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ARTICLE INFO ABSTRACT
Keywords: Copper nanoparticles (CuNPs) have attracted great interest in various biomedical research fields
Albumin

due to their superior optical and plasmonic properties. In the present study, we synthesized

Copper . bovine serum albumin (BSA)-coated CuNPs (BSA-CuNPs) by adopting the aqueous reduction
g:::z’:;amc € method in 2-step procedures. The prepared BSA-CuNPs were characterized in vitro for their

physical characteristics and photothermal activity. The successful synthesis of BSA-CuNPs was
verified through transmission electron microscopy (TEM), field emission scanning electron mi-
croscopy (FE-SEM), dynamic light scattering (DLS), differential scanning calorimetry (DSC), X-ray
diffraction (XRD), Fourier transform infrared (FT-IR) spectroscopy, and ultraviolet-visible (UV-
VIS) light spectroscopy. The prepared BSA-CuNPs revealed a great light-to-heat conversion ca-
pacity and good photothermal stability. Notably, accompanied by laser irradiation, the BSA-
CuNPs elicited significantly higher cytotoxicity on tumor cells than the control group. Pre-
liminary animal studies to determine the biosafety and pharmacokinetics (PK) profiles exhibited
that the BSA-CuNPs have a maximum tolerable dose (MTD) of 16 mgCu/kg and a relatively long
plasma half-life of 1.98 h. Overall, our findings demonstrated that BSA-CuNPs might be a po-
tential photothermal therapeutic agent for cancer treatment.

Photothermal therapy

1. Introduction

Nanotechnology has attracted significant attention in many research fields, including cancer research. While many nanoparticles
(NPs) are generally developed to serve as drug carriers, some of them could function as diagnostic agents or even therapeutics [1,2].
Recently, various metal NPs have been of particular interest due to their potential utility as theranostic agents [3-8]. This is mainly due
to their unique physical properties, including tunable optical characteristics, magnetic susceptibility, and photothermal activity [8].
Besides their intrinsic properties, the relative ease and simplicity of the synthesis process allow for broader research applications of
metal NPs [8].

Among various metal NPs, CuNPs have drawn great interest in various research fields, including energy, catalysis, and potential
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medical applications [9]. Specifically, recent studies have reported superior anticancer activity of CuNPs [10]. In this regard, Zhang’s
group developed various CuNPs, including copper phosphide (CuP), CuS, and Cu; 20 NPs for cancer theranostics [11-13]. Major
advantages of the CuNPs over other NPs include biodegradability, moderate toxicity, and plasmonic nature [14]. Specifically, due to
the great light-to-heat conversion efficiency, the CuNPs have also been considered a promising photothermal therapeutic agent [13,
14].

According to accumulating reports, PTT could become an effective means of cancer therapy [15]. Based on the surface plasmon
resonance effects, a group of metal NPs could convert the absorbed light (most frequently in near-infrared wavelengths) to heat, and,
by localized heating of the tumor tissue above mid-40 °C, selective induction of tumor cell death is available [16]. Various cell death
mechanisms (e.g., apoptosis, necrosis, and necroptosis) were found to be involved with the photothermal effects [17]. The significant
merits of this treatment approach are its effectiveness, less invasiveness, and safety [18]. Recent advances in cancer light therapy
include the development of combination therapies of chemodynamic-photothermal [19], photodynamic-photothermal [20],
chemo-photodynamic [21], and even chemo-chemodynamic-photothermal triple therapies [22]. Furthermore, there have also been
studies to overcome the tissue penetration issues which limit the use of PTT in deep tissue tumors. An effective way to tackle this
obstacle may be to utilize PTT agents that could function with light in the NIR-II region (1000-1700 nm) than the general NIR-I reigon
(700-1000 nm) [23].

Because of the hydrophobicity of metal elements, metal NPs generally require a hydrophilic coating to ensure stability in the
dispersion [24]. In this regard, various coating materials have been used. Among them, albumin has been widely adopted [25,26]. As
an NP coating material, albumin has distinct merits such as cost-effectiveness, relative ease of synthesis, good biodegradability and
biocompatibility, long plasma half-life, and availability of efficient drug loading [27]. As the most abundant protein in the plasma,
albumin is a natural transport protein for various molecules [27]. Of note, copper also tends to bind albumin spontaneously, which
could often lead to aggregation [28]. Specifically, for the bovine serum albumin (BSA), the copper-binding site has been inferred to be
the site II (subdomain IITA) region [29].

