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Composition-Reinforced Polydopamine Nanoenzyme for
Improved Impairment of Prostatitis-Damaged Sexual
Behavior and Enhanced Anti-Prostate Cancer

Keyi Wang, Weipu Mao, Xinran Song, Wei Feng,* Guangchun Wang, Tao Zhang,
Tianyuan Xu, Ming Chen, Yu Chen,* and Bo Peng*

Inflammation is pivotal in the pathogenesis and progression of the most
challenging diseases and even cancer. Nanomedicine-based strategy can be
referred as a distinct solution to this complicated clinical obstacle by
proposing an elaborated combination of effective therapeutic performances
on inflammation and cancer. Herein, 2,2,6,6-tetramethylpiperidine-1-oxyl
doped polydopamine nanoparticles, termed as TPDA NPs, with the
significantly improved reactive oxygen/nitrogen species (RO/NSs) scavenging
performance and enhanced photothermal efficiency are designed and
synthesized by constructing donor-acceptor pairs, for prostate diseases
treatment including anti-inflammation and anti-tumor. Benefiting from
mimicking multi-natural enzymes, including superoxide dismutase, catalase,
peroxidase, and glutathione peroxidase, TPDA NPs can inhibit the NF-𝜿B
signaling pathways by downregulating the CD36 expression for the treatment
of oxidative stress-induced prostatitis. Especially, TPDA NPs can improve the
prostatitis-associated impairment of sexual behavior. By virtue of the
enhanced photothermal-conversion efficiency, TPDA NPs ablate prostate
cancer and simultaneously decrease inflammatory reaction. Therefore, this
work provides a “three birds with one shot” paradigm to utilize rationally
designed TPDA NPs for efficient management of prostate diseases.

1. Introduction

Prostatitis is one of the most common diseases worldwide, which
causes male health problems and adversely affects fertility.[1]
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Chronic prostatitis as the third type of pro-
statitis, is the most common classification
accounting for more than 90% of patients
with prostatitis, with a prevalence of 8.2%
globally.[2] Activation of inflammatory re-
actions happened to the prostate induces
the elevated expression of various inflam-
matory factors, such as interleukin-1 beta
(IL-1𝛽) and tumor necrosis factor-alpha
(TNF-𝛼), resulting in the outbreak of re-
active oxygen/nitrogen species (RO/NSs),
which is an important pathogenic mech-
anism related to the clinical symptoms.[3]

Notably, long-term exposure to excessive
oxidative stress and RO/NSs overgener-
ation increases mutagenesis probability
and facilitates epigenetic alteration in the
prostate, leading to prostatic intraepithe-
lial neoplasia and prostate cancer (PCa).[4]

Moreover, inflammation plays a central
role in some challenging diseases, espe-
cially cancer. Prostate cancer is the sec-
ond most common cancer among men
worldwide, with an incidence rate of 6.3
to 83.4 per 1 million men in various
regions.[5] Since the early 1990s, the inci-
dence of PCa has spiked to all-time highs

and has plateaued recently. As the third-leading cause of death
in men threatening long-term health and social homeostasis,[6]

various treatment strategies for improving the survival rate
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of PCa are highly desirable. Especially, to ensure therapeutic
effectiveness and avoid various potential risks, simultaneous
treatment of prostatitis and PCa is really challenging. However,
the current therapies of anti-inflammation and anti-tumor would
induce adverse side effects in the clinic. Immune modulators
may also result in unpredictable systemic immune responses.
Therefore, innovative and safe alternatives are required for the
simultaneous treatment of prostatitis and PCa to ensure thera-
peutic effectiveness and avoid various potential risks.

The components of RO/NSs, such as hydroxyl (•OH), super-
oxide (O2

•−), hydrogen peroxide (H2O2), nitric oxide (NO•), and
peroxynitrite (ONOO−), could disrupt the balance of redox reac-
tion and promote the outbreak of inflammatory factors, incor-
porating in the progression of various diseases, including in-
flammation, cancer, and neurodegenerative diseases.[7] Oxida-
tive stress in prostate gland tissue could lead to the outbreak
of RO/NSs, which are directly involved in the pathological pro-
cess of prostatitis and PCa. It is confirmed that prostatitis pro-
motes cancer formation by inflammation-related epigenetic al-
terations through RO/NSs.[4,8] Meanwhile, studies have shown
that RO/NSs also play an essential role in male reproductive
health.[9] All these studies have established that RO/NSs, as es-
sential promoters, participate in the development and progres-
sion of prostate diseases. With the continuous development of
nanotechnology, RO/NSs-based nanomedicine has made signifi-
cant progress. Various nanomaterials with intrinsic enzyme-like
characteristics, defined as nanozymes, have been synthesized to
eliminate RO/NSs and treat multiple diseases,[7c,10] which ex-
hibits the advantages of high catalytic activity, high stability, low
cost, and easy to mass produce. Especially, the emergence of
nanozyme has provided novel ideas for the treatment of various
diseases by eliminating RO/NSs.[11] These nanomaterials can
mimic first-line defense antioxidizes involving superoxide dis-
mutase (SOD), catalase (CAT), and glutathione peroxidase (GPx)
to efficiently reduce RO/NSs and restore the redox balance with
the long-lasting and stable catalytic activity. Therefore, we en-
visage that the effective elimination of RO/NSs through multi-
functional nanomaterials could alleviate the symptoms associ-
ated with inflammation and inhibit prostatitis, further protecting
male fertility and preventing tumor generation.

