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Harnessing Nanohybridized Niclosamide for Precision

Mpox Therapeutics

N. Sanoj Rejinold, Geun-woo Jin, and Jin-Ho Choy*

Niclosamide, initially developed as an anthelmintic, has recently emerged as a
potential antiviral, showing efficacy against diverse viral threats, including
Mpox. As the global health landscape faces recurrent Mpox outbreaks,
repurposing niclosamide through advanced material strategies offers
promising therapeutic avenues. This article explores the antiviral mechanisms
of niclosamide, focusing on how innovative nano-hybrid formulations
enhance its bioavailability and pharmacological performance. By leveraging
nanohybridization, niclosamide’s limitations—such as poor solubility and
bioavailability—are addressed, enabling targeted delivery and sustained
release. Early preclinical studies reveal that niclosamide disrupts Mpox
replication and entry processes, suggesting its utility as a therapeutic option
against poxvirus infections. Looking forward, further in vitro, animal models,
and clinical investigations are essential to optimize its application and dosing
for Mpox. With continued development in advanced materials, nanohybrid
niclosamide could become a critical tool in managing Mpox and related viral
threats, offering an accessible, cost-effective option for outbreak

1. Introduction

First identified in the Democratic Republic
of the Congo in the 1970s, Mpox (formerly
known as “monkeypox”) has historically
caused sporadic infections and outbreaks.
In response to its global spread in 2022
and 2024, the WHO declared Mpox, a Pub-
lic Health Emergency of International Con-
cern (PHEIC) and adopted the new name to
mitigate discrimination and stigma.[']
Mpox is an orthopoxvirus closely related
to the variola virus, the causative agent of
smallpox characterized by its brick-shaped
virion and a double-stranded DNA genome.
The viral structure includes an outer lipid
envelope, which encases the viral core con-
taining the double-stranded DNA genome.
Additionally, the virus contains several key
proteins, such as the viral envelope pro-
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teins (e.g., A27, BS), which are involved

in cell entry and fusion, and the core pro-

teins that play a role in replication and
immune evasion. The structural complexity of the Mpox virus
makes it a challenging target for antiviral therapies (Figure S1,
Supporting Information) (Table 1).1

Mpox is primarily a zoonotic disease, transmitted from an-
imals to humans through contact with infected animals or
contaminated materials. Human-to-human transmission occurs
through direct contact with infectious lesions, bodily fluids,
or respiratory droplets, although it is less contagious than
smallpox.!1314]

Mpox initially presents with flu-like symptoms, followed by a
characteristic rash or pustular lesions.['>1] While traditionally
endemic to West and Central Africa, cases were generally spo-
radic and associated with wildlife contact.

However, in recent years, Mpox has resurged significantly,
spreading across non-endemic regions.

In 2022, Mpox spread unexpectedly across multiple coun-
tries outside Africa, leading to thousands of confirmed cases
in Europe, the Americas, and Asia. This widespread outbreak
highlighted the virus’s potential to emerge as a global health
threat.[20-2%]

Unlike previous outbreaks, which were largely contained
within rural African regions, the 2022 resurgence involved signif-
icant person-to-person transmission, particularly among social
networks, indicating the risk of rapid spread in densely populated
areas.!?l By 2024, reports indicated that over 100,000 individuals
worldwide have contracted Mpox.[?’]

© 2025 The Author(s). Advanced Healthcare Materials published by Wiley-VCH GmbH


http://www.advhealthmat.de
mailto:jhchoy@dankook.ac.kr
https://doi.org/10.1002/adhm.202404818
http://creativecommons.org/licenses/by/4.0/

ADVANCED
SCIENCE NEWS

ADVANCED
HEALTHCARE
MATERIALS

www.advancedsciencenews.com

www.advhealthmat.de

Table 1. Outlining different pox viruses in history, the clinical drugs used for their treatment, and their limitations.

Pox Virus Disease Clinical Drugs FDA-Approved Drugs Limitations Refs.
Variola Smallpox Cidofovir, Tecovirimat Tecovirimat (TPOXX) - Tecovirimat: Limited human testing, mostly based [5,6]
(ST-246), on animal studies (FDA approved under the
Brincidofovir Animal Rule).
- Potential drug resistance.
- Not effective for prevention.
Vaccinia Vaccinia virus Tecovirimat, Cidofovir, No specific FDA-approved - No approved treatment for severe complications [6-8]
infection Brincidofovir treatment (for (e.g., progressive vaccinia).
complications) - Immune-compromised individuals at higher risk.
Mpox Mpox Tecovirimat, Tecovirimat (TPOXX) - Limited clinical data for efficacy in humans. [6-8]
Brincidofovir, - Availability is limited in some regions.
Cidofovir - Not fully evaluated in large human trials.
Cowpox Cowpox Supportive care No specific FDA-approved - No specific antiviral treatment approved by the [9]
(antiviral drugs in drug FDA.
severe cases) - Rare and usually mild, so treatments are not
well-studied.
Molluscum Molluscum Cidofovir (off-label), No specific FDA-approved - Treatments are typically physical (cryotherapy, [10]
contagiosum contagiosum Imiquimod antiviral treatment curettage).

Orf contagious pustular Supportive care,

dermatitis Cidofovir (severe

cases)

No specific FDA-approved
antiviral treatment

- Cidofovir: Off-label, potential toxicity.

- Imiquimod: Variable effectiveness.
- Disease is self-limiting, so antivirals are rarely [11,12]
used.

- Cidofovir: Limited by nephrotoxicity.

This resurgence has raised concerns about global prepared-
ness for emerging zoonotic diseases. Although the mortality rate
of Mpox is significantly lower than that of smallpox, severe com-
plications can arise, especially in immunocompromised individ-
uals and children.

The absence of a specific antiviral treatment for Mpox and
reliance on smallpox vaccines has created a significant thera-
peutic gap, prompting an urgent need for novel antiviral strate-
gies. Mpox’s resurgence reflects a broader challenge: the poten-
tial for viruses once limited to certain regions to spread glob-
ally due to factors like increased human mobility, ecological dis-
ruption, and climate change. This highlights the need for inno-
vative therapeutic approaches, like the development of nanohy-
bridized niclosamide, to prevent localized outbreaks from esca-
lating into global health crises.[?] Current challenges in Mpox
treatment stem from the lack of virus-specific antiviral drugs.
While options such as Tecovirimat,[>®?-3! Cidofovir,[32-3¢] and
Brincidofovir®32] have been repurposed from smallpox treat-
ment, the human trial data verifying their efficacy against Mpox
is limited. Vaccine limitations also pose significant issues; while
smallpox vaccines like JYNNEOSE7-1 and ACAM20004! of-
fer cross-protection, concerns remain regarding their availability,
safety (especially for immunocompromised individuals), and ef-
fectiveness in halting transmission during outbreaks. The global
response has been further hindered by inadequate vaccine sup-
ply, delayed rollouts in non-endemic regions, and the complexi-
ties of managing both zoonotic and human-to-human transmis-
sion, highlighting the necessity for improved therapeutic and
preventive strategies.

Niclosamide is a well-established anti-parasitic drug, that
has been used for over 50 years, primarily to treat tape-
worm infections.*I~#] Approved by the World Health Organi-
zation (WHO) and included in its list of essential medicines,
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niclosamide disrupts the energy metabolism of parasites, mak-
ing it highly effective for gastrointestinal infestations.[*>#+4] Re-
cently, it has garnered attention for its broad-spectrum antiviral
BSA) properties, demonstrating potential against viruses such as
corona, Zika, dengue, and poxv ones due to its ability to inhibit
viral replication and modulate immune responses.!*647] Tts estab-
lished safety profile, affordability, and production infrastructure
make it a strong candidate for repurposing as an antiviral, includ-
ing its potential application against Mpox. However, challenges
like poor bioavailability and limited solubility have prompted re-
search into innovative formulations, including nanohybridiza-
tion, to improve its antiviral efficacy.l*?]

Niclosamide exhibits distinct yet interrelated mechanisms
as an antiviral and anthelmintic agent, reflecting its versatility
in targeting diverse biological processes. As an anthelmintic,
niclosamide disrupts mitochondrial oxidative phosphorylation in
parasites, inhibiting ATP production and energy metabolism,
while causing membrane depolarization, leading to ATP deple-
tion and ultimately parasite death.[*®! In contrast, niclosamide’s
antiviral activity stems from its targeting of host-virus interac-
tions by inhibiting endosomal acidification, essential for viral en-
try, and suppressing viral replication by modulating host path-
ways such as Wnt/f-catenin and NF-xB signaling.[*! These dual
mechanisms underscore niclosamide’s multifunctional proper-
ties, with its antiviral effects broadening its therapeutic potential
beyond parasitic infections to addressing viral threats like SARS-
CoV-2 and Mpox.

2. Need for Innovative Approaches

Emerging viral threats like SARS-CoV-2, Mpox, and dengue
continue to challenge global health systems, there is an ur-
gent need for innovative therapeutic strategies to combat them.

© 2025 The Author(s). Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 1. Niclosamide's action on a) coronavirus; b) flavivurus and c) poxvirus by different action mechanisms; Coronaviruses: Niclosamide prevents
viral entry by interfering with endosomal acidification and fusion processes. It also suppresses viral replication by inhibiting autophagy pathways critical

for coronavirus proliferation; Zika and Dengue Viruses: Both belong to the

flavivirus family, relying on endocytosis and subsequent acidification for entry.

