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ABSTRACT As an efficient route to control pet overpopulation and develop neutered experimental

animals, male sterilization via surgical techniques, chemical injections, and antifertility vaccines has

brought particular attention recently. However, these traditional ways usually induce long-term

adverse reactions, immune suppression, and serious infection and pain. To overcome the above

limitations, we developed a platform in the present study by using plasmonic copper sulfide

nanocrystals (Cu,_,S NCs) as intelligent light-driven sterilants with ideal outcomes. Upon NIR laser
irradiation, these well-prepared Cu,_,S NCs can possess NIR-induced hyperthermia and generate high
levels of reactive oxygen species (R0S). Due to the cooperation of photothermal and photodynamic

effects, these nanocrystals exhibited NIR-mediated toxicity toward Sertoli cells both in vitro and in vivo

in a mild manner. We attribute the potential mechanism of cellular injury to the apoptosis-related

death and denaturation of protein in the testicles. Furthermore, the possible metabolism route and
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long-term toxicity of these nanocrystals after testicular injection indicate their high biocompatibility. Taking together, our study on the NIR-induced toxicity

of Cu,_,S NCs provides keen insights for the usage of plasmonic nanomaterials in biomedicine.
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ith the rapid development of

modern society, permanent male

sterilization has been considered
as the most efficient approach to achieve
neutered experimental animals and control
the exploding population of household
pets." 3 Current methods of using surgical
techniques, chemical injection, and antifer-
tility vaccines have addressed the crucial
aspect of male sterilization with significant
outcomes. Despite their usefulness, surgical
sterilization in males, namely, orchidectomy
or castration, usually comprises multistep
manipulations, which are directly depen-
dent on the skill proficiency of veterinari-
ans.** Other routes such as chemical injec-
tion and antifertility vaccines can induce
long-term adverse reactions and unwanted
immune suppression, as well as undergo
recurrence of fertility over chemical or im-
mune periods.®’ In this regard, a nonsurgical
yet efficient alternative to permanent male
sterilization with negligible side effects is
highly desirable.
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Due to their versatile functionality and
unique physical properties, nanostructures
have been explored as emerging thera-
nostic platforms for disease diagnosis and
therapy.2~'° Among all these studies, plas-
monic materials such as noble metal nano-
structures, carbon nanotubes, graphene,
and organic polymers can absorb energy
from photons and dissipate it in the form of
heat and energy totally or partially.”"
These materials with ideal near-infrared
(NIR) absorbance can act as photoinduced
agents in photoacoustic (PA) imaging and
photothermal therapy (PTT) of solid tu-
mor."> '8 Regardless of recent studies on
plasmonic materials that have made huge
progress in cancer detection and treatment,
the new utility of these materials in other
biomedicine fields is still in its infancy. Ow-
ing to the serious injury in spermatogenesis
and destruction of testicular function, hy-
perthermia can lead to temporary or per-
manent male infertility. In that case, we
envision that male sterilization may be well
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mediated via the photothermal effect of these plas-
monic nanomaterials. However, several obstacles badly
restrict their practical usage in reproductive medicine.
For example, gold-based nanostructures always lose
their stable NIR absorbance after laser irradiation.'®°
High cost and low abundance of noble metals limit
their commercial translation from the lab to the
clinic.2'*? Nonbiodegradable carbon nanotubes and
graphene may remain in the body for a long time after
injection.?>~2> More significantly, hyperthermia around
the testicles can cause grievous testicular irritation,
which brings immoderate pain to animals and excess
risk to veterinarians. Accordingly, it is still a major
challenge to explore a highly efficient nanosized ster-
ilant for male sterilization with a mild manner.

Arising from their strong localized surface plasmon
resonance (LSPR) from the red edge to the NIR region of
light, a series of plasmonic copper chalcogenide-based
nanomaterials have been employed as PA and PTT
agents recently.?*~** These materials are composed of
low-cost elements and are easy to synthesize with a
large-scale route. Moreover, it is well known that Cu(l)
species in biological media can produce reactive oxygen
species (ROS) via a similar Haber—Weiss cycle. Cu(ll) ions
can be reduced to Cu(l) species by intracellular glu-
tathione or ascorbic acid.**~* These unstable but
highly active ROS including hydroxyl radicals (-OH),
singlet oxygen ('0,), and peroxides (R—0—0-) could
irreversibly induce serious damage toward targeted
organs and tissues. Encouraged by this evidence, we
demonstrate that plasmonic copper sulfide nanocryst-
als (Cu,_,S NCs) can act as smart light-driven sterilants
for permanent male sterilization. To the best of our
knowledge, it is the first example showing that metal
chalcogenide-based materials can be used as thera-
nostic agents in reproductive medicine. In our present
design, these nanocrystals can possess a mild hyper-
thermia and sensitize the formation of ROS with the
assistance of 980 nm irradiation, resulting in further
irreversible male sterilization. Attractively, Cu,_,S NCs
induce generation of ROS only upon irradiation with NIR
light, whereas no ROS can be detected in the group of
Cu,_,S NGCs without irradiation and in the irradiation
group without nanocrystals. We attribute the potential
mechanism of gonad injury to apoptosis-induced death
and excess expression of caspase proteins in Sertoli
cells. The coordination of photothermal and photo-
dynamic effects of Cu,_,S NCs upon NIR irradiation
not only allows a tolerable temperature around the
testicles but also affords a mild platform for permanent
male sterilization. Thus, our present strategy identifies a
new usage of Cu,_,S NCs and provides a simple but
powerful system in the field of reproductive medicine.

