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Abstract

It is essential to control the size and morphology of nanoparticles strictly in nanomedicine. Protein
cages offer significant potential for templated synthesis of inorganic nanoparticles. In this study,
we successfully synthesized ultrasmall copper sulfide (CuS) nanoparticles inside the cavity of
ferritin (Fn) nanocages by a biomimetic synthesis method. The uniform CuS—Fn nanocages (CuS—
Fn NCs) showed strong near-infrared absorbance and high photothermal conversion efficiency. In
quantitative ratiometric photoacoustic imaging (PAI), the CuS—Fn NCs exhibited superior
photoacoustic tomography improvements for real-time 7in vivo PAI of entire tumors. With the
incorporation of radionuclide **Cu, ®*CuS—Fn NCs also served as an excellent PET imaging agent
with higher tumor accumulation compared to free copper. Following the guidance of PAI and PET,
CuS-Fn NCs were applied in photothermal therapy to achieve superior cancer therapeutic
efficiency with good biocompatibility both in vitro and in vivo. The results demonstrate that the
bioinspired multifunctional CuS—Fn NCs have potential as clinically translatable cancer
theranostics and could provide a noninvasive, highly sensitive, and quantitative in vivo guiding
method for cancer photothermal therapies in experimental and clinical settings.
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Copper sulfide nanoparticles (CuS NPs) belong to the semiconductor family and are mainly
explored in energy,! catalysis-related applications,? and most importantly in molecular
imaging and tumor theranostics.> Compared with gold,* carbon,>¢ and dyes,’ the advantages
of using CusS in the field of theranostics are the low cost and intrinsic NIR absorption of CuS
derived from energy band transitions instead of surface plasmon resonance. Generally, it is
crucial to properly manage the size and morphology of NPs, which play important roles in
the electronic, optical, and magnetic properties. In the past few years, a wide variety of CuS

9.10 and

NPs have been synthesized, including nanoplates,® hollow nanospheres,
nanotubes.! =13 However, the current synthesis methods of CuS NPs mainly include
hydrothermal methods, !4 microwave irradiation, ! and sonochemical synthesis,16 and all
these methods require relatively high temperature or harsh environments. Meanwhile,
especially for biomedical applications, CuS NPs were always needed further surface
modification for achieving water-soluble and better biocompatibility. Therefore, it is
commendable to establish a straightforward and green synthetic process for synthesizing

clinically translatable CuS NPs.

Inspired by biomineralization, many NPs have been successfully prepared by biomimetic
synthesis methods using natural biopolymers as templates because natural biopolymers
cause much less concerns than synthetic polymers in clinical translation. Protein, as a
classical biopolymer, has been widely used in the field of biomimetic synthesis.!’~20 Ferritin
(Fn) is a hollow, nearly spherical 24 subunits protein with diameter about 12 nm and a
hollow cavity of 8 nm.2! It belongs to a group of proteins with different patterns that can be
found in most living creatures. Fn has an important biological function: removing toxic/
excess free iron ions from solution and depositing/storing them within the interior cavity in a
ferrihydrite form.22-24 With its instinct feature, each Fn nanocage can store up to 4500 iron
ions, and these ions can be easily removed by reducing agents and Fe(Il) chelation.
Additionally, the protein cage is very stable, even when heating to 85 °C and it tolerates
harsh chemicals such as urea and guanidinium chloride.2> Besides iron, it can also bind
different metal ions, such as Cu?*, Co?*, Ni%*, etc.26-29 Pead er al>? investigated the
binding abilities of different metal ions by Fn and demonstrated that many can bind
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efficiently with Fn. Among the tested ions, copper has the highest binding ability with Fn in
acid solutions. The hollow cavity of ferritin or apoferritin is a perfect nanoreactor with a
fixed volume for biomimetic synthesis.

We report a facile, green, and size-controlled synthesis of CuS NCs using Fn as a
biotemplate for clinically translatable cancer theranostics. The synthesized CuS NCs have
good biocompatibility, distinct near-infrared (NIR) absorbance, strong photoacoustic
contrast, and high photothermal conversion efficiency. The uniform CuS—Fn NCs were
successfully used for PET and PAI guided photothermal therapy (PTT) with long-term
treatment safety (Scheme 1). This study gives new insights for the biomimetic synthesis of
nanotheranostics and extends these biocompatible NPs for translation to clinical

applications.

