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ABSTRACT: Electron transition materials on the basis of transition metal ions
usually possess higher photothermal transduction efliciency but lower extinction
ability, which have not been considered as efficient photothermal agents for
therapeutic applications. In this work, we demonstrate a facile and feasible
approach for enhancing 808 nm photothermal conversion effect of d orbits
transition Cu(Il) ions by forming Cu-carboxylate complexes. The coordination
with carboxylate groups greatly enlarges the splitting energy gap of Cu(II) and
the capability of electron transition, thus enhancing the extinction ability in
near-infrared region. The cupreous complexes are further loaded in
biocompatible and biodegradable polymer nanoparticles (NPs) of chitosan to
temporarily lower the toxicity, which allows the photothermal therapy of human
oral epithelial carcinoma (KB) cells in vitro and KB tumors in vivo. Animal
experiments indicate the photothermal tumor inhibition rate of 100%. In
addition, the gradual degradation of chitosan NPs leads to the release of
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cupreous complexes, thus exhibiting additional chemotherapeutic behavior in KB tumor treatment. Onefold chemotherapy
experiments indicate the tumor inhibition rate of 93.1%. The combination of photothermal therapy and chemotherapy of

cupreous complex-loaded chitosan NPs indicates the possibility of inhibiting tumor recurrence.
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B INTRODUCTION

Photothermal therapy, aimed at ablating malignant tissue
noninvasively by heating the tissue locally above 43 °C on
the basis of the photothermal effect of nanomaterials, has
attracted increasing attention in the past five years.' ™ As the
heat generators, nanomaterials can absorb and convert near-
infrared (NIR) light into heat energy under external laser
stimulating.”"® To achieve better penetration depth and limited
damage to healthy organs and tissues, the NIR lasers ranging
from 650 to 980 nm are usually adopted as the energy source
for lowering the self-absorption of organism.”~'* Despite the
advantages of photothermal therapy against traditional chemo-
therapy and radiotherapy, photothermal therapy alone still faces
the risk of tumor recurrence caused by invasiveness.''
Consequently, photothermal therapy is considered to combine
with other treatment.”””"> For example, chemotherapy has
been widely applied in clinical treatment of tumors, but the
anticancer drugs may cause severe side effects due to the
indiscriminate damage both on healthy and cancerous cells. If
the drugs can target specific cancerous area or be released inner
tumors, the delivery of high concentration of drugs locally will
greatly improve the treatment effect. Except for commercially
available anticancer drugs, the materials with high cytotoxicity
may also be adopted as anticancer agents if they do not
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generate any systemic toxicity. Therefore, photothermal
therapy is usually combined with chemotherapy, named
thermo-chemotherapy, to achieve the additional release of
chemotherapeutic dru§s in a controlled manner through light
and/or heat stimulus.'°~"* This method greatly increases the
concentration of drugs in the targeted cancerous area, thus
overcoming the safe dose limitation of drugs in the normal
tissue. The synergistic effect of targeted heat delivery and
controlled drug release has shown better efficacy in tumor
treatment than photothermal therapy and chemotherapy alone,
though the anticancer drugs are expensive and the loading of
them in photothermal nanomaterials is still complex. Never-
theless, the capability of chemotherapeutic drugs to continu-
ously destroy the remaining living cancerous cells after
photothermal therapy makes thermo-chemotherapy a com-
petitive candidate to simultaneously perform noninvasive tumor
ablation and reduce the risk of tumor recurrence.””’

As the source to convert NIR irradiation into heat,
photothermal nanomaterials play the key role in both
photothermal therapy and thermo-chemotherapy, which greatly
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Figure 1. Characterization of CuCC NPs that are prepared by adjusting the pH of CuCl,, citrate acid, and chitosan mixtures to 3.53 + 0.5. (a, b)
Photographs of the mixtures before (a) and after (b) pH adjustment. (c) The corresponding absorption spectra. (inset) Photograph of CuCC NPs
powder. (d, ) TEM image (d) and DLS size distribution (e) of CuCC NPs. (inset) TEM size distribution by counting 300 NPs, which accords with

Gauss distribution.

influence the therapeutic procedure and activity.”> > So far,
the most studied nanomaterials include plasmonic materials
and electronic transition materials, which generate heat on the
basis of electrons oscillation and transition, respectively.”**’
Plasmonic nanomaterials, mainly referring to noble metals,
possess synchronized oscillation of electrons from the
conduction-band of metals in the presence of light.”® Thus,
they can strongly absorb and scatter light around their resonant
wavelength that greatly depends on their size, shape, and
morphology.””*® One of the most tested examples is gold-
based nanomaterials.”’ Gold nanorods,**® nanoshells,***
nanostars,>*>” and nanocages38 have been applied for treating
tumor models in vivo, including photothermal ablation,
targeted drug delivery, controlled drug release, and so forth.*
Although their strong cross-section extinction ability can
generate adequate heat, their metallic property leads to a
great tendency to scatter light, thus lowering the photothermal
transduction efficiency.” In addition, although the morphology
control of noble metal nanomaterials is feasible in laboratory
scale, larger-scale preparation of nonspherical nanomaterials is
still challenging.*>*'

