
nanoparticles such as graphene oxide,27 porous
silica nanoparticles,28,29 and micelles30 has also been
demonstrated recently, making TRC105-based vascu-
lature targeting a highly attractive strategy for cancer
theranostics. Here, the TRC105 antibody was selected
for in vitro and in vivo CD105 targeting of CuS@MSN
nanocomposites.

Before the in vivo tumor targeted imaging, human
umbilical vein endothelial cells (HUVECs, CD105
positive)were used in aflowcytometry study to confirm
the in vitro CD105 targeting efficiency of the TRC105
conjugated CuS@MSN. CuS@MSNmodifiedwith amino
groups was first conjugated with NHS-fluorescein,
and then with TRC105 to facilitate the flow cytometry
investigation. Our results from Figure 3a indicate
that incubation with the fluorescein conjugated
CuS@MSN-TRC105 (targeted group) significantly en-
hanced the mean fluorescence intensity of HUVECs.
On the other hand, treating with fluorescein conju-
gated CuS@MSN (nontargeted group), or fluorescein
conjugated CuS@MSN-TRC105 with a blocking dose
of TRC105 (500 μg/mL, blocking group), only gave
minimal fluorescence enhancement. Successful CD105

Figure 2. In vivo photothermal therapeutic evaluation. Photothermal images of mice after laser treatment. (a)
(CuS@MSNþ980 nm laser) group, (b) (980 nm laser only) group, and (c) (CuS@MSN only) group. Digital photos of mice with
4T1 tumors on Day 30 after treatment. (d) (CuS@MSNþ980 nm laser) group, (e) (980 nm laser only) group, and (f) (CuS@MSN
only) group. (g) A digital photo of mouse from (CuS@MSNþ980 nm laser) group on Day 67 after treatment. (h) Changes of
tumor size of mice from 3 different groups after treatment (n = 5). Laser dose: 4 W/cm2, 15 min. CuS@MSN dose: 33 mg/kg.
Tumorsweremarkedwith red arrows. The differences between the treatment group and two control groupswere statistically
significant (*P < 0.05 on Day 4, **P < 0.01 at later time points).
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targeting of CuS@MSN-TRC105 was demonstrated
in vitro through these studies.

An in vivo long-term toxicity study was then per-
formed in healthy female BALB/c mice (weight:∼18 g,
n = 3) by monitoring fluctuations in body weight. Each
mouse was intravenously injected with PEGylated
CuS@MSN (dispersed in 200 μL of PBS) at a high dose
of 90 mg/kg, followed by weight monitoring every
other day for over two months. Mice injected with
only PBS were served as the control group. As shown
in Figure 3b, similar body weight increases were
observed for both groups during the first 2 weeks,
suggesting that all mice continued to mature without
noticeable toxicity effects. After 2 weeks, a small
weight difference (4�7%) between the two groups
was observed, indicating the low toxicity of high dose
PEGylated CuS@MSN in vivo. On Day 60, the body
weight difference decreased to <2%, suggesting most
of the PEGylated CuS@MSNmight have been excreted.
No changes in food intake, water consumption, fur
color, exploratory behavior, activity, and neurological
status were observed.

A histological assessment of tissues from the heart,
liver, spleen, lung, and kidney was conducted after
Day 60 to further investigate potential signs of toxicity
(i.e., cellular shrinkage or blebbing, steatosis in liver
cells, condensation of chromatin, rupture of cell mem-
brane and apoptotic bodies). Overall, no significant

difference was observed between the treatment and
control groups (Figure 3c). Although slight airway wall
thickening and increased cellularity in someof the lung
slides were observed in the treatment group, there
were no signs of the cellular toxicity indicators de-
scribed above. Such increased cellularity and thicken-
ing might be because of nanoparticle accumulation in
the interstitial space, which eventually attracted in-
flammatory cells to the site.31 Thus, we demonstrated
the in vitro CD105 targeting capability of TRC105-
conjugated CuS@MSN and the low long-term toxicity
of PEGylated CuS@MSN at a high dose. Encouraged by
these results, we moved on to investigate the in vivo

tumor vasculature targeting and biodistribution pattern
of 64Cu-CuS@MSN-TRC105 nanoconjugates.