RESULTS AND DISCUSSION

The rational synthesis of plasmonic Cu,_,S NCs and
their further usage in male sterilization are illustrated in
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Figure 1A. Hydrophobic nanocrystals coated with oley-
lamine (OM) were first prepared via a modified thermal
decomposition method.*® Second, a ligand exchange
procedure was used to alter the surface property. In
detail, OM coated on the surface of hydrophobic
nanocrystals was exchanged by 6-aminocaproic acid
(6-ACA) to result in hydrophilic nanocrystals. Figure 1B
shows photos of as-prepared nanocrystals dispersed
into different solvents before and after the ligand
modification. As expected, hydrophobic nanocrystals
were well dispersed in nonpolar chloroform (CHCls),
while hydrophilic NCs exhibited a high solubility in
water. TEM images indicated that there were no ob-
vious differences in size and shape between hydro-
phobic and hydrophilic NCs (Figure 1C and D). HR-TEM
images indicated both nanocrystals with sizes ranging
from 12 to 20 nm. Diffraction peaks observed in wide-
angle XRD patterns of both samples matched well with
the crystal phase of chalcocite (JCPDS no. 02-1294),
although minor djurleite phase could also be detected
(Figure 1E and Figure S1A). The selective area elec-
tronic diffraction (SAED) pattern of hydrophilic NCs
additionally proved their high crystallinity. Energy-
dispersive spectroscopy (EDS) analysis demonstrated
the presence of Cu, S, C, O, and N in both samples
(Figure 1F and Figure S1B). The detailed chemical
composition of hydrophilic nanorcystals was evaluated
by ICP-MS, which could be calculated to be Cu, ¢S. Then,
FT-IR spectra were used to identify the efficiency of
ligand exchange (Figures S1C and S1D). Both nano-
rcystals exhibited similar spectra in the N—H/O—H
stretching vibration, symmetric/asymmetric stretching
vibrations of methylene, N—H bending mode, and C—N
stretching mode. However, the peak of the C=C—H
stretching vibration at 3007 cm ™' partly disappeared
in the spectrum of the hydrophilic NCs, suggesting the
replacement of OM by 6-ACA.*® The zeta-potential of
hydrophilic nanocrystals in 0.9% NaCl solution was about
+9.6 mV and got close to the neutral points. The above
results showed that the hydrophobic NCs were success-
fully changed to hydrophilic nanocrystals by our ligand
exchange strategy. More importantly, it is worth noting
that no changes occurred in the morphological character
and crystal phase before and after modification.
UV—vis—NIR spectra demonstrated that Cu,_,S NCs
in water exhibited a broad absorption in the NIR region
ranging from 700 to 1100 nm, favoring their light-
induced properties (Figure 2A and Figure S2C). As
illustrated in Figures S2A and S2B, pure water exhibited
a slight absorption around 1000 nm, whereas our
sample still held a strong absorption in the NIR region
after baseline deduction. To evaluate the photother-
mal properties of Cu, ,S NCs upon NIR irradiation,
temperature changes of the suspension under differ-
ent treatments were recorded. As depicted in Figure 2B
and C, the temperatures of Cu,_,S NCs samples in-
creased rapidly along with the increase of the irradiation
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Figure 1. Schematic illustration of the two-step synthesis and biorelated usage of hydrophilic Cu, ,S nanocrystals (A). Photo
of Cu, ,S NCs dispersed in different solvents (H,O and CHCl;) before and after ligand exchange (B). TEM images of
hydrophobic Cu, ,S NCs (C) and hydrophilic Cu,_,S NCs (D). HR-TEM images of hydrophobic Cu,_,S NCs and hydrophilic
Cu, S NCs (insets of C and D). Wide-angle XRD pattern (E) and EDS spectra (F) of hydrophilic Cu, ,S NCs. SAED image of

hydrophilic Cu,_,S NCs (inset of E).

