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ARTICLE INFO ABSTRACT

Keywords: Controllable contraception in male animals was demonstrated through the utilization of gold nanorods’ pho-
Aggregation-induced emission tothermal effect to accomplish mild testicular hyperthermia. However, the challenges arising from testicular
Ferritin ) administration and the non-biodegradability of nanoparticles hinder further clinical implementation. Therefore,
Male contraception . . . . . . .

Nanoaggregate a straightforward, non-invasive, and enhanced contraception approach is required. This study explores the
Nonin\%fsivge utilization of human heavy chain ferritin (HFn) nanocarriers loaded with aggregation-induced emission lumi-

nogens (AlEgens) for noninvasive, controllable male contraception guided by Near-Infrared-II (NIR-II) fluores-
cence imaging. The HFn-caged AlEgens (HFn@BBT) are delivered via intravenous injection and activated by
near-infrared irradiation. Lower hyperthermia treatment induces partial damage to the testes and seminifer-
ous tubules, reducing fertility indices by approximately 100% on the 7th day, which gradually recovers to 80%
on the 60th day. Conversely, implementation of elevated hyperthermia therapy causes total destruction of both
testes and seminiferous tubules, leading to a complete loss of fertility on the 60th day. Additionally, the use of
AlEgens in NIR-II imaging offers improved fluorescence efficiency and penetration depth. The findings of this
study hold significant promise for the advancement of safe and effective male contraceptive methods, addressing
the need for noninvasive and controllable approaches to reproductive health and population control.

1. Introduction

Promoting reproductive health and addressing population control
concerns in household pets and livestock farming requires the devel-
opment of safe, non-invasive, and controlled methods of male contra-
ception [1]. Among the novel methods, the temporary suppression of
spermatogenesis and testicular function via the use of mild testicular
hyperthermia has displayed potential in attaining reversible male
contraception [2,3]. Our research team has made remarkable progress in
the area of nanocontraception by studying the direct injection of gold
nanorods into the testes and utilizing near-infrared (NIR) irradiation.
This study has verified the capability of achieving controlled contra-
ception in males [2]. However, certain clinical applications face
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limitations due to issues like pain and damage associated with testicular
injection and concerns about potential chronic systemic toxicity from
non-degradable thermic agents. Hence, the development of effective,
non-invasive, and safe methods for male contraceptive hyperthermia
remains a crucial challenge.

Driven by the rapid progress in nanotechnology, nanocarriers have
emerged as an incredibly promising strategy for precise drug delivery
[4-9]. In particular, human heavy chain ferritin (HFn) has garnered
attention as an effective drug delivery carrier for cancer therapy
[10-13]. Through its specific binding to transferrin receptor 1 (TfR1),
ferritin can specifically target cancer cells [14-16]. Ferritin, a conserved
protein renowned for its iron binding and storage capabilities, possesses
a self-assembling structure comprised of a hollow protein shell and this
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shell exhibits an outer diameter measuring 12 nm and an inner diameter
measuring 8 nm [11,17-20]. In mammals, the predominant types of
ferritin include HFn and light chain ferritin [21-25]. Among these, HFn
has mainly been employed as a nanocarrier for targeted therapeutic and
diagnostic applications in cancer [26,27]. Recent studies have demon-
strated the successful inhibition of tumor growth in mouse models
through the use of drug-loaded HFn [28,29]. Significantly, HFn exhibits
the remarkable capability to cross the blood-brain barrier (BBB) and
selectively bind to receptors found on glioma cells [30]. Furthermore,
the emerging research indicates that HFn’s capability to traverse the
blood-testis barrier (BTB) and selectively target elongated sperm cells
positions it as a promising candidate for non-invasive and targeted
contraception by facilitating the delivery of photothermal agents [31].
Through mild hyperthermia, the conversion of absorbed light energy
into heat by photothermal agents can result in the temporary suppres-
sion of spermatogenesis and testicular function. This provides a means
for achieving reversible contraception [32]. Aggregation-induced
emission luminogens (AlEgens) are a type of photothermal agent that
exhibit flexible conformations, facilitating the dispersion of
excited-state energy through nonradiative pathways [33-36]. Further-
more, AlEgens have demonstrated an improved ability to perform
fluorescence imaging within the range of the NIR-II window (900-1700
nm) in the NIR spectrum [37-39]. NIR-II fluorescence imaging offers
numerous benefits, including improved signal-to-background ratios and
enhanced depth of penetration. These attributes make it well-suited for
in vivo bio-imaging purposes [40]. Traditional organic fluorophores used
in NIR-II imaging often suffer from aggregation-caused quenching
(ACQ), which affects their performance [41-43]. However, AIEgens
overcome this limitation by exhibiting strong emission in the aggregated
state, leading to improved imaging accuracy and efficiency [44-46].
In this study, we utilized the disassembly and reassembly ability of
HFn under pH control to encapsulate a kind of AIEgens BBTDT-BT-TPA
(BBT) within its cavity. By administering HFn-caged AlEgens
(HFn@BBT) via intravenous injection in male mice and applying NIR
irradiation, we successfully induced temporary or permanent male
infertility. Under lower hyperthermia treatment, there were partial in-
juries to the testes and seminiferous tubules, leading to decreased
fertility indices of 100% at day 7, which subsequently recovered to 80%
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by day 60. Nevertheless, when subjected to more intense hyperthermia
treatment, the testes and seminiferous tubules underwent complete
destruction, leading to a decline in fertility indices to 0 b y day 60.
Additionally, the use of AlEgens in NIR-II imaging offers improved
fluorescence efficiency and penetration depth. The findings of this study
hold significant promise for the advancement of safe and effective male
animal contraceptive methods, addressing the need for noninvasive and
controllable approaches to reproductive health and animal population
control.