Niclosamide’s ability to inhibit endosomal acidification and suppress NF-xB signaling reduces replication and inflammation; Poxviruses (e.g., Mpox):
Unlike coronaviruses and flaviviruses, poxviruses replicate in the cytoplasm. Niclosamide interferes with viral morphogenesis and cellular signaling
pathways, such as the NF-«B, suppressing viral proliferation and inflammation.

Traditional antiviral treatments have often been limited by nar-
row targeting and poor bioavailability, restricting their effective-
ness in rapidly evolving pandemic situations. Broad-spectrum
antivirals (BSAs), which can act on multiple viral families, are
crucial for faster, more adaptable responses. New approaches,
such as nano-engineered drug formulations like NIC-MgO-
HPMC,!*] represent a breakthrough in addressing these lim-
itations. Such innovative delivery systems enhance solubility,
bioavailability, and targeted action, offering hope for more effec-
tive treatment options, particularly for post-viral conditions like
COVID-19.

2.1. Definition and Key Principles of Nanohybridized Drugs

Nanohybridized drugs refer to pharmaceutical formulations that
integrate nanoscale materials with active therapeutic agents to

Adv. Healthcare Mater. 2025, 14, 2404818 2404818 (3 of 14)

enhance their performance and bioavailability.>"! These formula-
tions combine the properties of both nanomaterials and conven-
tional drugs to create a synergistic effect, improving drug solubil-
ity, stability, and targeted delivery. The key principles of nanohy-
bridized drugs include:

1) Enhanced Bioavailability: Nanoparticles increase the solubil-
ity of poorly water-soluble drugs, leading to better absorption
and bioavailability.

Targeted Delivery: Nanocarriers can be engineered to deliver
drugs specifically to diseased tissues, minimizing off-target
effects and reducing systemic toxicity.

3Sustained Release: Nanomaterials can control the release of
the drug over time, ensuring prolonged therapeutic effects
with fewer doses.

2)

3)

© 2025 The Author(s). Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 2. Nanoengineered niclosamide and its potential mechanisms toward Mpox and related infectious diseases.

4) Improved Stability: The incorporation of nanomaterials helps
stabilize the drug in biological environments, protecting it
from premature degradation.

5) Reduced Toxicity: By delivering drugs in a more controlled
mannet, nanohybridized systems can reduce the side effects
associated with conventional dosing.

These principles enable the development of more effective
treatments, especially for complex diseases like cancer, viral in-
fections, and chronic conditions.

Niclosamide acts as a BSA due to its multifaceted mechanisms
that target fundamental biomolecular processes shared across di-
verse viral families (Figure 2). It effectively inhibits endosomal
acidification, a crucial step for viral entry and uncoating, appli-
cable to enveloped viruses like coronaviruses, flaviviruses (Zika,
dengue), as well as large DNA viruses like poxviruses, which pos-
sess both a lipid envelope and a complex protein coat. Coron-
aviruses and flaviviruses rely on their lipid bilayer envelope and
endosomal acidification for processes such as spike protein ac-
tivation (coronaviruses) and genome release (flaviviruses), both
of which are disrupted by niclosamide. Poxviruses (e.g., Mpox)
rely on host cellular pathways for replication, and niclosamide in-
hibits their replication by targeting pathways such as STAT-3.51
Furthermore, niclosamide modulates key host cellular pathways,
such as the Wnt/f-catenin and NF-x B signaling pathways, which
are commonly hijacked by viruses to enhance replication and
evade immune responses. Its suppression of autophagy further
highlights its versatility by restricting viral replication in various
cellular environments.’>>3] From lipid-enveloped viruses like
coronaviruses and flaviviruses to structurally complex viruses
like poxviruses, niclosamide targets their shared dependence on
host-cell mechanisms, making it a promising antiviral candidate
against a wide array of pathogens.

Niclosamide shows promise against poxviruses due to its abil-
ity to inhibit viral replication and block critical cellular pathways

Adv. Healthcare Mater. 2025, 14, 2404818 2404818 (4 of 14)

exploited by viruses.[**! Preclinical studies have demonstrated its
efficacy against various viral families (Figure 1) including or-
thopoxviruses, which are closely related to Mpox.[*?] Repurposing
niclosamide for Mpox is supported by its BSA activity, favorable
safety profile, and a well-documented history of use as an FDA-
approved drug. Given the limited antiviral options for Mpox and
the growing concern over outbreaks, repurposing niclosamide of-
fers a promising, cost-effective strategy to address both therapeu-
tic gaps and challenges in managing Mpox infections.

2.2. Nanohybridization: Enhancing Drug Delivery

Nanohybridized drugs are advanced pharmaceutical formula-
tions that combine therapeutic agents with nanoscale materials
to enhance their efficacy.[®! By improving drug solubility and sta-
bility, these nanoformulations increase bioavailability and allow
for more efficient absorption in the body (Section 2). A key ad-
vantage is targeted delivery, which directs the drug specifically
to diseased tissues, reducing side effects and systemic toxicity.
Additionally, nanohybridized systems allow a controlled and sus-
tained release, ensuring prolonged therapeutic effects with fewer
doses. These innovations make nanohybridized drugs particu-
larly valuable for treating complex conditions, including cancer,
viral infections, and chronic diseases, where traditional treat-
ments may fall short (Figure 2).

2.2.1. Why Nanohybridized Niclosamide?

Nanohybridized niclosamide addresses the drug’s historical limi-
tations, particularly its poor solubility and low bioavailability.[¢57]
While niclosamide is effective as an antiparasitic and shows
potential in antiviral applications, these pharmacological chal-
lenges have restricted its systemic therapeutic use. By leveraging

© 2025 The Author(s). Advanced Healthcare Materials published by Wiley-VCH GmbH
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nanotechnology, niclosamide can be hybridized with materials
such as magnesium oxide (MgO) and hydroxypropyl methylcel-
lulose (HPMC), enhancing its solubility, stability, and targeted
delivery.®] This improves absorption, accelerates the onset of
action, and enables controlled release, making it a more viable
candidate for treating viral infections like COVID-19,5%! Long
COVID,[% and emerging diseases like Mpox.[®!]

2.3. Previous Success in Other Viral Models

Nanotechnology has been increasingly utilized to enhance antivi-
ral treatments by improving drug delivery, bioavailability, and ef-
ficacy while minimizing side effects.[62-]

Table 2 summarizes key applications of nanotechnology in an-
tiviral treatments, including nanomaterials used, specific antivi-
ral agents, and their benefits.

2.4. Mechanism of Action of nanohybridized Niclosamide
Against Mpox

In-vitro studies suggest that pristine niclosamide holds potential
as a therapeutic candidate against Mpox by inhibiting viral entry
and replication!>*! (Table 3). However, due to its hydrophobic na-
ture, traditional niclosamide formulations have limited efficacy
in antiviral applications.[>*#3]

Nanohybridized niclosamide addresses this by enhancing sol-
ubility and bioavailability, providing superior inhibition of viral
processes, including entry, replication, and dissemination. This
approach maximizes niclosamide’s therapeutic potential as an
antiviral treatment for Mpox. While pristine niclosamide has
demonstrated potential antiviral effects in in vitro studies, its
efficacy can be significantly enhanced through nanohybridiza-
tion techniques. This approach maximizes niclosamide’s potency
through various mechanisms, as illustrated in Figure 2.

Nanohybridized niclosamide interacts with oncoproteins ex-
pressed by virus-infected cells by binding to these proteins, dis-
rupting their function and hindering their role in promoting vi-
ral replication.®¥ Oncoproteins, induced by poxviruses includ-
ing Mpox, play a critical role in cellular transformation and the
progression of viral replication.[®] By targeting these oncopro-
teins, nanohybridized niclosamide effectively interferes with vi-
ral replication at the cellular level. Moreover, nanohybridized
niclosamide has the potential to inhibit viral release from in-
fected cells. Through binding to intracellular viral particles or vi-
ral envelope proteins, it prevents the packaging and release of
new viral progeny, thus reducing the spread of the virus. This
dual mechanism—disrupting oncoprotein function and inhibit-
ing viral release—makes nanohybridized niclosamide a potent
therapeutic agent against viral infections, including Mpox.

2.4.1. Inhibition of Viral Entry

Nanohybridized niclosamide can block the entry of the Mpox
virus into host cells by targeting viral envelope proteins, prevent-
ing the virus from binding to and fusing with the host cell mem-
brane. The nano formulation enhances cellular uptake, leading
to more effective inhibition at the initial stage of infection.[3¢47]
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2.4.2. Inhibition of Viral Replication

Once inside the host cell, nanohybridized niclosamide can in-
hibit viral replication by disrupting key viral enzymes and pro-
teins required for viral RNA synthesis. The nanoscale delivery
system ensures sustained release of the drug, maintaining effec-
tive concentrations at the site of infection for a longer duration.
The major pathways associated with this mechanism include the
inhibition of mTOR#! and Wnt/f-catenin,®! thereby reducing
viral replication.

2.4.3. Distuption of Cellular Signaling

Niclosamide interferes with cellular pathways like Wnt/g-catenin
and NF-«B signaling, which Mpox uses to promote viral replica-
tion and evade the immune system. Nanohybridization improves
bioavailability and solubility, allowing better intracellular target-
ing and enhanced antiviral action.®"!