period and sample concentrations. In detail, the tem-
perature change of Cu, ,S NCs (0.2 mg/mL) could
easily reach 15 °C within 5 min after 980 nm laser
irradiation (1.5 W/cm?), while the 0.9% NaCl solution ex-
hibited a mild temperature change within 5 °C under the
same conditions. On the basis of the heating—cooling
result, the photothermal conversion efficiency of Cu,_,S
NCs could be calculated to be 15%, which was similar
to some previous studies (Figure 52D).°%*! The above
results implied that Cu, ,S NCs could rapidly and
efficiently convert light energy into heat and remain
at the local temperature for a period of time. As is well
known, Cu(ll) ions can be reduced to Cu(l) ions by an
intracellular reducing agent and Cu(l) ions in biological
media can produce ROS. lllumined by these facts, we
rationally evaluated the light-induced ROS generation
of these Cu,_,S NCs. In our present design, ROS pro-
duction was confirmed via the fluorescence quantity of
dichlorofluorescein diacetate (DCFH-DA), which could
be oxidized by ROS to fluorescent 2,7-dichlorofluores-
cein (DCF).>>*3 As a broad-spectrum oxidation-sensitive
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reagent, DCFH-DA was applied to determine the total
generation of various ROS, such as - OH, '0,,and R—0—0-.
Measured via a Kodak imaging system, ROS generation
occurred only in the presence of Cu, ,S NCs and NIR
irradiation, whereas no ROS could be detected in Cu,_,S
NC groups and NIR irradiation groups (Figure 2E). Com-
pared with standard ROS-induced agents such as H,0,
and NaClO, Cu,_,S NCs with similar concentrations could
introduce equivalent ROS after NIR irradiation, indicating
their significant photodynamic effect. Then, we tested
the thermal stability and photostability of these nano-
crystals. Hydrophilic Cu,_,S NCs were found to be colloi-
dal without any precipitation even up to 50 °C in a 0.9%
NaCl solution (Figure 2D). Moreover, there were no
differences in UV—vis—NIR absorption, morphology,
and size before and after a long-term NIR irradiation
(Figure S2E and F). These results imply the unexception-
able photostability of Cu,_,S NCs and their negligible loss
in NIR absorbance after high-power NIR laser irradiation.

Prior to using Cu,_,S NCs for biomedical applica-
tions, it was essential to evaluate their degradability,
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Figure 2. UV—vis—NIR absorption spectra of Cu,_,S NCs in water (A). Temperature change of Cu,_,S NCs (0.2 mg/mL)
irradiated by a 980 nm laser with different power intensities (B). Temperature change of Cu, ,S NCs with different
concentrations irradiated by a 980 nm laser with a power intensity of 1.5 W/cm? (C). Photos of Cu,_,S NCs in a 0.9% NaCl
solution (1 mg/mL) incubated at various temperatures for 10 min (D). Fluorescence imaging of ROS generation detected by
DCFH-DA assay (E). Upper line: Standard H,0, and NaClO solutions with different concentrations treated with DCFH-DA.
Lower line: Our experimental samples under various conditions treated with DCFH-DA.

cytotoxicity, and blood compatibility. Cu, ,S NCs
(0.2 mg/mL) were incubated in PBS buffer with differ-
ent pH values (pH 7.4 and pH 4.5). One week after
incubation, it was hard to detect Cu ions in the group of
pH 7.4, whereas a minor amount of Cu ions could be
found in the group of pH 4.5 via the ICP-MS method.
The above results could be attributed to the interaction
between H" ions and Cu,_,S NCs. In detail, Cu(l)
species could transform into other modalities upon
different reaction conditions. More importantly, H*
ions could catalyze the disproportionation reaction of
Cu(l) species, which thus caused the dissolution of
these nanocrystals. However, owing to the successful
and efficient coating of 6-ACA on the surface, these
nanocrystals could not rapidly dissolve in the buffer
system. MTT assay and live/dead staining indicated
that the cellular viability and morphology were not
affected by Cu,_,S NCs under the present experimen-
tal concentrations, verifying that Cu,_,S NCs possess
extremely low cytotoxicity (Figure S3). In addition, an
in vitro hemolytic assay was used to define the inter-
action between Cu,_,S NCs and various blood compo-
nents. Nearly no hemolysis of red blood cells could be
found even with the maximal incubation concentra-
tion (Figure S4 and Table $1).5*°° These results demon-
strated the negligible in vitro toxicity and excellent
blood compatibility of Cu,_,S NCs, as well as their
feasibility for further biorelated usages.