Clinically, engineered 2,2,6,6-tetramethylpiperidine-1-oxyl
(TEMPO) derivative has been applied in the prevention of
radiation-induced toxicities and treatments of cardiovascular
disease based on its SOD-like ability.[12] Inspiringly, herein,
we propose reinforced polydopamine nanoparticles, termed
as TPDA NPs, with the incorporation of TEMPO via a green
one-step strategy to perform the anti-inflammation and anti-
tumor function in prostate diseases. The introduction of TEMPO
assisted in the construction of donor-acceptor pairs to improve
the RO/NSs-scavenging ability and enhance the photothermal
efficiency of traditional polydopamine NPs. They functioned
as the multienzyme mimetics to effectively eliminate excess
RO/NSs and further served as a robust photothermal agent to
ablate cancer cells in tumor progression. RO/NSs overexpres-
sion was significantly scavenged through the multienzymes
mimicking ability of TPDA, including SOD, peroxidase (POD),
CAT, and GPx, further contributing to the protection of mito-
chondrial function and inhibition of inflammatory factors in
mediating prostatitis through inhibiting the NF-𝜅B signaling

pathways based on the downregulation of the CD36 expression.
The inflammation-regulating activity of TPDA NPs further
contributed to the recovery of fertility and sexual activities in
experimental autoimmune prostatitis (EAP) rats. Additionally,
TPDA NPs mediated antiinflammation and photothermal ther-
apy (PTT) suppressed the tumor growth in vivo and assisted in
restraining potential carcinogenesis in the prostate after long-
term inflammation. Therefore, the rationally developed TPDA
NPs not only feature the robust RO/NSs-scavenging capability,
improved photothermal efficiency, and excellent biocompatibil-
ity, but also function as anti-inflammatory and anti-tumor agents
with a prominent therapeutic effect for the treatment of prostate
diseases (Figure 1).

2. Results and Discussion

2.1. Characterization of TPDA NPs

Traditional PDA NPs were prepared by the oxidative self-
polymerization of dopamine (Figure 2a). Designed TPDA NPs
were fabricated by using a facile and green one-pot TEMPO-
mediated radical polymerization of dopamine (Figure 2a). Trans-
mission electron microscopy (TEM) images demonstrated the
well-dispersed spherical shape of TPDA and PDA NPs (Figure 2b;
Figure S1, Supporting Information). The average hydrodynamic
diameters of TPDA and PDA NPs are nearly the same around
200 nm, which is measured by dynamic light scattering (DLS)
(Figure S2, Supporting Information). There are no obviously
changes to the size at different time points, confirming the stabil-
ity and dispersibility of TPDA NPs (Figure S3, Supporting Infor-
mation). Energy dispersive X-ray spectrometry (EDS) elemental
mapping images show the uniform distribution of C, N, and O
elements in the TPDA NPs (Figure 2c). In the X-ray photoelec-
tron spectroscopy (XPS) analysis, the peaks of C 1s, O 1s, and
N 1s are observed in the survey spectra of TPDA and PDA NPs
(Figure 2d; Figure S4, Supporting Information). The typical high-
resolution XPS spectra of C 1s mainly contain three kinds of car-
bon bonds, including sp3─C (C─C) at 285 eV, C═O at 288 eV,
and C─O/C─N at 286 eV (Figure 2e; Figure S4, Supporting In-
formation). Meanwhile, in the N 1s spectra, the peaks at 400 and
399 eV are assigned to C─N─C (pyrrolic nitrogen) and N─O, re-
spectively (Figure 2f), with the detailed N─O peak that was not
exhibited in the PDA NPs (Figure S5, Supporting Information),
revealing the presence of TEMPO and pyrrolic ring. Moreover,
the peaks in the O 1s region at 532 and 533 eV are corresponding
to C═O and C─O/N─O (Figure 2g; Figure S5, Supporting Infor-
mation), respectively. Compared with PDA NPs, a new character-
istic peak at 1380 cm−1 in the Fourier transform infrared (FTIR)
spectra of TPDA NPs is indexed to the N─O stretching vibrations
of TEMPO (Figure S6, Supporting Information). Meanwhile, the
Raman spectra of PDA and TPDA NPs show that the broad bands
at 1350 and 1580 cm−1 are attributed to the stretching vibrations
of hexagonal carbon rings in dopamine (Figure S7, Supporting
Information). Like PDA NPs, the Zeta potential value of TPDA
NPs is −30.1 mV, suggesting excellent stability and dispersity in
solution due to the electrostatic repulsion (Figure S8).

Additionally, the blackness of TPDA NPs dispersion is much
more obvious than that of PDA NPs dispersion at the same
concentration, indicating that TPDA NPs possess stronger light
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Figure 1. Schematic illustration of TPDA NPs against prostate diseases involving prostatitis, sexual injury, and prostate cancer, where TPDA NPs are
prepared through a green one-step strategy, exhibiting narrower bandgap, boosted anti-oxidative ability, improved light absorption capacity, and enhanced
photothermal conversion efficacy compared to traditional PDA NPs.

absorption performance than traditional PDA NPs (Figure S9,
Supporting Information), which is further validated in the
ultraviolet-near-infrared (UV-vis-NIR) absorbance spectra
(Figure 2h). Importantly, the strong optical absorption capacity
represents robust photothermal-conversion performance for
nanomedicine. Meanwhile, the UV-vis-NIR absorption of TPDA
dispersion varies little at different time points, further confirm-
ing the stability of TPDA NPs (Figure S10, Supporting Informa-
tion). It is supposed that two pathways might follow the forma-
tion of TPDA NPs. In the first pathway, dopamine is oxidized by
TEMPO to form dopamine-quinone, which leads to the interme-
diate generation of 5,6-indolequinone following the stages of in-
tramolecular cyclization, oxidation to leucodopaminechrome and
isomerisation to 5,6-dihydroxyindole[13] (Figure 2i). In the sec-
ond pathway, TEMPO molecule is attached to the benzene ring
of dopamine to form dopamine-TEMPO and then rearranged
into 5,6-dihydroxyindole-TEMPO, which subsequently converts
into the intermediates including (5,6-dihydroxyindole)2-TEMPO
and/or (indole-5,6-quinone)2-TEMPO. Finally, all the interme-

diates involving 5,6-dihydroxyindole, (5,6-dihydroxyindole)2-
TEMPO, and/or (indole-5,6-quinone)2-TEMPO are copolymer-
ization to form the cross-linked macromolecular structure for
TPDA NPs.