Thanks to the diversity of nonmetallic materials, electronic
transition materials are also tested as photothermal agents.*”
The capability of photothermal transduction is led from the
electrons transition between molecular/atomic orbital energy
levels, where the energy gap matches the light in NIR region.”’
In addition, electronic transition materials usually possess
improved potentials in biocompatibility, easy surface mod-
ification, repeatable preparation, high photothermal trans-
duction efficiency, and low cost.”’~*” These advantages make
electronic transition materials as the alternatives to plasmonic
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materials. Until now, molecular orbital transition takes up the
most of electronic transition materials, such as organic dyes,42
polymer nanoparticles (NPs),””** carbon-based nanomateri-
als,*”*° and so forth. Atomic orbital transition has been seldom
reported, because the energy gap only matches the light in
ultraviolet and visible region.”*> An exception is cupreous
complexes. The d orbits of Cu(Il) can split under the ligand
field with specific geometry, thus generating degenerate
orbits.”” For example, according to the symmetric match
between d orbits and octahedral ligand field, six-coordinative
Cu(Il) has a d° electronic configuration, and three of the
electrons are in the two higher degenerate e, orbits, while the
others are in the three lower degenerate t,, orbits.*>** The
energy gap between e, and t,, is called splitting energy, which
may match the energy of NIR region as proper ligand field
forms. This shows the possibility of electronic transition
materials in atomic orbital energy levels as photothermal
agents. Cupreous complexes are also toxic. If the toxicity is well
manipulated, the nanomaterials will simultaneously possess
photothermal therapeutic and chemotherapeutic activities.
Polymer envelopment has been proved as an efficient
approach for improving the stability and even enhancing the
functionalities of nanometer-sized building blocks.*>*® With
respect to bioapplicable materials, the envelopment of inorganic
nanomaterials using biocompatible polymers further lowers the
toxicity.””** Among various biocompatible polymers, chitosan
is one of the most tested polymers for loading drugs because of
the good biocompatibility.”” The biodegradable property of
chitosan also makes it as commercially used sustained drug
release matrix. This reveals that if toxic cupreous complexes are
loaded in chitosan, the resulting composites will exhibit
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Figure 2. (a) The absorption spectra of cupreous complexes as increasing carboxylate-to-Cu(II) molar ratio from 0/1 to 6/1 (each sodium citrate
possesses three carboxylate groups). (b) The absorption spectra of cupreous complexes measured after gradually replacing sodium citrate with MPA.
The initial carboxylate-to-Cu(II) molar ratio in the complexes is 6, whereas the MPA-to-Cu(II) ratio increase from 0/1 to 2.5/1.

chemotherapeutic behavior through the gradual degradation of
chitosan. However, the compatibility of chitosan with Cu(II)
ions is in general poor. Additional connections must be brought
for preparing Cu(Il)-loaded chitosan NPs. In this context,
chitosan will protonate in water under acidic range. The
protonated chitosan can further connect with negatively
charged molecules through electrostatic attraction. If the
structure of cupreous complexes is well-designed, Cu(II)-
loaded chitosan NPs with improved photothermal therapeutic
and chemotherapeutic behavior will be fabricated.

In this work, we demonstrate a facile and low-cost approach
for preparing cupreous complexes-loaded chitosan (CuCC)
NPs. Citric acid is adopted as the bridge for connecting Cu(II)
and chitosan matrix. The formation of Cu(Il)-citrate complexes
greatly promotes the d orbits splitting, thus enhancing the
extinction ability and photothermal performance of Cu(II). The
improved biocompatibility and stability of cupreous complexes
allow the photothermal therapy of human oral epithelial
carcinoma (KB) cells in vitro and KB tumors in vivo. Moreover,
the gradual degradation of chitosan NPs leads to additional
chemotherapy through the release of toxic Cu(II).

B RESULTS AND DISCUSSION

CuCC NPs are prepared by facilely adjusting the pH of the
aqueous mixtures of citric acid, CuCl,, and chitosan to 3.53 +
0.5 (Figure lab), which allows the low-cost and large-scale
preparation. Before pH adjustment, citric acid accelerates
chitosan dispersion in water by promoting chitosan proto-
nation. Cu(II) ions can coordinate with the carboxylate groups
generated from citric acid deprotonation,” thus in return
promoting the dissolution of citric acid and subsequently
chitosan. The resulting mixture shows a weak absorption peak
around 820 nm (Figure 1c). Further pH adjustment to 3.53 +
0.5 leads to the variation of solution color in cyan (Figure 1b).
Under transmission electron microscopy (TEM), quasi-
spherical NPs with an average diameter of 44 + 14 nm are
observed (Figure 1d). Dynamic light scattering (DLS)
measurement exhibits the average diameter of 89 nm (Figure
le), which is larger than TEM observation. This is attributed to
the dried structures in TEM characterization. The formation of
CuCC NPs mainly results from the linkage of citric acid with
both Cu(Il) and chitosan. In this context, the deprotonated
citric acids partially coordinate with Cu(II), while the
remaining ones link with protonated chitosan through
charge—charge interaction. FTIR spectra confirm this consid-

eration, which show the decrease of —COOH peak at 1720
cm™" and the increase of —COO™~ peak at 1520 cm™" (Figure
S1).