To verify the light-induced cytotoxicity of Cu, S NCs,
Sertoli cells were first incubated with our nanocrystals
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and then irradiated with a 980 nm laser. As shown in
Figure 3A, Cu,_,S NCs exhibited an enhanced light-
induced cytotoxicity with the increase of nanocrystal
concentrations and NIR laser irradiation periods. The
light-induced IC5q value of Cu,_,S NCs was lower than
0.032 mg/mL under a 3 min irradiation (1.0 W/cm?). By
increasing the irradiation period to 6 min, the ICso value
decreased to 0.015 mg/mL. In contrast, individually
the 980 nm laser and the Cu,_,S NCs exhibited no
significant cytotoxicity upon similar treatments. Live/
dead staining and typan blue staining further provided
visible data to reconfirm our results that Cu,_,S NCs
possess a light-induced cytotoxicity against Sertoli
cells (Figure 3B and C). Besides the photothermal effect
of Cu,_,S NCs upon NIR irradiation, it was noteworthy
that cellular death could also be caused by the light-
induced generation of ROS in Sertoli cells, which
prompted us to examine the in vitro photodynamic
effect of Cu,_,S NCs (Figure 2E). To obtain more precise
evidence, we assessed intracellular ROS levels by using
fluorescence microscopy and a flow cytometry assay.
Green fluorescence with higher intensity could be
detected in the Cu,_,S+NIR group (Figure 3D). Mean
the fluorescence intensity of DCF in the Cu,_,S+NIR
group was nearly three times those of other groups,
indicating that Sertoli cells internalized with Cu,_,S
NCs had higher amounts of ROS upon 980 nm irradia-
tion (Figure S5).

After understanding the light-driven destruction
capabilities of Cu,_,S NCs toward Sertoli cells, it was
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Figure 3. Viabilities of Sertoli cells incubated with Cu,_,S NCs of different concentrations under various conditions (A).
Fluorescence images of calcein AM/Pl-stained cells (B), optical images of trypan blue-stained cells (C), and levels of the ROS
generation based on fluorescence images (D) after different treatments. The scale bar equals 100 um. Apoptosis/necrosis
analysis based on flow cytometry results (E), total-protein analysis via Coomassie brilliant blue staining (F), and Western

blotting analysis of apoptosis-associated protein (G).

essential to differentiate the contribution of photo-
dynamic NCs from that of photothermal ones. To avoid
the intracellular damage caused by ROS, dimethyl sulf-
oxide (DMSO) and uric acid (UA) were selected as
efficient ROS scavengers.>®>” As shown in Figure S6A,
no obvious green fluorescence from DCF could be
detected in the Cu,_,S+NIR+UA/DMSO group, indi-
cating that the cooperation of UA and DMSO efficiently
inhibited the generation of ROS. Based on our MTT
assays, there was more cellular death in the Cu,_,S+NIR
groups compared to the Cu,_,S+NIR+UA/DMSO groups
upon different incubation concentrations (Figure S6B).
In detail, there was 46% cellular death caused by the
photothermal effect of Cu,_,S after NIR irradiation
(0.05 mg/mL, 1 W/cm?, 6 min), whereas the photody-
namic effect induced 22% cellular death. Quantita-
tively, the amount of cellular death caused by the
photothermal effect was nearly 2 times that induced

LIU ET AL.

via the photodynamic effect. Moreover, the present
ROS scavengers could not lead to the death of Sertoli
cells, further suggesting the potential of our experi-
mental design and hypothesis.

We then explored the possible mechanism of cellular
death cased by Cu,_,S NCs upon NIR irradiation. Flow
cytometry results demonstrated that more apoptosis
and necrosis occurred in the Cu,_,S+NIR group, there-
by revealing that Cu, ,S NCs were able to trigger
severe light-induced cytotoxicity due to their dual
light-driven effects (Figure 3E and Figure S7). Nearly
40% of Sertoli cells in the Cu,_,S+NIR group under-
went early apoptosis, late apoptosis, and necrosis.
However, only a small amount of apoptosis and necro-
sis occurred in the other three groups (less than 15%),
revealing that both Cu,_,S NCs and NIR light could
induce serious cellular damage. Recent studies showed
that hyperthermia and a high level of ROS could lead
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Figure 4. Schematic illustration of the experimental design of a mouse model (A). Thermal infrared images of mice (B) and
changes of temperature as a function of irradiation time (C) under different treatments. Weights (D) and related photos (E) of

mouse testicles before and after various treatments.

to significant apoptosis of cells due to the protein
denaturation-triggered injury/death.’®*® The results of
total-protein electrophoresis demonstrated that the
fewest proteins appeared on the gel in the Cu,_,S+NIR
group, which indicated that most cellular death oc-
curred in this group (Figure 3F). As an important exec-
utive enzyme in the apoptosis signaling pathway, the
expression of caspase 3 and its active form were used
to confirm the degree of apoptosis.®® The Cu,_,5+NIR
group had the most expression of caspase 3 as com-
pared with the other three groups (Figure 3G). In
addition, the active caspase-3 stripe in the Cu,_,S+NIR
group was much darker than those of other three
groups, demonstrating the activation of caspase-3
and further serious cellular apoptosis. In accordance
with these findings, Cu,_,S NCs could act as intelligent
light-driven sterilants for permanent male sterilization
via their synergic effects.

