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Abstract

Microbial keratitis, a sight-threatening corneal infection, remains a significant global health concemn. Conventional
therapies using antimicrobial agents often suffers from limitations such as poor drug penetration, side effects, and
occurrence of drug resistance, with poor prognosis. Novel treatment techniques, with their unique properties and
targeted delivery capabilities, offers a promising solution to overcome these challenges. This review delves into
timely update of the state-of-the-art advance therapeutics for keratitis treatment. The diverse microbial origins

of keratitis, including viral, bacterial, and fungal infections, exploring their complex pathogenic mechanisms,
followed by the drug resistance mechanisms in keratitis pathogens are reviewed briefly. Importantly, the
emerging therapeutic techniques for keratitis treatment including piezodynamic therapy, photothermal therapy,
photodynamic therapy, nanoenzyme therapy, and metal ion therapy are summarized in this review showcasing
their potential to overcome the limitations of traditional treatments. The challenges and future directions for
advance therapies and nanotechnology-based approaches are discussed, focusing on safety, targeting strategies,
drug resistance, and combination therapies. This review aims to inspire researchers to revolutionize and accelerate
the development of functional materials using different therapies for keratitis treatment.
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Introduction

Eye is a remarkable organ with a complicated struc-
ture and highly specialized tissues that work together to
enable vision. Its diameter is roughly 2.5 cm and its vol-
ume is approximately 6.5 mL [1]. Functionally, the eye
has two main segments, the rear segment, which com-
prises the vitreous humor, retina, choroid, and sclera,
and the prior segment known as anterior part, consists
of the conjunctiva, cornea, iris, aqueous humor, ciliary
body, lens, and lacrimal system [2]. Among these, cornea
plays a vital role in vision; it is a translucent and avascular
tissue that acts as the primary obstacle and contributes
to nearly two-third of the refractive strength of eye [3].

Cornea is comprised of three layers: the outer epithelial
layer, which provides protection; the stromal layer, that
accounts for 90% of the cornea’s depth and contains col-
lagen and other structural components; and the inner-
most endothelial layer, which maintains the hydration
and transparency of cornea [4]. Corneal disorders can
be inherited or acquired through various factors such
as trauma, infections, or surgery [5]. These conditions
often result in loss of transparency and visual impair-
ment. Under normal conditions, the cornea initiates an
intricate wound-healing response to maintain its struc-
ture and transparency [6]. However, in pathological situ-
ations, excessive healing can result in issues like corneal
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scarring, vision loss, and fibrosis [7, 8]. This excessive
healing is driven by an imbalance in the production of
growth factors, cytokines, and other molecules, which
leads to disruptions in the corneal structure [9].
Infectious keratitis is the leading cause of non-tra-
chomatous corneal opacification and ranks as the fifth
most common cause of blindness globally, accounting
for 3.5% of all blindness cases (36 million people) up to
2015. The prevalence of corneal blindness resulting from
infectious keratitis has declined from approximately
1.6 million cases in 1990 to 1.3 million cases in 2015.
Similarly, the number of individuals with vision impair-
ment due to this condition decreased from 3.3 million
to 2.9 million during the same period, though these fig-
ures are likely underreported [10-12]. Keratitis is a
corneal infection triggered by bacteria, viruses, fungi,
or amoebae, that can significantly impair vision if left
untreated [13]. The incidence of microbial keratitis var-
ies significantly across regions. In developed countries,
the rates reported include 27.6 per 100,000 person-years
in the United States (1999), 40.3 per 100,000 in England
(2006), and 6.6 per 100,000 in Australia (2015). However,
in developing nations in Asia, infectious keratitis poses
a substantial public health challenge. Limited access to
healthcare, poor health metrics, and a higher proportion
of agricultural workers contribute to significantly higher
incidences, such as 113 per 100,000 in Madurai, Tamil
Nadu, India; 339 per 100,000 in Bhutan; 710 per 100,000
in Myanmar; and 799 per 100,000 in Nepal [14-17].
Although the natural defense mechanisms of eye usually
protect it from infection, factors like contact lens wear,
corneal injuries, and certain ocular diseases can compro-
mise these defenses, making the cornea more susceptible
to infection [18]. Keratitis causes redness, pain, blurred
vision, and light sensitivity [19]. Timely treatment is cru-
cial, as delays can result in ulcers, corneal scarring, and
perforation that may result in permanent vision loss [20].
The first degradation caused by a corneal infection is
ulcer of cornea. Following this, polymorphonuclear and
lymphomononuclear cells infiltrate the stroma [21]. This
infiltration results in stromal necrosis and the destruc-
tion of Bowman’s layer that can lead to blockage of arter-
ies that feed the cornea. Descemetocele, or concentrated
corneal thinning, can occur when these necroses inten-
sify and make the Descemet layer visible [22]. In order
to stop the corneal layers from necrotizing, the immune
response of body simultaneously causes apparent cor-
neal vascularization and epithelial regeneration. Based
on bacterial pathogenesis and the compromised immune
response during that period, the pathogen may poten-
tially colonize the entire cornea. The resultant corneal
epithelial defects facilitate the ingress of microorganisms
into the deeper ocular structures. Progressive infections
not only occlude the pupil and iris but also compromise
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the delicate conjunctival tissue, leading to the formation
of a pseudocornea [23]. Contingent upon the severity of
the condition, corneal perforations and opacification may
result in visual impairment or complete loss of vision.
Since opacification and corneal perforations are typically
irreversible, to repair corneal function, corneal trans-
plantation is required [24]. The successful treatment of
keratitis is seriously threatened by the rise of drug-resis-
tant microbiological strains, especially Staphylococcus
aureus and Pseudomonas aeruginosa [25]. These resis-
tant strains, driven by factors like genetic mutations and
overuse of antibiotics, complicate treatment strategies.
Virulence factors produced by these pathogens, such as
toxins, proteases, and adhesins, contribute to the sever-
ity of corneal infections [26]. The choice of appropri-
ate antibiotic for keratitis is crucial, but challenges arise
due to the lack of well-defined clinical breakpoints and
the complex interplay between antibiotic susceptibility,
corneal penetration, and bacterial factors. Therefore, a
comprehensive understanding of both microbial resis-
tance mechanisms and virulence factors is essential for
developing effective treatment strategies and preventing
the spread of drug-resistant infections [16, 27]. Keratitis
must be treated in order to avoid complications includ-
ing visual, ulcers, corneal scarring, and even irrevers-
ible vision loss if left untreated. Whether the origin of
the infection is bacterial, fungal, viral, or non-infectious,
immediate diagnosis can effectively treat it. Early action
lowers the chance of long-term eye injury, encourages
healing, and reduces inflammation [13, 28].