2. Results and discussions

HFn has become increasingly recognized as a highly promising
nanocarrier for the purpose of drug delivery, attributed to its stable
structure and remarkable targeting capabilities. The synthesis process of
HFn@BBT is presented in Scheme 1. Initially, the structure of BBT was
confirmed using 'H NMR spectra (Fig. S1). Additionally, the energy gaps
between LUMO and HOMO for BBT were calculated to be 1.74eV,
indicating strong charge transfer characteristics of fluorophores
(Fig. S2). The AIE curve of BBT in Fig. S3 further demonstrated its
evident fluorescence intensity increased with increasing water fraction.
The UV-Vis curve and fluorescence curve of BBT in Figs. S4 and S5
showed that different solvents had no impact on the absorbance and
emission of BBT. Subsequently, utilizing the pH-controlled disassembly
and reassembly capability of HFn, BBT was encapsulated within the HFn
cavity. The morphology of HFn and HFn@BBT was illustrated in the
TEM images (Fig. 1a—c, and Fig. S6). Statistical TEM analysis (Fig. 1b-d)
reveals average lateral sizes of 11.84 + 0.80 nm and 10.88 + 0.93 nm,
respectively, indicating no significant change in the nanocage structure.
Absorption and emission spectra (Fig. le and f) exhibit broad bands,
peaking at 488 nm and 937 nm, respectively. This fluorescence
enhancement is further observed in Fig. 1f after BBT encapsulation. The
zeta potential of HFn@BBT in PBS is —16.03 mV (Fig. 1g), indicating no
significant change in charge after encapsulating BBT within the HFn
cavity. Photothermal experiments demonstrate temperature increases to
32.8 °C and 49.3 °C for 10 pg/mL and 200 pg/mL HFn@BBT suspen-
sions, respectively, within 10 min (Fig. 1h). Under the same conditions,
the temperatures reached by HFn@BBT +1.0 W/cm? and HFn@BBT

Scheme 1. Schematic representation of ferritin-nanocaged aggregation-induced emission nanoaggregates, that is for NIR-II fluorescence-guided noninvasive,
controllable male contraception. Human heavy chain ferritin (HFn), BBTDT-BT-TPA (BBT), transferrin receptor 1 (TfR1), near-infrared II fluorescence (NIR-II FL).
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Fig. 1. (a) TEM image of HFn (scale bar = 50 nm). (b) Statistical analysis of the lateral sizes of HFn determined by TEM. (c)TEM image of HFn@BBT (scale bar = 50
nm). (d) Statistical analysis of the lateral sizes of HFn@BBT determined by TEM. (e) UV-Vis curve of HFn, BBT and HFn@BBT. (f) Fluorescence curve of HFn, BBT
and HFn@BBT. (g) Zeta potential of HFn, BBT and HFn@BBT. (h) Photothermal performance of HFn@BBT solutions at various concentrations. (i) Photothermal
performance of HFn@BBT solutions at different power densities. (j) Photothermal performance of the HFn@BBT solutions for five laser on/off cycles.