To date, there have been reported various methods to synthesize CuNPs [30]. However, the procedures often required relatively
high reaction temperatures or fusion of Cu with other metallic materials to improve particle stability. Hence, developing a simpler way
to synthesize CuNPs in ambient conditions would be beneficial. In the present study, we developed BSA-CuNPs and explored their
applicability for PTT in cancer therapy. The BSA-CuNPs were synthesized by a simple 2-step process involving the reduction of copper
ions, and the prepared particles were evaluated for their physical characteristics, photothermal activity, and stability in vitro. Further,
preliminary animal studies were conducted to assess the biosafety and the PK profiles of the BSA-CuNPs.

2. Materials and methods
2.1. Materials

Copper sulfate pentahydrate (CuSO4e5H50; shortly “CuSO4”) and sodium borohydride (NaBH4) were purchased from Sigma
Aldrich (St. Louis., MO, USA). BSA was obtained from Amresco (Solon, OH, USA). All chemicals were of analytical grade.

2.2. Synthesis of BSA-CuNPs

CuSO, (2 mg as Cu?") 5 mg and BSA 10 mg were separately dissolved in 10 mL of double distilled water (DDW). After preparation,
the CuSO4 and BSA solution were mixed, and then 400 pL of 1 M NaOH was added to the mixture to adjust the pH to 9. To the BSA/
Cu?* complex, 1 mg of NaBH, dissolved in 1 mL of DDW was added to reduce the Cu?*. The synthesis reaction was continued for 30
min at room temperature with stirring at 1000 rpm. After the reaction, the particles were separated from the unreacted CuSO4 and BSA
using an ultra-centrifugal device (molecular weight cut-off: 100 kDa; Amicon® Ultra-15 centrifugal filter units, Merck Millipore,
Darmstadt, Germany). The final BSA-CuNPs suspension was concentrated to 1 mL and stored in a refrigerator (4 °C) before use. The
BSA and copper contents in the BSA-CuNPs were quantified by micro-Bradford protein assay and ICP-OES, respectively.

2.3. Physical characterization

The morphology, size, and elemental composition of BSA-CuNPs were examined by high-resolution TEM (HR-TEM; Tecnai TF30
ST, FEI Co., Hillsboro, OR, USA) with energy dispersive spectroscopy (EDS). In addition, the freeze-dried BSA-CuNPs were observed
with field emission scanning electron microscopy (FE-SEM; S-4700, Hitachi, Tokyo, Japan). The hydrodynamic size and zeta potential
of the particles were measured by DLS (Zetasizer Nano ZS, Malvern Panalytical Ltd., Malvern, UK). The crystallinity of NP cores was
investigated by DSC (TA Instruments Q20 DSC, New Castle, DE, USA) and XRD (Bruker APEX2 diffractometer, Bruker, Billerica, MA,
USA). The presence of BSA coating on the surface of BSA-CuNPs was determined using FT-IR spectroscopy (VERTEX 80v, Bruker,
Billerica, MA, USA). The UV-VIS absorption spectra were acquired at 300-800 nm with Synergy H1 Hybrid Multi-Mode Reader (BioTek
U.S., Winooski, VT, USA).

2.4. Invitro assessment of the photothermal activity of BSA-CuNPs

To assess the photothermal activity, CuSOg, BSA/Cu®* complex [pH adjusted to 9; a.k.a. BSA/Cu®" (pH 9)] and BSA-CuNPs sus-
pensions were prepared to 500 pL of the total volume in Eppendorf tubes. The samples were then irradiated with a diode laser (spot
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size: 5 x 8 mm?, MDL-III-885, Changchun New Industries Optoelectronics Tech Co. Ltd, Changchun, China) for 10 min, and the
sample temperature was monitored with an infrared camera (FLIR Systems, E5, Boston, MA, USA). In the first study, the CuSO4, BSA/
cu?t (pH 9), and BSA-CuNPs suspensions were irradiated with a laser in a fixed concentration (400 pgCu/mL) and laser power (1.3 W).
Then, for the BSA-CuNPs, the laser experiment was performed at varying concentrations (0-400 pgCu/mL) with fixed laser power (1
W) and in a fixed concentration (400 pgCu/mL) with differential laser powers (0.8-1.3 W). Finally, to assess the photothermal stability
of the BSA-CuNPs, the particle suspension (400 pgCu/mL) was irradiated with the diode laser at 1 W for 3 cycles by a switch “on and
off” mode (“on” for 10 min and “off” for 10 min for each cycle).