In Vivo Vasculature Targeted PET Imaging and Biodistribution
Studies. Labeling nanoparticles with positron-emitting
radionuclides has been generally recognized as one of
the most accurate means for noninvasive evaluation
of their biodistribution and pharmacokinetics.32 For
in vivo tumor targeted PET imaging, NOTA-conjugated
CuS@MSN-TRC105 was labeled with 64Cu at 37 �C and
purified using PD-10 columns. A typical elution profile
is provided in Figure 3c with the inset showing the PET
imaging of fraction 3.5�4.0 mL, clearly demonstrating
the successful synthesis of 64Cu-CuS@MSN-TRC105.

In vivo tumor vasculature targeted PET imagingwas
then carried out in 4T1 murine breast tumor-bearing

Figure 3. In vitro CD105 targeting, long-term toxicity and radiolabeling studies. (a) Flow cytometry analysis of CuS@MSN
nanoconjugates in HUVEC (CD105 positive) cell lines (incubation timewas set at 30min). (b) Two-month growth chart ofmice
from treatment (dose: 90 mg/kg of PEGylated CuS@MSN in PBS) and control groups (PBS only). (c) A size-exclusion column
chromatography elutionprofile during the purification of 64Cu-CuS@MSN-TRC105. The unreacted 64Cu elutes after 6mL. Inset
shows the PET imaging of fraction 3.5�4.0 mL. (d) H&E-stained tissue sections frommice injected with PEGylated CuS@MSN
(treatment group) and PBS only (control group) after 60 days. Tissues were harvested from heart, liver, spleen, lung and
kidney.
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mice, which express high level of CD105 on the tumor
neovasculature.33 Each mouse was intravenously in-
jected with 5�10 MBq of 64Cu-CuS@MSN-TRC105
(∼1 mg/kg), and serial PET scans were obtained at 4,
15, and 24 h postinjection (p.i.) to show the tumor
targeting efficacy and in vivo biodistribution patterns
(Figure 4a). The accumulation of 64Cu-CuS@MSN-
TRC105 in the 4T1 tumor was found to be 4.9 ( 0.7%
ID/g at 4 h p.i., and peaked at 6.0( 0.4% ID/g at 24 h p.i.,
as shown in Figure 4a (n = 3). In contrast, without
the conjugation of TRC105 (i.e., EPR effect alone), the
4T1 tumor uptake of 64Cu-CuS@MSN was found to
be around 1% ID/g at all of the time points examined
(n = 3; Figure 4b), indicating that TRC105 conjugation
is likely the controlling factor for enhanced tumor
accumulation of 64Cu-CuS@MSN-TRC105. Similar to
what we have observed in other TRC105-conjugated
nanoparticles,27,30most of 64Cu-CuS@MSN-TRC105 nano-
conjugates were taken up by the reticuloendothelial
system (RES) with liver uptake found to be 31.3 ( 1.5%
ID/g at 4 h p.i., and decreased gradually to 17.1 ( 0.9%
ID/g at 24 h p.i. (n = 3). An ex vivo biodistribution study
at 24 h p.i. further confirmed such dominant liver uptake,
as shown in Figure S13.

To study the CD105 targeting specificity of
64Cu-CuS@MSN-TRC105 in vivo, blocking studies were
performed. Results showed that administration of a

blocking dose (1 mg/mouse) of free TRC105 1 h before
64Cu-CuS@MSN-TRC105 (∼1 mg/kg) injection could
significantly reduce the tumor uptake to 3.0 ( 0.1
and 2.3 ( 0.3% ID/g at 4 and 24 h p.i., respectively
(n = 3, Figure 4c), clearly demonstrating CD105 speci-
ficity of 64Cu-CuS@MSN-TRC105 in vivo. Figure 4d
also summarizes the comparison of 4T1 tumor uptake
of the three groups at different time points, with
64Cu-CuS@MSN-TRC105 showing the highest tumor
uptake throughout the study period. An ex vivo histo-
logy study further confirmed the vasculature targeting
of 64Cu-CuS@MSN-TRC105, as evidenced by the
desirable overlay of the red (representing CD31 from
tumor vasculature) and green fluorescence signals
(representing TRC105 from 64Cu-CuS@MSN-TRC105)
in the tumor tissue slices (Figure 4e). No observable
green fluorescence was detected in muscle, which is
consistent with the PET imaging results (Figure 4a,e).
The in vivo specific vasculature targeting of 64Cu-
CuS@MSN-TRC105 was demonstrated through these
studies.