2.4.4. Reduction of Inflammatory Responses

Nanohybridized niclosamide reduces the excessive inflammatory
response triggered by Mpox infection, which is a major cause
of severe symptoms. The nanosystem localizes the drug to the
infected tissues, minimizing systemic toxicity while effectively
reducing inflammation. The major signaling pathways associ-
ated with niclosamide’s reduction of inflammatory responses
include: NF-xB Pathway,®®! wherein niclosamide inhibits NF-
kB activation, a key transcription factor responsible for regulat-
ing inflammatory cytokines like TNF-q, IL-18, and IL-6; STAT3
Pathway, which suppresses the STAT3 signaling,®!! reducing the
production of pro-inflammatory cytokines and promoting anti-
inflammatory effects; and NLRP3 Inflammasome,!®? wherein
niclosamide inhibits the activation of the NLRP3 inflammasome,
a crucial component of the innate immune response, thus reduc-
ing IL-1p-mediated inflammation.

By combining these antiviral and anti-inflammatory mecha-
nisms with enhanced drug delivery, nanohybridized niclosamide
shows promise in combating Mpox more effectively than tradi-
tional formulations.

2.5. Preclinical and Clinical Evidence
2.5.1. In Vitro

Laboratory studies exploring the antiviral efficacy of nanohy-
bridized niclosamide against Mpox or related viruses, such as
smallpox or vaccinia, are still in the early stages, but results from
other similar viral models are promising. For example:

(@) Nanoparticle-based niclosamide formulations have shown
enhanced antiviral effects against various enveloped viruses
by improving drug delivery to infected cells, ensuring sus-
tained release, and increasing bioavailability.[1%]

(b) For vaccinia poxvirus, viral production has been shown to re-
quire elevated levels of ATP.I'Y] If a similar mechanism ap-
plies to coronaviruses, niclosamide, by disrupting mitochon-
drial function and depleting cellular ATP, could exert an even
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Table 3. Mechanistic action of niclosamide against various viral species.
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Mechanism Effect on Virus Targeted Viruses Ref.
Inhibition of Mitochondrial Disrupts energy production, inhibiting SARS-CoV-2 [93,94,95]
Function viral replication Zika
Dengue
Influenza
Autophagy Inhibition Reduces availability of cellular resources SARS-CoV-2 [96,97,98]
for replication Zika
Dengue
Inhibition of mTOR Pathway Decreases viral protein synthesis SARS-CoV-2, other RNA viruses such as [47-88]
Epstein-Barr virus
Prevention of Endosomal Blocks viral uncoating and genome release SARS-CoV-2, Influenza, Zika, Dengue [99,100,107]
Acidification
Blocking ACE2-Spike Protein Prevents viral entry into host cells SARS-CoV-2 (COVID-19) [102,103]
Interaction
Inhibition of PIKfyve and TMEM 16 Disrupts endosomal fusion and viral entry SARS-CoV-2, Zika, other enveloped viruses [104,105]

stronger inhibitory effect. This suggests that niclosamide’s
antiviral mechanism may not only target viral replication
but also interfere with the energy metabolism critical for
virus production, enhancing its antiviral efficacy against both
poxviruses like vaccinia and other viruses such as coron-
aviruses.

(c) Nanoliposome formulations!”?] have demonstrated better

uptake in cells and longer-lasting effects, which could boost
niclosamide’s ability to inhibit viral entry and replication in
poxviruses like Mpox.

Although specific results on Mpox or smallpox are limited, the
combination of niclosamide with nanotechnology shows poten-
tial to improve its effectiveness against poxvirus infections by en-
hancing delivery and targeting key viral processes.

Recently such an advantageous nanohybrid, known as NIC-
MgO-HPMC (nanohybridized niclosamide with magnesium ox-
ide and hydroxypropyl methylcellulose) was reported in antivi-
ral therapy with an ability to overcome key challenges associated
with conventional niclosamide which has very low efficacy.®!
The incorporation of magnesium oxide (MgO) and hydrox-
ypropyl methylcellulose (HPMC) into the nanohybridized formu-
lation of niclosamide enhances its stability, bioavailability, and ef-
ficiency as an oral drug for COVID-19 treatment. MgO prevents
the weakly acidic niclosamide from crystallizing in the stomach,
thereby improving its solubility for better absorption in the in-
testine. HPMC functions as a polymeric carrier, forming a gel-
like matrix that enables controlled and sustained drug release,
ensuring therapeutic concentrations over time. This combina-
tion prevents niclosamide from forming an unabsorbable crys-
tallized form and helps it reach the small intestine, where ab-
sorption is optimized. To further protect the drug and enhance
targeting, the formulation can include enteric coatings to by-
pass the stomach and release the drug in neutral pH conditions,
as well as functionalized ligands or stimuli-responsive proper-
ties to ensure site-specific delivery to virus-infected tissues, such
as the lungs. Together, these features ensure that the nanohy-
bridized niclosamide is stable, effectively delivered, and optimally
targeted, making it a promising oral therapy for COVID-19.

Adv. Healthcare Mater. 2025, 14, 2404818 2404818 (7 of 14)

2.5.2. In Vivo

As of now, there are no widely reported studies specifically in-
vestigating nanohybridized niclosamide formulations in animal
models for Mpox. However, based on research in related fields,
animal model studies using nanoparticle-based drug delivery sys-
tems for other viral infections show promising potential for en-
hanced efficacy.

Key insights from animal research in related areas include:

(@) Enhanced Bioavailability: Nanohybridized formulations in
animal studies have shown increased bioavailability of
niclosamide, allowing it to remain in the bloodstream and
reach infected tissues more effectively.[19810%]

(b) Reduced Viral Load: In studies of other viral infections,
nanoformulations of antiviral drugs, including niclosamide,
have resulted in a significant reduction of viral load in tissues
and improved survival rates in animal models.['10111]

(c) Targeted Delivery: Nanocarriers have been shown to deliver
drugs more efficiently to viral reservoirs, reducing off-target
effects and improving overall outcomes in animal models for
similar enveloped viruses.

While no specific data is currently available for Mpox an-
imal models, the benefits seen in other models suggest that
nanohybridized niclosamide could lead to enhanced treatment
outcomes, including faster viral clearance and better survival in
poxvirus-related infections (Table 4).

2.6. Ongoing or Proposed Clinical Trials of Niclosamide
(Nanohybridized or Non-Hybridized) for Viral Infections,
Including Mpox

Several clinical trials are ongoing or completed, investigating
niclosamide as a treatment for COVID-19, based on its BSA prop-
erties. These trials focus on its ability to inhibit viral replication
and improve outcomes in mild to moderate COVID-19 cases.
Trials are testing various formulations though nanohybridized
forms are still under early exploration.
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Inhibition of Endosomal Acidification Blocks viral uncoating and genome release into the cytoplasm, preventing infection at an Ref.
early stage.
Inhibition of Membrane Fusion (via TMEM16) Prevents viral entry by blocking fusion between the viral envelope and host cell membrane. [112]
Disruption of Viral Morphogenesis Interferes with viral assembly, preventing the formation of mature viral particles. [53]
Inhibition of MTOR Pathway Reduces viral protein synthesis required for replication. [113]
Autophagy Induction Limits cellular resources available for viral replication and assembly. [61]
Inhibition of PIKfyve and TMEM 16 Proteins Disrupts cellular trafficking and viral release from infected cells. [114]
Inhibition of NF-xB Signaling Inhibition of NF-xB Signaling Counteracts viral immune evasion and enhances host immune defense. [114]

Anti-inflammatory Effects

Reduces excessive inflammation caused by viral infection.

[115]

Due to niclosamide’s low solubility and bioavailability, clinical
trials using pristine niclosamide as an oral formulation have not
been successful. A randomized, placebo-controlled clinical trial
with pristine niclosamide was previously conducted in patients
with mild to moderate COVID-19.118) In this trial, 73 participants
were enrolled, with 36 randomized to the niclosamide group and
37 to the placebo group. The niclosamide group received 2g of
niclosamide orally once a day for 7 days, while the placebo group
received an identically labeled placebo on the same dosing sched-
ule.

Although niclosamide was well tolerated, the results showed
that there was no significant difference in the oropharyngeal
clearance of SARS-CoV-2 between the niclosamide and placebo
groups, leading to an unsuccessful outcome of the trial.

The issue of niclosamide’s low bioavailability was addressed
through the application of nanohybrid technology, resulting in
the development of CP-COV03 (NIC-MgO-HPMC: niclosamide
engineered with magnesium oxide and hydroxypropyl methylcel-
lulose), which enabled the effective use of niclosamide as an an-
tiviral agent.l]

The antiviral efficacy of CP-COV03 was demonstrated in a Syr-
ian hamster model, where the CP-COV03-treated group showed
areduced rate of SARS-CoV-2 replication in lung tissue. Further-
more, necropsy findings revealed reduced total lung lesions in
CP-COVO03-treated hamsters, and histological analysis showed
significantly lower lung injury scores in the CP-COVO03-treated
group compared to the control group. Additionally, CP-COV03
demonstrated safety and improved bioavailability in a Phase 1
clinical trial, further supporting its potential as an effective an-
tiviral therapy.