2.2. RO/NSs-Scavenging Activities of TPDA NPs

Next, we compared the total antioxidant capacity (TAC) be-
tween PDA and TPDA NPs using the typical 2,2′-azino-di
(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS) assay, which
is expressed as Trolox equivalents. TAC is an analyte widely
applied in the assessment of the antioxidant status existing in
biological samples, which could measure the antioxidant ability
towards free radicals.[14] An obvious concentration-dependent
TAC value increase is observed in both PDA and TPDA NPs.
Notably, compared with PDA NPs, TPDA NPs are gifted with
much stronger ROS scavenging ability at the same concen-
tration, suggesting that TEMPO-mediated polymerization can
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Figure 2. Characterization and RO/NS elimination performance of TPDA NPs. a) Schematic illustration of TPDA and PDA NPs preparation. b) TEM
image of TPDA NPs. c) Scanning transmission electron microscopy (STEM) images with EDS mapping of C, N, and O elemental signals of TPDA NPs.
d) XPS survey spectrum of TPDA NPs. High-resolution XPS spectra of e) C 1s, f) N 1s, and g) O 1s of TPDA NPs. h) UV-vis-NIR absorption spectra of
PDA and TPDA NPs dispersion. i) Steps of TPDA NPs formation by dopamine oxidation. j) Total antioxidative capacity of PDA and TPDA NPs (n = 3
for each group). k) SOD-like activity of TPDA NPs (n = 3 for each group). l) CAT-like ability of TPDA NPs (n = 3 for each group). m POD-like activity of
TPDA NPs (n = 3 for each group). n) GPx-like ability of TPDA NPs (n = 3 for each group). o) ESR spectra demonstrating O2

•− elimination for TPDA NPs.
p) ESR spectra demonstrating •OH elimination for TPDA NPs. q) ESR spectra demonstrating ONOO− elimination for TPDA NPs. r RNS scavenging
ability of TPDA NPs using DPPH• assay. s) ONOO− scavenging ability of TPDA NPs. t) Schematic illustration of RO/NSs-scavenging activities of TPDA
NPs. Data presented as mean± SD, and asterisks indicated significant differences (*p < 0.05, ***p < 0.001, and ****p < 0.0001) as compared with the
control group using one-way analysis of variance (ANOVA).

improve the antioxidative level of PDA NPs, which contributes
to the inflammation-mediating performances (Figure 2j). Subse-
quently, a series of representative antioxidant enzyme-mimetic
activities of TPDA NPs were investigated. Superoxide dismutase
(SOD) can promote the decomposition of O2

•− to H2O2, which
is essential in maintaining intracellular redox homeostasis.

Since scavenging O2
•− is the initial step of the anti-ROS cascade

reaction, we initially focused on the SOD-like activity of TPDA
NPs utilizing 2-(2-methoxy-4-nitrophenyl)−3-(4-nitrophenyl)−5-
(2,4-disulfophenyl)−2H-tetrazolium sodium salt (WST-8) as an
indicator. The results show that the percentage of produced
formazan is decreased obviously in the presence of TPDA NPs,
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which is in a concentration-dependent manner, uncovering the
SOD-like activity of TPDA NPs (Figure 2k).

Afterward, because H2O2 is important among biologically rel-
evant ROS,[15] the catalase (CAT)-like activity of TPDA NPs is
explored by converting H2O2 to H2O/O2 and detecting O2 gen-
eration. The result demonstrates the enhancement of O2 con-
tent with the extension of time after the addition of TPDA NPs
(Figure 2l). Besides, the peroxidases (POD)-like activity of TPDA
NPs is confirmed by choosing 3,5,3′,5′-tetramethylbenzidine
(TMB) as the chromogenic substrate (Figure 2m). It is notewor-
thy that TPDA only exhibits POD activity in acidic conditions,
nearly inactive in neutral and alkaline environments (Figure S11,
Supporting Information), which is consistent with the previ-
ously reported nanozyme with POD-like activity.[16] Additionally,
TPDA NPs are also featured with glutathione peroxidase (GPx)
mimetic activity by oxidizing the reduced glutathione and scav-
enging H2O2 (Figure 2n). Taken together, TPDA NPs can mimic
the activity of oxidoreductases such as SOD, CAT, POD, and GPx
(Figure S12a, Supporting Information). Moreover, electron spin
resonance (ESR) detection was carried out to further identify that
TPDA NPs could effectively scavenge RO/NSs, including O2

•−,
•OH, and ONOO− (Figure 2o–q). Apart from ROS, reactive ni-
trogen species (RNS) overgeneration can result in oxidative dam-
age. Consequently, the RNS-eliminating capability of TPDA NPs
was verified by employing 1,1-diphenyl-2-picrylhydrazyl radical
(DPPH•) assay (Figure 2r; Figure S12b, Supporting Informa-
tion). Furthermore, TPDA NPs exhibit benign ONOO− scaveng-
ing activity with evidence of absorption peak diminishment at
300 nm (Figure 2s; Figure S12c, Supporting Information). These
anti-oxidative performances originate from the formation of
quinone (3,5-di-tert-butyl-1,2-benzoquinone) which could react
with radicals through the H-atom transfer mechanism.[17] It has
been proved that the building block in PDA formation, indole-
5,6-quinone-5,6-dihydroxyindole dimer, exhibited high reactiv-
ity toward hydroperoxyl radicals (HOO.), through trapping these
radicals with the semiquinones and catechol groups. Meanwhile,
TEMPO, functioning as the radical trapping agent, can promote
the oxidative reaction through the plasmon coupling and elec-
tron transfer which further contributes to the anti-oxidative per-
formances of TPDA NPs.[18] Therefore, the engineered biocom-
patible TPDA NPs feature prominent RO/NSs-scavenging ability
response to various oxidative stress (Figure 2t).