In comparison to the primary mixture, the CuCC NPs
exhibit enhanced extinction ability in NIR region (Figure 1c).
The slightly blue shift of absorption peak results from the
formation of ligand field, which increases the splitting energy of
d orbits transition in Cu(II).>* For better understanding, the
coordination interaction between sodium citrate and CuCl, is
studied (Figure 2a). As increasing the molar ratio of carboxylate
group to Cu(ll) from 1:1 to 6:1, blue shift and intensity
increase are observed in the absorption spectra. When the ratio
is higher than S5:1, the intensity and position of absorption
spectra are almost fixed, because each Cu(II) ion can only
coordinate with four carboxylate groups at most. Since citric
acid is weak acid, sodium citrate also hydrolyzes in water, which
explains why the citrate-to-CuCl, feed ratio is slightly higher
than the real coordination number. The aforementioned result
indicates that the increase of absorption intensity of CuCC NPs
may relate to the alteration of Cu(Il) coordination number.
When dissolved in water, each Cu(Il) ion coordinates with six
H,0 to form a octahedral structure, namely, [Cu(H,0),]*".>*
The octahedral ligand field leads to the weak absorption around
830 nm. With the addition of sodium citrate, the H,O
molecules coordinated with Cu(II) are gradually replaced by
carboxylate groups because of the strong Cu-carboxylate
coordination. This disturbs the original octahedral ligand fields.
As one carboxylate occupies a coordinate position, the energy
of degenerate d.> orbit will further elevate. In another word, e,
energy level splits into higher level of d . and relatively lower
level of d,>_,. Therefore, the splitting energy becomes higher
and exhibits blue shift in the absorption peak.”* Because of the
stronger electron donating ability of the oxygen in carboxylate
group than that in water, an intensity increase of absorption
spectra is observed. When more carboxylates coordinate with
Cu(II), e, level continues to split, and the energy of d.2/d2_
further improves according to the symmetry of ligand field.**
As a result, the absorption peak exhibits continuous blue shift
and intensity increase. This consideration is firmly proved when
sodium citrate is substituted with sulfydryl (Figure 2b).
Sulfydryl possesses higher coordinative ability with Cu(II),
thus generating higher splitting energy and the consequent blue
shift in absorption spectra. However, the electron donating
ability of sulfydryl is so well that Cu catches the electrons by
fulfilling the d'* orbits, which suppresses the d—d electron
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Figure 3. (a) TGA curves of the CuCC NPs that are prepared by altering the feeding amount of CuCl,. (insets) The partially enlarged view at the
temperature range of 240—370 and above 650 °C, which represent the decomposition of citric acid, chitosan, and the preservation. (b) The relation
between Cu content in CuCC NPs (relative mass coefficient) and the feeding amount of CuCl,, which is calculated from TGA data. (c, d)
Comparison of the absorption spectra of the mixtures with (c) and without (d) chitosan after pH adjustment to 3.53 + 0.5. The feeding amount of
CuCl, is altered from 12 to 48 mg. (&) The molar absorption coefficient of cupreous complexes at 808 nm vs carboxylate-to-Cu(Il) feed ratio. (f)

The consumption of NaOH vs the feeding amount of CuCl,.

transition and lowers the absorption intensity. In all, the
increased extinction ability of cupreous complexes is attributed
to electron—electron transition between the splitting d orbits,
which is induced by the coordination of Cu(I) with
deprotonated citric acid.

The photothermal performance of CuCC NPs can be
represented by two factors, molar absorption coefficient (¢)/
molar extinction coefficient (Q.,) and photothermal trans-
duction efficiency ().” These two parameters concern with the
capability of absorbing light and converting light into heat,
respectively. Experimental results indicate that the & of
[Cu(H,0)4)*" complexes at 808 nm is 12.3 M~ cm™, while
€ increases to 40.6 M™' cm ™" after forming cupreous complexes
(Figure 3e). As to CuCC NPs, the calculated Q. is ~4.7 X 10’
M 'em™ (Calculation S1). It is lower than plasmonic
nanomaterials such as Au nanorods and CuS nanoplates (1 X
10% to ca. 1 X 10° M "-cm™), but higher than that of carbon
nanotubes (~1 X 10° M~":cm™"). In addition, the 7 of cupreous
complexes at 808 nm is evaluated by eq 1.”