While several clinical trials of niclosamide have focused on
its efficacy against SARS-CoV-2, its potential antiviral activity
against poxviruses, including Mpox, has also been explored
in preclinical studies. Niclosamide has demonstrated broad-
spectrum antiviral properties, including the ability to inhibit vi-
ral replication in poxviruses by targeting intracellular pathways
such as autophagy, endosomal acidification, and viral assem-
bly. Studies using in silico host-pathogen interaction (HPI) net-
work models to investigate niclosamide as an antiviral agent
against orthopoxviruses have shown that niclosamide can disrupt
viral replication by modulating host cellular mechanisms criti-
cal for the viral life cycle.!] Although specific clinical trials for
niclosamide against poxviruses are limited, preclinical evidence
supports its potential application as an antiviral therapy. Expand-
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ing the clinical focus to include its use against poxviruses, ei-
ther alone or in combination with other therapeutics, could pro-
vide valuable insights into its efficacy for treating viral infections
like Mpox. These findings reinforce the rationale for advancing
nanohybridized niclosamide as a promising therapeutic strategy
for poxvirus-related diseases.

2.6.1. Niclosamide for Other Viral Infections

While there are no large-scale trials for Mpox specifically, there is
growing interest in testing niclosamide against poxviruses due to
its antiviral activity in vitro. Some trials focus on its use against
other viral diseases, such as Hepatitis C and SARS-CoV-2, which
could lay the groundwork for trials in poxviruses.

2.7. Safety, Dosing, and Efficacy Data
2.7.1. Safety

Niclosamide has a well-established safety profile as an anti-
parasitic drugl*¢117118] with few adverse effects when taken
orally for tapeworm infections. In COVID-19 clinical trials,
niclosamide has generally been well tolerated, with side effects
including mild gastrointestinal symptoms (nausea, diarrhea) and
rare cases of allergic reactions. While the nanohybridized form
is still under investigation, early studies suggest that nanocarrier
systems can reduce systemic toxicity by targeting drug delivery
more specifically to infected cells.

While niclosamide is an FDA-approved drug with a well-
established safety profile, the introduction of nanohybridized
niclosamide requires a comprehensive biosafety evaluation of the
designed materials. Although there are few studies related to the
safety of nanohybridized niclosamide,>! it is critical to ensure
the safety of these nanohybrids, by addressing several key fac-
tors including cytotoxicity, immunogenicity, organ toxicity, and
potential genotoxicity. In vitro, cytotoxicity can be evaluated us-
ing assays such as MTT or LDH to assess cell viability and mem-
brane integrity. In vivo evaluations, using animal models, are es-
sential to investigate organ-specific toxicity, biodistribution, and
long-term effects of nanohybridized niclosamide. Additionally,
the biodegradability and biocompatibility of the nanohybrid ma-
terials should be tested to ensure that they do not accumulate in
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tissues or provoke adverse immune responses. By conducting a o | & = = =
series of rigorous biosafety tests, one can establish a well-defined & | = = = 2
safety profile for nanohybridized niclosamide, ensuring its safe
application in antiviral therapy.
< o .
_ 2, 28 ¥ 3}
2.7.2. Dosing - ‘é ENS S _‘E tg:f ® g
Sl3LE 8wy 38 uE
Traditional niclosamide’s low oral bioavailability has led to the f? ?E £ _::‘j g £ s _Z :i g Cé
development of alternative formulations, such as inhalable or in- é R 2 E T;L g é e
tranasal forms, to improve absorption. In COVID-19 trials, oral o0 238 E 2 3% &3 2
doses typically range from 1-2g daily. For nanohybridized ver- £ E E = i, o & g ° a s g
sions, lower doses are expected due to improved delivery and re- R E s = ° % §
tention, though precise clinical data are still emerging. = Eﬂ % £ g R é E’ g
2.7.3. Efficacy g ;dz) E" % Lg g g
s = .
In-vitro studies demonstrate that niclosamide has potent antiviral
activity against a range of viruses, including SARS-CoV-2, Zika,
Dengue, and Influenza. Early COVID-19 trials have shown mixed ) < ¢ 2y _ °
results, with some studies reporting a reduction in viral load, 5 52 €8 2 .
while others suggest a limited impact on clinical outcomes. These R éol s . s g g g5
discrepancies are likely related to the challenges of bioavailability = | Zls s 25 < E %L g
in the non-hybridized form. S lEles 32 § 53
Nanohybridized formulations have shown promising results g vl g e 5 5 ©
in preclinical models for increasing antiviral efficacy by improv- & < g® < 5
ing drug stability and targeted delivery, although clinical trial data £ <
remains limited. Ongoing clinical trials are testing niclosamide &
for viral infections like COVID-19; however, none of any cur- § ® < ow °
rent trials focus on Mpox. While nanohybridized formulations & g5 g 503 % 2%
are in the early stages, they show potential for improved safety 2 g g = § g é H £ S8 .
and efficacy. Trials in this area are likely to emerge as interest in 2 s § E < £ g 8 <@ g R ig’
BSAs grows. - |s|las8% g8 P, g5
In addition to the potential of nano-engineered niclosamide as £ 305 > § 8 é £ E 5 g § 8 g —i
an antiviral agent, it is crucial to consider other strategies, such g g g % _;: g s _'; § :; 2 § J:E £
as vaccination, to prevent the spread of Mpox. Vaccines play a c | 8¢ = 8 E 25 2 g 2 5 g =
vital role in controlling viral infections by stimulating the im- -% g ESS H E I z S o £
mune system to recognize and combat the virus before it can %’ gp LS% i 28 5 Lg“ E
cause widespread illness. Current Mpox vaccines (Table 5), such n E :é g2 T2 ° o &
as the JYNNEOS vaccine,!'?2 have shown effectiveness in pre- 5 g 8® ©vE S
venting infection and reducing transmission. Combining vacci- s -
nation with antiviral therapies like nano-engineered niclosamide g
could provide a comprehensive strategy for managing and ulti- = = °
mately controlling the Mpox outbreaks. = g < = 8 S 5 o
This multifaceted approach, targeting both prevention and g S g < - = < g g
treatment, is essential for enhancing global efforts to mitigate the s g €3 & g c = o<
impact of viral infections like Mpox. 2 | "¢ % £ % g -
However, Vaccines alone cannot completely stop Mpox due I g2 = L g E .
to several limitations and challenges associated with vaccination z - 2 z
strategies. First, limited global vaccine access and insufficient £
vaccine coverage in endemic regions make it difficult to achieve 3
widespread immunity.['?3] Second, certain populations, such as s
individuals with weakened immune systems, may not respond E v 8
effectively to vaccines or may face risks of adverse effects, par- 7 E g
ticularly with live-attenuated vaccines like ACAM2000. Addition- 5 § g
ally, vaccine-induced immunity may not be immediate, as it takes 5 % £ - o ‘§
time for the body to generate an adequate immune response, a | 2 § g 8 o g
leaving a window of vulnerability during outbreaks.!'?*] Variabil- 2 15|z 2 & °
ity in vaccine efficacy against different strains of the virus and (S S =Y < 4 =
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the possibility of immune escape mechanisms further compli-
cate their effectiveness as a standalone solution.

Nanohybridized niclosamide offers a complementary thera-
peutic strategy to address these gaps. Unlike vaccines, which
primarily aim to prevent infection, nanohybridized niclosamide
targets active viral infections, inhibiting viral replication, mod-
ulating host cellular pathways like autophagy and endosomal
acidification, and suppressing virus release from infected cells.
The nanohybrid formulation enhances drug delivery by improv-
ing the bioavailability, cellular uptake, and tissue penetration of
niclosamide, enabling it to accumulate effectively at the site of
infection. This approach ensures rapid antiviral activity, even af-
ter the onset of infection, and can also mitigate severe disease
progression in individuals who have not been vaccinated or have
compromised immunity. By combining the preventive poten-
tial of vaccines with the therapeutic efficacy of nanohybridized
niclosamide, a comprehensive strategy can be achieved to con-
trol Mpox outbreaks, limit transmission, and reduce disease
burden.

2.8. Strategic Implications for Global Health

Following the failure of the NIH-cosponsored study PALMO007,
conducted in the Democratic Republic of the Congo, to meet its
primary endpoint, there is currently no treatment available to
curb the global spread of Mpox. In this context, nanohybridized
niclosamide offers a potential solution by enhancing antiviral ef-
fectiveness through targeted and sustained delivery to infected
cells (Figure 2).

As a repurposed drug already approved for the treatment of
parasitic infections, niclosamide can be rapidly deployed during
outbreaks, enabling a swift response to emerging viral threats.
Its broad-spectrum activity allows it to combat multiple viruses,
which could help reduce hospitalizations and healthcare costs.
Additionally, nanohybridization may enhance safety by minimiz-
ing side effects, making it suitable for use even in vulnerable pop-
ulations.

This approach not only strengthens preparedness for poxvirus
outbreaks but also promotes research into the development of
more effective antiviral therapies.

Nanohybridized niclosamide has broad applicability beyond
Mpox, showing promise in other viral outbreak treatments such
as smallpox and emerging zoonotic viruses like Nipah and Zika.
In cases where Mpox co-infects individuals with HIV, the mor-
tality risk increases. The antiviral activity of niclosamide against
HIV suggests that Nanohybridized niclosamide could serve as
a treatment option for co-infected individuals efficacy against
poxviruses also positions it as a viable therapeutic candidate for
smallpox, especially in response to potential bioterrorism threats.