Common treatments for keratitis include topical eye
drops, but these have limitations, particularly in terms
of ocular bioavailability [29]. Due to rapid clearance by
the tear film and lacrimal drainage, only a small fraction
of the medication remains on the corneal surface, often
requiring frequent applications that can be inconvenient
for patients and may lead to side effects [30, 31]. Cur-
rent development in the clinical strategies aims to prevail
these challenges. For therapeutic modalities, they have
many advantages, such as enhanced ocular bioavailabil-
ity, targeted drug delivery, improved drug stability, and
reduced side effects [32]. Novel approaches to treating
keratitis have been developed as a result of recent devel-
opments in conventional therapies, a serious eye infec-
tion that can cause blindness [33]. These strategies focus
on overcoming the limitations of traditional antifungal
and antibacterial treatments, such as drug resistance
and limited penetration into infected tissues [22, 34].
One promising approach involves the use of therapeu-
tics to supply antimicrobial agents directly to the area of
infection [35]. For instance, researchers have developed
nanomedicines that can encapsulate antifungal drugs
and release them slowly over time, increasing their effi-
cacy and minimizing side effects [36]. Additionally,
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nanomedicines can be functionalized with targeting mol-
ecules to specifically bind to infected cells, enhancing
drug delivery and minimizing damage to healthy tissues
[37]. Moreover, some nanomedicines can produce reac-
tive oxygen species (ROS), that can destroy fungi and
bacteria directly [38]. Another innovative strategy utilizes
functionalized materials to disrupt the structure of bac-
terial and fungal biofilms, which are complex communi-
ties of microorganisms that are resistant to conventional
treatments [39]. By targeting the extracellular matrix of
biofilms, these materials can weaken their structure and
increase their susceptibility to antimicrobial agents [40].
By overcoming the limitations of conventional treat-
ments, emerging therapeutic modalities hold the poten-
tial to revolutionize the management of keratitis and
other ocular diseases [41].

Many nanomedicine-based therapeutic paradigms have
been developed like piezodynamic therapy (PZDT), pho-
tothermal therapy (PTT), photodynamic therapy (PDT),
nanoenzyme therapy, and metal ion therapy [42]. Nano-
medicines combined with these therapeutic modalities,
enhance their antibacterial and antifungal effects [43, 44].
For example, gold nanoparticles (Au-NPs) can be used
to transform light energy into heat, killing bacteria and
fungi through thermal ablation [45]. Additionally, pho-
tosensitizers can be incorporated into NPs to generate
ROS upon exposure to light, further damaging microor-
ganisms [46]. PZDT is a non-invasive treatment utilizing
high-frequency acoustic waves, and often shows promise
in managing corneal inflammation by stimulating cellu-
lar repair, boosting collagen production, and modulating
the immune response [47]. While traditional treatments
have limitations, innovative approaches like multifunc-
tional hydrogel patches incorporating NPs offer a prom-
ising solution. These patches combine self-healing, tissue
adhesion, and antibacterial properties, mimicking the
structure of cornea and function. PTT and PDT are
developing as promising non-invasive treatments for
keratitis. These therapies involve the use of photosensi-
tizing agents that, upon activation by light, produce ROS,
which can destroy bacteria and aid in tissue healing [48,
49]. While PDT is efficient in preventing a wide range
of microorganisms, PTT offers the advantage of rapid
heat generation, which can directly inactivate pathogens.
Combining these two therapies can provide a synergistic
approach, enhancing their efficacy and reducing the risk
of bacterial resistance [50-52].

Innovations in therapies using nanotechnology to
deliver drugs or treat diseases at the molecular level have
shown promise for improving the treatment of corneal
disorders [53]. NPs and other nanostructured materi-
als have been explored to enhance drug penetration,
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reduce side effects, and improve patient compliance [54].
Nanozyme-based treatments, particularly nanozymes
delivered via microneedle patches, show promise in
combating keratitis [55]. These nanozymes possess mul-
tiple enzyme-like activities, effectively targeting patho-
gens, reducing oxidative stress, and promoting tissue
repair [56]. This approach offers advantages over tradi-
tional treatments, including improved drug delivery and
reduced risk of microbial resistance [57]. Metal ion ther-
apy, particularly utilizing metal-based NPs, has emerged
as a promising approach for treating keratitis. These NPs,
often composed of metals like silver, copper, or zinc,
possess potent antimicrobial properties [58]. They work
through various mechanisms, including ROS generation,
disruption of bacterial cell membranes, and interference
with essential metabolic processes [13]. One of the key
advantages of metal ion therapy is its broad-spectrum
antimicrobial activity, enabling it to target a wide range
of pathogens, including bacteria, fungi, and viruses [59].
Additionally, metal-based NPs can be designed to have
sustained release properties, ensuring prolonged thera-
peutic effects and reducing the frequency of administra-
tion and these NPs can be functionalized with targeting
ligands to specifically deliver the antimicrobial agents
to the infected corneal tissue, minimizing systemic side
effects [60, 61]. These strategies include the use of NPs to
deliver antimicrobial agents directly to the infected site,
the development of nanomedicine with targeted delivery
capabilities, and their exploration with multifunctional
properties, such as antimicrobial and anti-inflamma-
tory effects [62, 63]. While significant progress has been
made, further research is necessary to fully realize the
potential of pre-existing therapies in the treatment of
keratitis. Challenges such as toxicity, biocompatibility,
and regulatory hurdles must be carefully addressed to
ensure the safe and effective translation of these technol-
ogies into clinical practice.