CONCLUSIONS

In conclusion, a new type of CuS@MSN based
theranostic nanoparticle was designed, synthesized,
and surface engineered for tumor vasculature target-
ing and photothermal therapy. Successful synthesis of

Figure 4. In vivo CD105 targeted PET imaging, tumor uptake comparison and histology studies. In vivo serial coronal
PET images of 64Cu-CuS@MSN-TRC105 nanoconjugates (a, targeted group), 64Cu-CuS@MSN (b, nontargeted group) and
64Cu-CuS@MSN-TRC105 with a large dose of free TRC105 (c, blocking group) in 4T1 murine breast tumor-bearing mice at
different time points postinjection. (d) Tumor uptake comparison among 3 different groups. The difference between 4T1
tumor uptake in targeted group and two control groupswere statistically significant (**P < 0.01). (e) Ex vivo histology analysis
of the tumor tissue slices with CD31 (red, with antimouse CD31 primary antibody) and CD105 (green, using the TRC105 from
64Cu-CuS@MSN-TRC105 as the primary antibody). Muscle slices were also provided. Tumorsweremarkedwith yellow arrows.
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CuS@MSN was found to be highly dependent on the
surface charge of the CuS nanoparticle and the excess
of surfactant CTAC. In vivo therapeutic evaluations in
4T1 tumor-bearing mice showed a complete photo-
thermal ablation of tumors after laser excitation with
no tumor regrowth over two months. A long-term
toxicity study with a large dose of nanoparticles
showed only minor in vivo toxicity. After conjugation
with the TRC105 antibody, we also demonstrated the
specific and significantly enhanced tumor vasculature

targeting of 64Cu-CuS@MSN-TRC105 in vivo, which
was further confirmed by the ex vivo biodistribution
and histology studies. To the best of our knowledge,
as-developed 64Cu-CuS@MSN-TRC105 is one of the
very few theranostic nanoparticles that possess
the capability for in vivo active tumor targeting.
We are currently investigating the potential of these
nanoparticles for in vivo tumor targeted photo-
thermally enhanced drug delivery and thermo-
chemotherapy.

MATERIALS AND METHODS
Materials. TRC105 was provided by TRACON Pharmaceuti-

cals Inc. (San Diego, CA). p-SCN-Bn-NOTA (i.e., 2-S-(4-
isothiocyanatobenzyl)-1,4,7-triazacyclononane-1,4,7-triacetic acid)
was acquired from Macrocyclics, Inc. (Dallas, TX). NHS-fluorescein,
hematoxylin staining solution, and Chelex 100 resin (50�100
mesh), tetraethyl orthosilicate (TEOS), triethanolamine (TEA),
(3-Aminopropyl)triethoxysilane (APS), Cetyltrimethylammonium
chloride solution (CTAC, 25 wt %), copper(II) chloride (CuCl2),
sodium sulfide nonahydrate (Na2S 3 9H2O) and dodium citrate
dehydrate were purchased from Sigma-Aldrich (St. Louis, MO).
AlexaFluor488- and Cy3-labeled secondary antibodies were
purchased from Jackson Immunoresearch Laboratories, Inc.
(West Grove, CA). PD-10 columns were purchased from GE
Healthcare (Piscataway, NJ). Absolute ethanol, sodium chloride
(NaCl), doxorubicin hydrochloride (DOX) were purchased from
Fisher Scientific. SCM-PEG5k-Mal was obtained from Creative PEG-
works.Water andall bufferswereofMilliporegradeandpretreated
with Chelex 100 resin to ensure that the aqueous solution was
free of heavy metals. All chemicals were used as received without
further purification.