2.3. Cytoprotection of TPDA NPs

Based on the satisfactory RO/NS-scavenging performance,
TPDA NPs are expected to protect cells against oxidative damage
(Figure 3a). The cytotoxicity of TPDA NPs was initially conducted
by using Cell Counting Kit-8 (CCK-8) assay, which exhibits the ex-
cellent cytocompatibility of TPDA NPs even at the high concen-
tration of 1000 μg mL−1 (Figure S13, Supporting Information).
Meanwhile, the red blood cell (RBC) hemolysis assay proves the
benign hemocompatibility of TPDA NPs (Figure S14, Supporting
Information). Besides, TPDA NPs can be internalized into the
lysosomes by cells through endocytosis (Figure 3b and Movie S1)
and function as protecting factors. This cellular uptake process
is also confirmed by the bio-TEM which was conducted in the
cells treated by the prepared TPDA NPs (Figure S15, Supporting

Information). Lipopolysaccharide (LPS) can significantly inhibit
RWPE-1 human prostate epithelial cell proliferation with a cell
viability of 57% (Figure 3c). On the contrary, compared with the
LPS group, TPDA NPs treatment can protect RWPE-1 cells from
LPS-mediated oxidative damage, which is in a concentration-
dependent manner. The cell viability is more than 80% following
the treatment of TPDA NPs at 200 μg mL−1 (Figure 3d). 5-ethynyl-
2′-deoxyuridine (EdU) participating in the formation of newly
synthesized DNA strands during cell replication is regarded as an
indicator of proliferation. It is worth noting that the remarkable
cell protective effect using TPDA NPs from LPS-induced cytotox-
icity is validated by EdU, flow cytometry analysis, and live/dead
co-staining (Figure 3e,f; Figure S16, Supporting Information),
in which LPS-mediated cell death may result from intracellular
RO/NS generation. After that, 2′,7′-dichlorofluorescein diacetate
(DCFH-DA) and 4-amino-5-methylamino-2′,7′-difluorescein di-
acetate (DAF-FM DA) staining assays were conducted to measure
intracellular RO/NS generation and identify the cytoprotective
mechanism. Strong RO/NS-related fluorescent signals are de-
tected in cells after LPS stimulation (Figure 3g). In contrast, weak
intracellular fluorescence is observed in TPDA NPs-treated cells,
demonstrating that TPDA NPs can significantly inhibit RO/NS
overproduction.

Mitochondria, as the main aerobic respiratory unit, are
susceptible to RO/NS imbalance, and excessive RO/NS could
cause irrecoverable mitochondrial dysfunction thus trigger-
ing cell death. Subsequently, we assessed the mitochon-
drial superoxide generation and mitochondrial membrane
potential (MMP) depolarization using MitoSOX mitochon-
drial superoxide indicator and 5′,6,6′-tetrachloro-1,1′,3,3′-
tetraethylbenzimidazolylcarbocyanine iodide (JC-1) dye under
confocal laser scanning microscopy (CLSM) examination. As
expected, TPDA NPs can effectively alleviate LPS-caused mito-
chondria superoxide, and protect mitochondrial viability from
MMP damage (Figure 3h). Given the significant anti-oxidative
properties, we explored the cytokines expression in vitro to
assess the anti-inflammation performance of TPDA NPs. In
the presence of TPDA NPs, the expression of pro-inflammatory
cytokines containing interleukin-1𝛽 (IL-1𝛽), interleukin-6 (IL-6),
and tumor necrosis factor-𝛼 (TNF-𝛼), are distinctly dimin-
ished, revealing the anti-inflammatory effects of TPDA NPs
(Figure 3i). Additionally, the expression of interleukin-10 (IL-10),
an anti-inflammation cytokine, is elevated during the TPDA
NPs treatment, which mitigates LPS-mediated inflammation
(Figure 3i). All these results comprehensively uncover the
distinguished cytoprotection capability of TPDA NPs through
efficiently scavenging overexpressed RO/NSs, thereby dimin-
ishing inflammation and showing high potential in acute and
chronic prostatitis therapy.

We further conducted RNA-sequencing to elucidate the molec-
ular mechanisms underlying the TPDA NPs-based treatment
(Figure 4a). There are 407 significantly differentially expressed
genes (DEGs) between LPS group and LPS + TPDA NPs group,
with 269 DEGs upregulated and 138 DEGs downregulated in the
LPS + TPDA NPs group (Figure 4b; Figure S17, Supporting In-
formation). Based on the total DEGs, we performed the Kyoto En-
cyclopedia of Genes and Genomes (KEGG) and Gene Ontology
analysis (Figure 4c). TPDA NPs treatment could alter the gene
enrichment in response to interferon, cytokine receptor binding,
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Figure 3. Anti-oxidation in vitro and cytoprotection of TPDA NPs. a) Schematic illustration of the cytoprotective performance of TPDA NPs. b) Cellular
internalization of TPDA NPs through endocytosis. c) TPDA NPs protect RWPE-1 cells from LPS-induced oxidative stress (n = 4 for each group). d) TPDA
NPs inhibit ROS overgeneration from LPS-induced cell damage (n = 4 for each group). e) CLSM images after EdU staining following different treatments.
f) Flow cytometry analysis of cells after different treatments using apoptosis detection kit. g) CLSM images of RWPE-1 cells after different treatments
stained with DCFH-DA and DAF-FM DA. h) CLSM images of RWPE-1 cells after different treatments stained by MitoSOX and JC-1. i) Inflammatory
factors including IL-1𝛽, IL-6, TNF-𝛼, and IL-10 expression changes in RWPE-1 cells after different treatments (n = 3 for each group). Data presented as
mean± SD, and asterisks indicated significant differences (**p < 0.01 and ***p < 0.001) as compared with the control group using one-way analysis of
variance (ANOVA).

cytokine-cytokine receptor interaction, and membrane region,
which confirms that the TPDA NPs significantly improve the
cellular defenses towards LPS-induced oxidative stress. Subse-
quently, the detailed KEGG annotation is presented (Figure 4d),
indicating that TPDA NPs can enhance the immune response
to oxidative damage, which is also confirmed by the Gene Set
Enrichment Analysis (GSEA) (Figure S18, Supporting Informa-
tion). Meanwhile, Gene Ontology analysis exhibits that inflam-
matory responses to LPS-induced damages are augmented in the
TPDA NPs treatment group (Figure 4e). The transcription factors
(TFs) related to the DEGs were further analyzed to assess the cel-
lular gene changes after the TPDA NPs treatment (Figure 4f).
It is found that most DEGs are regulated by NF-𝜅B1, indicat-
ing its involvement in cellular protection upon the TPDA NPs
treatment. The enriched chord diagram of DEGs involves regulat-
ing NF-𝜅B signaling, response to external stimulus, and immune