20804

hS(Tmax - ];urr) - QO
T p(1 — 107Awe)

T W

where h is heat transfer coefficient, S is the contacting area
between container and environment, T, is the ambient
temperature, Q, represents the heat generated by water and
quartz cell under laser irradiation, P is incident laser power, and
Aggg is the absorption intensity of cupreous complexes at 808
nm. To calculate 7, the heat transfer coefficient 4 should be
known. According to our previous work, h is determined under
the heat diffusion process. The lasting temperature decrease is
recorded at fixed time intervals (Figure S2a). We replace the (T
— Ty.) with 8 and make a linear fit of time (¢) and —In(6/
Tpnax) (Figure S2b), where h can be calculated from the slope of
fitted eq 2:

mC,;
%(—m 0/T,.) +b

= )
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Figure 4. Photothermal therapy of KB cells in vitro. (a) KB and CAL-27 cells are incubated with CuCC NPs for 24 h, and cell viability is estimated
through standard MTT assay. (b) The KB cells are incubated with and without 100 yg/mL CuCC NPs for 4 h, and then they are irradiated by an
808 nm laser with the power density of 1, 1.5, 2, 2.5, and 3 W/cm? for 10 min. Bright field (c—f) and fluorescent (g—j) images of KB cells after
irradiated by an 808 nm laser with the power density of 0 (c, g), 1 (d, h), 2 (e, i), and 3 (f, j) W/cm? for 10 min. The scale bar is 50 ym. Data are
shown as the means + standard error of the means, * p < 0.05 and ** p < 0.01.

where m; and C,; are the mass and heat capacity of the
irradiated system including water, cell, and cupreous complexes.
As time constant Zm;C,;/hS equals 414.1 s, the h is determined
to be 32.88 W m™ K. Besides, the m; is 2 and 5.827 g, while
the C,;is 4.2 ] g ' K'and 0.892J g~ K™! for water and quartz
cell, respectively. Therefore, the calculated # at 808 nm is 54.1,
60.0, 60.2, and 60.3% for the cupreous complexes with
carboxylate-to-Cu(Il) molar ratio of 1/1, 2/1, 3/1, and 4/1,
respectively.

Note that the photothermal performance is fully contributed
from cupreous complexes, whereas chitosan has no photo-
thermal contribution. It is thought to optimize the photo-
thermal performance of CuCC NPs by increasing the loaded
cupreous complexes, which is studied by thermogravimetric
analysis (TGA). TGA data indicate two weight loss regions at
200—270 and 270—400 °C, corresponding to the decom-
position of citric acid and chitosan (Figures 3a and S3). As
increasing the feeding amount of CuCl,, the as-prepared CuCC
NPs indicate a higher content of chitosan and Cu (Figure 3a).
We fit the relative mass coefficient (M,) with the feeding
amount of CuCl, (m) as shown in eq 3 (Figure 3b):

M, = —4.07%¢"/%68) 1 2053 3)

Thus, the absorption intensity of CuCC NPs prepared with
different CuCl, feeding amount is corrected by M,. After M,
correction, it is found that when the amounts of chitosan and
citric acid are fixed, the corrected absorption spectrum reaches
maximum at the CuCl, feeding amount of 24 mg (Figure 3c).
In comparison, the absorption intensity of Cu(Il)-citrate
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complexes in the absence of chitosan keeps increasing with
the increase of CuCl, feeding amount (Figure 3d). It means
that before 24 mg, the increase of absorbance is led from the
increase of cupreous complexes loaded in CuCC NPs. The
afterward decrease is attributed to the reduced coordination
number of Cu(Il), which greatly influences the extinction
ability of cupreous complexes (Figure 3e). It should be
mentioned that more NaOH is consumed in preparing CuCC
NPs as increasing Cu(Il) dose (Figure 3f), implying that more
carboxylate groups are generated by Cu(II)-carboxylate
coordination. The aforementioned results reveal that excessive
carboxylate groups are not helpful in enhancing NPs extinction,
because of the competitive coordination equilibrium with
Cu(II). Excessive Cu(Il) in return decreases the coordination
number, and therewith lowers the absorption intensity in NIR
region.

Both CuCC NPs and cupreous complexes can greatly
increase the system temperature under 808 nm laser irradiation
(Figure S4). Setting the laser power at 3.5 W/cm? the
temperature of 2 mL of S mg/mL CuCC NPs aqueous solution
elevates 33.4 °C after 15 min of laser irradiation, while the
solution of 1.2 mg/mL CuCC NPs only elevates 13.2 °C
(Figure S4a). This is attributed to the collective heating effect
of the solution with high concentration.” More irradiation is
absorbed and converted into heat energy with high
concentration photothermal agents. Besides, the increase of
power density and irradiation duration also elevates the
temperature significantly, because high dose of irradiation is
imposed (Figure S4b). The same trend is observed for
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Figure S. In vivo photothermal therapy. The mice are divided into four groups, namely, control group (c, g, k), laser only group (d, h, 1), NP only
group (e, i, m), and photothermal therapy group (£, j). Relative tumor volume (a) growing trend and average body weight (b) for each group.
Photographs of typical mouse bearing tumor model (c—f), H&E staining of tumor slices (g—j), and tumors (k—m) taken from them in each group in
the 16th day after NP injection. H&E staining of tumor slice for photothermal therapy group is performed immediately after laser irradiation. The
average tumor weight is 1.24, 0.75, 0.08, and 0 g for each group, respectively. The dose of injected CuCC NPs is 100 pg in 50 uL saline per mouse.
The laser power density is set at 0.33 W/cm? The scale bar in g—j represents S0 yum.