In this review article, we will discuss all types of kera-
titis like bacterial, fungal and viral followed by their drug
resistance mechanisms and comprehensively all the ther-
apies like, PTT, PDT, nanoenzyme therapy, and metal ion
therapy which perform a crucial role in keratitis treat-
ment. The objective of this review is to explain various
innovative drug delivery methods with the formulation of
different active substances and describe some novel drug
delivery methods that have an efficacy for a successful
keratitis treatment. However, there are still challenges in
the treatment of microbial keratitis owing to drug resis-
tant pathogens and other intricacies. Unlocking the full
potential of nanomedicine-based therapeutic strategies
that can lead us to potential solutions and future research
directions for treating keratitis (Scheme 1 and 2).



Qu et al. Journal of Nanobiotechnology (2025) 23:184

Viral

Bacterial

Fungal g

Page 5 of 32

Nanoenzyme
Therapy

Reéistant
Strains

Metal lon
Therapy

Scheme 1 Schematic representation of keratitis types, drug resistant strain, and featured therapies

Microbial origin of keratitis

The microbial origins of keratitis typically involve viruses,
bacteria, fungi, or parasites that invade the corneal tis-
sue, often due to trauma, contact lens wear, or underlying
health conditions. Microbial keratitis affects 11/100,000
people in the United States, compared to 799/100,000
people in impoverished nations each year [64]. Corneal
epithelial antibodies and mucins provide the key eye
defense against keratitis caused by microbes. Therefore,
conditions including physical or chemical assault, scar-
ring, and contact lens wear that compromise the cor-
neal epithelial barrier, dramatically increase the chance
of developing microbial keratitis [65]. Some of the most
common microbial origins for keratitis have been listed
in this section.

Fungal keratitis

Fungal keratitis is a general corneal infection that affects
around 1 million individuals annually, and results as
1-45% occurrences of infectious keratitis [66]. Typically,
young healthy farmers or outdoor laborers are infected
who have been injured by organic waste. Furthermore,
previous ocular surface disorders, ocular surgery, using
contact lenses and having a background of systemic or

topical corticosteroid use issues are known to increase
the chance of developing filamentous fungal keratitis
[67]. The prevalence and epidemiological patterns of fun-
gal keratitis are closely linked to geographical regions,
showing significant variation worldwide, even within dif-
ferent areas of the same country and among distinct pop-
ulation groups. Tropical regions predominantly report
Aspergillus, Fusarium, and Curvularia species, whereas
yeasts are more commonly associated with temperate
climates. The prevalence of Candida keratitis has been
documented at 60.6% in London and 32.7% in Melbourne
[68]. In Paraguay, Acremonium species are identified as
the primary causative agents. Aspergillus species are the
leading pathogens in northern and eastern India, whereas
Fusarium species are more prevalent in the western and
southern regions [69]. Notably frequent pathogenic fungi
that cause keratitis are Fusarium and Aspergillus. Fun-
gal keratitis morbidity was shown to be more in men
than in women, with a ratio of 1.6:1. The incidence of
fungal keratitis changes greatly across species and geo-
graphical regions. Fungal keratitis manifests clinically as
stellate ulcers, conjunctival hyperemia, an overlying epi-
thelial deficiency, and infiltration with irregular feathery
margins [70]. Treating fungal keratitis is difficult since
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Scheme 2 Infographic summarizing therapeutic challenges, solutions, and clinical outcomes for keratitis

delayed diagnosis, insufficient therapy, or carelessness
can enable and accelerate fungal growth. Fungi gradu-
ally invade the flexible layer of cornea, eventually caus-
ing endophthalmitis and possibly eyeball enucleation [17,
71].

The initial therapy for fungal keratitis in medical facili-
ties is natamycin 5% suspension, which is accessible on
marketplaces [72]. As of right now, the Food and Drug
Administration (FDA) has only given permission for this
medication to treat fungal keratitis. Antifungal natamy-
cin operate by binding to the ergosterol found on the
fungal cell surface. This engagement is believed to alter
membrane permeability, increase membrane porosity,
and finally cause fungal cell death, possibly as a result
of the loss of crucial intracellular components [73-75].
Extensive and continued studies assessing the effec-
tiveness of specific azole antifungals against natamycin
have produced assorted findings, most of which support
superiority of natamycin. Topical ophthalmic solutions
comprising 0.2% posaconazole, 0.1% voriconazole, 1%
miconazole, 2% fluconazole, and 2% econazole have also
been used to treat fungal keratitis [2]. While fluconazole