Synthesis of Sodium Citrate Capped CuS Nanoparticles. Previously
reported procedures were used for the synthesis of CuS-Cit with
slightly modifications.10 For a typical synthesis, 10 mL of CuCl2
water solution (0.85 mg/mL) and 10 mL of sodium citrate
(1.0 mg/mL) were added into 30 mL of water. The mixture
was stirred for 30 min at room temperature. After that, 50 μL of
Na2S (60.54 mg/250 μL) was added to the mixture and stirred
for another 5 min before transferring to a 90 �C water bath. The
reaction was kept for 15 min before cooling down with ice,
forming green-colored CuS-Cit nanoparticles.

Synthesis of CTAC Capped CuS Nanoparticles. For the synthesis of
CTAC-capped CuS nanoparticles, 10 mL of CuCl2 water solution
(0.85 mg/mL) and 40 μL of CTAC (25 wt % solution) were added
into 40 mL of water. The mixture was stirred for 30 min at room
temperature. After that, 50 μL of Na2S (60.54 mg/250 μL) was
added to the mixture and stirred for another 5 min before
transferring to a 90 �C water bath. Green colored CuS-CTAC
nanoparticle would form after 15 min reaction.

Synthesis of CuS@MSN and CuS@MSN-NH2. In a typical synthesis,
CTAC (2 g, 25 wt % solution) and TEA (20 mg) were dissolved in
20 mL of preprepared CuS-CTAC water solution, and stirred at
room temperature for 1 h. Then, 200 μL of TEOS was added at
a rate of 40 μL/min and the resulting mixture was stirred for
another 1 h at 85�90 �C water bath. The mixture was then cool
down, collected by centrifugation and washed with water to
remove residual reactants. Then, the productswere extracted for
24 h with a 1 wt % solution of NaCl in methanol to remove the
templateCTAC. This processwas carried out for at least 3 times to
make sure all of the CTAC has been removed. For amino group
modification, 20 mL (2 mg/mL) CuS@MSN in absolute ethanol
was reacted with APS (1 mL) at room temperature for 48 h to
form CuS@MSN-NH2. The final sample was washed with ethanol
for multiple times to get rid of free APS. The concentration of
�NH2 groups (nmol/mL) was measured using a Kaiser test kit.

Photothermal Effect of CuS@MSN in Water. To study the
phothermal effect of CuS@MSN in water, CuS@MSN with varied

concentration, ranging from 0 to 0.5 mM (based on the
total amount of Cu measured by using ICP-AES testing), was
suspended in water, and subjected to 980 nm laser irradiation
for 5 min. The temperature change in water was monitored by
using a digital thermometer. 980 nm laser with different laser
power density (i.e., 0.5, 1.0, 2.0 4.0 W/cm2) was also used.

Loading CuS@MSN with Hydrophilic Anticancer Drugs. Successful
loading of hydrophilic drugs, e.g., DOX, into meso-channels
from CuS@MSN was achieved thanks to its large surface area
(495 m2/g) and pore volume (0.68 cm3/g). CuS@MSN with a
known mass (0.6 mg) was resuspended in 0.5 mg/mL of DOX-
PBS solution (total amount of DOX was 0.3 mg). The mixture
was kept under constant shaking for 24 h at room temperature.
Afterward, CuS@MSN(DOX) was collected by centrifugation
and washed with PBS for 3 times. All DOX in supernatant
was carefully collected and quantified based on DOX (in PBS
solution) standard curve. The loading capacity was calculated
by the following equation: loading capacity %=Amount of DOX
in CuS@MSN/Mass of CuS@MSN*100.