Figure 4A schematicly illustrates the in vivo proto-
col of light-induced male sterilization. First, healthy
male mice were divided into four groups including
control, Cu,_,S, NIR, and Cu,_,S+NIR. Second, tem-
perature changes around the testicles in these groups
were recorded via an infrared camera. As shown in

LIU ET AL.

Figure 4B and C, the temperature still remained around
32 °C in the control and Cu,_,S groups, while the
temperature continued to increase to 36 °Cin the NIR
group. More importantly, the temperature reached a
value of 45 °C stage by stage in the Cu,_,S+NIR group,
which suggested that a controllable temperature
around the testicles could be obtained by regulating
the irradiation period and power intensity of the NIR
laser. Furthermore, because of the facile ROS genera-
tion of nanocrystals upon NIR irradiation, we could
reduce the light-induced hyperthermia and decrease
incidental scrotal irritation in mice caused by high
temperature. Third, the above mice were housed for
several days and sacrificed at expected time points
for further investigations. The testicles of these mice
were separated, weighed, and analyzed via histological
staining at each time point. Compared with the other
groups, the weights of the testicles in the Cu,_,S+NIR
group decreased sharply after treatments (Figure 4D).
Moreover, the testicles in the Cu,_,S+NIR group thor-
oughly atrophied and shrunk in size 2 weeks after
treatments (Figure 4E). These results demonstrated
that high-performance dual light-driven effects of
Cu,_,S NCs led to serious injury of the testicles, which
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Figure 5. Levels of plasma testosterone (A), litter size (B), and related photos (C) after different treatments. NU indicates that
there were no pups after the treatment with a 980 nm laser and Cu,_,S NCs. Histological images of mouse testicles stained by
H&E and DAPI before and after various treatments (D). The scale bar equals 100 um.

could be attributed to the protein denaturation in the
testicles and apoptosis-associated pathway based on
our total-protein electrophoresis and Western blotting
analysis. Compared with a recent study, our approach
could achieve permanent male sterilization under a
relatively low temperature via the dual light-induced
effect, whereas the photothermal effect caused by
gold nanorods must include a higher hyperthermia
treatment over 45 °C to gain total male infertility.>®
More importantly, these results demonstrated that
ROS generated from Cu;_,S NCs upon NIR irradiation
had an extreme photodynamic effect toward the
destruction of testicles, which could act as a powerful
assistant of nanocrystals' photothermal effect.
Malfunction of spermatogenesis caused by testicular
damage could lead to the alteration of hormone levels.
Testosterone, as the most important male hormone,
could maintain sexuality and sexual functions.®'%?
Accordingly, testosterone levels in plasma of the above
mice were determined via an enzyme-linked immuno-
sorbent assay. Healthy male mice without any treat-
ment were selected as control. The level of testos-
terone in the Cu,_,S+NIR group decreased to a third of
that of the control, which was still much higher than
that in male mice after castration (Figure 5A). Our
results suggested that the present technique for male
sterilization could efficiently control the level of testos-
terone and support the retention of secondary sex
characteristic. As is well known, a decrease of plasma
testosterone usually lowers sexual functions and im-
pairs reproduction functions.®®> We then investigated
the potential effect on fertility of these male mice 2
weeks after various treatments. Male mice had lost
their reproductive capacity partly or totally in the
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Cu;_,S+NIR group; thereby none of the female mice
gave birth (Figure 5B and C). In contrast, female mice in
other groups all gave birth with the same numbers of
pups. To determine the changes in physiological struc-
ture of the testicles, histological inspections via H&E
staining and DAPI staining were performed (Figure 5D).
As expected, nearly all the Sertoli cells in the Cu,_,S+NIR
group were fragmented and degenerated as com-
pared to other three groups. Moreover, enlarged
images of H&E staining clearly indicated that Cu,_,S
NCs could result in the total destruction of Sertoli cells
in vivo via dual effects upon NIR irradiation (Figure S8).
To provide more accurate results, we carried out a
long-term investigation to determine whether the
male sterilization was permanent. Two months after
treatment, we could not harvest integrated testicles
from the mice in the Cu,_,S+NIR group owing to the
serious atrophy in size. Taken together, both qualita-
tive and quantitative results describe that the testicles
from Cu,_,S+NIR-treated mice were destroyed, which
caused the functional disorder of spermatogenesis and
further male infertility.