2.5. Stability test

To evaluate the inter-day stability (in 4 °C storage condition), the particle appearance, size, UV-VIS spectrum, and photothermal
activity of the BSA-CuNPs were measured daily for 5 consecutive days. For laser treatment, the particle suspension (400 pgCu/mL) was
irradiated with the diode laser at 1 W for 10 min. The sample temperature was monitored with an infrared camera (FLIR Systems).

2.6. Cell culture

U87 MG human glioblastoma, A431 human epidermoid squamous carcinoma, and B16F10 murine melanoma cells were cultured in
Dulbecco’s Modified Eagle Medium (DMEM) containing 10% FBS, 1% penicillin-streptomycin, and 1% antibiotic antimycotic. The cell
culture was maintained in a humidified cell incubator at 37 °C with 5% COx.

2.7. Cellular analysis of the cytotoxicity and photothermal activity of BSA-CuNPs

The U87 MG, A431, and B16F10 cells were seeded in 96-well plates to a density of 5 x 103 cells/well and incubated overnight. After
incubation, varying concentrations of BSA-CuNPs were added to the cells to the final concentration of 0-120 pgCu/mL. The cells were
further incubated for 48 h, and the relative cell viability was measured by WST-1 assay, following the vendor’s protocol (iNtRON
Biotechnology, Daejeon, Republic of Korea).

The photothermal effects on the tumor cells were evaluated on B16F10 cells. The B16F10 cells were seeded in 96-well plates at the
density of 5 x 103 cells/well and, after overnight incubation, were treated with BSA-CuNPs (120 pgCu/mL). The diode laser was
irradiated to the wells for 10 min. Three laser powers (1, 1.2, and 1.3 W) were adopted to induce maximum well temperatures of
approximately 40, 45, and 50 °C, respectively. After the treatment, the cells were washed twice with phosphate buffer saline (PBS) and
incubated for 48 h in a cell incubator. The relative cell viability was measured using WST-1 assay. In addition, the cellular images were
acquired using a microscope after treating trypan blue to visualize the dead cells.

2.8. Preliminary animal studies

The animal experiments were carried out following the National Institute of Health Guidelines on the Use of Laboratory Animals
and the protocol approved by the Gyeongsang National University Institutional Animal Care and Use committee for animal research
(GNU-220519-M0048-01). The maximum tolerable dose (MTD) study was carried out by i.v. injection of elevating doses of BSA-CuNPs
to healthy C57BL/6 mice (20 £+ 1.5 g) (N = 3) and observation of any occurrence of death for 24 h. The MTD was determined as the
highest dose that does not cause death or symptoms of severe adverse effects. For the pharmacokinetic (PK) analysis, 5 healthy C57BL/
6 mice were administered with indocyanine green (ICG)-loaded BSA-CuNPs (420 pg ICG/kg and 40 mg BSA/kg) via tail vein injection.
The ICG loading was carried out by adding ICG to the BSA solution (10-fold higher molar ratio to the BSA) before mixing the BSA with
CuSOy4 solution. The further procedures were identical to the protocol of BSA-CuNPs synthesis. Blood was collected from the mice at
pre-determined time points (5 min, 1, 2, 4, 6, and 8 h post-administration). After centrifugation, the plasma samples were transferred
to 96 well plates (adequate for fluorescence-based assay), and the plasma ICG levels were quantified using FOBI Fluorescence In Vivo
Imaging System (NeoScience Co., Ltd., Seoul, Republic of Korea) with an NIR channel. The fluorescence intensities of the wells were
analyzed using NEOimage software (NeoScience Co., Ltd.), and the particle concentration (shown as BSA concentration) was plotted
against the time course. The PK profiles were analyzed adopting non-compartmental analysis using the Phoenix® WinNonlin® soft-
ware (Certara LP. Princeton, NJ, USA). The PK parameters, such as the plasma half-life (t; 2), the area under the curve (AUC), and
mean residence time (MRT), were calculated.