Thiolation of TRC105. For the thiolation of TRC105 antibody,
in 500 μL (5 mg/mL) of TRC105 added 50 μL (2 mg/mL) of fresh-
made Traut's Reagent, and adjusted the pH to 8.0 using
0.1 M Na2CO3. The mixture was kept shaking for 2 h at room
temperature. As-synthesized TRC105-SH was purified using
PD-10 columns with PBS as the mobile phase. Fraction from
3.0 to 4.0 mL was collected and concentrated using a 10 kDa
centrifugal filter (Microcon) at 5000 rpm for 15 min. The final
concentration of TRC105-SH was quantified using Nanodrop,
and the number of�SH groups per TRC105was estimated to be
5�6 based on Ellman's Reagent testing.

Synthesis of NOTA-CuS@MSN-PEG5k-TRC105. To conjugate
CuS@MSN-NH2 with NOTA, p-SCN-Bn-NOTA (∼53 nmol) in
dimethyl sulfoxide (DMSO) was allowed to react with
CuS@MSN-NH2 (∼2 mg/mL) at pH 8.5 for 2 h to obtain NOTA-
CuS@MSN-NH2. Afterward, 5 mg (1000 nmol) of SCM-PEG5k-Mal
was added into NOTA-CuS@MSN-NH2 water solution (pH 7),
and reacted for another 60 min, resulting in NOTA-CuS@MSN-
PEG5k-Mal. The PEGylated sample was isolated by centrifuga-
tion at 10 k rpm for 10 min. Free PEG was removed by washing
with PBS for at least 2 times. NOTA-CuS@MSN-PEG5k-TRC105
could be obtained by reacting TRC105-SH (2.5 nmol) with
NOTA-CuS@MSN-PEG5k-Mal for 2 h at room temperature. Half
of the NOTA-CuS@MSN-PEG5k-Mal from the same batch was
saved as the nontargeted group to ensure equal amount of
NOTA and PEG in the final nontargeted nanoconjugates.

Since all the CuS@MSN conjugates will contain the same
NOTA and PEG chains (5 kDa), both “NOTA” and “PEG5k”
were omitted from the acronyms of the final conjugates for
clarity considerations. The final nanoconjugates were short for
CuS@MSN-TRC105.

In Vitro CD105 Targeting. Flow cytometry study was performed
to study the in vitro CD105 targeting capability of fluorescein
conjugated CuS@MSN-TRC105. Cells were first harvested and
suspended in cold PBS with 2% bovine serum albumin at
a concentration of 5 � 106 cells/mL, and then incubated with
fluorescein conjugated CuS@MSN-TRC105 (targeted group)
or fluorescein conjugated CuS@MSN (nontargeted group) for
30 min at room temperature. Then, they were washed three
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times with cold PBS, and centrifuged for 5 min. Afterward,
the cells were washed and analyzed using a BD FACSCalibur
four-color analysis cytometer, which is equipped with 488 and
633 nm lasers (Becton-Dickinson, San Jose, CA) and FlowJo
analysis software (Tree Star, Ashland, OR). “Blocking” experi-
ment was also performed in cells incubated with same amount
of fluorescein conjugated CuS@MSN-TRC105, where 500 μg/mL
of free TRC105 was added to evaluate the CD105 specificity of
fluorescein conjugated CuS@MSN-TRC105.

In Vivo Long-Term Toxicity Study of PEGylated CuS@MSN. To study
the potential toxicity of CuS@MSN, a large dose (90 mg/kg) of
PEGylated CuS@MSN was intravenous (i.v.) injected to healthy
female BALB/c mice (weight: ∼18 g, n = 3). The fluctuation of
mouse body weight was monitored every other day for over
2 months. H&E staining of tissues from heat, liver, spleen, lung
and kidney was conducted after Day 60 to further investigate
the potential signs of toxicity (i.e., cellular shrinkage or blebing,
steatosis in liver cells, condensation of chromatin, rupture of cell
membrane and apoptotic bodies).