+0.8 W/cm? were 49.3 °C and 43 °C, respectively (Fig. 1i). The pho-
tothermal conversion efficiency of BBT and HFn@BBT was measured at
11.46% and 22.7%, respectively (Fig. S7). Furthermore, following un-
dergoing five cycles of temperature rise and fall, HFn@BBT displayed
consistent photothermal properties (Fig. 1j and Fig. S8), and there was
no significant change in the absorption value after storage for one week,
highlighting its reliability. These findings suggest that precise temper-
ature control can be achieved by adjusting the concentration of
HFn@BBT or laser intensity.

Following the confirmation of the in vitro photothermal performance
of HFn@BBT, the drug delivery capability of HFn@BBT to male repro-
ductive cells was evaluated. Previous research has demonstrated that
HFn nanocarriers possess the ability to traverse the BTB via the TfR1 in
Sertoli cells, facilitating drug delivery to the seminiferous tubules for
addressing various diseases [31]. To investigate the ability of HFn@BBT
to pass through the blood-testis barrier (BTB), an in vitro model of the
BTB was created by growing Sertoli cells in a Transwell plate. Once the
Sertoli cells had reached full confluence and eatablished a cellular wall
in the culture, FITC-HFn was introduced into the upper chamber and

incubated for various durations. Subsequently, both of the culture me-
dium in the apical and basal chambers were collected, and the fluores-
cence signal of FITC-HFn was measured (Fig. S9A). The signal intensity
from the bottom chamber’s medium was notably higher than that in the
control group, while significantly lower than the top chamber’s medium
(Fig. S9B). This result indicated the ability of HFn@BBT to pass through
the blood-testis barrier with the assistance of Sertoli cells. Additionally,
we investigated the internalization of HFn@BBT in various types of male
reproductive cells, including spermatogonia cells (GC-1 spg), Sertoli
cells (TM4), and testicular mesenchymal cells (TM3) [47]. The exami-
nation of cellular uptake was conducted using confocal laser scanning
microscopy (CLSM). Additionally, the expression of transferrin receptor
1 (TfR1), the native receptor for HFn, on the cell membranes of TM3,
TM4, and GC-1 spg cells, and its interaction with HFn@BBT, were
investigated by immunofluorescence. The immunostaining results
(Fig. 2) demonstrated the widespread expression of TfR1 in various cell
types, including TM3, TM4, and GC-1 spg cells. The uptake of HFn@BBT
by these cells was observed, and colocalization of FITC-HFn@BBT and
TfR1 indicated their interaction at the cell surface. To further confirm
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Fig. 2. The cellular uptake of FITC-HFn@BBT in TM3, TM4, and GC-1 spg cells by CLSM imaging. Transferrin receptor 1 (TfR1) monoclonal antibody was utilized,
and it was followed by the application of an Alexa Fluor 555 secondary antibody. The excitation wavelength of the fluorescence spectrum includes 405 nm, 488 nm,
and 553 nm for DAPI, FITC, and Alexa Fluor 555, respectively. The scale bar in the image represents 20 pm.

the capability to deliver BBT, we incubated two other materials as
control groups to validate its delivery ability. The results indicated that
HFn exhibited a higher ability to deliver BBT into the cells compared to
bovine serum albumin (BSA) and PEG-DSPE (Figs. S10-12), consistent
with the cellular uptake of HFn@BBT. To explore the intracellular dis-
tribution of HFn@BBT, we examined its localization with several or-
ganelles, including the endoplasmic reticulum (ER), lysosome (Lyso),
and mitochondria (Mito). As shown in Figs. S13-15, HFn@BBT dis-
played strong colocalization with ER and Lyso, but weak colocalization
with Mito. Additionally, flow cytometer measurements of the cellular
uptake of HFn-FITC by GC1-spg cells further validated that HFn effec-
tively delivered functional molecules into the cells (Fig. S16). To explore
the impact of temperature on cells, we assessed the viability of GC-1 spg
cells cultured at various temperatures for 10 min. At 40 °C, the viability
of GC-1 spg cells decreased slightly and recovered after some time, while
the viability sharply decreased when cultured at 45 °C and did not
recover again, demonstrating that the photothermal effect of HFn@BBT
under such conditions is sufficient to kill cells (Fig. S17). Furthermore, to
assess the effect of mild hyperthermia treatment, we examined the
change in heat shock protein (HSP) levels. In comparison with the PBS
group, the expression of HSP70 was notably enhanced when treated
with HFn@BBT and NIR laser radiation (Fig. S18), indicating that mild
hyperthermia treatment increased the HSP expression.