cupreous complexes (Figure S4c,d). In addition, the photo-
thermal performance of cupreous complexes enhances as
increasing the coordination number of Cu(Il). As irradiated
by an 808 nm laser at 3.5 W/cm? for 15 min, the temperature
increments are determined as 32.7, 37.5, 39.2, and 40.3 °C for
the cupreous complexes with carboxylate-to-Cu(II) molar ratio
of 1/1,2/1, 3/1, and 4/1, respectively (Figure SS5). CuCC NPs
also exhibit good photothermal stability (Figure S6ab). As
irradiated by an 808 nm laser at 4 W/cm? for five cycles of
heating—cooling, the change of absorption spectra and decrease
of photothermal performance are hardly observed. In addition,
because the formation of chitosan NPs strongly depends on the
equilibrium of inter-NP electrostatic repulsion and inner-NP
van der Waals attraction, the pH of NPs solution greatly
influences the stability."”>” In our experiment, the stability of
44 nm NPs is poor out of the pH range of 3.0—4.0. The most
favorable pH to keep CuCC NPs solution stable is 3.5. When
the pH is lower than 3.0, the NPs will gradually fall apart due to
acid-promoted chitosan dissolution. High dose of Cu(Il) is
detected by inductive coupled plasma (ICP), which indicates
the release of cupreous complexes from NPs (Figure S7). As
the pH is higher than 4.0, the NPs tend to aggregate within 3 d
of storage, for example, in the aqueous solution of saline,
phosphate buffered saline (PBS), cell culture, and the cell
culture with 10% serum, due to the lack of electrostatic
repulsion (Figure S6¢). However, no huge dose of Cu(Il) is
detected (Figure S7). These evidence indicate that the
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dissolution of chitosan NPs is capable to promote the release
of Cu(II), while NPs aggregation cannot.

To demonstrate the capability of CuCC NPs in photo-
thermal therapy of cancer cells in vitro, the cytotoxicity is first
tested for human oral epithelial carcinoma (KB) and squamous
carcinoma (CAL-27) cells through a standard methyl
thiazolyltetrozolium (MTT) assay after incubation with
CuCC NPs for 24 h. The CuCC NPs possess relatively low
toxicity for KB cells. As increasing NPs concentration to 400
ug/mL, the cell viability is still 80%. However, the NPs have a
severe damage to CAL-27 cells. As the concentration gets to
100 pg/mlL, the cell viability for CAL-27 cells is already down
to 70%. Most of the cells are killed when the concentration
reaches 400 ug/mL (Figure 4a). Consequently, KB cells are
adopted for the further cell experiments because of the better
biocompatibility with CuCC NPs. Note that pure cupreous
complexes also exhibit severe cytotoxicity. 18.5 pug/mL
cupreous complexes are toxic enough for killing most of the
KB cells (Figure S8). It reveals that the embedment of
cupreous complexes into polymer spheres can greatly suppress
the release of inner toxicity.

The in vitro photothermal therapy is studied by comparing
the viabilities of KB cells with 808 nm laser irradiation in the
presence and absence of CuCC NPs. As increasing laser power
density from 1 to 3 W/cm? KB cells after incubation with NPs
are killed in growing proportion after 10 min irradiation. When
the laser power density reaches 3 W/cm?, the cell viability is
lower than 30%, while the viability is almost 100% for the
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after treatment. The scale bar is SO ym. Photographs of the mice after photothermal therapy for 0 (c) and 10 (d) days. The burned area heals

gradually within 10 d.

control group without NPs incubation at this power density
(Figure 4b). Additional propidium iodide (PI) fluorescent
staining assay is also performed, which only stains apoptotic
cells into red. As increasing the laser power density, an obvious
increment of stained cells is found under dark field. When the
power density reaches 3 W/cm?, an aggregation of apoptotic
cells is exhibited, which is one of the features of dead cells
(Figure 4c-j). These results prove that CuCC NPs are workable
for the photothermal therapy of cancer cells in vitro.