2.9. Statistical analysis
All data are shown as mean + standard error of the mean (SEM). The statistically significant differences among the groups were

analyzed by 1-way ANOVA (adopting Tukey’s multiple comparison test as the post hoc test). Any data yielding p < 0.05 were
considered statistically significant.
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3. Results and discussion
3.1. Synthesis and physical characterization of BSA-CuNPs

Metal-based NPs have drawn significant interest in the medical research field because of their various activities that include anti-
microbial and anticancer activity [8,10]. These NPs could be synthesized by stabilizing the metal ions utilizing effective ligands (e.g.,
pyrimidine derivatives, piperidine derivatives, and nophen ligands, etc.) [31-34] or reducing them in the presence of hydrophilic
coating materials [35]. Interestingly, some of these ligands could not only function as stabilizers but also be utilized for metal ion
sensors [36]. Notably, with metal complexation, the ligands could provide enhanced anti-oxidant, anti-microbial, and anticancer
effects [31,37-39]. To date, for the synthesis of CuNPs, various methods have been proposed. Among them, the aqueous solution
reduction method has been the most widely adopted [40]. This method is characterized by simple, easy-to-operate procedures and
good yield [40]. For efficient synthesis, the reduction reaction was generally performed at relatively high temperatures (above 60 °C)
[9]. In addition, the CuNPs have frequently been prepared as fused or coated with other materials (e.g., iron oxide, SiO9, TiO2, SnO,,
etc.) to improve its stability against oxidation [9].

In the present study, using the aqueous solution reduction method, the BSA-CuNPs were synthesized in two steps at room tem-
perature. In the first step, the BSA/Cu®" complex was prepared by mixing BSA and CuSO. As previously reported, the albumin and
Cu?* bound to each other, and, as shown in Figure S1A, the mixture solution appeared pale bluish and turbid [28,29,41]. Due to the
acidity of the CuSO4 solution, the pH of the mixture was about 5.6. Leaving the mixture at room temperature, sunken precipitates were
observed. However, when the pH was adjusted to 9 by adding 1 M NaOH, the solution turned clear (Figure S1A available in the
supplementary material), and the average hydrodynamic size of the BSA/Cu?t was 265 nm. However, the BSA/Cu®" could not
maintain the nanometer size when changed the solution pH from 9 to 7. The solution became turbid again, and aggregation was
apparent (data not shown). Therefore, in the 2nd step, NaBH,, the reducing agent, was added to the BSA/Cu?* (pH 9). Immediately,
the solution color changed to wine red, suggesting the successful synthesis of BSA-CuNPs (Figure S1B available in the supplementary
material). A major significance of the successful synthesis of BSA-CuNPs at ambient temperature may lie in the possibility of preparing
CuNPs with a coating of therapeutic proteins instead of the BSA. The BSA-CuNPs were concentrated to 1 mL using the ultracentrifugal
device (membrane pore size: 100 kDa) and stored in a 4 °C refrigerator until further use. The final BSA-CuNPs contained an average of
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Fig. 1. Physical characterization of BSA-CuNPs. (A) High-resolution transmission electron microscopic (HR-TEM) images of BSA-CuNPs. (B) EDS
analysis of BSA-CuNPs. The images from left to right are the scanning transmission electron microscopic (STEM) image of the particles and
elemental distribution of carbon (C), nitrogen (N), and copper (Cu). (C) Enlarged STEM image of BSA-CuNPs and the spatial distribution of Cu. (D)
Hydrodynamic size distribution of BSA-CuNPs. (E) Size stability of BSA-CuNPs. (F) Scanning electron microscopic (SEM) images of freeze-dried BSA-
CuNPs. (BSA-CuNPs: bovine serum albumin-coated copper nanoparticles, EDS: energy dispersive spectroscopy, CuSO,: CuSO,4-5H,0, and BSA/Cu?*:
BSA and Cu?* complex)
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410 pgCu and 8.2 mg of BSA.

The BSA-CuNPs were observed as clusters of spheres composed of multi-domain Cu core surrounded with BSA shells from the TEM
image (Fig. 1A). The EDS results showed the presence of traceable amounts of N and Cu in the particle regions, suggesting the
incorporation of BSA and Cu in the BSA-CuNPs (Fig. 1B). Furthermore, the spatial distribution of the Cu in the EDS result was in good
accordance with the particle region on the yellow line shown in the scanning transmission electron microscope (STEM) image
(Fig. 1C). As shown in Fig. 1D and E, the average hydrodynamic size of the BSA-CuNPs was 93.5(+9) nm (PDI: 0.13), and, when stored
in a 4 °C refrigerator, the particles could maintain their size for 5 days without apparent aggregation. These results confirmed the size
stability of the particle suspension at storage conditions. The average zeta potential was —10.9(+5.5) mV, presumably due to the
negatively charged BSA corona of the particles. The SEM image of the freeze-dried BSA-CuNPs revealed clusters of globular-shaped
particles, consistent with the TEM results (Fig. 1F). However, the average particle size was increased to about 400 nm (Fig. 1F).