To determine whether Cu,_,S NCs led to any harmful
effect or disease after systemic administration, a possi-
ble metabolic pathway and long-term toxicity were
verified 54~ As shown in Figure 6A, Cu,_,S NCs mainly
accumulated in the testicles, liver, and spleen after
testicular injection. The amount of copper ions in the
testicles decreased over time, but slightly increased in
the spleen and liver. We ascribe the above phenomenon
to the potential uptake—transport—release mechanism
by macrophage-like cells in the testicles, indicating that
our nanocrystals could be cleared by the reticuloen-
dothelial system. Behavior observation and body weight
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100 um.

measurement further demonstrated that no remarkable and photodynamic effects of plasmonic Cu,_,S NCs

differences occurred among all these groups (Figure 6B). upon NIR laser irradiation. To the best of our knowl-
In addition, no tissue damage associated with the edge, this study was the first example showing that
testicular injection of Cu,_,S NCs was found, and all metal chalcogenides could act as smart light-driven

organs presented a similar weight profile to those sterilants in reproductive medicine. The potential me-
without any treatments (Figure 6C,D, Figure S9, and chanism of gonad injury could be ascribed to the
Table S2). To obtain quantitative assessments of toxi- protein denaturation and apoptosis-related death
city, a blood biochemical assay and hematology anal- caused by the local hyperthermia and ROS generation
ysis were carried out. All the parameters in the Cu,_,S of these nanocrystals under NIR excitation. Compared
NCs-treated group were similar to those without any with surgical castration, chemical injections, and anti-
treatment and fell in the reference normal range fertility vaccines, our present procedure was a less

(Figure S10). These results thereby indicate that Cu,_,S invasive, more convenient, and more efficient one with
NCs at the given dose did not cause in vivo toxicity ideal outcomes. Under a lower local temperature
effects and possess high biocompatibility. around the testicles, the combination of dual effects
could result in a better sterilization efficacy rather than
CONCLUSION the photothermal effect alone, which extremely de-
In summary, a new platform for permanent male ster- creased unwanted heat-induced scrotal irritation. Further-
ilization has been demonstrated via the photothermal more, we investigated the plasma levels of testosterone,
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litter size, long-term toxicity, and fate route after testi-
cular injection. Accordingly, our present approach pro-
vided new insights for male sterilization via novel

EXPERIMENTAL SECTION

Chemical and Materials. Oleylamine (OM), 1-octadecene (ODE),
and calcein AM were obtained from Sigma-Aldrich. CuCl, sulfur
powder, 6-amino caproic acid (6-ACA), and chloral hydrate were
purchased from Aladdin Reagent. Trypsin, Dulbecco's modified
Eagle's medium (DMEM), and fetal bovine serum were acquired
from Sangon. Other reagents and solvents were procured from
Beijing Chemicals. All chemical agents were of analytical grade
and used directly without further purification. Water through-
out all experiments was obtained via a Milli-Q water system.

Synthesis of Hydrophobic Cu, ,S Nanocrystals. Cu,_,S NCs were
synthesized via a modified thermal decomposition method.
Copper ion solution was prepared by dissolving CuCl (5 mmol)
in OM (30 mL) at 100 °C under vacuum. Sulfur solution was
prepared by dissolving sulfur power (2.5 mmol) in ODE (10 mL)
at 180 °C under nitrogen until the color of the solution became
transparent yellow. After mixing the above two solutions
together at room temperature, the mixture was heated to 180 °C
at a rate of 10 °C/min and kept at 180 °C for 15 min under
nitrogen. The reaction was then quenched in a cold-bath to
room temperature. After that, the product was precipitated by
ethanol (60 mL) and redispersed in chloroform (20 mL) for
further use.

Ligand Exchange Procedure. An aqueous solution (5 mL) con-
taining 6-ACA (2 mmol) and NH3-H,0 (2 mmol) was added into
another solution containing hydrophobic Cu,_,S NCs (0.1 g),
ethanol (30 mL), water (10 mL), and hexane (35 mL). Under
continuous magnetic stirring, this solution was heated to 70 °C
and kept at this temperature for 6 h. Then, hydrophobic
nanocrystals were transferred to the aqueous phase from the
organic phase. Hydrophilic NCs were separated via centrifuga-
tion, collected after washing with water, and obtained via
freeze-drying overnight.