system process, which is applied in the screening process to con-
centrate on the vital functional DEG in the TPDA NPs treatment
(Figure 4g). It could be inferred that, among the analyzed DEGs,
CD36 (cluster of differentiation 36) could regulate the nuclear fac-
tor (NF)‑𝜅B signal pathway.[19] TPDA NPs not only effectively de-
crease the overexpression of CD36 mRNA (Figure S19, Support-
ing Information), but also inhibit the expression of CD36 pro-
tein and NF-𝜅B signal pathway-related proteins such as p65, p-
p65, ikB, and p-ikB (Figure S20, Supporting Information), which
is confirmed by mRNA expression and western blot analysis,
demonstrating that TPDA NPs can target CD36 to regulate NF-
𝜅B signaling pathway for anti-inflammation. CD36, a scavenger
receptor, has been considered as the promotor of inflamma-
tory stress through stimulating nuclear translocation and phos-
phorylation of p65, further activating the NF‑𝜅B pathway.[19d]

Meanwhile, IkB phosphorylation participates in NF‑𝜅B pathway

Adv. Funct. Mater. 2024, 2313528 © 2024 Wiley-VCH GmbH2313528 (6 of 15)
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Figure 4. Anti-oxidative mechanisms of TPDA NPs-treated LPS-induced inflammation. a) Schematic illustration of RNA sequencing. b) Volcano plots
exhibiting the up or down-regulation DEGs in this sequencing results. c) Gene Ontology and KEGG analysis of the DEGs in the LPS-treated RWPE-1
cells with or without TPDA NPs protection. d KEGG annotation of the total DEGs. e) Gene Ontology clusters based on the total DEGs in the LPS-treated
RWPE-1 cells with or without TPDA NPs protection. f) Analyzation of the TFs in the DEGs regulation. g) Enriched chord diagram of the Gene Ontology
analyses. h) Western blot analysis of CD36, p65, p-p65, ikB, and p-ikB in REPE-1 cells after different treatments.

activation in a variety of disease states through binding with
NF‑𝜅B 1 to form functional protein complexes. TPDA NPs func-
tion as the CD36 inhibitor that could regulate the NF‑𝜅B sig-
nal pathway and eliminate inflammatory damage in response
to oxidative stress. Furthermore, following an NF-𝜅B signaling
pathway activator phorbol-12-myristate-13-acetate (PMA) stimu-
lation, levels of CD36, p65, p-p65, ikB, and p-ikB are reduced in
TPDA NPs-treated cells (Figure 4h; Figure S21, Supporting Infor-
mation), further consolidating the finding that TPDA NPs regu-
late the NF-𝜅B signaling pathway by targeting CD36.

2.4. TPDA NPs Against Prostatitis In Vivo

Ahead of disease treatment, we next assessed the in vivo toxicity
of TPDA NPs to confirm their biocompatibility. Hematoxylin &

eosin (H&E) stained the main organs, including the heart, liver,
spleen, lung, and kidney, which revealed no notable morpho-
logical defects in the TPDA NPs group, demonstrating excellent
biocompatibility of TPDA NPs (Figure S22, Supporting Informa-
tion). All the serum tests, including the number of red blood cells,
white blood cells, and platelets, further prove that TPDA NPs in-
jection i.v. leads to no obvious damage to the hematopoietic and
immune systems in vivo (Figure S23–S25, Supporting Informa-
tion).

LPS-induced acute prostatitis models were next established
to assess the anti-inflammation activity of TPDA NPs in vivo
(Figure 5a).[20] Eighteen ICR mice were randomly divided into
three groups: control, LPS, and LPS + TPDA NPs group. During
7 days of observation, LPS-induced prostatitis mice display a de-
creased body weight. Notably, the body weight is improved after
TPDA NPs treatment (Figure S26, Supporting Information). LPS
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Figure 5. Acute prostatitis treatment based on TPDA NPs in vivo. a) Schematic illustration of acute prostatitis model establishment and treatment
schedule. b) H&E staining images of the prostate after different treatments. c) Corresponding quantitative analysis of CD36 expression in different
groups (n = 3 for each group). Relative expression analysis of d Ki67 positive cells, e) F480 positive cells, and f 3-nitrotyrosine in different groups (n = 3
for each group). g) Immunohistochemical staining images and relative expressions of IL-1𝛽, IL-6, TNF-𝛼, and IL-10 in different groups (n = 3 for each
group). Data presented as mean± SD, and asterisks indicated significant differences (*p < 0.05, **p < 0.01 and ***p < 0.001) as compared with the
control group using one-way analysis of variance (ANOVA).

results in prostatitis and significantly increases the alveolar hy-
perplasia and immune cell infiltration in the gland lumen based
on the H&E staining results, whereas the symptoms can be effec-
tively alleviated in the mice treated with TPDA NPs (Figure 5b).
Furthermore, CD36 expression decreases to the normal level af-
ter TPDA NPs treatment (Figure 5c; Figure S27, Supporting In-
formation). Moreover, prostatitis alleviation is demonstrated with
an inhibited positive ratio of proliferating cells stained with Ki67
(Figure 5d; Figure S27, Supporting Information). Besides, the in-
creased macrophages which were marked by F480, can be inhib-
ited by TPDA NPs in vivo (Figure 5e; Figure S27, Supporting
Information). Furthermore, nitrotyrosine staining, a biomarker
of peroxynitrite-caused nitration, was employed to evaluate the
level of oxidative damage. The nitrotyrosine expression is typi-
cally suppressed following TPDA NPs treatment (Figure 5f and
Figure S27, Supporting Information). Consistently, the expres-

sions of IL-1𝛽, IL-6, TNF-𝛼, and IL-10 are significantly decreased,
and the level of IL-10 is prominently augmented in the prostate
of TPDA NPs-treated prostatitis mice (Figure 5g).