RESULTS AND DISCUSSION

The biomimetic synthesis process of CuS—Fn was shown in Figure 1a. Escherichia coli (E.
coli) derived Fn was purified using HPLC with a size exclusion column. As seen in the
Coomassie Blue-stained SDS—PAGE image of Fn (Figure S1), Fn shows high purity with a
molecular weight of about 21 kDa (Figure S2). TEM image shown in Figure 1b presents an
explicit spherical nanocage with diameter around 12 nm. With the formation of CuS NPs
inside Fn nanocages, the core of Fn turns black due to the high electron quantity of CuS NPs
(Figure 1c and Figure S3). As shown in Figure S4, we can clearly see the CuS—Fn NCs as
bright dots under HAADF-STEM imaging. The line-scan element mapping result indicates
that the CuS—Fn NCs are composed of Cu and S elements, which suggests the successful
synthesis of CuS inside Fn nanocages. This result is in agreement with the element mapping
spectrum of the CuS—Fn NCs by using Energy-dispersive X-ray spectroscopy (EDS)
analysis. The UV-vis-NIR absorbance spectrum of Fn without Fe, Fn with Fe, and CuS—Fn
NCs is shown in Figure 1d. The CuS—Fn NCs exhibit a strong absorbance in the range of
700-1100 nm, while Fn without Fe and Fn with Fe show virtually no absorption in NIR
region. The size of the CuS core was about 8 nm based on measurements of over 100
particles. This value is in agreement with the size of the Fn cavity (Figure le). The
biomimetic synthesis process of CusS is also followed with the color change from transparent
to dark green. Compared with traditional hydrophilic ultrasmall CuS nanoparticles, there are
several advantages of CuS—Fn NCs. First, the biomimetic synthesis progress of CuS—Fn NCs
does not need high temperature or harsh chemical reactions due to the high affinity between
ferritin and copper ions. Second, with the homogeneous distribution of ferritin, one can
precisely control the size and morphology of CuS within the hollow cavity of Fn NCs.
Third, the protein shell provides a natural surface modification of CuS nanoparticles with
high water dispersibility and good biocompatibility. Last but not least, ferritin itself showed
superior tumor uptake.3!

We next investigated the light-induced heat generation ability of CuS—Fn NCs in solution by
measuring the temperature increase upon laser exposure. At the same time, the temperature
was monitored and mapped with a thermal camera and analyzed with an IR thermal imaging
system. Different concentrations of CuS—Fn NCs were exposed to an 808 nm laser at density
of 0.8 W/cm? for 1 min. Concentration-dependent CuS—Fn NCs solution and pure water
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temperature increases are shown in Figure 2a. The temperature of CuS—Fn NCs (40 pg/mL)
increased about 70 °C within 1 min. Afterward, we also observed a laser-power-dependent
temperature increase with CuS—Fn NCs at 20 ug/mL (Figure 2b). The 7 value of the CuS—Fn
NCs was determined to be ~47% based on the energy balance on the system (Figure S5).

The photothermal stability of CuS—Fn NCs was also observed in five cycles of laser
irradiation (Figure 2¢). The CuS—Fn NCs show a stable photoheat conversion property. We
also investigated the photoacoustic property of CuS—Fn NCs (Figure S6). Generally,
nanoparticles with a photothermal effect have great potential as probes for PAL32 As
expected, a linear PA signal amplification was observed with increased CuS—Fn NCs
concentration (Figure 2d).

Encouraged by the high photothermal efficiency of CuS-Fn NCs, we next studied the PTT
efficacy and cytotoxicity of CuS—Fn NCs in vitro, using the CuS nanoparticles as the
positive control (Figures S7-S9). Human glioblastoma US7MG cells were incubated with
different concentrations of CuS—Fn NCs solution. No cytotoxicity was observed in the 1- 10
ug/mL concentration range. As expected, cell viability decreased significantly with 808 nm
laser irradiation due to the high photothermal efficiency of CuS—Fn NCs (Figure 3a). With
fixed particle concentration, increased laser irradiation power also resulted in higher
cytotoxicity (Figure 3b). Co-staining with Calcein AM and propidium iodide (PI) was used
to differentiate live or dead cells with CuS—Fn NCs treatment upon laser irradiation (Figure
3c). In both the control and CuS—Fn NCs only groups, no obvious cell death could be found,
and almost all the cells were kept alive. For the group subjected to CuS—Fn NCs plus laser
irradiation, there was significant cell death within the laser spot, while cells beyond the
region of the laser edge remained alive, nearly all the cells in the laser irradiated region were
dead (Figure 3c).