Additionally, the enhanced bioavailability and targeted delivery
achieved through nanohybridization improve its efficacy against
various viruses, including those with unique treatment chal-
lenges. As a repurposed drug, niclosamide’s rapid deployment
during outbreaks is essential for controlling viral spread. Over-
all, its demonstrated success in treating different viral infections
could catalyze further research and innovations in antiviral ther-
apies, benefiting global health by addressing a wide range of viral
threats.
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3. Conclusion

Niclosamide holds substantial promise as a broad-spectrum an-
tiviral, with unique mechanisms that not only degrade viruses
through autophagy but also inhibit viral entry, replication, and
inflammation. However, its inherent low bioavailability has lim-
ited its clinical potential as an antiviral agent. Recent advances in
nanotechnology provide solutions to these challenges, enabling
niclosamide’s effective use through enhanced solubility, stabil-
ity, and targeted delivery mechanisms. Moreover, recent formu-
lations with improved bioavailability through nanotechnology
have shown safety in clinical trials. By incorporating niclosamide
into nanostructures such as layered double hydroxides (LDHs),
metal-organic frameworks (MOFs), or polymeric nanoparticles,
researchers can achieve improved pharmacokinetics and thera-
peutic efficacy, ensuring its viability as a tool in combating vi-
ral threats like Mpox. This approach positions niclosamide as
a critical agent for addressing future pandemics, blending ad-
vanced science with accessible, scalable, and sustainable thera-
peutic strategies.

4. Prospects

4.1. Nanotechnology in Pandemic Preparedness
Nanohybridization technology!'?>-128] elevates niclosamide’s role
from a repurposed drug to a pivotal antiviral agent by ad-
dressing its solubility and delivery challenges. Functionalized
materials like MgO mnanoparticles or hydrophilic polymers
such as HPMC provide effective encapsulation, ensuring that
niclosamide reaches infected tissues while reducing systemic
toxicity. These advancements not only improve therapeutic out-
comes but also enable rapid deployment during outbreaks, en-
suring global health readiness.

4.2. Environmentally Conscious Design

Sustainable and biodegradable nanomaterials play a key role in
scaling niclosamide formulations for mass production without
compromising environmental health. Eco-friendly polymers and
efficient manufacturing processes align with the global emphasis
on reducing the ecological impact of pharmaceutical production.
These strategies ensure that future antiviral therapies are both
environmentally and economically sustainable.

4.3. Stimuli-Responsive Drug Delivery

Innovative material properties, such as porosity and stimuli-
responsive capabilities, allow nanohybridized niclosamide to
adapt to specific biological environments. These systems release
the drug in response to environmental triggers like pH or en-
zymatic activity, maximizing therapeutic efficacy while minimiz-
ing wastage. This precision delivery system sets a precedent for
smarter, more efficient antiviral treatments.

4.4. Scalable Solutions for Global Health Security

The affordability and scalability of nanohybridized niclosamide
make it accessible across diverse income settings, addressing the
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critical need for equitable healthcare solutions. By leveraging ad-
vanced material science to develop cost-effective formulations,
niclosamide can serve as a cornerstone in global health prepared-
ness, ensuring robust responses to viral outbreaks while enhanc-
ing resilience against future pandemics.

This integration of nanotechnology and material science un-
derscores the potential of niclosamide to transform pandemic
preparedness strategies, bridging the gap between innovation
and accessibility. Future efforts must prioritize clinical trials to
establish its efficacy and safety further, positioning niclosamide
as a key player in global health security frameworks.

Supporting Information

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

Acknowledgements

The authors were grateful to the National Academy of Sciences, Republic
of Korea, who supported this research in the form of the 2024 Research
Participation Grant on the International Academic Organization Research
Project.

Conflict of Interest

The authors declare no conflict of interest.

Keywords

bioavailability enhancement, Mpox antiviral therapy, nanohybrid formula-
tions, niclosamide repurposing, poxvirus therapeutic strategies

Received: November 30, 2024
Revised: January 28, 2025
Published online: February 23, 2025

[1] G. Gonzalez, M. Carr, T. M. Kelleher, E. O’Byrne, W. Banka, B.
Keogan, C. Bennett, G. Franzoni, P. Keane, C. Kenna, L. W. Meredith,
N. Fletcher, ). M. Urtasun-Elizari, ). Dean, C. Browne, F. Lyons, B.
Crowley, D. Igoe, E. Robinson, G. Martin, J. Connell, C. F. De Gascun,
D. Hare, Eurosurveillance 2024, 29, 2300505.

D. A. Schwartz, Viruses 2024, 16, 1123.

Eurosurveillance Editorial team, Eurosurveillance 2024, 29, 240815v.
G. B. daSilva, G. de Carvalho Braga, |. L. B. Simdes, A. P. Kempka,
M. D. Bagatini, Cytokine 2024, 177, 156560.

W. A. Bapolisi, S. Krasemann, M. Wayengera, B. Kirenga, E. Bahizire,
E. B. Malembaka, J. N. Siewe Fodjo, R. Colebunders, P. D. Katoto,
Lancet Infect. Dis. 2024, 24, E672.

P. A. Yu, R. Elmor, K. Muhammad, Y. C. Yu, A. K. Rao, NE/M Evid.
2024, 3, EVID0a2400189.

A. Stafford, S. Rimmer, M. Gilchrist, K. Sun, E. P. Davies, C. S.
Waddington, C. Chiu, D. Armstrong-James, T. Swaine, F. Davies,
C. H. M. Gomez, V. Kumar, A. ElHaddad, Z. Awad, C. Smart, B.
Mora-Peris, D. Muir, P. Randell, |. Peters, M. Chand, C. E. Warrell, T.
Rampling, G. Cooke, S. Dhanji, V. Campbell, C. Davies, S. Osman,
A. Abbara, Lancet Infect. Dis. 2023, 23, e218.

(2]
(3]
(4]

[5

(6]

[7

Adv. Healthcare Mater. 2025, 14, 2404818 2404818 (11 of 14)

(8]

El

(10]

(1]

(12]

(13]
(14]
(15]

(16]

(7]

(18]

(19]

20]
(21]

(22]

(23]
(24]

(25]
26]

(27]
(28]
(29]

(3]

(31

(32]

(33]

(34]

www.advhealthmat.de

R. M. Alameer, A. Yamani, A. Al-Saud, S. Alsobayeg, B. Alamro, A.
Alali, E. Hammad, A. M. Shendi, R. S. Almaghrabi, Int. J. Infect. Dis.
2024, 143, 107015.

A. Sypulowa, J. Zielinska-Jenczylik, Z. Skurska, Arch. Immunol. Ther.
Exp. 1972, 20, 837.

E. G. Davies, A. Thrasher, K. Lacey, ). Harper, Lancet 1999, 353,
2042.

F. Sonvico, G. Colombo, L. Gallina, F. Bortolotti, A. Rossi, C. J.
Mclnnes, G. Massimo, P. Colombo, A. Scagliarini, AAPS J. 2009, 11,
242.

A. Scagliarini, C. . Mclnnes, L. Gallina, F. Dal Pozzo, L. Scagliarini,
R. Snoeck, S. Prosperi, |. Sales, J. A. Gilray, P. F. Nettleton, Antiviral
Res. 2007, 73, 169.

A. Acharya, N. Kumar, K. Singh, S. N. Byrareddy, Biomed. J. 2024,
48, 100746.

F. Branda, C. Romano, M. Ciccozzi, M. Giovanetti, F. Scarpa, A.
Ciccozzi, A. Maruotti, J. Clin. Med. 2024, 13, 2234.

Y. Wang, W. Zhang, S. Liu, F. Wang, Q. Huang, E. Li, M. Zhu, ). Yu,
J. Shi, J. Inflamm. Res. 2024, 17, 6239.

Q. Li, Y. Zhang, S. Huang, Y. Xu, J. Zhou, Y. Li, Y. Xiao, W. Ma, L. He,
X.Ren, Z. Dai, W. Liang, F. Cheng, S. Luo, J. Affect. Disord. 2024, 363,
39.

L. Zhang, ). Liu, S. Huang, W. Zeng, L. Li, X. Fan, Z. Lu, Anal. Chim.
Acta 2024, 1299, 342416.

Y. Xu, K. Jiao, Y. Zhang, S. Huang, J. Zhou, Y. Li, Y. Xiao, W. Ma, L.
He, X. Ren, Z. Dai, J. Sun, Q. Li, F. Cheng, W. Liang, S. Luo, J. Med.
Virol. 2024, 96, €29470.

M. MacDonald, K. Barker, I. Umar, S. Carpentier, ACG Case Rep. .
2023, 70, e01101.

D. V. Parums, Med. Sci. Monit. 2024, 30, e946343.

H. Qiao, P. Paansri, L. E. Escobar, Geospat. Health 2024, 19, https:
//doi.org/10.4081/gh.2024.1261.

K. Mercy, B. Tibebu, M. Fallah, N. R. Faria, N. Ndembi, Y. K. Tebeje,
Nat. Med. 2024, 30, 1225.

L. Lv, L. Zhang, J. Infect. 2023, 87, 160.

W. Matsee, S. Charoensakulchai, I. M. A. Wirawan, H. A. Imad, Travel
Med. Infect. Dis. 2023, 54, 102597.

M. Rahi, S. Joy, A. Sharma, Am. J. Trop. Med. Hyg. 2023, 108, 641.
D. D. Djuicy, C. N. Bilounga, L. Esso, M. M. M. Mouiche, M. G.
W. Yonga, G. D. Essima, I. M. E. Nguidjol, P. . A. Anya, E. B. N.
Dibongue, A. G. M. Etoundi, S. I. Eyangoh, M. Kazanji, R. Njouom,
BMC Infect. Dis. 2024, 24, 949.