2.5. Effect of TPDA NPs on Male Rats’ Sexual Behaviors

We further explored TPDA NPs treatment for chronic prostatitis
in the experimental autoimmune prostatitis (EAP) rat model,[21]

which was established through the subcutaneous administration
of prostate tissue homogenate supernatant (PTHS) and Freund’s
complete adjuvant (FCA) (Figure 6a). Compared with the con-
trol group, EAP rats after TPDA NPs treatment exhibit decreased
alveolar hyperplasia and declined proliferating cells in the gland
of the prostrate (Figure 6b; Figure S28, Supporting Informa-
tion). Meanwhile, the decreased IL-1𝛽, IL-6, and TNF-𝛼, along

Adv. Funct. Mater. 2024, 2313528 © 2024 Wiley-VCH GmbH2313528 (8 of 15)
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Figure 6. Inhibition of inflammatory injuries of EAP by TPDA NPs in vivo. a) Schematic illustration of anti-inflammation in EAP rats. b) H&E staining
of the prostate after different treatments. c) Expression changes of IL-1𝛽, IL-6, TNF-𝛼, and IL-10 in the penis after different treatments (n = 3 for each
group). d) Schematic illustration of fertility assessment in EAP rats. Examination results of e) erection rate, f) chasing time ratio, and g) mounting time
of the rats after different treatments (n = 3 for each group). h) Fertility index of male rats in the three subgroups (n = 3 for each group). i) Average
number of pups/pregnant females after different treatments (n = 3 for each group). j) Corresponding offspring in the three subgroups. Data presented
as mean± SD, and asterisks indicated significant differences (***p < 0.001) as compared with the control group using one-way analysis of variance
(ANOVA).

with the elevated IL-10 are detected following TPDA NPs treat-
ments (Figure S29, Supporting Information), demonstrating the
inflammation inhibition in the prostate of EAP rats. Additionally,
we investigated the inflammation in the penis. Although H&E
staining shows inapparent oxidative injury such as immune cell
infiltration in the penile tissues (Figure S30, Supporting Infor-
mation), the increased TdT-mediated dUTP Nick-End Labeling
(TUNEL) stained positive cells reveal the inflammatory damage
in penile tissues in EAP rats, which can be effectively reversed af-
ter TPDA NPs treatments (Figure S30, Supporting Information).
The inflammatory cytokine levels of IL-1𝛽, IL-6, TNF-𝛼, and IL-
10 tend to be normal, confirming the protective effects of TPDA
NPs (Figure 6c; Figure S31, Supporting Information).

Moreover, clinical and epidemiological results of CP/CPPS
show that EAP induces erectile dysfunction (ED) and impacts
fertility in rats.[21b,e,22] Next, a series of experiments were con-
ducted to estimate the effects of TPDA NPs treatment on sex-
ual behaviors (Figure 6d). It is exhibited that damaged sexual
behaviors of erectile function and mating performances exist in
EAP rats, which was improved following TPDA NPs treatment
(Figure 6e–g). The erection rate increases from ≈30% to ≈95%
after TPDA NPs treatments, indicating improved penile func-
tion after the inflammation mediation (Figure 6e). The chas-
ing time ratio and mounting time ratio are effectively improved
after TPDA NPs treatment, proving the higher sexual excite-
ment of mating (Figure 6f,g). We next assessed the reproductive
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ability of these mice. It is noteworthy that the fertility index of
EAP group decreased to ≈30% with nearly one-third EAP rats
successfully obtaining their offspring, which is effectively im-
proved after TPDA NPs treatment (Figure 6h). However, the
number of pups from the pregnant female rat was almost the
same in the three groups without observable defects in each
pup (Figure 6i,j). Besides, the pups exhibit similar weight after
two months of breeding, showing no morphological differences
(Figure S32, Supporting Information). Besides, an H&E exam-
ination of the testis and epididymis was conducted to evaluate
sperm production among the three subgroups. There is no de-
generation or disorder of spermatogenic cells including sperma-
tocytes and spermatozoa in the testis, and the mature sperms
show no differences in the epididymis (Figure S33, Supporting
Information). Furthermore, almost no difference in the morphol-
ogy, survival rate, and sperm motility are observed after different
treatments (Figure S34 and S35 and Movie S2–S4, Supporting
Information). These performances comprehensively confirm the
biocompatibility of TPDA NPs in vivo, which further promotes
the clinical translation of TPDA NPs in the future treatment of
inflammatory diseases. All these results indicate that TPDA NPs
can improve ED by relieving penile inflammation, which could
contribute to the advancement of clinical therapy.

2.6. Anti-Tumor Performances of Improved PTT Combined with
Inflammation Regulation by TPDA NPs

Inflammation, especially chronic inflammation, is closely as-
sociated with tumorigenesis and progression.[23] Actually, pro-
statitis is one of the important causes of prostate carcinogen-
esis. Therefore, the antitumor agents possessing intrinsic anti-
inflammation function could enhance the therapeutic efficiency
and prognosis of prostate cancer in the clinic, which promoted
us to evaluate the ability of TPDA NPs for anti-tumor therapy
and tumor microenvironment modulation. As above-mentioned,
the light absorption of TPDA NPs is significantly stronger than
conventional PDA NPs, which contributes to the improved pho-
tothermal performance of tumor PTT.

As expected, at the concentration of 60 μg/mL, the temperature
elevation of TPDA NPs is up to 62 °C, which is much higher than
54 °C of PDA NPs, confirming TEMPO addition can enhance the
photothermal conversion ability of PDA NPs (Figure 7a). Further-
more, the photothermal effect of TPDA NPs is in a concentration
and laser power density-dependent manner (Figure 7b,c), mean-
while possessing benign photothermal stability (Figure 7d,e).
The photothermal conversion efficiency of TPDA NPs is calcu-
lated to be 29.2% (Figure S36a, Supporting Information), which
is higher than traditional PDA NPs (13.1% ≈17.6%)[24] and Au
nanorods (22%),[25] further indicating the improved photother-
mal performance of TPDA NPs. Meanwhile, the extinction co-
efficient (𝜖) of TPDA NPs is calculated to be 18.1 L g−1 cm−1 ac-
cording to the Lambert–Beer law (Figure S36b, Supporting Infor-
mation). Additionally, the photothermal performance parameters
of several classic photothermal agents have been summarized in
Table S1 (Supporting Information), which shows the noticeable
photothermal conversion efficiency of TPDA NPs compared to
the reported photothermal agents.