To evaluate the cell uptake of CuS—Fn NCs, we labeled CuS—Fn with Cy 5.5 dye (CuS—
Fn/dye = 1:5). After PD-10 column purification, the dye-labeled NPs were incubated with
different cell lines: US7TMG, A549, PC3, HepG2 (Figure S10). After 4 h incubation, U87MG
cells were fixed and treated with Alexa 488 conjugated phalloidin to label actin and with
DAPI to label nuclei. As shown in Figure 4a,b, the confocal fluorescence images showed a
clear CuS—Fn NCs uptake with strong red fluorescence of Cy 5.5 in the CuS—Fn NCs treated
group only (see multislice confocal image in Figure S11). Flow cytometry was also used in
the cell uptake evaluation. A total of 5 ug/mL of CuS—Fn-Cy 5.5 was incubated with U87
MG cells for different times (10 min, and 1, 2, and 4 h), and cells were digested with 0.25%
trypsin and rinsed twice with PBS after incubation. Figure 4c shows that longer incubation
time results in high cell uptake, even with 10 min of incubation, and it also showed some
uptake compared with control cells. Different CuS—Fn NCs concentrations (12.5, 25, 50, and
100 pg/mL) incubated with U87 MG cells for 2 h also showed a concentration-dependent
increase in fluorescence intensity (Figure 4d).

PAI has the great potential for imaging animal or human organs with high contrast and
spatial resolution, especially for both vasculature and molecules outside the blood
vessels.33-34 The significant photothermal and photoacoustic effects of CuS—Fn NCs
motivated us to use PAI to investigate the accumulation behavior of CuS—Fn NCs in vivo.
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After intravenous injection, a steady increase in PA signal in the tumor region of CuS—Fn
NCs-treated mice was observed (Figure S12), and quantification of tumor PA signal was also
acquired (Figure S13). 3D-PAI images further confirmed the high PA signal of tumor tissue,
which suggests high tumor accumulation of CuS—Fn NCs (Figure 5a).

To realize noninvasive and accurate imaging of CuS—Fn NCs, the integration of PAI and
PET is a promising strategy that offers high sensitivity and fine spatial resolution, which
provides unique advice that is not attainable compared with other modalities. Generally, PET
offers noninvasive, sensitive, and quantitative imaging for efficient tumor targeting and
pharmacokinetics.35 Radioactive copper, 64Cu, with a half-life of about 13 h, has been
widely used in PET imaging. It has been used for tumor theranostics in combination with
different nanomaterials such as Fe304,3°Au,37 and CdSe/ZnS quantum dots.3® In the present
case, ®*Cu was used to synthesize ®*CuS—Fn NCs in situ. The synthesis progress uses hot
copper instead of cold copper and it is simple and robust. In brief, ®*Cu was added to Fn
solution for binding, and then NaS was added to form copper sulfide inside the Fn cavity.
The labeling efficiency was evaluated with instant thin layer chromatography (iTLC). The
radiochemical yield of ®*CuS—Fn NCs is ~100% (Figures S14 and S15). The stability

of #4CuS—Fn NCs was also investigated. Even after 24 h of incubation with sodium acetate,
the *CuS—Fn NCs were still stable without free copper leakage, making them suitable for in
vivo PET imaging.

To demonstrate the expediency of “*CuS—Fn NCs for in vivo PET imaging, we intravenously
injected ®*CuS—Fn NCs into human glioblastoma U87MG-bearing nude mice. The decay-
corrected PET images displayed a high tumor-to-normal contrast in %*CuS—Fn NCs-treated
mice as shown in Figure 5b. According to a quantitative three-dimensional volumes-of-
interest analysis method, the tumor uptake of ®*CuS—Fn NCs reached a peak (about
10%ID/g) at 8 h postinjection, and then dropped a little within 24 h. After 24 h postinjection,
the mice were sacrificed and flushed with 30 mL of PBS, and the major organs were
harvested for ex vivo PET imaging and a biodistribution study (Figure 5d). The high tumor
accumulation of ®*CuS—Fn NCs was also confirmed by ex vivo PET imaging (Figure S16).
The tumor accumulation behavior of CuS—Fn NCs observed with 7in vivo PET was consistent
with that measured by PAI.