E. Kinganda-Lusamaki, A. Amuri-Aziza, N. Fernandez, ].-C.
Makangara-Cigolo, C. Pratt, E. Hasivirwe Vakaniaki, N. A. Hoff, G.
Luakanda, P. Akil-Bandali, S. Sabiti Nundu, Cell 2025, 188, 4.

N. S. Rejinold, G. W. Jin, J. H. Choy, Nano Lett. 2024, 24, 14541.

P. F. Salvo, G. Baldin, E. Visconti, S. Di Giambenedetto, Travel Med.
Infect. Dis. 2024, 61, 102746.

M. L. Ouyang, R. Marusinec, P. . Bayard, M. Edmunds, M. Johnson,
S. Lai, K. Menker, C. Moore, N. Moss, M. Nguyen, A. Pena, S.
Rajagopal, M. Shemsu, |. Sheppard, S. Slome, M. Tang, K. K. Trivedi,
E. Yette, E. F. Dunne, G. Ayala, A. Chitnis, J. Public Health Manag.
Pract. 2024, 30, 744.

M. ). O'Neil, R. Archer, P. Danza, R. Fisher, D. A. Bagwell, I. Younis,
S. Kulkarni, Z. Rubin, M. Kim, S. Balter, D. Terashita, J. Kim, R.
Singhal, D. Hancz, M. Gausche-Hill, N. K. Shah, Morb. Mortal. Wkly.
Rep. 2024, 73, 546.

Y. Xu, Y. Wu, X. Wu, Y. Zhang, Y. Yang, D. Li, B. Yang, K. Gao, Z.
Zhang, C. Dong, Int. J. Biol. Macromol. 2024, 270, 13223 1.

Z. Mansuri, B. Shah, G. Yadav, T. Kainth, H. Kochhar, S. Srinivas,
S. H. Kamil, A. Bachu, A. Reddy, Prim. Care Companion CNS Disord.
2024, 26, 231r03608.

C. R. Buechler, Z. ). Anderson, S. A. Kullberg, D. D. Miller, A.
Ahiskali, R. Schut, S. A. Hylwa, JAMA Dermatol. 2024, 160, 235.

© 2025 The Author(s). Advanced Healthcare Materials published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.advhealthmat.de
https://doi.org/10.4081/gh.2024.1261
https://doi.org/10.4081/gh.2024.1261

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

(33]

(36]

(37)

(38]
(39]

(40]

(41]
(42]

[43]

(44]

43]

[46]

(47]
48]
(49]
[50]
(51

[52]

(53]
[54]

[55]

[56]
[57]

(58]
[59]

Adv. Healthcare Mater. 2025, 14, 2404818

ADVANCED
HEALTHCARE
MATERIALS

A. E. Martinez, P. Frattaroli, C. A. Vu, L. Paniagua, J. Mintz, A. Bravo-
Gonzalez, P. Zamudio, A. Barco, A. Rampersad, P. Lichtenberger, J.
A. Gonzales-Zamora, Vaccines 2023, 11.

J. Caria, F. Vara-Luiz, |. Maia, A. Joosten, L. Val-Flores, H. Pinheiro,
D. Povoas, N. Germano, F. Maltez, Infect. Dis. Rep. 2023, 15, 171.
N. Yeganeh, S. Yin, O. Moir, P. Danza, M. Kim, L. Finn, R. Fisher,
S. Kulkarni, M. Perez, K. Poortinga, W. Garland, C. Foo, M. Haddix,
R. Archer, N. Frey, S. Balter, R. Singhal, A. Kim, Vaccine 2024, 42,
125987.

J. Duffy, T. R. Myers, P. Marquez, D. Rouse, H. Brown, B. Zhang, D.
K. Shay, P. L. Moro, Sex Transm. Dis. 2024, 51, 509.

S. Y. Lim, Y. M. Jung, Y. Kim, G. Kim, J. Jeon, B. Chin, M. K. Kim, J.
Korean Med. Sci. 2024, 39, e100.

C. Jacob-Dolan, D. Ty, D. Hope, K. McMabhan, J. Liu, O. C. Powers, C.
A. Cotter, M. Sciacca, C. Wu, E. Borducchi, E. Bouffard, H. Richter,
J. Velasco, E. Teow, M. Boursiquot, A. Cook, K. Feliciano, . Yalley-
Ogunro, M. S. Seaman, L. Pessiant, M. G. Lewis, H. Andersen, B.
Moss, D. H. Barouch, Sci. Transl. Med. 2024, 16, eadl4317.

L. Zhuang, W. Liu, X. Q. Tsai, C. Outtrim, A. Tang, Z. Wang, Y. Huang,
Int. J. Mol. Sci. 2024, 25, 9651.

G. Choi, N. S. Rejinold, H. Piao, Y. B. Ryu, H. J. Kwon, I. C. Lee, J. I.
Seo, H. H. Yoo, G. W. Jin, J. H. Choy, Small 2023, 20, e2305148.

Y. Sutar, S. Nabeela, S. Singh, A. Algarihi, N. Solis, T. Ghebremariam,
S. Filler, A. S. Ibrahim, A. Date, P. Uppuluri, PLoS Biol. 2022, 20,
e3001762.

G. Choi, H. Piao, N. S. Rejinold, S. Yu, K. Y. Kim, G. W. Jin, J. H. Choy,
Pharmaceuticals 2021, 14, 486.

H. I. Choi, T. Kim, S. W. Lee, J. Woo Kim, Y. Ju Noh, G. Y. Kim, H.
Jin Park, Y. ). Chae, K. R. Lee, S. J. Kim, T. S. Koo, J. Chromatogr. B
Analyt. Technol. Biomed. Life Sci. 2021, 1179, 122862.

A. S. Abdulamir, F. I. Gorial, S. J. Saadi, M. F. Maulood, H. A.
Hashim, A. S. Alnuaimi, M. K. Abdulrrazaq, Ann. Med. Surg. 2021,
69, 102779.

H. M. Al-Kuraishy, A. I. Al-Gareeb, K. J. Alzahrani, A. Alexiou, G. E.
Batiha, Mol. Biol. Rep. 2021, 48, 8195.

W. Chen, R. A. Mook Jr., R. T. Premont, ). Wang, Cell. Signal. 2018,
41, 89.

J. Xu, P. Y. Shi, H. Li, J. Zhou, ACS Infect. Dis. 2020, 6, 909.

M. Sanati, A. R. Afshari, L. E. Simental-Mendia, A. Sahebkar,
Curcumin-Based Nanomedicines as Cancer Therapeutics, Academic
Press, Cambridge, MA, USA 2024, 339.

C. Peng, Y. Zhou, S. Cao, A. Pant, M. L. Campos Guerrero, P.
McDonald, A. Roy, Z. Yang, Vaccines 2020, 8, 401.

C. Prabhakara, R. Godbole, P. Sil, S. Jahnavi, S. E. Gulzar, T. S.
van Zanten, D. Sheth, N. Subhash, A. Chandra, A. Shivaraj, P.
Panikulam, I. U., V. K. Nuthakki, T. P. Puthiyapurayil, R. Ahmed, A.
H. Najar, S. M. Lingamallu, S. Das, B. Mahajan, P. Vemula, S. B.
Bharate, P. P. Singh, R. Vishwakarma, A. Guha, V. Sundaramurthy,
S. Mayor, PLoS Pathog. 2021, 17, e1009706.

E. Jung, S. Nam, H. Oh, S. Jun, H.-J. Ro, B. Kim, M. Kim, Y. Y. Go,
Sci. Rep. 2019, 9, 8682.

A. A. Ezat, J. M. Abduljalil, A. M. Elghareib, A. Samir, A. A. Elfiky,
Exp. Opin. Drug Discov. 2023, 18, 551.

I. P. Ejidike, O. Ogunleye, M. O. Bamigboye, O. M. Ejidike, A. Ata,
M. O. Eze, H. S. Clayton, V. U. Nwankwo, J. O. Fatokun, Biogenic
Nanomaterials for Environmental Sustainability: Principles, Practices,
and Opportunities, Springer, Cham, Singapore 2024, 353.

S. S. Kapale, H. K. Chaudhari, J. Indian Chem. Soc. 2021, 98, 100262.
M. O. Jara, R. O. Williams lii, J. Drug Deliv. Sci. Technol. 2023, 81,
104187.

N. S. Rejinold, G.-w. Jin, J.-H. Choy, Nano Lett. 2024, 24, 14541.

G. Choi, N. S. Rejinold, H. Piao, Y. B. Ryu, H.-J. Kwon, I. C. Lee, J. I.
Seo, H. H. Yoo, G.-w. Jin, ).-H. Choy, Small 2024, 20, 2305143.

2404818 (12 of 14)

(60]

(61]
(62]
(63]

(64]

(65]

(66]
(67]

(68]
(69]
[70]
(71

(72]
(73]

(74]
[75]

(78]
[77]

(78]

[79]
(80]
(81]
(82]
(83]
(84]
(83]
(86]
(87]
(88]
(89]

(90]

www.advhealthmat.de

D. M. Cairns, D. Dulko, J. K. Griffiths, Y. Golan, T. Cohen, L.
Trinquart, L. L. Price, K. R. Beaulac, H. P. Selker, JAMA Network Open
2022, 5, 2144942,

S. Imani, S. Aminnezhad, M. Alikarami, Z. Abedi, I. S. Mosleh, M.
Maghsoudloo, Z. Taheri, Sci. Rep. 2024, 14, 29436.

X. Hu, C. Jia, ). Wu, ). Zhang, Z. Jiang, K. Ma, Front. Cell Infect. Mi-
crobiol. 2022, 12, 916012.

K. C. Yang, ). C. Lin, H. H. Tsai, C. Y. Hsu, V. Shih, C. J. Hu, Drug
Deliv. Transl. Res. 2021, 11, 1420.

I. Relano-Rodriguez, M. S. Espinar-Buitrago, V. Martin-Canadilla,
R. Gomez-Ramirez, |. L. Jimenez, M. A. Munoz-Fernandez, J.
Nanobiotechnol. 2021, 19, 65.