Copper-64 (64Cu) Labeling. 64Cuwasproducedvia a 64Ni(p,n)64Cu
reaction using a cyclotron at the University of Wisconsin �
Madison. For a typical radiolabeling, 64CuCl2 (74�148 MBq) was
diluted in 300 μL of 0.1 M sodium acetate buffer (pH = 6.5) and
added to 80 μL of NOTA-CuS@MSN-PEG5k-TRC105 (∼80 μg) or
NOTA-CuS@MSN-PEG5k (∼80 μg). The reaction was allowed to
proceed at 37 �C for 30 min with constant stirring. 64Cu-NOTA-
CuS@MSN-PEG5k-TRC105 and

64Cu-NOTA-CuS@MSN-PEG5k were
purified using PD-10 columns with PBS as themobile phase. Final
nanoconjugates were short for 64Cu-CuS@MSN-TRC105 (targeted
group) and 64Cu-CuS@MSN (nontargeted group).

4T1 Tumor Model. To generate the 4T1 tumor model, 4 to 5
week old female BALB/c mice were purchased from Harlan
(Indianapolis, IN, USA), and tumors were established by sub-
cutaneously injecting 2 � 106 cells, suspended in 100 μL of 1:1
mixture of RPMI 1640 and Matrigel (BD Biosciences, Franklin
Lakes, NJ, USA), into the front flank of mice. The tumor sizes
were monitored every other day, and the animals were sub-
jected to in vivo experiments when the tumor diameter reached
5�8 mm.

In Vivo Photothermal Ablation. In vivo photothermal ablation of
tumor was also demonstrated after a single intratumoral injec-
tion of ∼50 μL of CuS@MSN in 4T1 tumor-bearing mice (n = 5,
dose: 33 mg/kg). Tumors were irradiated with 980 nm laser
(4W/cm2) for 15min (the laser irradiation was stopped for 1min
after every 5 min treatment in order to avoid the overheating),
followed by size measurement with a caliper every other day.
The tumor sizeswere calculated as the volume= (tumor length)�
(tumor width)2/2. Two control groups, i.e., (CuS@MSN only) and
(980 nm laser only), were also introduced to better demonstrated
the photothermal ablation property.

In Vivo Vasculature Targeted PET Imaging. All animal studies were
conducted under a protocol approved by the University of
Wisconsin Institutional Animal Care and Use Committee. PET
scans at various time points postinjection (p.i.) using a micro-
PET/microCT Inveon rodent model scanner (Siemens Medical
SolutionsUSA, Inc.), image reconstruction, and region-of-interest
(ROI) analysis of the PET data were performed similar as
described previously.34 Quantitative PET data were presented
as percentage injected dose per gram of tissue (% ID/g). 4T1
murine breast tumor-bearing mice, a fast-growing tumor model
with highCD105expressionon the tumor vasculature,were each
i.v. injected with ∼10 MBq of 64Cu-CuS@MSN-TRC105 (targeted
group, dose:∼1 mg/kg) or 64Cu-CuS@MSN (nontargeted group,
dose: ∼1 mg/kg) via tail vein before serial PET scans. Another
group of four 4T1 tumor-bearing mice were each injected
with 1 mg of unlabeled TRC105 at 1 h before 64Cu-CuS@MSN-
TRC105 (dose: ∼ 1 mg/kg) administration to evaluate the
CD105 specificity of 64Cu-CuS@MSN-TRC105 in vivo (i.e., blocking
group).

Ex Vivo Biodistribution Study. After the last PET scans at 24 h p.i.,
biodistribution studies were carried out to confirm that the
% ID/g values based on PET imaging truly represented the
radioactivity distribution in tumor-bearing mice. Mice were
euthanized, and blood, 4T1 tumor, and major organs/tissues
were collected and wet-weighed. The radioactivity in the tissue

was measured using a gamma-counter (PerkinElmer) and pre-
sented as % ID/g (mean ( SD).

Histology. All images were acquired with a Nikon Eclipse Ti
microscope. Frozen tissue slices of 7 μm were fixed with cold
acetone and stained for endothelial marker CD31, as described
previously through the use of a rat antimouse CD31 antibody
and a Cy3-labeled donkey antirat IgG.35,36 The tissue slices
were also incubated with 2 μg/mL of AlexaFluor488-labeled
goat antihuman IgG for visualization of CuS@MSN-TRC105
(no unconjugated TRC105 was used for histology).
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