To explore the potential of the HFn@BBT noninvasive delivery
platform in an actual living organism, animal assays were conducted to
confirm the promising in vitro findings. The biodistribution study uti-
lized an in vivo imaging system that harnessed the inherent fluorescence
of HFn@BBT. As depicted in Fig. 3a, free injected HFn@BBT mainly
accumulated in the liver, with reduced fluorescence observed on the

48th hour. Moreover, HFn@BBT exhibited progressively enhanced
fluorescence signals at the testicle site within 24 h post-injection, with a
slight decrease on the 48th hour. Therefore, the 24-h time point was
selected for laser irradiation. A semi-quantitative approach was
employed to quantify the accumulation of HFn@BBT in the testicles by
measuring average fluorescence signals. Mice were euthanized at
different time intervals (0, 3, 12, 24, and 48 h) subsequent to the in-
jection of HFn@BBT. After excised the testicles, ex vivo fluorescence
images were obtained and then quantified for an analysis purpose
(Fig. 3b, ¢, and S19). In addition, semi-quantitative biodistribution
analysis in Fig. S20 indicated that approximately 3.86% of HFn@BBT
could be delivered into the testis. The results, consistent with the in vivo
imaging, further substantiated the targeted delivery of HFn@BBT to the
testicle sites. Subsequently, the in vivo photothermal effects of HFn@BBT
on testicular heating were investigated. Testes injected with PBS or
HFn@BBT were subjected to 808 nm laser irradiation for 10 min.
Infrared cameras were employed to measure temperature changes
within the testes, with laser intensity controlling the heating extent. The
groups were labeled as PBS, PBS +0.8 W/cm? PBS +1.0 W/cm?
HFn@BBT, HFn@BBT (40 °C), and HFn@BBT (45 °C). As depicted in
Fig. 3d, in both the PBS and HFn groups, the testes maintained a con-
stant average temperature of 30.4 °C. However, in mice treated with PBS
+0.8 W/cm?, PBS +1.0 W/cm?, HFn@BBT (40 °C), and HFn@BBT
(45 °C), the temperature of the testes rapidly increased within the first
minute and then exhibited slight fluctuations, ultimately reaching 36,
38, 40, and 45 °C, respectively (Fig. 3e). These findings suggest that
HFn@BBT possesses precise photothermal effects able to generating
heat within the testes. The mice treated were carefully monitored and
euthanized at appropriate time points for further research purposes.
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Fig. 3. (a) The mice exhibited noninvasive imaging results using NIR-II fluorescence at different time points after HFn@BBT injection are shown. The testis regions
are indicated with a white dotted line. (b) The mice exhibited noninvasive imaging results using NIR-II fluorescence after HFn@BBT injection are shown. HFn@BBT
distribution in mice testes at various time points. (c) Semi-quantitative biodistribution analysis of HFn@BBT in experimental mice testes, evaluated based on the
average intensity of fluorescence in (b). (d) Images of thermal infrared capturing mouse testes administered with different treatments, subjected to 808 nm laser,
captured at various time intervals. (e) Temporal changes in testicular temperature were observed in mice treated with the specified interventions. The experimental

mice received intravenous injections of HFn@BBT at a dose of 50 mg/kg.

The contraceptive efficacy of HFn@BBT treatment was evaluated by
assessing testicular function, spermatogenesis, and fertility. Four groups
were included: PBS, HFn@BBT, HFn@BBT (40 °C), and HFn@BBT
(45 °C). The euthanized mice that received treatment were analyzed by
dissecting and weighing their testes and epididymides at 7, 30, and 60
days. As expected, at 7 days post-treatment, the testes in the HFn@BBT
(40 °C) and HFn@BBT (45 °C) groups exhibited shrinkage and lower
weight compared to the PBS and HFn groups, indicating partial
destruction (Fig. 4a and Fig. S21). In the epididymis index, no notable
variation was detected across the different groups, as depicted in