B. K. Yoon, W. Y. Jeon, T. N. Sut, N. J. Cho, J. A. Jackman, ACS Nano
2021, 15, 125.

M. Chakravarty, A. Vora, Drug Deliv. Transl. Res. 2021, 11, 748.

V. Parvathaneni, M. Goyal, N. S. Kulkarni, S. K. Shukla, V. Gupta,
Pharm. Res. 2020, 37, 123.

A. Hussain, M. A. Altamimi, O. Afzal, A. S. Altamimi, M. Ramzan,
T. Khuroo, Pharmaceutics 2023, 15, 2189.

L. M. Dalton, C. A. Kauffman, M. H. Miceli, Open Forum Infect. Dis.
2024, 11, ofae346.

M. Stanley, N. Cattle, . McCauley, S. R. Martin, A. Rashid, R. A. Field,
B. Carbain, H. Streicher, MedChemComm 2012, 3, 1373.

O.S. Obisesan, L. L. Tshweu, S. Chauke, K. B. Malatji, B. Ramalapa,
K. B. Alexandre, H. T. Mufhandu, Nano Select. 2024, 5, 2300157.

L. K. Shah, M. M. Amiji, Pharm. Res. 2006, 23, 2638.

M. Donalisio, F. Leone, A. Civra, R. Spagnolo, O. Ozer, D. Lembo,
R. Cavalli, Pharmaceutics 2018, 10, 46.

M. Donalisio, M. Argenziano, M. Ritta, C. Bastiancich, A. Civra, D.
Lembo, R. Cavalli, Int. J. Pharm. 2020, 587, 119676.

J. W. Wang, R. B. Roden, Exp. Rev. Vaccines 2013, 12, 129.

L. Zhao, Z. Zhu, L. Ma, Y. Li, Int. J. Nanomed. 2020, 15, 2071.

R. G. Kelmann, M. Colombo, S. C. De Araujo Lopes, R. J. Nunes,
M. Pistore, D. Dall Agnol, C. Rigotto, I. T. Silva, S. S. Roman, H. F.
Teixeira, C. M. Oliveira Simdes, L. S. Koester, J. Pharm. Sci. 2016,
105, 2194.

A. Gholami, S. M. Mousavi, R. Masoumzadeh, M. Binazadeh, K.
Bagheri Lankarani, N. Omidifar, O. Arjmand, W. H. Chiang, M.
Moghadami, N. Pynadathu Rumijit, Micromachines 2023, 14, 1185.

H. H. Lara, N. V. Ayala-Nufiez, L. Ixtepan-Turrent, C. Rodriguez-
Padilla, J. Nanobiotechnol. 2010, 8, 1.

L. Lu, R. W. Sun, R. Chen, C. K. Hui, C. M. Ho, J. M. Luk, G. K. Lau,
C. M. Che, Antiviral Ther. 2008, 13, 253.

D. Morris, M. Ansar, . Speshock, T. Ivanciuc, Y. Qu, A. Casola, R.
Garofalo, Viruses 2019, 11, 732.

Y. Li, Z. Lin, M. Guo, M. Zhao, Y. Xia, C. Wang, T. Xu, B. Zhu, Int. J.
Nanomed. 2018, 13, 2005.

N. S. Rejinold, G.-w. Jin, J.-H. Choy, Nano Lett. 2024, 24, 14541.

S. Chowdhary, R. Deka, K. Panda, R. Kumar, A. D. Solomon, |. Das,
S. Kanoujiya, A. K. Gupta, S. Sinha, J. Ruokolainen, K. K. Kesari, P.
K. Gupta, Mol. Pharm. 2023, 20, 3698.

T. L. Born, L. A. Morrison, D. J. Esteban, T. VandenBos, L. G.
Thebeau, N. Chen, M. K. Spriggs, J. E. Sims, R. M. Buller, J. Immunol.
2000, 764, 3246.

G. Bruno, G. B. Buccoliero, Life 2023, 13, 1969.

E. Alakunle, D. Kolawole, D. Diaz-Canova, F. Alele, O. Adegboye, U.
Moens, M. |. Okeke, Front. Cell Infect. Microbiol. 2024, 14, 1360586.
L. Huang, M. Yang, Y. Yuan, X. Li, E. Kuang, Antiviral Res. 2017, 138,
68.

M. Chen, J. Wang, ]. Lu, M. C. Bond, X.-R. Ren, H. K. Lyerly, L. S.
Barak, W. Chen, Biochemistry 2009, 48, 10267.

L. Liang, M. Huang, Y. Xiao, S. Zen, M. Lao, Y. Zou, M. Shi, X. Yang,
H. Xu, Inflammation Res. 2015, 64, 225.

© 2025 The Author(s). Advanced Healthcare Materials published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.advhealthmat.de

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

(1]

[92]
(93]

[94]
[95]

(98]

[57]

(98]
[99]

[100]
[101]
[102]
[103]

[104]

[105]

[106]

[107]

[108]

[109]
[110]

Adv. Healthcare Mater. 2025, 14, 2404818

ADVANCED
HEALTHCARE
MATERIALS

C. Liu, W. Lou, C. Armstrong, Y. Zhu, C. P. Evans, A. C. Gao, Prostate
2015, 75, 1341.

U. Thi Tran, T. Kitami, Commun. Biol. 2019, 2, 2.

M. Hatamipour, M. R. Jaafari, A. A. Momtazi-Borojeni, M.
Ramezani, A. Sahebkar, Curr. Mol. Pharmacol. 2020, 13, 245.

Y. Feng, Front. Pharmacol. 2024, 15, 1373711.

A. Jurgeit, R. McDowell, S. Moese, E. Meldrum, R. Schwendener, U.
F. Greber, PLoS Pathog. 2012, 8, €1002976.

N. C. Gassen, |. Papies, T. Bajaj, . Emanuel, F. Dethloff, R. L. Chua,
J. Trimpert, N. Heinemann, C. Niemeyer, F. Weege, K. Honzke,
T. Aschman, D. E. Heinz, K. Weckmann, T. Ebert, A. Zellner,
M. Lennarz, E. Wyler, S. Schroeder, A. Richter, D. Niemeyer, K.
Hoffmann, T. F. Meyer, F. L. Heppner, V. M. Corman, M. Landthaler,
A. C. Hocke, M. Morkel, N. Osterrieder, C. Conrad, et al., Nat. Com-
mun. 2021, 12, 3818.

K. Shamim, M. Xu, X. Hu, E. M. Lee, X. Lu, R. Huang, P. Shah, X.
Xu, C. Z. Chen, M. Shen, H. Guo, L. Chen, Z. Itkin, R. T. Eastman, P.
Shinn, C. Klumpp-Thomas, S. Michael, A. Simeonov, D. C. Lo, G. L.
Ming, H. Song, H. Tang, W. Zheng, W. Huang, Bioorg. Med. Chem.
Lett. 2021, 40, 127906.

T.Y. Chen, C. T. Smartt, Parasit. Vectors 2021, 14, 551.

C. Prabhakara, R. Godbole, P. Sil, S. Jahnavi, S.-e.-). Gulzar, T. S. van
Zanten, D. Sheth, N. Subhash, A. Chandra, A. Shivaraj, PLoS Pathog.
2021, 17, e1009706.

C.-C. Li, X.-). Wang, H.-C. R. Wang, Drug Discov. Today 2019, 24, 726.
J.-C. Kao, W.-C. HuangFu, T.-T. Tsai, M.-R. Ho, M.-K. Jhan, T.-J. Shen,
P.-C. Tseng, Y.-T. Wang, C.-F. Lin, PLoS Negl. Trop. Dis. 2018, 12,
e0006715.

S. Singh, A. Weiss, J. Goodman, M. Fisk, S. Kulkarni, I. Lu, J. Gray,
R. Smith, M. Sommer, |. Cheriyan, Br. J. Pharmacol. 2022, 179, 3250.
Z.Yang, Q. Zhang, X. Wu, S. Hao, X. Hao, E. Jones, Y. Zhang, J. Qiu,
L. Xu, Biomedicines 2023, 11, 2019.

Y.-L. Kang, Y.-Y. Chou, P. W. Rothlauf, Z. Liu, T. K. Soh, D. Cureton, J.
B. Case, R. E. Chen, M. S. Diamond, S. P. J. Whelan, T. Kirchhausen,
Proc. Natl. Acad. Sci. USA 2020, 117, 20803.

L. Braga, H. Ali, I. Secco, E. Chiavacci, G. Neves, D. Goldhill, R.
Penn, J. M. Jimenez-Guardefio, A. M. Ortega-Prieto, R. Bussani, A.
Cannata, G. Rizzari, C. Collesi, E. Schneider, D. Arosio, A. M. Shah,
W. S. Barclay, M. H. Malim, ). Burrone, M. Giacca, Nature 2021, 594,
88.