The crystallinity of the Cu in the BSA-CuNPs was investigated by DSC and XRD. As seen from Fig. 2A, compared to the CuSO4 with
an obvious endothermic peak at around its melting point (110 °C), the BSA-CuNPs showed no distinct peaks, similar to the BSA [42].
Consistently, the XRD data evidenced the crystalline structure of the CuSO4 [43], but both the BSA-CuNPs and BSA appeared
amorphous (Fig. 2B). These results were in good accordance with Hadinejad et al. [42]. We further performed FT-IR spectroscopy. As
shown in Fig. 2C, characteristic peaks of BSA at 1644 (1640) and 1531 (1541) cm ! attributed to the amide I and II bands were clearly
observed from the spectrum of BSA-CuNPs, suggesting the presence of BSA on the surface of the particles [44]. These results were in
good accordance with the previously reported FT-IR data of the BSA-coated silver NPs [26].

The UV-VIS spectra of CuSO4, BSA/Cu?* (pH 9), and BSA-CuNPs suspensions were compared (Fig. 3). As can be seen in Fig. 3A, the
CuSO,4 showed low intensity throughout 300-800 nm. In comparison, both the BSA/Cu?' (pH 9) and BSA-CuNPs showed a
concentration-dependent increase in intensity (Fig. 3B and C). Of note, the BSA-CuNPs exhibited an even higher increase in intensity
than the BSA/Cu?* (pH 9) (Fig. 3D). However, there was no distinct peak observed representative of the particle.

3.2. Invitro assessment of the photothermal activity of BSA-CuNPs

According to Sharma et al., CuNP is plasmonic and can convert the absorbed light to heat [8]. The SPR interband transition of the
CuNP is known to occur at around 550-600 nm, close to the edge of the NIR-I wavelength [45,46]. Therefore, we evaluated the
photothermal activity of the BSA-CuNPs using a 690 nm wavelength laser as compared with the CuSO4 and BSA/Cu®* (pH 9). The
results are summarized in Fig. 3. All tested samples induced heat by laser irradiation (Fig. 4A). The samples’ temperature initially
rapidly increased with laser irradiation and gradually reached a plateau. Compared with the CuSOy, a higher temperature rise was
observed from the BSA/Cu?* (pH 9) and the BSA-CuNPs. However, the BSA-CuNPs showed the highest temperature rise in the same
concentration (400 pgCu/mL) and laser power (1.3 W).

The heat induction by the laser irradiation of BSA-CuNPs suspension correlated well with the BSA-CuNPs concentration and the
laser power (Fig. 4B and C). In line with our expectation, the higher maximum temperature was observed at a higher concentration of
BSA-CuNPs (29.5-49.8 °C at 50-400 pgCu/mL with 1 W laser power) and at a higher laser power (36.5-58.8 °C at 0.8-1.3 W with 400
pgCu/mL of BSA-CuNPs). To verify the photothermal stability of the particles, the BSA-CuNPs were irradiated with the laser by 3 cycles
of a switch “on-and-off” mode. As shown in Fig. 4D, a similar maximum temperature level was observed for every cycle, evidencing the
good photostability of the BSA-CuNPs. Compared with small molecule-based photosensitizers such as ICG, this good photostability has
been recognized as a significant advantage of plasmonic metal NPs [47]. The results confirmed that this could also be the case for
CuNPs.
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Fig. 2. Phase and FT-IR analysis of BSA-CuNPs. (A) Diffraction scanning calorimetry (DSC) data of BSA-CuNPs. (B) X-ray diffraction (XRD) results of
BSA-CuNPs. (C) Fourier transform infrared (FT-IR) spectroscopic profiles of BSA-CuNPs. Both the DSC and XRD results indicated a structurally
amorphous state of Cu in the particles, different from the CuSO4. The characteristic peaks of BSA were identified from the FT-IR spectrum of BSA-
CuNPs (at 1541 and 1640 cm™'); suggesting the presence of BSA in the particles. (BSA-CuNPs: bovine serum albumin-coated copper nanoparticles,
CUSO4Z CUSO4'5H20)
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3.3. Stability of BSA-CuNPs