Fig. S21. In the seminiferous tubules of the HFn@BBT (40 °C) group at 7
days, histological analysis revealed degeneration of spermatocytes and
spermatozoa. At 30 and 60 days, the observations demonstrated gradual
restoration of spermatogenesis, suggesting reversible inhibition of
spermatogenesis. In contrast, the HFn@BBT (45 °C) group showed
continued degeneration at 30 and 60 days, indicating irreversible inhi-
bition (Fig. 4b). The histological evaluation of the epididymis at 7 days
following treatment with HFn@BBT (40 °C) demonstrated the absence
of sperm. However, at 60 days, the presence of sperm was observed, as
illustrated in Fig. 4c. At 7 days post-treatment with HFn@BBT (40 °C),
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Fig. 4. (a) Testes images captured at 7, 30, and 60 days, with a scale of 5.0 mm. (b) Cross-sections of testicular tissue stained with H&E on the 7th, 30th, 60th day,
the scale is 50 pm. (c) Cross-sections of epididymis stained with H&E at 7, 30, and 60 days, with a scale of 50 pm. (d) Every average pup count per pregnant female
was calculated at 7 and 60 days after treatment, with a total of 5 samples. “NU" denotes none.

fertility indices dropped to 0, but gradually recovered to approximately
80% after 60 days, as depicted in Fig. 4d and Fig. S22. Importantly, no
meaningful distinction was noticed in the fertility index between the
HFn@BBT (40 °C) group and the control group, as shown in Fig. S22.
Furthermore, no morphological abnormalities were detected in the
offspring, and the number of pups in each group was similar. These
results demonstrate that HFn@BBT (40 °C) treatment caused reversible
testicular destruction and temporary inhibition of spermatogenesis,
resulting in reversible male contraception.

After demonstrating the promising noninvasive and controllable
male contraception effects of HFn@BBT, it was crucial to assess their
toxicity. Initially, the cytotoxicity was evaluated in TM3, TM4, and GC-
1spg cells using a CCK-8 assay (Fig. S23). As anticipated, HFn@BBT
exhibited minimal cytotoxicity even at a higher concentration of 100
mg/L following 24 h of co-cultivation with TM3, TM4, and GC-1 spg
cells, suggesting outstanding biocompatibility. In vivo evaluation of
systemic toxicity was conducted. The exceptional biosafety of HFn@BBT
was further corroborated by the H&E staining images of vital organs, as
illustrated in Fig. S24. Additionally, blood routine tests revealed no
significant toxicity, as all data from the treatments stayed within the
normal limits, as shown in Fig. S25. Blood biochemical indicators also
demonstrated no significant kidney and liver toxicity (Figs. 526-27).
Furthermore, throughout the duration of the experiment, no abnormal
or stressful behaviors were observed during daily monitoring of the
mice. No noticeable disparities in body weight were detected during the
entire duration of the study, as illustrated in Fig. S28. To study the
removal time of nanoparticles, we studied the amount of the

nanoparticles in the plasma at different time points. According to
Fig. S29, it takes approximately 60 h for the nanoparticles to be
completely eliminated from the body after intravenous injection. In
summary, the ferritin-nanocaged aggregation-induced emission nano
aggregates for noninvasive guidance using NIR-II fluorescence and
controllable strategy not only demonstrated excellent male contracep-
tion effects but also exhibited negligible toxicity.

3. Conclusion

In summary, this study demonstrates the potential of utilizing human
heavy chain ferritin (HFn) nanocarriers loaded with aggregation-
induced emission luminogens (AIEgens) for noninvasive and control-
lable male contraception guided by NIR-II fluorescence imaging. By
delivering HFn-caged AlEgens (HFn@BBT) intravenously and activating
them with NIR irradiation, this study achieves targeted contraception.
Mild hyperthermia treatment leads to partial injuries to the testes and
seminiferous tubules, resulting in decreased fertility indices of 0% on the
7th day that recover to 80% on the 60th day. Furthermore, the use of
AlEgens in NIR-II imaging enhances fluorescence efficiency and accu-
racy. These findings hold promise for the development of safe and
effective male contraceptive methods, addressing the need for nonin-
vasive and controllable approaches to reproductive health and popula-
tion control in animal populations. Further research and development in
this field have the potential to make significant contributions to male
contraception, as well as support broader objectives related to repro-
ductive health and population control initiatives.
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This study explores the utilization of ferritin-nanocaged aggregation-
induced emission nanoaggregates for NIR-II fluorescence-guided
noninvasive, controllable male contraception. It investigates the po-
tential of human heavy chain ferritin (HFn) as a nanocarrier for targeted
testicular delivery. The study aims to achieve reversible male contra-
ception using mild testicular hyperthermia and NIR-II imaging guid-
ance. The findings contribute to the development of effective and
noninvasive methods for male contraception.
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