is superior in treating Candida, voriconazole is effective
against Fusarium, Aspergillus, and Candida. Echinocan-
dins, which contains micafungin, caspofungin, and anid-
ulafungin, are also a new class of antifungal medication
compounds. Micafungin can also be given intravenously
in doses of 100-150 mg each day for the therapy of fun-
gal keratitis [76]. Metal-based anti-infection medica-
tions have garnered a lot of interest because of their high
efficacy and multitarget antibacterial activity, that com-
prises preventing ROS production, protein dysfunction,
and nutrition absorption [77]. The antifungal activity of
representative silver against eye pathogenic filamentous
fungus seemed encouraging, reducing gonorrhea infants
and other ophthalmic infectious disorders. Despite most
metals have a high antifungal impact, their toxicity must
be considered and carefully chosen [78-80]. Gallium
(Ga-III), which has almost similar ionic radius to iron,
could operate as a “Trojan Horse” in the cell, mimick-
ing iron but not effectively replacing it. The FDA has
allowed injectable gallium nitrate Ga(NOj,), for the treat-
ment of cancer-related hypercalcemia with very minimal
side effects when taking the recommended dosages [81,
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82]. Ga-based prospective medications disrupted iron
metabolism and showed broad-spectrum antibacterial
activity, however there are little studies on their antifun-
gal properties, not to be listed in animal models. Never-
theless, the usage of Ga* alone must additionally address
the polysaccharide barriers found in fungal biofilms and
cell walls, which reduce their antifungal effectiveness
[83]. Thus, exopolysaccharide degradation and a Ga™ co-
delivery system show a great deal of promise for treating
fungal keratitis with the right design. We then introduce
a polydopamine-modified mesoporous silicon nano-
system (MLPGa) that is co-integrated with lyticase and
Ga*. This system can break down the exopolysaccharides
found in cell walls and biofilms, and the liberated Ga* can
then kill Candida albicans [84]. Additionally, the inher-
ent Raman signals from the chelation action between the
polydopamine (PDA) and Ga allow for real-time moni-
toring of the release behavior of Ga* both in-vitro and
in-vivo. Metal-based anti-infection drugs have received
widespread interest due to their high effectiveness and
multitarget antibacterial activity, which includes protein
malfunction, the formation of ROS, and interference
with nutrient uptake. Representative silver demonstrated
promising antifungal action against ocular pathogenic fil-
amentous fungus, reducing gonorrhea infants and other
ophthalmic infectious disorders. Although most metals
have a high antifungal impact, their toxicity must be con-
sidered and carefully chosen [85].

Bacterial keratitis

Keratitis caused by bacteria is the most prevalent kind of
microbial keratitis, making up 90% of all cases. It is esti-
mated that 2.0 to 3.5 million cases of bacterial keratitis
occur each year, although the actual incidence is believed
to be much higher due to underreporting, particularly
in developing countries [86]. Since 1995, the reported
incidence of bacterial keratitis in developed countries
has been significantly lower, ranging from 4.5 to 37.7
cases per 100,000 population per year in regions such as
US, UK, Australia, and Taiwan [87]. Bacterial keratitis
is a dangerous eye infection, which occurs when bacte-
ria invade the cornea, often following corneal trauma or
underlying eye conditions [88]. This infection can lead
to rapid corneal ulceration, severe pain, and significant
vision loss if left untreated. The infection triggers inflam-
mation, characterized by high levels of ROS, which fur-
ther damages the cornea [89]. To combat this, researchers
have developed innovative nanotechnology-based drug
delivery systems. These systems, such as polymer nano-
micelles, can encapsulate antibiotics and other thera-
peutic agents, enhancing their delivery to the infected
cornea and improving their efficacy [90]. By targeting the
bacteria and reducing inflammation, these nanomicelles
offer a promising approach to treating bacterial keratitis

Page 7 of 32

and preventing vision loss. The microbes that induce
bacterial keratitis differ significantly dependent on the
patient’s location [91]. Nonetheless, Staphylococci, Strep-
tococci, Pseudomonas, and Serratia species are the most
commonly found bacteria in bacterial keratitis situations.
Keratitis due to bacteria presents with numerous clinical
signs. Bacterial keratitis frequently manifests as photo-
phobia, ocular discharge, redness, discomfort, blurred
vision, and heavy tears. There is strong and compelling
evidence in the American academy of ophthalmology
(AAO) 2018 study that fluoroquinolone treatment by
itself is nearly as efficient as combination therapy with
increased drops [92, 93].

Fluoroquinolone drugs, including ofloxacin 0.3%,
levofloxacin 1.5%, and ciprofloxacin 0.3% have also
been approved by the FDA for the treatment of bacte-
rial keratitis [94]. Bacterial keratitis is now treated with
fourth-generation fluoroquinolones such moxifloxacin
and gatifloxacin due to the advancement of resistance to
second-generation fluoroquinolones. While the FDA has
yet to approve gatifloxacin or moxifloxacin for this evi-
dence, they have been investigated for treatment of bac-
terial keratitis. S. aureus which is methicillin-resistant
was found in 72.8% of the 621 isolates of S. aureus, while
33.6% of the 1,695 isolates showed doxifloxacin tolerance
[95]. Comparable studies show that resistance to fourth-
generation fluoroquinolones is growing. Nonetheless,
in-vitro tests indicated that the newly marketed ocular
fluoroquinolone besifloxacin 0.6% was more effective
than earlier ophthalmic fluoroquinolones against Staphy-
lococcus epidermidis and methicillin- and ciprofloxacin-
resistant S. aureus. It was discovered that besifloxacin
was superior to moxifloxacin and gatifloxacin in lower-
ing keratitis due to Pseudomonas aeruginosa [96]. A mix-
ture of polycurcumin (pCur) and carbon quantum dots
(CQDs) made from curcumin and l-arginine hydrochlo-
ride (Arg) was developed [97]. The Arg-CQDs/pCur com-
bination demonstrated encouraging anti-inflammatory,
antibacterial, antioxidative, fibroblast migration stimu-
lation, and corneal endothelial cell proliferation proper-
ties. A straightforward one-step mild pyrolysis was used
to create Arg-CQDs from Arg, which were subsequently
in-situ conjugated with pCur in an alkaline setting to cre-
ate Arg-CQDs/pCur nanocomposites [98]. Additionally,
it is crucial for cell division, immunological responses,
and wound healing. A naturally occurring polyphenolic
compound found in turmeric, curcumin, has been dem-
onstrated to have anticancer, anti-inflammatory, and
antioxidant properties. Moreover, combining curcumin
with other antibacterial medications can enhance its anti-
bacterial qualities since it possesses photocatalytic activ-
ity and can prevent bacteria from clumping together to
create biofilms. Curcumin promotes re-epithelialization,
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fibroblast migration, and TGF-f production, which helps
in wound healing [99].