The in vivo photothermal test of CuCC NPs is further
performed in nude mice bearing KB tumor models, because KB
tumor is superficial and might be more suitable for clinical
photothermal therapy than other tumors. The KB tumor
models are subcutaneously implanted and divided into four
groups. The growth and differentiation of tumors are fast
(Figure Sa,c). Twenty days after implantation, the average
tumor volumes reach 1800 mm® and weight in 1.24 g (the
control group), taking up ~5% body weight (Figure Sck). As
for the mice without NPs injection but treated with 0.33 W/
cm?® 808 nm laser for 12 min once every other day (the laser-
only group), the tumors indicate slight depression in the first 8
d. However, in the following days, the tumors expand even
faster than that of the control group (Figure Sa), and their
average weight is 0.75 g (Figure Sd,1), which is attributed to the
laser stimulus. In comparison, the tumors both injected with
CuCC NPs and treated by laser irradiation (the photothermal
therapy group) are ablated completely after the second
treatment (Figure Sa,f).

In addition, the tumors from NP only group are also
restrained greatly. An obvious inhibition of tumor volume is
found since the fourth day after NP injection (Figure 6a). By
the time tumors taken, the tumors show an average weight of
0.08 g, which are much smaller than those from the control
group, and laser-only group (Figure Se,m). The calculated
tumor inhibition rate is 93.1%. This indicates the additional
chemotherapeutic behavior of CuCC NPs, which is potential to

20807

solve the challenge of tumor reoccurrence.”* Note that CuCC
NPs exhibit low cytotoxicity within 24 h for KB cells (Figure
4a). No obvious inhibition is found until 4 d after injection. So,
the high tumor inhibition rate should be resulted from the
biodegradable chitosan using for loading CuCC NPs. The
gradual degradation of chitosan allows the release of toxic
cupreous complexes, poisoning the surrounding tumor tissue
and restraining tumor growth. To prove the chemotherapeutic
behavior of cupreous complexes, KB cells are incubated with
different concentrations of cupreous complexes for 10 min,
followed by PI staining. As increasing the concentration of
cupreous complexes from 0 to 50 ug/mlL, the increased cell
apoptosis in red fluorescence is observed (Figure S9). Besides,
the apoptotic cells turn into rotundity in comparison with the
long-shaped healthy cells, which also exhibits the chemo-
therapeutic behavior of cupreous complexes. The chemo-
therapeutic behavior of CuCC NPs is further proved by
hematoxylin—eosin (H&E) stained tumor slice, in which part of
the tumor cells are damaged by the NPs (Figure Si), while
apoptosis is hardly observed from the control and laser-only
groups (Figure Sgh). The aforementioned results confirm that
the chemotherapeutic behavior of CuCC NPs results from
chitosan degradation and the subsequent release of cupreous
complexes. Though chitosan degradation is not so fast in tumor
environment (Figure 6a), there are effective ways to promote
chitosan degradation, such as acid hydrolysis, oxidative
degradation, radiation degradation, enzymatic degradation,
and so forth. It indicates the hope to tune the release rate of
cupreous complexes in further applications. Moreover, the
additional chemotherapeutic behavior of CuCC NPs leads to
synergistic effect, thus allowing to the complete tumor
depression at the power density of 0.33 W/cm™

Furthermore, the tumors injected with CuCC NPs are
destroyed completely after treated by 808 nm laser irradiation
(Figure 5af), and no recrudesce is observed after 25 d. The
burned skin recovers in the next 10 d (Figure 6¢,d). From H&E
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Figure 7. Blood analysis of mice after the injection of CuCC NPs for 30 d. (a) Red blood cells, (b) white blood cells, (c) hemoglobin, (d)
hematocrit, (e) mean corpuscular volume, (f) mean corpuscular hemoglobin, (g) platelet count, (h) mean platelet volume, and (i) mean corpuscular
hemoglobin concentration. No obvious difference is found between healthy and treated mice. The control group is age-matched healthy mice. The
NP and therapy group refer to NP-only group and photothermal therapy group in our experiments.
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Figure 8. H&E stained splanchnic slices of heart, liver, kidney, lung, and spleen of mice after the injection of CuCC NPs for 16 d. No hydroncus or
inflammatory cells are observed in the aforementioned organs. In comparison to the control group, the NP only and therapy groups have no
difference. The control group is age-matched healthy mice. The NP and therapy group refer to NP-only group and photothermal therapy group in
our experiments. The scale bar is S0 ym.

stained tumor slices for photothermal therapy group, a large laser treatment (Figure 5j). A complete damage is shown for
area of damaged cancerous cells are observed immediately after the tumor taken 1 d after laser treatment (Figure 6b). The
20808 DOI: 10.1021/acsami.5b05866
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continuous damage to cancerous cells further confirms the role
of CuCC NPs as chemotherapeutic agents to inhibit tumor
recrudesce after photothermal therapy. Beside, the average
body weight of each group is monitored (Figure Sb). A relative
stable increase of body weight is observed for all groups in the
first stage. But in the later stage, the change of body weights is
different. The increase of body weights for the laser-only group
is attributed to the expansion of tumors. For the control group,
the mice suffer weight loss, while the tumors grow quickly. This
indicates that KB tumors have already impeded the normal
growth of mice. But for the NP only and photothermal therapy
group, the body weights keep increasing, implying the recovery
of mice after treatment (Figure 6d).