The instability of CuNPs by oxidation in ambient conditions is a widely recognized issue [9]. Accordingly, the physical and
photothermal stability of the BSA-CuNPs was further examined, and the data are summarized in Fig. 4. While keeping the BSA-CuNPs
suspension in a 4 °C refrigerator, the wine red color gradually diminished during the 5 days of observation (Fig. 5A). Consistently, the
UV-VIS absorbance spectra also showed a gradual reduction in the absorbance (specifically at 400-600 nm region) from Day 1-5
(Fig. 5B). Based on the yellowish color of the dispersion, the oxidized product appeared to be Cu,0 [48]. Despite the oxidation of the
CuNPs, notably, the average particle size and the photothermal activity of the BSA-CuNPs did not significantly change during the 5
days of observation (Fig. 5C and D). These results suggest that, consistent with the previous reports of the CuzO NPs, the oxidized
CuNPs may retain similar particle size and photothermal conversion efficiency to the CuNPs [13].

3.4. Cellular analysis of the cytotoxicity and photothermal activity of BSA-CuNPs

There is growing evidence regarding various bioactivities of the CuNPs, such as anti-microbial, anti-viral, and anticancer activity
[31]. Regarding specifically the anticancer activity of the CuNPs, the BSA-CuNPs are known to induce apoptosis by causing oxidative
stress on the DNA and mitochondria [49]. The anticancer effects of the BSA-CuNPs were not limited to specific cancer cells but were
commonly found in various cancer cells [50].

In the present study, the anticancer activity of BSA-CuNPs was verified using 3 different cancer cell lines (U87 MG, A431, and
B16F10). The cytotoxicity results of CuSO4 and BSA-CuNPs are shown in Fig. 6A-C. To all the tested cell lines, both CuSO4 and BSA-
CuNPs elicited concentration-dependent cytotoxicity with average ICsg values of 36.8 vs. 31.6 pgCu/mL (U87 MG), 26.7 vs. 10.7 pgCu/
mL (A431), and 22.5 vs. 9.9 pgCu/mL (B16F10), respectively. The range of the ICso values was in relatively good accordance with
previous reports on the ICsg values of the Cu-related NPs [31,50,51]. These results, in the one hand, confirm the great anticancer
activity of the BSA-CuNPs; yet, on the other hand, these findings highlight possible toxicity concerns. According to a review by Ameh
et al., toxicity could be induced by both the CuNPs and the dissolved Cu?t [51]. Once the CuNPs (or Cu®") internalize the cells, they
will likely interact with the organelles, such as mitochondria, and generate reactive oxygen species, thereby leading to DNA cyto-
toxicity [51]. In addition, they could also induce covalent modification of cellular molecules that could further cause oxidative stress
[51]. Hence, further research may be necessary to develop strategies for efficient and safe delivery of CuNPs to the tumor.

When the photothermal cytotoxicity by BSA-CuNPs was evaluated on B16F10 cells, significantly higher cytotoxicity levels were
observed from the BSA-CuNPs-treated cells irradiated with the laser than non-laser treated cells (Fig. 6D). Of note, the cells exposed to
higher medium temperature by irradiation with a greater power of a laser induced higher levels of cytotoxicity (average cell viability:
67.8%, 23.8%, 8.4%, 7.9% for BSA-CuNPs, BSA-CuNPs+1W, BSA-CuNPs+1.2W, BSA-CuNPs+1.3W, respectively). In sharp contrast,

e gre=Tr =TT -
A | Day1 ‘ Day2 \ Day3 ‘ | Day4 B
I | A ]
TR | (A= [ 22 Day1
[ [ j M
é Day 2
£ Day 3
3 Day 4
8 ay
< Day 5
0 T T T T —1
300 400 500 600 700 800
Wavelength (nm)
Cc T 200 D T
£
g Day 1
< 150 G 50 y
g o Day 2
S g Day 3
=} o
o 100 g 40 id
£ = Day 4
< o
g £ 30 Day 5
2 50 S
5
:|>:' 20
0 T T T T 1 T T T T 1
0 1 2 3 4 5 0 2 4 6 8 10
Days Irradiation Time (min)