The increasing prevalence of bacterial keratitis is a
serious eye infection caused by bacterial invasion of the
cornea. While traditional treatments like fluoroquino-
lones are effective, emerging antibiotic resistance neces-
sitates innovative approaches. Nanotechnology-based
drug delivery systems, such as polymer nanomicelles,
offer promising solutions by enhancing drug delivery to
the infected cornea and improving therapeutic efficacy.
Preclinical studies demonstrate the superior efficiency
of Arg-CQDs/pCur nanomaterials in treating bacterial
keratitis compared to conventional therapies, leading to
significant improvements in corneal health and reduced
inflammation. This research offers a potential break-
through in the management of bacterial keratitis, provid-
ing a more effective and targeted treatment option for
this challenging ocular infection.

Viral keratitis

Virus is a tiny infectious agent that can only reproduce
within live cells of creatures. It is made up of genetic sub-
stances, either DNA or RNA, wrapped in a protein coat
and occasionally an outer lipid envelope [100]. Viruses
are incapable of carrying out metabolic operations on
their own and must rely only on host cells for reproduc-
tion. Once inside the body, they connect to and infil-
trate host cells, causing them to create more viruses and
frequently damaging or Kkilling the infected cells in the
process [101]. HSV (herpes simplex virus) is the most
prevalent reason of viral keratitis, which firstly attach to
corneal cells and fuse with their membranes [79]. Viruses
multiply inside cells by using the host’s machinery. This
replication and release of additional viruses frequently
result in cellular lysis or elicit an inflammatory response
because infected cells transmit danger signals [102].

Viral keratitis is a significant eye infection that can lead
to severe vision impairment if left untreated [103]. While
topical antiviral medications are the first-line treatment,
their effectiveness is often limited by factors such as rapid
tear turnover and poor drug infiltration into the cornea.
Approximately 50% of adults in the United States are
estimated to be seropositive for HSV, with rates as high
as 90% in regions like Africa. On a global scale, 67% of
individuals under 50 are exposed to HSV-1, while 11%
are exposed to HSV-2 [103]. Keratitis resulting from HSV
affects around 1.5 million persons worldwide and 500,000
in the United States of America. Although less frequent,
CMV and varicella-zoster virus can both result in kerati-
tis [104, 105]. According to estimates, the prevalence of
ocular HSV infection is 150 cases per 10,000 people in
wealthy nations and 5-20 cases per 10,000 people annu-
ally. HSV-1 is transmitted by an actively shedding and
personal contact between a seronegative, seropositive
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individual via tissue transplants and bodily fluids [106].
Once the virus has attached itself to host surfaces, it
moves to the trigeminal ganglia, a dormant location of
infection. Although the precise origin of HSV-1 reactiva-
tion is unknown, it is generally accepted that a number of
host stresses, like fatigue, immunosuppression, psycho-
logical stress and UV exposure cause HSV-1 to reactivate
in the TG. Through the ophthalmic nerves and trigemi-
nal ganglia, the reinstalled virus retrogradely makes its
way to the eye, where chronic inflammation encourages
corneal deterioration. HSV-1 can shed either asymp-
tomatically or symptomatically [107—-109]. Massive syn-
cytial structures are created as a result of the controlled
replication of virus and promotion of the recruitment
of many cells during symptomatic shedding. Following
replication, the viral genomes are put together to form
virions. The virus is released into the surrounding tis-
sue when the cell necrotizes toward the conclusion of
the infectious cycle. Among the viruses that cause viral
keratitis, only HSV-1-induced keratitis has been exten-
sively researched (Fig. 1) [110]. HSV-1 proliferates in
epithelial cells of cornea, generating massive syncytial
frameworks. These cells finally burst necroptically and
release HSV-1 virions into the adjacent tissues, resulting
in extensive keratitis lesions in the stroma, epithelium,
and endothelium of cornea. Interestingly, cornea epithe-
lial cells exhibit unique toll-like receptor (TLR) expres-
sional dynamics during HSV-1 infection. Active keratitis
significantly overexpresses TLR-4, 7, 8, and 9. Knocking
down TLR-2 has been shown to be an efficient method
for preventing keratitis lesions in mouse models. In con-
trast, TLR-4 knock-out mice developed severe keratitis
lesions more quickly. TLR-9 antagonists also have a sig-
nificant function in avoiding illness aggravation in the
course of the transmission of HSV-1 DNA. Although
TLR-9 ligation with HSV-1 DNA triggers powerful
immune responses for HSV-1 clearance, it also increases
inflammatory mechanisms that cause corneal damage.
As a result, blocking TLR-9, TLR-2 and activating TLR-4
using molecular mimics could be an innovative, effective
technique for avoiding innate immune-mediated corneal
injury. HSV Kkeratitis can be intermittent and persistent,
conversely to bacterial and fungal keratitis [111, 112].
Possible symptoms include light sensitivity, weeping,
conjunctival injection, feeling like a foreign body, and
blurred vision. Antiviral medications have been applied
topically and collectively to treat HSV epithelial kera-
titis, depending on the severeness of the disease. Cur-
rently, topical medicines like as ganciclovir, trifluridine,
and acyclovir are available. On the market, trifluridine
is offered as an ocular solution, whereas ganciclovir is
sold as gel [113]. To address these challenges, researchers
have developed innovative drug delivery systems, includ-
ing in-situ gelling systems, nanocarriers, prodrugs, and
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peptide-based approaches. These systems offer the pos-
sibility to enhance drug delivery to the cornea, enhance
drug retention time, and reduce systemic side effects.
Nanotechnology offers innovative strategies to modu-
late immune responses in viral keratitis by targeting
immune pathways at a molecular level. Nanocarriers,
such as liposomes, NPs, and nanogels, can be engineered
to deliver antiviral agents or immunomodulatory mole-
cules directly to infected tissues, enhancing therapeutic
efficacy while minimizing off-target effects. For instance,
drug delivery systems like DECON (Drug Encapsulated
CarbON) not only sustain antiviral drug release but
also reduce viral load by trapping free viruses, indirectly
attenuating inflammatory cascades. Moreover, emerg-
ing therapies involving RNA aptamers and CRISPR/Cas9
systems provide precision tools to disrupt viral genetic
elements and modulate immune evasion mechanisms,
such as viral microRNA activity, which are critical for
persistent infection and reactivation [110]. These nano-
technology-driven approaches offer significant potential
to reprogram immune responses, improve drug bioavail-
ability, and reduce the risk of drug resistance in manag-
ing viral keratitis. Although encouraging, further clinical
research is necessary to completely assess the prolong
effects, safety, and effectiveness of these innovative
strategies.