To investigate the long-term toxicity of CuCC NPs after
therapy, a complete blood analysis including red blood cells,
white blood cells, hemoglobin, hematocrit, mean corpuscular
volume, mean corpuscular hemoglobin, platelet count, mean
platelet volume, and mean corpuscular hemoglobin concen-
tration are compared between NP only group, photothermal
therapy group, and age-matched healthy mice (Figure 7).
Though red and swollen is observed around the NP-treated
areas (Figure 6¢), and the ratio of neutrophilegranulocyte (NE)
and lymphocyte (LY) in the white blood cell also shows slight
inflammation after healing (Figure S10), all the parameters
restore to normal level (Figure 7). In addition, H&E stained
heart, liver, kidney, lung, and spleen do not show hydroncus or
inflammatory cell infiltration, and the cells are basically at the
same status compared with the healthy mice (Figure 8). These
results indicate the safety of CuCC NPs as tumor therapeutic
agents. In comparison to other photothermal agents, the CuCC
NPs may not be as good as the plasmonic materials like Au
nanorods and CuS NPs in heat supply due to the relatively
lower light extinction ability. But the CuCC NPs can still
accomplish complete tumor ablation under safe power density
limitation through the synergistic effect of photothermal
therapy and additional chemotherapy. Such synergistic effect
makes CuCC NPs partially avoid the depth-dependent
attenuation of laser intensity in deep tissue therapy, showing
more potential in treating deep-seated tumors than plasmonic
materials.

B CONCLUSIONS

In summary, we demonstrate the facile and low-cost
preparation of cupreous complexes-loaded chitosan NPs,
which simultaneously exhibit photothermal therapeutic and
chemotherapeutic behavior. The photothermal performance of
cupreous complexes essentially results from the electrons
transition between splitting Cu(II) d orbits, which is further
enlarged as coordinating with carboxylate groups. As a result,
the photothermal performance at NIR region is greatly
enhanced, showing the photothermal transduction efficiency
up to 60.3%. After loading cupreous complexes into chitosan
and forming NPs, the improved biocompatibility assures the
NPs as agents for photothermal therapy of KB cells in vitro and
KB tumors in vivo. Since chitosan is biodegradable, the gradual
release of cupreous complexes enables CuCC NPs as additional
chemotherapeutic agents for KB tumors. The combination of
photothermal therapy and chemotherapy of CuCC NPs makes
these materials potential agents for noninvasive tumor ablation
and for reducing the risk of postoperative recurrence.

B EXPERIMENTAL SECTION

Materials. Poly(p-glucosamine) (chitosan) with medium molecular
weight, 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bro-
mide (MTT), and 3-mercaptopropionic acid (MPA, 99+%) were
purchased from Sigma-Aldrich. Propidium iodide (PI) was purchased
from Invitrogen. Analytical grade sodium hydroxide (NaOH), citrate
acid monohydrate, cooper chloride dihydrate (CuCl,-2H,0), and PBS
were all commercially available products and used as received without
further purification. Deionized water was used in all experiments.

Synthesis of CuCC Nanoparticles. Chitosan (S mg), 24 mg of
CuCl,, and 56 mg of citric acid were dissolved in 40 mL of water. 1 M
NaOH was used to adjust the pH value of mixtures to produce the
NPs. pH was dominant for controlling the diameters of CuCC NPs
from a few to thousands of nanometers. With the consideration of
biological application, the pH was adjusted to 3.53 + 0.5 to obtain the
44 nm NPs. The NPs were separated through centrifugation under
8000 r/min for 30 min. The cupreous complexes were prepared by
mixing CuCl, and sodium citrate with specific ratio. Because each
sodium citrate possesses three carboxylate groups, carboxylate-to-
Cu(Il) molar ratio is adopted to present the content of CuCl, and
sodium citrate in cupreous complexes.

Cytotoxicity Assay and Photothermal Effect of CuCC
Nanoparticles in Vitro. The 44 nm CuCC NPs were stable enough
in the cytotoxicity assay, because they did not aggregate severely
within 24 h due to the low concentration and short storage duration.
So, no additional treatment was required in the following
investigations. The human oral epithelial carcinoma (KB) cells and
squamous cell carcinoma (CAL-27) cells were cultured in standard cell
media. Cells were incubated with different concentrations of CuCC
NPs and cupreous complexes for 24 h. The cell viability for KB and
CAL-27 was evaluated by a standard methyl thiazolyl tetrozolium
(MTT) assay on 96-well plates.** The optical density was measured at
490 nm for the MTT assay. As for the photothermal therapy in vitro,
KB cells were incubated with 0.1 mg/mL CuCC NPs for 4 h, and then
they were irradiated by an 808 nm NIR laser at different power density
for 10 min. As for the control group, KB cells were not incubated with
NPs but irradiated by laser at different power density. At last, MTT
solution was added into the plates, and the cell viability was assumed
by MTT assay. Each experiment was repeated five times.