To explicate the underlying mechanism of enhanced light
absorption and light-to-heat ability of TPDA NPs, the detailed
structural analysis was carried out by calculating the energy
bandgap using the density functional theory (DFT) method.
It is hypothesized that the microstructures of TPDA NPs are
based on the typical chemical conjugates among four possi-
ble oligomers involving C1, C2, C3, and C4 based on the per-
mutation and combination of TEMPO, 5,6-dihydroxyindole and
indole-5,6-quinone (Figure 7f). The LUMO/HOMO energy lev-
els (EHOMO/ELUMO) of C1, C2, C3, and C4 are calculated to
be −1.06 eV/−3.73 eV, −3.95 eV/−4.72 eV, −1.02 eV/−3.48 eV,
and −3.81 eV/−4.53 eV, respectively, and their bandgaps are cal-
culated to be 2.67, 0.77, 2.64, and 0.72 eV, respectively. The
improved electron delocalization and decreased bandgap fol-
lowing TEMPO addition lead to better electron delocalization
and stronger light absorption capacity. With enhanced light ab-
sorbance, the TPDA NPs are expected for cancer PTT. Subse-
quently, in vitro TPDA NPs-mediated PTT was evaluated using
PC-3 human prostate cancer cells. After PTT, the cell viability
shows that increased concentration leads to more significant cell
death and less than 20% cancer cell survival after treatment with
TPDA NPs at 200 μg mL−1 under laser irradiation (Figure 7g).
Besides, the remarkable cancer cell-killing effect of TPDA NPs-
induced PTT is verified by EdU staining, colony experiment,
live/dead co-staining, and flow cytometry analysis (Figure 7h–j;
Figure S37, Supporting Information).

Inspired by the robust anti-inflammation and photothermal
performance, the anti-tumor in vivo was carried out on luciferin-
labeled PC-3 tumor-bearing mice (Figure 8a). Polyethylene gly-
col (PEG) modified graphene oxide nanosheets (GO NSs) with
photothermal conversion ability without anti-inflammation prop-
erties were employed as a positive control.[26] The PC-3 tumor-
bearing mice were randomly divided into five groups: control
group, laser group, TPDA NPs group, TPDA NPs + laser group,
and GO NSs + laser group. The real-time temperature of the tu-
mor region was monitored by using an infrared thermal imaging
camera. Apparently, the tumor temperatures of TPDA NPs and
GO NSs treated mice under 808 nm laser irradiation increase
quickly and reach 55°C within 10 min, whereas that of the control
groups exhibit less obvious temperature elevation (Figure 8b,c).
The tumor volumes and body weights of mice among the differ-
ent treatments were recorded every 2 days. No significant weight
changes were measured in the tumor-bearing mice after differ-
ent treatments, indicating the high therapeutic biosafety of TPDA
NPs (Figure 8d). Meanwhile, the excellent biocompatibility of
TPDA NPs also indicates the high potential in the clinical trans-
lation for tumor treatments.

After diverse treatments, compared with the control group,
the TPDA NPs group and laser group display no visible ther-
apeutic outcome (Figure 8e–h). In contrast, the TPDA NPs +
laser group and GO NSs + laser group can markedly inhibit tu-
mor growth (Figure 8j), with inhibition rates of 92.1% in the
TPDA NPs + laser group and 91.8% in the GO NSs + laser
group (Figure 8k). Besides, the in vivo imaging system (IVIS) re-
sults and photographs of the dissected tumor tissues from dif-
ferent treatment groups visualized the notable anti-tumor effi-
cacy of PTT (Figure 8l). The underlying therapeutic mechanism
was further investigated through H&E, Ki67, and TUNEL stain-
ing (Figure 8i; Figure S38, Supporting Information). Tumor cells
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Figure 7. Photothermal performance and TPDA NPs-mediated PTT in vitro. a) Photothermal conversion performance of PDA and TPDA NPs at the
concentration of 60 μg mL−1 under 808 nm laser irradiation. b) Photothermal heating curves of TPDA NPs dispersion with different concentrations under
808 nm laser irradiation. c) Photothermal heating curves of TPDA NPs at 60 μg mL−1 under 808 nm laser irradiation with different power densities. d)
Heating and cooling curves of TPDA NPs dispersion under 808 nm laser irradiation on and off. e) Heating and cooling curve of TPDA NPs dispersion
under 808 nm laser irradiation for six cycles. f DFT measurement of TPDA, indicating that TPDA contains a lower energy bandage than conventional
PDA. g) Cell viabilities of PC-3 cells after treatment with TPDA NPs with different concentrations under 808 nm laser irradiation (n = 4 for each group).
h) EdU staining results and corresponding quantitative analysis of PC-3 cells after different treatments (n = 3 for each group). i) Live/dead staining and
the corresponding quantitative analysis of PC-3 cells after different treatments (n = 3 for each group). j) Flow cytometry analysis of cell apoptosis after
different treatments. Data presented as mean± SD, and asterisks indicated significant differences (***p < 0.001 and ****p < 0.0001) as compared with
the control group using one-way analysis of variance (ANOVA).
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Figure 8. Anti-tumor effect of TPDA NPs in vivo. a) Schematic illustration of anti-tumor performances in PC-3 tumor-bearing mice. b) Tumor temperature
elevation curves, and c) thermal images of tumors after the different treatments at designed time points. d) Body weight changes of the mice recorded
during the treatments (n = 5 for each group). Individual tumor growth curves in the different subgroups including e) control, f) TPDA NPs, g) 808 nm
laser irradiation, h) GO NSs under 808 nm laser irradiation, and i) TPDA NPs under 808 nm laser irradiation. j Tumor volumes, k) Tumor weights and
tumor inhibition rates in PC-3 tumor-bearing mice after different subgroups (n = 5 for each group). l) IVIS images and the dissected tumor photos of
the tumor dissected from PC-3 tumor-bearing mice after different treatments. m H&E, Ki-67, and TUNEL staining results of the tumors from different
groups. n) The IHC results of CD36, 3-nitrotyrosine, IL-1𝛽, IL-6, TNF-𝛼, and IL-10 expression in the tumors from the two groups of GO NSs under 808 nm
laser irradiation and TPDA NPs under 808 nm laser irradiation. Data presented as mean± SD, and asterisks indicated significant differences (****p <