The complexities of viral keratitis, particularly that
caused by HSV is a serious ailment of eye. Dendritic
cells and other antigen-presenting cells in the corneal
epithelium trigger the humoral and cellular immune
pathways during the early infection. Activated naive T
and NK cells seek for infected host cells to lyse. Simi-
larly, B cells undergo activation and undergo differen-
tiation into plasma cells and memory B cells. To fight
infection, plasma B cells release antiviral antibodies. An
immune system penetration in the corneal epithelium
during repeated infection causes inflammation, and per-
sistent corneal inflammation can trigger the develop-
ment of keratitis. Memory B and T cells stay at the area
of latency to monitor reactivation and trigger a quicker
immune response once reactivation is infuriated. While
topical antiviral medications are a mainstay treatment,
their limitations, such as rapid tear turnover and poor
corneal penetration, necessitate innovative approaches.
Researchers are exploring various strategies, including in-
situ gelling systems, nanocarriers, prodrugs, and peptide-
based therapies, to enhance drug delivery and efficacy.
These advancements aim to improve patient outcomes by
optimizing drug concentration at the place of infection
and minimizing systemic side effects. By addressing the
challenges associated with traditional treatments, these
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innovative approaches offer hope for more effective and
targeted management of viral keratitis.

Drug resistant microbial strains

The reduced capacity of an antimicrobial agent to
eradicate or stop the growth of a pathogen is known as
antimicrobial resistance. Since many pathogenic organ-
isms have become resistant to effective antimicrobial
treatments, drug-resistant microbial strains have been
acknowledged as a significant public health concern
throughout the last 20 years [114, 115]. Numerous fac-
tors contribute to its development, such as commercial
pressure-induced overuse and misuse of antibiotics in the
agricultural industry, diagnostic uncertainty (e.g., bac-
terial versus viral infection) that leads to inappropriate
antibiotic use, financial rewards for prescribing antibiot-
ics, and public use of non-prescription antibiotics, par-
ticularly in nations with low and moderate incomes [116].
From a genetic perspective, horizontal gene transfer and
genetic mutational resistance are the two main ways that
produce antimicrobial drug resistance. Drug resistant
microbial strains pose a significant threat to effective
keratitis treatment. These strains, resistant to multiple
antibiotics, complicate the management of corneal infec-
tions [117]. Common drug-resistant organisms in kerati-
tis include Pseudomonas aeruginosa and Staphylococcus
aureus. Traditional antibiotics like fluoroquinolones and
aminoglycosides may be ineffective against these strains
[118]. As a result, clinicians often turn to alternative
therapies such as topical colistin and imipenem, which
have shown efficacy against drug-resistant pathogens
[118]. However, these agents may have potential side
effects and require careful monitoring. Several key viru-
lence factors of Staphylococcus aureus contribute to the
pathogenesis of keratitis. These comprise surface pro-
teins including collagen-binding adhesion, fibronectin-
binding protein, Staphopain A, and Eap, as well as toxins
such a-hemolysin, B-toxin, y-toxin, and Panton-Valentine
leucocidin. These factors promote bacterial adhesion,
invasion, and evasion of host immune responses, lead-
ing to increased inflammation and tissue damage [87].
Additionally, recent research has emphasized the role of
Staphylococcal enterotoxins in exacerbating keratitis by
inducing cytotoxicity and immune dysregulation. On the
other hand, Pseudomonas aeruginosa has a number of
virulence factors as well that include proteases like Prote-
ase IV, which degrades host proteins, and exotoxins such
as ExoS and ExoU, which induce cytotoxicity and inflam-
mation. Additionally, factors like PASP, elastases, and
lipopolysaccharide play significant roles in promoting tis-
sue damage, bacterial adhesion, and immune activation,
ultimately leading to the development of severe corneal
infections [87].
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Drug resistance development is a complicated phe-
nomenon driven by various mechanisms. One primary
mechanism is the acquisition of genetic mutations that
alter the target site of an antibiotic, reducing its effec-
tiveness. Pathogens can also develop resistance through
the overexpression of efflux pumps, which actively expel
antibiotics from the cell. Additionally, the production of
enzymes that inactivate antibiotics, such as B-lactamases,
can contribute to drug resistance. These mechanisms,
coupled with the excessive and misuse of antibiotics, have
led to the rise of multidrug-resistant microbes, posing a
significant challenge to public health [119]. Figure 2a rep-
resents the effect of different microbial virulence factors
for keratitis. The choice of appropriate antibiotics for ker-
atitis is crucial for optimal patient outcomes [118]. How-
ever, challenges arise in interpreting susceptibility test
results, as clinical breakpoints for topical antimicrobials
are often not well-defined. The effectiveness of a particu-
lar antibiotic can be influenced by factors such as corneal
penetration, tear film clearance, and the specific bacterial
strain involved (Fig. 2b) [87].