Animal Administration. Kunming mice were purchased from
Laboratory Animal Center of Jilin University (Changchun, China).
All animal procedures were in accord with the guidelines of the
Institutional Animal Care and Use Committee.

Cell Cultures. Sertoli cells were harvested from 2-week-old
Kunming mice. Mice were euthanized and immersed in an
ethanol solution (75%) for several minutes. Testicles were
separated and cut into pieces after the removal of tunica
albuginea and blood vessels. Trypsin containing collagenase
IV and EDTA was applied for the preparation of the cell suspen-
sion. Obtained Sertoli cells were cultured in DMEM with fetal
bovine serum (10%), penicillin (100 U/mL), and streptomycin
(100 U/mL) in a humidified incubator (37 °C, 5% CO,). To obtain
purified cells, a hypotonic solution was used by discarding the
other cell suspension owing to the intrinsic adherent property
of Sertoli cells.

Cytotoxicity Studies. Sertoli cells were cultured in a 96-well
plate with a density of 5 x 10° per well for 12 h. Solutions
containing Cu,_,S NCs were added to the culture medium. After
incubation for 24 h, the residual nanocrystals in the medium
were removed. Cells were treated with MTT for another 4 h,
which was followed by the addition of DMSO to dissolve the
formazan crystals. A Bio-Rad model-680 microplate reader was
used to measure the absorbance at a wavelength of 570 nm.
The absorbance of Cu,_,S NCs at different concentrations was
measured as the deductible background. Six replicates were
done for each group, and the viability was normalized to the
viability in the absence of Cu,_,S NCs.

Cellular Viability Observation. Sertoli cells with a density of 1 x
10" were plated in a six-well plate for 12 h. After the cells were
washed twice by 0.9% NaCl solution, Cu,_,S NCs were added to
the cell culture medium. After incubation for 24 h, cells were
washed with 0.9% NaCl solution to remove the remaining
nanocrystals. Then, Sertoli cells were stained with propidium

LIU ET AL.

plasmonic nanomaterials and could be used to treat
pet overpopulation and development of neutered ex-
perimental animals.

iodide (PI) and calcein AM. Fluorescence images were collected
on an Olympus BX-51 optical system.

Light-Induced Cytotoxicity. Sertoli cells were cultured in a 96-well
plate at a density of 5 x 10° per well for 12 h. Solutions con-
taining Cu,_,S NCs were added to the culture medium. After 4 h
of incubation, Sertoli cells were irradiated by a 980 nm laser with
a power intensity of 1 W/cm? for different periods. Then, the
cells were incubated for another 24 h, and the cell viability was
evaluated via MTT assay.

Live/Dead Staining. Sertoli cells in a six-well plate were incu-
bated with Cu, ,S NCs (100 ug/mL) for 4 h, irradiated with
a 980 nm laser (1 W/cm?, 5 min), and stained with calcein AM
and PI. Fluorescence microscopy images were collected via an
Olympus BX-51 optical system. A 0.4% trypan blue solution was
applied to distinguish live/dead cells under an optical
microscope.

Fluorescence Imaging of ROS Generation. Solutions containing
H,0, and NaClO with different concentrations were first mixed
with DCFH-DA. Other samples in our design were treated with
Cu,_,S NCs and NIR laser irradiation as expected, as well as
mixed with DCFH-DA. Then, fluorescence imaging of the above
samples after various treatments was carried out on a Kodak
In-vivo Imaging System (Fx Pro) with an excitation wavelength
of 490 nm.

ROS Detection. Sertoli cells with a density of 1 x 10* were
plated in six-well plates for 12 h. Cells were incubated with
Cu,_,S NCs (100 ug/mL) for 4 h and irradiated with a 980 nm
laser (1 W/cm?, 5 min). The above cell medium was replaced
with DCFH-DA solution, followed by incubation for another
30 min at 37 °C in the dark. The group without any treatment
was noted as the control. Fluorescence microscopy images
were collected on an Olympus BX-51 optical system. For the
quantitative results, Sertoli cells were trypsinized and subjected
to flow cytometry analysis. All cells were irradiated to prepare
samples for flow cytometry.

Contributions of Photothermal Effect and Photodynamic Effect. Ser-
toli cells with a density of 1 x 10* were plated in six-well plates
for 12 h. Cells were first incubated with Cu;,_,S NCs (100 xg/mL)
for 4 h, treated with UA (0.25 mM) and DMSO (0.5%) for 30 min,
and irradiated with a 980 nm laser (1 W/cm? 5 min). The
inhibition of ROS generation was determined on an Olympus
BX-51 optical system. For the MTT assay, cells (5 x 103 per well)
were cultured in a 96-well plate for 12 h. Solutions containing
Cu,_,S NCs were added to the above culture medium. After 4 h
of incubation, cells were treated with UA and DMSO for 30 min
and irradiated by a 980 nm laser (1 W/cm?, 6 min). Twenty-four
hours later, cell viability was evaluated via an MTT assay.