We next studied the potential for PTT of CuS—Fn NCs using the same animal model. On the
basis of the tumor accumulation of CuS—Fn NCs in observations with PA and PET imaging,
8 h postinjection was the ideal time point to conduct the PTT treatment. Tumors were
exposed upon an 808 nm laser for 5 min, and the temperature increase was monitored with a
thermal camera. As shown in Figure 6a,b, upon 5 min laser exposure, the average
temperature of the tumor area reached about 65 °C with 0.8 W/cm? of laser irradiation.
Generally, 65 °C is high enough to shrink the tumors.3® In the group with CuS—Fn NCs
administration plus laser irradiation, all the tumors were completely eliminated, leaving
scars at the original tumor sites at day 14 post treatment without showing recurrence (Figure
6c). As shown in Figure 6d, compared with other groups (PBS administration, PBS
administration with laser irradiation, CuS—Fn NCs administration without laser irradiation),
100% tumor elimination was achieved in only the group that had CuS—Fn NCs
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administration plus laser irradiation. The tumors in other groups kept growing at a similar
speed.

The toxicity effects are always a concern for clinical translations; we investigated the
possible in vivo toxicity of CuS—Fn NCs. Within 10 days after treatment, no apparent body
weight change was observed in four groups. Furthermore, due to the high tumor growth rate,
mice in the control groups were sacrificed with abnormal large tumors in 2 weeks. We also
collected the tumors for H&E staining 2 h after laser irradiation and found significant cancer
cell damage that was beyond to repair (Figure S17). For the long-term treatment safety study
of CuS-Fn, major organs were collected 15 and 30 days after treatment, and no obvious sign
of toxic side effects for CuS—Fn NCs injection was found in these tissues (Figure S18). All
together, the potential of CuS—Fn NCs as cancer theranostics for in vivo applications was
successfully demonstrated.

CONCLUSIONS

Inspired by natural Fn mineralization, we have developed a unique photothermal theranostic
agent with copper sulfide— ferritin nanocages (CuS—Fn NCs) by a biomimetic synthesis
method for simultaneous PA/PET dual-modality imaging guided photothermal therapy. The
hollow cavity of the Fn nanocage was employed as a nanoreactor to precisely control the
size and morphology of CuS. The as-prepared CuS—Fn NCs with 8 nm CuS core show good
stability, high water dispersibility, good biocompatibility, and strong NIR absorption. We
validated the cancer theranostic capability of CuS—Fn NCs both in vitro and in vivo. Both
PAI and PET were successfully used to monitor the 7n vivo pharmacokinetics of CuS—Fn
NCs and guide PTT treatment. Full tumor elimination was achieved by iv injection of CuS—
Fn NCs with low a laser irradiation dose (808 nm, 0.8 W cm™2, 5 min). This concept of
biomineralization-inspired synthesis of CuS— Fn NCs has potential for clinically translatable
cancer theranostics in applications such as cancer diagnosis, treatment, or drug delivery.

EXPERIMENTAL SECTION

Expression and Purification of Fn

Fn expression plasmid was constructed as reported.*? Briefly, rat heavy chain Fn sequence
was double digested with Nco I and Xho I, then inserted into pRSFDuet-1 vector. After
DNA sequencing verification, the plasmid was transformed into expression strain E. coli
BL21 (DE3). One liter of LB medium of Fn E. coli (antibiotic: Kanamycin) was grown at
37 °C until an ODg( of 0.7 was reached, then induced with 1 mM IPTG at 37 °C for 4 h.
The bacteria was collected by centrifuge for 10 min at 7000g, the bacteria were sonicated
with lysis buffer (PBS with 5 mM EDTA), and after sonication, the supernatant was
collected after centrifugation at 12 000g for 10 min. Then, the supernatant was heated at
60 °C for 15 min and centrifuged again at 12 000g for 10 min, and the supernatant was
collected. The rough product was purified with a Superdex 200 (GE) column using HPLC.
The purified protein was stored at —80 °C.
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Iron Removal of Fn

Fn was dialyzed into sodium acetate (50 mM, pH 5.0). After complete buffer change, 10
mM sodium dithionite and 2 mM 2,2’ -bipyridine were added to the protein samples to aid
iron removal. Then, the solution was dialyzed into 50 mM sodium acetate completely in

preparation for use in next step.