While laboratory-based MIC values provide valuable
information, their direct correlation to clinical efficacy in
the context of corneal infections may be limited. There-
fore, it is essential to consider the specific characteris-
tics of the infection, the clinical presentation of patients,
and the local epidemiology of resistant organisms when
selecting antimicrobial therapy [120]. There are some
other factors that limit drug bioavailability in the eye,
including anatomical barriers. Ocular barriers play a
crucial role in protecting the eye from external threats,
but they also present significant challenges for delivering
therapeutic agents effectively. These barriers, including
the tear film, corneal epithelium, conjunctiva, sclera, and
blood-retinal barrier (BRB), limit the bioavailability of
drugs and complicate their delivery to targeted tissues or
cells. The most common among them is tear film, which
serves as an initial protective layer, rapidly clears topically
applied drugs due to its high turnover rate. Tear glands
generate tears, which help to keep the eyes function-
ing properly. The tear film comprises of three layers: an
exterior lipid layer released by a middle hydrophilic layer,
meibomian glands, and an interior mucous layer [121,
122]. These tear factors negatively affect the absorption
of ocular medications even if they significantly improve
visual performance. Tears can significantly dilute topical
medications, with a cul-de-sac containing approximately
30 pL and a solitary tear containing approximately 7 uL
[123]. Tear proteins and mucins, which attach to drug
molecules and lessen the concentration of drug in con-
tact with the cornea, are another factor affecting bioavail-
ability. The conjunctiva serves to preserve and lubricate
the eye surface by generating mucus and antibacterial
peptides. Because tight connections form on the outside



Qu et al. Journal of Nanobiotechnology (2025) 23:184

(a)

Fungi Bacteria

Antib’iotics
Free radical : Metal and metal
generating agents ® - oxides
Antimicrobial «----- W & Antifungal
peptides ¢ A drugs
o' ‘ "
Passive surface : Quorum sensing
modification NSAIDS quenchers

Different chemicals used for
the synthesis of antimicrobial
contact lenses

MO

Page 11 of 32

Virus
Alive

Palpebral conju nctiv%
7,
Meibomian gland

Amoeba Biofims

«— Eyelid

Lens

Antimicrobial contact

lens wearing eye

OIO2 L -

Bacteria  Virus Amoeba  Biofims
( b) ZOI: 17mm
\ ; Resistant
Resistant . :
S MIC X mgiL
. ? o
[Antimicropial M- - - - — - R R -> i
Blood] . MIC X mg/L
Susceptible g =
' . Susceptible
.
<R 10.mm >S <R BP BP BP >S
Zone of inhibition (ZOI) Zone diameter (mm)
diameter (mm)

Fig. 2 (a) Surface Modifications to Active Agents Targeting Pathogens [118]. Reprinted with permission from ref. no. 132. Copyrights 2020, ELSVIER. (b)
Pathogens causing the keratitis classified as susceptible or resistant [87]. Reprinted with permission from ref. no. 133. Copyrights 2022, ELSVIER

of its cells, the conjunctiva is highly vascularized and
serves as a crucial barrier of defense on the surface of the
eyes. Additionally, the corneal epithelium forms a tight
diffusion barrier for most molecules The surface of cor-
nea is mostly composed of endothelium, stroma, and epi-
thelium [124]. The cornea enables around two-thirds of
the optical capability in addition to protecting the eyes.
Because of their high lipid content, endothelium and epi-
thelial membranes operate as a physical barrier to the
transfer of hydrophilic substances, making it impossible

for drug molecules to move through them [125]. The
blood-ocular barriers, such as BRB, further restrict drug
movement, with the iris and ciliary body presenting addi-
tional obstacles through their specialized transport sys-
tems, including ATP-binding cassette transporters that
actively remove unwanted compounds [126].
Furthermore, corneal permeation to hydrophilic medi-
cations is reduced because of the close connections
among corneal epithelial cells, which restrict paracel-
lular drug permeability. A highly watery extracellular
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matrix with a collagen lamellar structure makes up the
stroma of the cornea, making it more resistant to lipo-
philic medicines [127]. A single-cell membrane called
the endothelium of cornea connects the aqueous humor.
Lipophilic chemicals can pass through the corneal endo-
thelium, which is primarily made up of phospholipids,
whereas hydrophilic molecules cannot. To recap, for a
medicine It needs to have the ability to pierce the cornea
requires amphiphilic disposition, which is the presence
of both hydrophobic and hydrophilic components within
a single framework. This tight connection between the
ciliary unpigmented epithelium of body, the junctions of
the iris tissues, and the iris blood vessels is known as the
blood aqueous barrier [128, 129]. Because of its anatomi-
cal placement, this barrier stops drugs from penetrating
the anterior region of the eye. Drug delivery barriers in
ocular route have been shown in Fig. 3 [130]. The cor-
neal barriers, such as the tear film, corneal epithelium,
conjunctiva, and blood aqueous barrier, may originate
from the anterior part. The blood-retinal barriers, which
include the vitreous barrier, retinal endothelium, gan-
glion cells, pigment cells, and retinal arteries, may be

the cause of the posterior segment barrier. Overall, these
obstacles decreased the availability of drugs in the poste-
rior part ocular tissues.