Total-Protein Electrophoresis. Sertoli cells were incubated with
Cu,_,S NCs (100 ug/mL) for 4 h and irradiated with a 980 nm
laser (1 W/cm?, 5 min). To test the amount of total protein, cells
after various treatments and 12 h of incubation were lyzed
and subjected to electrophoresis. Lysates were resolved by SDS-
PAGE. Gel was stained via Coomassie Brilliant Blue, decolorized,
and scanned.

Apoptosis/Necrosis Analysis. Sertoli cells were incubated with
Cu,_,S NCs (100 ug/mL) for 4 h and irradiated with a 980 nm
laser (1 W/cm?, 5 min). All cells should receive equal irradiation
in our system. Without further incubation, an annexin V-FITC
apoptosis detection kit was used to detect the percentage of
apoptosis and necrosis. Intact cells (FITC—/PI—), early apoptotic
cells (FITC+/P1—), late apoptotic/necrotic cells (FITC+/Pl+), and
damaged cells (FITC—/PI+) were quantified by fluorescence-
activated cell sorting flow cytometry.

Caspase-3/Active Caspase-3 Expression. Sertoli cells were incu-
bated with Cu,_,S NCs (100 ug/mL) for 4 h and irradiated with
a 980 nm laser (1 W/cm?, 5 min). The protein sample obtained
from the above cells without incubation was separated by
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SDS-PAGE, transferred onto a polyvinylidene difluoride (PVDF)
membrane, and analyzed via immunoblotting using a chemi-
luminescence system (Santa Cruz, CA, USA). Protein levels were
normalized to -actin. The primary antibodies were rabbit anti-
[-actin, rabbit anticaspase-3, and rabbit anti-active caspase-3.
Horseradish peroxidase (HRP)-conjugated anti-rabbit IgG was
selected as the secondary antibody to amplify the signals.

Thermal Imaging. Male mice were divided into four groups
including control, Cu,_,S, NIR, and Cu,_,S+NIR. Mice were anes-
thetized via intraperitoneal injection of chloral hydrate (10%).
Solutions containing Cu,_,S NCs (2 mg/mL, 100 «L) were admini-
strated by testicular injections in Cu,_,S and Cu,_,S+NIR groups.
To obtain thermal imaging, mice in the NIR and Cu,_,S+NIR
groups were irradiated by a 980 nm laser with a power density of
1 W/cm? for 5 min. The spot size of the laser beam was adjusted
to cover the total region of the testicles. All the groups were
imaged via an IR thermal camera (FLIR I3). Meanwhile, changes of
testicle temperatures were recorded.

Testicle Harvest and Analysis. Mice were sacrificed at expected
time points after treatments (n = 4). Testicles were harvested,
weighed, and subjected to histology analysis.

Hormone Assay and Fertility Evaluation. Blood of male mice inthe
above groups was collected 2 weeks after treatments (n = 4).
Plasma testosterone levels were measured via a double anti-
body sandwich ELISA assay. Two weeks after treatments, mice
from the above groups were submitted to the mating tests
(n = 4). A male mouse was caged with two female mice for
10 days. To determine the numbers of pups in all groups, female
mice were separated from the male mice after mating.

Biodistribution Study. Cu,_,S NCs (2 mg/mL, 100 ul) were
administrated by testicular injection (n = 4). Mice were sacrificed
at expected time points. Main organs including testicles,
spleens, and livers were harvested, lyzed, and subjected to
ICP-MS analysis.

Body Weight Measurement. Male mice from the above groups
were weighed after treatments (n = 4). The body weights of the
above mice were recorded for 2 weeks.

Histology Analysis. Mice from the above groups were sacri-
ficed 2 weeks after treatments. Main organs were harvested and
fixed in buffered formalin (10%). The organs were embedded in
paraffin, sectioned, and stained with hematoxylin and eosin
(H&E). Moreover, fluorescence images of DAPI-stained organs
were collected on an Olympus BX-51 optical system.

Hematology Analysis and Blood Biochemical Assay. Blood of mice in
the Cu,_,S+NIR group and control group was collected (n = 4).
Main indicators for kidney and liver were investigated via a
clinical route.

Statistical Analysis. All data were expressed in the present
article as mean result & standard deviation (SD). The statistical
analysis was performed via Origin 8.0 software.
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