Preparation of CuS—Fn NCs

A total of 0.25 mL of CuCl, (25 mM) solution was added into 0.5 mL of 1 mg/mL Fn with
forceful stirring for another 20 min, and then the solution was kept at rest for 20 min at room
temperature. Fn—Cu?* mixture was purified by filtration through a 10 kDa cutoff spin using
0.1% sodium acetate solution as eluent and redissolved in 0.5 mL of ultrapure water with
sonication. Then, 0.25 mL of 25 mM Na,S aqueous solution was added in the above solution
with stirring at 60 °C for 25 min. The mixture then was transferred to ice bath to stop the
reaction. The product was purified with filtration through a 10 kDa cutoff, and redissolved in
the ultrapure water with sonication for further use. For ®*CuS—Fn NCs preparation, the only
difference is using radioactive **CuCl, (~150 uCi) as the copper source.

Characterization of CuS—Fn NCs

TEM was used to observe and measure the particle size, morphology, and CuS core size of
CuS-Fn NCs. Uranyl acetate (1%) was used for staining of the samples. The UV-vis
absorption spectra were measured with a Genesys 10S UV- vis spectrophotometer.

Measurement of Photothermal Effect

CuS-Fn NCs was diluted into different concentrations with PBS. A total of 200 pL of each
solution was exposed upon an 808 nm NIR laser for 5 min with different laser powers. A
laser energy meter (Coherent Portland, OR, USA) was used to calibrate and measure the
laser densities. The temperatures changes of the solution were monitored with an IR thermal

imaging system.

Cytotoxicity Assay
Human glioblastoma U87MG cells were cultured in MEM and cultured in 96-well plates at
a density of 1 x 10% cells each well. Eighteen hours later, different concentrations of CuS—
Fn NGCs (10, 5, 2, 1 ug/mL) were added into each well and the mixture was incubated at
37 °C. After 24 h incubation, PBS was used to wash the cells; then 5 pL of MTT solution
(10 mg/mL MTT in PBS, pH 7.4) was added to each well and the plate was incubated at
37 °C for another 4 h. After the medium was removed, the intracellular formazan crystals
were dissolved into 100 uL. of DMSO. The absorbance was measured by a plate reader at
570 nm, and the cell viability was calculated by comparing wells with the CuS—Fn NCs free
wells.

Photoacoustic and Photothermal Imaging of CuS—Fn NCs in Vivo

A total of 100 puL of CuS—Fn NCs solution was intravenously injected into tumor-bearing
mice. PAI of tumor was performed with a Vevo 2100 LAZR system (VisualSonics, Inc.,
New York, NY). Photothermal Imaging was monitored by a SC300 infrared camera when
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the tumors were administrated with 808 nm laser with power density of 0.8 W/cm? for 5

min.

Animal Models

All animal experiments were performed under a National Institutes of Health Animal Care
and Use Committee (NIH-ACUC) approved protocol. A total of 5 x 10° human glioblastoma
US87MG cells were subcutaneously injected into the right flank of 67 week old athymic
nude mice (Harlan). The mice were used for PAI and photothermal therapy when the tumor
reached about 60 mm?. It was used for PET imaging when the tumor reached about 300

mm3 .

In Vivo PTT Cancer Treatment

U87MG tumor-bearing mice were randomly divided into four groups with 6 mice in each
group (CuS—Fn NCs with laser treatment, CuS—Fn NCs only, PBS with laser treatment and
PBS only). For each group, mice were intravenously injected with 100 uL of particle or
PBS; 24 h later, mice of treatment group were exposed with 0.8 W/cm? 808 nm laser for 5
min. Tumor volumes and mice body weight were measured with a caliper and an electronic
balance, respectively, every 2 days after the treatment. Tumor volumes were calculated by an
equation: V= width? x length/2. The relative tumor volumes were normalized to their initial

volumes.