M. Jug, F. Laffleur, G. Millotti, Drug Des., Devel. Ther. 2024, 18, 4153.
C.-W. Chang, H.-C. Li, C.-F. Hsu, C.-Y. Chang, S.-Y. Lo, J. Biomed. Sci.
2009, 76, 80.

A. Ganesan, T. Arunagiri, S. Mani, V. R. Kumaran, G. Sk, S. Elumalai,
K. P. Kannaiah, H. K. Chanduluru, Naunyn-Schmiedeberg’s Arch.
Pharmacol. 2024, 398, 1057.

B. M. Shah, P. Modi, Curr. Drug Targ. 2024, 25, 62.

C. P. Rios-Ibarra, M. Salinas-Santander, D. A. Orozco-Nunnelly, J.
Bravo-Madrigal, Biomed. Rep. 2024, 20, 65.

2404818 (13 of 14)

[1171]

[112]
[113]
[114]
[115]

[116]

[117]

[118]

[119]

[120]
[121]

[122]

[123]

[124]

[125]
[126]

[127]

[128]

www.advhealthmat.de

A. E. LaBauve, E. A. Saada, I. K. Jones, R. Mosesso, A. Noureddine,
J. Techel, A. Gomez, N. Collette, M. B. Sherman, R. E. Serda, Sci.
Rep. 2023, 13, 6873.

P. Liang, Y. C. S. Wan, K. Yu, H. C. Hartzell, H. Yang, Biophys. J. 2024,
123, 444a.

W. H. Chai, Y. R. Li, S. H. Lin, Y. H. Chao, C. H. Chen, P. C. Chan, C.
H. Lin, Anticancer Res. 2020, 40, 1405.

L. K. Schenk, ). Ousingsawat, B. V. Skryabin, R. Schreiber, H.
Pavenstidt, K. Kunzelmann, Int. J. Mol. Sci. 2018, 19, 1798.

M. Katz, Drugs 1977, 13, 124.

D. M. Cairns, D. Dulko, J. K. Griffiths, Y. Golan, T. Cohen, L.
Trinquart, L. L. Price, K. R. Beaulac, H. P. Selker, JAMA Netw. Open
2022, 5, €2144942.

M. T. Wardle, S. E. Allen, R. Gamboa, P. Vilchez, S. E. O’Neal,
C. Muro, A. G. Lescano, L. M. Moyano, G. E. Gonzalvez, A. E.
Gonzalez, R. H. Gilman, H. H. Garcia, Lancet Reg. Health Am. 2024,
38, 100876.

S. Burock, S. Daum, U. Keilholz, K. Neumann, W. Walther, U. Stein,
BMC Cancer 2018, 18, 297.

E. S. Rosenberg, V. Dorabawila, R. Hart-Malloy, B. . Anderson, W.
Miranda, T. O’'Donnell, C. ). Gonzalez, M. Abrego, C. DelBarba, C.
J. Tice, C. McGarry, E. C. Mitchell, M. Boulais, B. Backenson, M.
Kharfen, |. McDonald, U. E. Bauer, MMWR Morb. Mortal. Wkly. Rep.
2023, 72, 559.

J. D. Grabenstein, A. Hacker, Exp. Rev. Vaccines 2024, 23, 796.

H. Yu, G. Mao, Z. Pei, ). Cen, W. Meng, Y. Wang, S. Zhang, S. Li, Q.
Xu, M. Sun, K. Xiao, Molecules 2023, 28, 6338.

N. P. Deputy, J. Deckert, A. N. Chard, N. Sandberg, D. L. Moulia, E.
Barkley, A. F. Dalton, C. Sweet, A. C. Cohn, D. R. Little, A. L. Cohen,
D. Sandmann, D. C. Payne, |. L. Gerhart, L. R. Feldstein, N. Engl. J.
Med. 2023, 388, 2434.

L. N. H. Md Khairi, M. L. Fahrni, A. . Lazzarino, Vaccines 2022, 10,
1306.

R. B. Kennedy, J. M. Lane, D. A. Henderson, G. A. Poland, in Vac-
cines, 6th Ed. (Eds.: S.A. Plotkin, W.A. Orenstein, P.A. Offit), Elsevier,
Amsterdam, The Netherlands 2013, 718-745.

M. Ovais, G. Zhang, Y. Li, Nano Today 2023, 52, 101971.

Z. Li, Z. Wang, P-U. C. Dinh, D. Zhu, K. D. Popowski, H. Lutz, S.
Hu, M. G. Lewis, A. Cook, H. Andersen, ). Greenhouse, L. Pessaint,
L. J. Lobo, K. Cheng, Nat. Nanotechnol. 2021, 16, 942.

G. Zhang, Y. Cong, F.-L. Liu, ). Sun, J. Zhang, G. Cao, L. Zhou, W.
Yang, Q. Song, F. Wang, K. Liu, J. Qu, J. Wang, M. He, S. Feng, D.
Baimanov, W. Xu, R.-H. Luo, X.-Y. Long, S. Liao, Y. Fan, Y.-F. Li, B. Li,
X. Shao, G. Wang, L. Fang, H. Wang, X.-F. Yu, Y.-Z. Chang, Y. Zhao,
et al., Nat. Nanotechnol. 2022, 17, 993.

G. Zhang, X. Wang, G. Wang, X. Suo, Y. Qiu, R.-H. Luo, Y. Liu, Q. Li,
W. Luo, Z. Shi, F. Liu, Z. Li, J. Qu, L. Li, N. G. Bastus, M. Himly, L.
Wang, F.-L. Liu, Y.-T. Zheng, V. Puntes, Y. Li, Nano Today 2024, 55,
102183.

© 2025 The Author(s). Advanced Healthcare Materials published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.advhealthmat.de

ADVANCED ADVANCED
SCIENCE NEWS MATERIALS

www.advancedsciencenews.com www.advhealthmat.de

Sanoj Rejinold, Invited Professor at Dankook University’s Department of Chemistry, leads research at
the Intelligent Nanohybrid Materials Laboratory (INML) with Professor Jin-Ho Choy. With 60+ publi-
cations and an H-index of 35, his work focuses on developing advanced nanohybrids, layered double
hydroxides, and polymer complexes to address multi-drug-resistant cancers. Specializing in photo-
dynamic and photothermal therapies for metastatic cancers, he earned his Ph.D. in Nano Chemistry
from Amrita Centre for Nanosciences, with a focus on biodegradable nano-vehicles for cancer therapy.
His research also includes viral therapies and innovative drug delivery systems, including nanogels
and microneedles, addressing critical global health challenges.

Geun-Woo Jin, Director of the R&D Center at Hyundai BioScience, is a leading innovator in biophar-
maceuticals and nanotechnology. With a Ph.D. in Biochemistry from Seoul National University, he has
advanced drug delivery and stem cell engineering during postdoctoral research at the University of
Kentucky and Temple University. Dr. Jin’s work has earned him prestigious awards and several high-
impact publications, focusing on nanohybrid systems for pancreatic cancer and COVID-19 therapeu-
tics. His expertise in niclosamide-based antivirals and polyphosphazene biomaterials exemplifies his
dedication to creating transformative solutions for critical global health challenges. His recent focus is
on clinicaltrials related to Long COVID.

Jin Ho Choy, Chair Professor at Dankook University, leads the Intelligent Nanohybrid Materials Lab-
oratory (INML) in South Korea. He is internationally recognized for pioneering research in layered
double hydroxides (LDHs) and inorganic-organic nanohybrids, with applications in drug delivery, can-
certherapy, and advanced nanomedicine. His work focuses on nanomaterials synthesis, structural
characterization, and functionalization for biomedicine, environmental science, and materials en-
gineering. With over 700 publications, numerous patents, and prestigious awards from the Korean
and American Chemical Societies, Dr. Choy has secured substantial funding and continues to mentor
future scientists, advancing the field of nanoscience and medicinal chemistry.

Adv. Healthcare Mater. 2025, 14, 2404318 2404818 (14 of 14) © 2025 The Author(s). Advanced Healthcare Materials published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.advhealthmat.de

	Harnessing Nanohybridized Niclosamide for Precision Mpox Therapeutics
	1. Introduction
	2. Need for Innovative Approaches
	2.1. Definition and Key Principles of Nanohybridized Drugs
	2.2. Nanohybridization: Enhancing Drug Delivery
	2.2.1. Why Nanohybridized Niclosamide?

	2.3. Previous Success in Other Viral Models
	2.4. Mechanism of Action of nanohybridized Niclosamide Against Mpox
	2.4.1. Inhibition of Viral Entry
	2.4.2. Inhibition of Viral Replication
	2.4.3. Disruption of Cellular Signaling
	2.4.4. Reduction of Inflammatory Responses

	2.5. Preclinical and Clinical Evidence
	2.5.1. In Vitro
	2.5.2. In Vivo

	2.6. Ongoing or Proposed Clinical Trials of Niclosamide (Nanohybridized or Non-Hybridized) for Viral Infections, Including Mpox
	2.6.1. Niclosamide for Other Viral Infections

	2.7. Safety, Dosing, and Efficacy Data
	2.7.1. Safety
	2.7.2. Dosing
	2.7.3. Efficacy

	2.8. Strategic Implications for Global Health

	3. Conclusion&#x00A0;
	4. Prospects
	4.1. Nanotechnology in Pandemic Preparedness
	4.2. Environmentally Conscious Design
	4.3. Stimuli-Responsive Drug Delivery
	4.4. Scalable Solutions for Global Health Security

	Supporting Information
	Acknowledgements
	Conflict of Interest
	Keywords