Fig. 5. Inter-day stability of BSA-CuNPs for 5 consecutive days. (A) Optical image change of BSA-CuNPs. (B) The UV-VIS spectrum change of BSA-
CuNPs. (C) Hydrodynamic size change of BSA-CuNPs. (D) Light-to-heat conversion efficiency change of BSA-CuNPs. (BSA-CuNPs: bovine serum
albumin-coated copper nanoparticles, UV-VIS: ultraviolet-visible)
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Fig. 6. Anti-cancer activity of BSA-CuNPs. Cytotoxicity profiles of BSA-CuNPs on (A) U87 MG human glioblastoma, (B) A431 human epidermoid
squamous carcinoma, and (C) B16F10 murine melanoma cells. The cells were incubated in varying concentrations (0-120 pgCu/mL) of BSA-CuNPs
(or CuSOy4) and, after 48 h of incubation, the cell viability was measured using the WST-1 assay. (D) Photothermal effects on B16F10 melanoma
cells. The viability profiles of BSA-CuNPs-treated cells with laser irradiation (at 1, 1.2, and 1.3 W). The laser powers (1, 1.2, and 1.3 W) were
selected to induce the highest medium temperatures of 40, 45, and 50 °C, respectively. The cell viability was measured with the WST-1 assay. (E)
Microscopic images of the photothermal-treated cells ( x 20 objectives). Dead cells were visualized by the treatment of trypan blue. Statistically
significant differences among different groups were tested using 1-way ANOVA (adopting Tukey’s multiple comparison test as the post hoc test) with
Prism software (GraphPad). **p < 0.01 and ***p < 0.001. (BSA-CuNPs: bovine serum albumin-coated copper nanoparticles and CuSO4:
CuS04-5H,0). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

the control cells irradiated with the 1.3 W laser power showed little cytotoxicity. The microscopic images of the cells showed consistent
results with the WST-1 assay data (Fig. 6E). As compared with the control groups, most cells treated with BSA-CuNPs and 1.3 W laser
were found dead. Overall, considering the high anticancer activity of BSA-CuNPs and, furthermore, its applicability for PTT, our results
confirmed that the BSA-CuNPs possess a great potential to become an effective drug candidate for the treatment of cancer.

3.5. MTD and PK profiles

For evaluation of the biotoxicity of BSA-CuNPs, an MTD study was conducted. The MTD was defined as the maximum bolus dose
administered to non-tumor-bearing mice without causing death within 24 h post-administration. Unfortunately, above 32 mgCu/kg,
all the tested mice died within 24 h after sample injection. However, there was no death below 16 mgCu/kg, and none of the tested
mice showed severe toxicity symptoms. Therefore, the MTD for BSA-CuNPs was estimated to be 16 mgCu/kg.

The PK profiles of BSA-CuNPs were determined in C57BL/6 mice. The plasma concentration-versus-time profile is shown in Fig. 7.
Based on the non-compartmental analysis, the calculated plasma half-life was 1.98 h. In addition, the AUC and MRT were 769 ug h/mL
and 2.7 h, respectively. These results suggested that, without further modification, the plasma half-life of the BSA-CuNPs might be
sufficient to ensure the accumulation of the particles in the tumor region.

4. Conclusions

In the present study, BSA-CuNPs were synthesized by a simple 2-step process that included the stable complex formation of Cu?*
with BSA and, subsequently, the reduction of the Cu** in ambient conditions. The successful preparation of the CuNPs was confirmed
by a series of physical characterization, including TEM-EDS, SEM, DSC, XRD, FT-IR, and UV-VIS analyses. The CuNPs possessed su-
perior photothermal activity over the Cu>* and BSA/Cu®" complex. The CuNPs, by themselves, showed significant cytotoxicity on the
tested cancer cell lines; however, even higher anticancer effects were achieved with laser treatment. It was found that the photo-
thermal activity could be retained for 5 days in storage conditions. Finally, the preliminary animal study results revealed that it is
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Fig. 7. Plasma concentration-versus-time profiles of BSA-CuNPs after intrvaneous bolus injection to C57BL/6 mice. (BSA-CuNPs: bovine serum
albumin-coated copper nanoparticles)

potentially safe to administer the BSA-CuNPs up to 16 mgCu/kg, and the BSA-CuNPs possess a relatively long plasma half-life of 1.98 h.
Taken together, our results demonstrated that BSA-CuNPs could potentially serve as an effective PTT agent for cancer therapy.
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