Cell Uptake Efficiency. Thirty thousand KB cells were incubated
in a 12-well plate with CuCC NPs feeding concentration of 100 ug/
mL for 24 h. The cells were washed gently with saline three times to
discard the excessive NPs and dissolved in aqua regia for determining
Cu(Il) content by ICP. For 44 nm CuCC NPs, the uptake efficiency
was calculated as 37.9 + 2.5%.

Propidium lodide Stain Assay. For in vitro photothermal
therapy, KB cells were first incubated with 0.1 mg/mL CuCC NPs for
4 h at the quantity of 30 000 cells per well on 6-well plates. Each plate
was irradiated by an 808 nm NIR laser with different power density for
10 min. Subsequently, 0.001 mg/mL PI was added into the KB cell
culture. After they were stained for 15 min, photos of cells were taken
by a fluorescence microscope. To reveal the chemotherapeutic
behavior of cupreous complexes, KB cells were incubated with
different concentrations of cupreous complexes for 10 min and stained
with 0.001 mg/mL PI for 15 min.

Animal Experiments. Thirty BALB/c-nu mice of 4—6 weeks old
were purchased from Beijing Huafukang Biological Technology Co.
Ltd. and used under protocols approved by Jilin University Laboratory
Animal Center. After one week’s observation and their weights got
heavier than 22 g, 1.5 X 10° of KB cells dispersed in 150 uL of cell
culture were injected subcutaneously into the left back leg. The
average tumor size reached ~60 mm? in 6 d, and the tumor formation
ratio was 93.3%. The 28 mice with tumor models were divided into
four groups: control group, laser-only group, NP-only group, and
photothermal therapy group. The latter two groups were injected with
50 pL of 2 mg/mL CuCC NPs in 9% saline, while the former two
groups were only injected with SO uL of saline at the center of the
tumor. The NPs were administered through intratumoral injection.
After the injection of NPs, the tumor volume expanded immediately
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by forming a bubble, which made it incorrect to monitor the alteration
of tumor volume in photothermal therapy. So, laser was applied 2 d
later to ensure the absorption of the bubble. Two days later, the laser-
only group and therapy group were irradiated at the density of 0.33
W/cem? for 12 min with consideration of the safety limitation of 808
nm laser according to the American National Standards Institute Laser
Safety Standards. In addition, tumor sizes and mouse weights were
recorded every other day. The tumor volume V (mm?®) was estimated

by the following formula:

1 2
14 2L X D 4)
where L and D (mm) represented the lengths of long and short axes,
respectively.

The tumor size expands dramatically, especially for the control
group. Except for the photothermal therapy group, five mice in each
group were killed through spine dislocation, and tumors were taken,
weighted, and photographed in the 16th day. Then tumors were
marinated in formalin for histological sections. The H&E staining was
performed. For the photothermal therapy group, one of the tumors
was taken immediately after laser treatment, and the next day another
tumor was taken for H&E staining to monitor the cells in the damaged
area. The other mice in each group were reserved for routine blood
test and heart perfusion. The viscera including lungs, liver, heart,
spleen, and kidneys were taken and stored in formalin for H&E
staining.

Characterization. UV—visible absorption spectra were obtained
using a UV-3600 UV—vis spectrophotometer at room temperature
under ambient conditions. Transmission electron microscopy was
conducted using a Hitachi H-800 electron microscope at an
acceleration voltage of 200 kV with a CCD camera. Dynamic light
scattering measurements were performed using a Zetasizer NanoZ$
(Malvern Instruments). Inductive coupled plasma emission spectrom-
eter was performed with Perkin Elmer Optima 3300DV analyzer. In
the study of photothermal effect, an 808 nm diode laser (LEO
photonics Co. Ltd.) was employed with the output power tunable
from 0 to 10 W/cm? The temperature increment under laser
irradiation was determined by an electric thermometer (Traceable
Callbraion, 0.1 °C). Solution (2.0 mL) was added into 1 X 1 X 4 cm
quartz pool with tinfoil capped to prevent the vaporization of water
and irradiated by 808 nm laser at various power densities. The
variation of the temperature was immediately measured after
irradiation. The concentration effect was studied by diluting the
CuCC NPs and cupreous complexes to specific concentrations. The
output power and irradiation duration was fixed at 3.5 W/cm?® and 15
min, respectively. The effect of output power was revealed by
irradiating the CuCC NPs and cupreous complexes with specific
output power density for 15 min. Thermogravimetric analysis was
measured on an American TA Q500 analyzer under N, atmosphere
with the flow rate of 100 mL-min~'. Before TGA measurement, the
samples were dried at 100 °C for 1 h. Bright field and fluorescent
images of KB cells were obtained by an Olympus IX71 inverted
fluorescence microscope.
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