0.0001) as compared with the control group using one-way analysis of variance (ANOVA).

are severe necrosis with deformed nuclei in the TPDA NPs +
laser group and GO NSs + laser group. Besides, the dimin-
ished Ki67-marked cells and elevated TUNEL-positive cells are
observed in the TPDA NPs + laser group and GO NSs + laser
group, revealing that TPDA NPs-mediated PTT significantly in-

hibits tumor progression and induces tumor cell apoptosis. Ad-
ditionally, almost no abnormalities are monitored in the main
organs including the heart, liver, spleen, lung, and kidney af-
ter different treatments, indicating no obvious adverse effects
are induced by TPDA NPs-based PTT (Figure S39, Supporting
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Figure 9. Inflammation-mediating mechanisms of TPDA NPs during PTT in vivo. a) Schematic illustration of RNA sequencing. b) Volcano plots exhibiting
the up or down-regulation DEGs in this sequencing results. c) Gene Ontology analysis of the DEGs in the tumors with GO or TPDA treatments. d) KEGG
annotation of the total DEGs. e) GSEA analyses of the DEGs in the tumors with different treatments. f) Enriched chord diagram of the Gene Ontology
analyses. g) Analyzation of the TFs in the DEGs regulation. h) Western blot analysis of CD36, p65, p-p65, ikB, and p-ikB in tumors with different treatments.

Information). Subsequently, the PTT-related inflammation was
investigated. Compared with GO NSs treatment, decreased
expression of CD36 reveals the anti-inflammatory effect of
TPDA NPs (Figure 8n; Figure S40, Supporting Information).
Meanwhile, the 3-nitrotyrosine staining shows that TPDA
NPs effectively alleviate PTT-induced inflammation (Figure 8n;
Figure S40, Supporting Information). The decreased expression
of IL-1𝛽, IL-6, and TNF-𝛼, and the increased IL-10 expression fur-
ther confirm the anti-inflammation activity of TPDA NPs during
PTT (Figure 8n; Figure S40, Supporting Information).

The detailed therapeutic mechanisms behind regulating in-
flammation during the PTT process in PTT were further ex-
plored by RNA-sequencing (Figure 9a). 821 DEGs between the
Gene Ontology and TPDA NPs groups are observed, accompa-
ned by 668 DEGS upregulated and 153 downregulated (Figure 9b;
Figure S41, Supporting Information). Subsequently, the Gene
Ontology and KEGG analyses were conducted to assess the ge-

netic changes between the two treatments (Figure 9c,d). The
Gene Ontology molecular function of anti-oxidative activity was
improved in the TPDA treatments compared to the GO group
(Figure 9c). Meanwhile, the KEGG annotation analysis showed
that the DEGs were enriched in the change of immune system
in the TPDA PTT group (Figure 9d). GSEA results also indicated
that the pathway changes involved in immune/stress and LPS re-
sponse changed during the TPDA treatments compared to the
GO treatments (Figure 9e). Moreover, the enriched chord dia-
gram of DEGs, including the response to oxidative stress, cel-
lular response to oxidative stress, and anti-oxidative activity, was
further generated to concentrate on the vital functional DEGs in
the TPDA treatment (Figure 9f). Consistent with the previous
findings, CD36 was also considered the pivotal functional gene
in the two groups. The TFs related to the DEGs were analyzed
to assess the cellular gene changes after the TPDA treatment;
the results indicated that the NF-𝜅B1 participated in the cellular
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protection (Figure 9g). Therefore, we estimated the changes
in CD36 expression and NF-𝜅B signaling pathway among the
two groups (Figure 9h), which confirmed the hypothesis that
TPDA NPs regulate the NF-𝜅B signaling pathway by targeting
CD36. Additionally, the DEGs between TPDA PTT and control
groups were assessed to examine the anti-tumor performances
(Figure S42, Supporting Information). We found that the in-
creased DEGs induced by TPDA PTT were enriched in the can-
cer overview annotation of KEGG analysis (Figure S42a, Support-
ing Information). Simultaneously, the cAMP and MAPK signal-
ing pathways, which participated in the tumor progression, were
also changed after the TPDA PTT treatment (Figure S42b).[27]

Together, our results demonstrate that TPDA NPs, as the an-
tioxidant, exhibit a remarkable anti-tumor capability with no in-
flammatory injuries during PTT, thereby exhibiting promising
prospects for clinical use.

3. Conclusion

In this study, we engineered biocompatible TPDA NPs, char-
acterized by the SOD, CAT, POD, and GPx mimicking ability
and enhanced photothermal efficiency. These NPs featured anti-
oxidative and anti-tumor properties by effectively scavenging var-
ious RO/NSs and augmenting cell apoptosis during PTT, respec-
tively. A series of systemic investigations revealed the excellent
cellular protecting ability of TPDA NPs against oxidative stress
in vitro, with the underlying mechanism of regulating the NF-
𝜅B signaling pathway by targeting CD36. In vivo experiments il-
lustrated that TPDA NPs are an outstanding antioxidant against
prostate inflammation, further protecting the sexual function
damaged by EAP based on the alleviation of oxidative stress.
Meanwhile, the enhanced photothermal conversion efficiency of
TPDA NPs was tested for anti-tumor applications in prostate can-
cer. Furthermore, significant tumor cell death in vitro and tumor
inhibition in vivo were observed after TPDA NPs treatment un-
der subsequent 808 nm laser irradiation in the TPDA PTT. Im-
portantly, the oxidative injuries caused by PTT were remarkably
inhibited by the anti-inflammatory ability of TPDA, which was
attributed to the molecular functions of CD36 and NF-𝜅B signal-
ing pathways. Together, our results suggest that the synthesized
uniform TPDA NPs have robust RO/NSs-scavenging capability,
improved photothermal efficiency, and excellent biocompatibil-
ity, and can function as anti-inflammatory and anti-tumor agents
with a prominent therapeutic effect for the treatment of prostate
diseases.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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