MicroPET Imaging

U87MG tumor bearing mice were iv injected with about 50 uCi of ®*CuS—Fn NCs. A micro
PET (Siemens Inveon) scanner was used for the scanning at various time points after the
injection. For each PET scan, 3-dimensional region of interests (ROIs) were drawn on the
tumor with decay-corrected whole body coronal images. The %ID/g was then calculated
according to the readings.

Biodistribution

Tumor-bearing mice were sacrificed at 24 h after CuS—Fn NCs injection. Tumors and major
organs including heart, spleen, kidney, stomach, intestine, lung, liver, bone, and muscle were
collected and weighed, then assayed for radioactivity using a gamma counter. The %ID/g

was also calculated for comparison.

Ex Vivo Histological Staining

U87MG tumor-bearing mice were sacrificed at different days (2 h after laser irradiation, 15
days after irradiation and 30 days after irradiation); then, tumors (right after laser irradiation
time point) and major organs (all three time points) were collected, and tissues were fixed
with Z-Fix solution and stored at room temperature. H&E staining (Histoserv, Germantown,
MD) was examined by a BX41 bright field microscopy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Characterization of CuS—Fn NCs. (a) The synthetic procedure of CuS—Fn NCs. (b)

Representative TEM image of iron free Fn stained with 1% uranyl acetate. (¢) TEM image
of CuS—Fn NCs stained with 1% uranyl acetate. A clear dark CuS core can be seen inside

the Fn cage. (d) UV-vis absorbance spectrum of Fn without iron, Fn and CuS—Fn NCs. (e)
The size distribution of CuS core. Inset: The photograph of Fn and CuS—Fn NPs solutions.
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laser irradiation of different concentrations of CuS—Fn NCs and pure water. (b) Temperature
rise after 60 s laser irradiation for CuS—Fn NCs solutions (20 pg/mL) of different laser
powers. (c) Photothermal stability study of CuS—Fn NCs solution. (d) Photoacoustic signal

amplification for CuS—Fn NCs of different concentrations.
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Figure 3.
In vitro cell experiments. (a) Relative viability of cells incubated with gradient CuS—Fn NCs

concentrations with or without irradiation by 808 nm laser. (b) Relative viability of US7TMG
cells incubated with 10 pg/mL CuS—Fn NCs after irradiation by 808 nm laser. (c)
Fluorescence images of calcein AM/PI stained U87 MG cells after 4 h incubation with fresh
medium, CuS—Fn NCs, and CuS—Fn NCs exposed to 808 nm laser. A clear laser spot can be
seen in the irradiated CuS—Fn NCs group. Scale bar 100 pm.
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Cell uptake assays of CuS—Fn NCs. Confocal fluorescence images of U87 MG cells
incubated with (a) or without (b) NIR dye Cy 5.5 labeled CuS—Fn. Cell actin and nuclei
were stained with Alexa 488 conjugated phalloidin and DAPI, respectively. (c) Flow
cytometry data of U87 MG cells treated with Cy 5.5 labeled CuS—Fn of different incubation

time and incubation concentration (d). Scale bar 20 pum.
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Figureb.
Photoacoustic and PET imaging of CuS—Fn NCs. (a) 3D Photoacoustic images of U87 MG

tumor pre- and post-CuS—Fn injection. (b) PET images of tumor bearing mice 2, 4, 8, 20,
and 24 h after iv injection of 50 uCi ®*CuS—Fn NCs. (c) Comparison of time-dependent
tumor uptake between ®*CuS—Fn NCs and free copper groups. (d) Biodistribution of tumor
and primary organs at 24 h time point.
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Photothermal therapy of CuS—Fn NCs. (a) Temperature recording of U87 MG tumor mice

upon 5 min laser exposure of different powers. (b) Temperature change of tumor area upon

laser irradiation. (c) Representative photos of U87MG tumor mice at different days after

treatment. Tumor volume (d), body weight (e), and mice survival rate (f) curves of different

groups of tumor-bearing mice after treatment.
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Copper Sulfide—Ferritin Nanocages (CuS—Fn NCs) as Clinically Translatable Cancer

Theranostics for Positron Emission Tomography (PET) and Photoacoustic Dual-Modal
Imaging (PET/PAI) Guided Photothermal Therapy (PTT)
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