The treatment of microbial keratitis often involves
broad-spectrum antibiotics like fluoroquinolones. How-
ever, increasing antibiotic resistance is a growing con-
cern. This is due to factors like overuse of antibiotics,
biofilm formation by bacteria, and the presence of genetic
elements that are mobile and capable of transmitting
resistance genes. While antibiotic resistance in keratitis
isolates is still relatively uncommon, there is a need for
careful monitoring and prudent use of antibiotics to pre-
vent further advancement of resistance. Combined treat-
ment may be important in some cases, but it is important
to select combinations that have synergistic or additive
effects to maximize efficacy. Early analysis, prompt initia-
tion of appropriate therapy, and close follow-up are cru-
cial in managing keratitis caused by drug-resistant strains
to prevent vision loss and other complications. Under-
standing the specific roles of various virulence factors in
keratitis pathogenesis may help develop novel therapeu-
tic strategies to combat this sight-threatening infection.
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Advance therapeutic paradigms for keratitis
Conventional therapies like antibiotics for keratitis pri-
marily involve topical medications, as antiviral drugs for
fungal infections, for viral infections and antibiotics for
bacterial infections [131]. These medications are often
administered multiple times daily to maintain therapeu-
tic levels in the eye. While effective in many cases, con-
ventional therapies have limitations, including rapid tear
turnover, poor drug penetration, and potential systemic
side effects. Additionally, frequent dosing can be incon-
venient for patients and may lead to non-compliance. A
range of therapeutic modalities, including PZDT, PDT,
PTT, nanoenzyme therapy, and metal ion therapy, offer
promising avenues for the treatment of keratitis which
are listed below.

PZDT for keratitis treatment

PZDT, a treatment that uses high-frequency acoustic
waves, is gaining popularity because of its ability to treat
corneal inflammation. This therapy may help reduce
inflammation, speed up healing, and improve blood cir-
culation in the corneal tissue [132, 133]. Shockwaves
produced during therapy can stimulate cellular repair
processes, boost collagen production, and encourage tis-
sue regeneration, possibly aiding in the healing of corneal
injury caused by keratitis [134, 135]. Furthermore, PZDT
may modify the immune response, aiding in the manage-
ment of inflammatory processes in the cornea. Current
keratitis therapies mostly concentrate on tissue restora-
tion and bacterial removal [136]. While antibiotic drops
for eye are widely used, they have drawbacks such as low
absorption and the ability to promote antibiotic-resistant
bacterial strains. Using various techniques, including
hydrogel, biomedical patches have recently been formed
to integrate bioactive or antibacterial components for
damaged corneas. microneedle, 3D printing, electros-
pinning, and microfluidics. Yet, these patches are usually
monofunctional and lack enough mechanical strength
and tissue attachment, among other shortcomings [137-
139]. More significantly, the majority of studies do not
incorporate the complex fiber structure of cornea and
real components into their design, which may diminish
the effectuality of treatment. Therefore, for the therapy
of keratitis, a mutable patch with excellent tissue adhe-
sion and mechanical strength to keep stability, efficient
bacterial eradication, and corneal structure mimicking to
encourage restoration is greatly desired [140, 141]. Deal-
ing with these issues, Barium titanate (BaTiO, BTO), a
traditional piezodynamic material, is widely employed in
biosensors, piezocatalysis, and biomedical applications
[142]. The catalytic efficacy of piezodynamic materials
is reportedly enhanced by the generation of a Schottky
barrier by metal and piezoelectric materials. Further-
more, ROS can be generated by piezocatalysis through
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the reaction of charged carriers with nearby H,0 and O,
molecules (Table 1 and 2).

Kong et al. [143] imbued the fiber hydrogel with an
antibacterial function, and produced BTO@Au NPs by
coating BTO with Au-NPs. (Fig. 4a). BTO@Au NPs has a
zeta potential of -52 mV and a hydrodynamic magnitude
of 278 nm (polydispersity (PDI)=0.22). It is evident from
the TEM image in (Fig. 4b) that Au-NPs are dispersed
haphazardly across the cubic surface of BTO. XRD veri-
fied the perovskite framework of the BTO and BTO@Au
NPs, and due to the low Au concentrations, no discern-
ible change occurred upon Au deposition. Using X-ray
photoelectron spectroscopy (XPS), the valence states
and surface compositions of BTO@Au were identified.
(Fig. 4c). ROS production was mediated by piezocata-
lytic activity, primarily facilitated by BTO coated with
Au-NPs. When subjected to ultrasound (US) stimulation,
the piezoelectric properties of BTO generate localized
electric charges due to mechanical deformation. These
charges, in the presence of H,O and oxygen O,, undergo
redox reactions to produce ROS, such as hydroxyl radi-
cals (+OH) and singlet oxygen (*O,). The incorporation
of Au-NPs on the BTO surface enhances this process by
forming a Schottky barrier, which improves charge sepa-
ration and transfer efficiency, thereby boosting the cata-
lytic performance under US stimulation. This synergistic
effect of BTO and Au-NPs significantly increases the pro-
duction of ROS, which interact with surrounding mole-
cules to exert antibacterial effects by damaging bacterial
membranes and cellular structures. It is possible to attri-
bute all of the peaks to Au, Ba, Ti, O, and C, correspond-
ingly. Initially, the production of «OH using terephthalic
acid (TA) was measured. When TA reacts with +OH,
it can produce the fluorescent 2-hydroxyterephthalic
acid (HTA), which is a probing molecule (Fig. 4d). HTA
showed an emission peak at 426 nm in the proximity of
BTO@Au NPs and US irradiation, and the peak fluores-
cence intensity progressively rose over time (Fig. 4e). A
10-minute US stimulation was 3.2 times more powerful
than a 1-minute one, suggesting that «OH production is
time-dependent. Additionally, under the same US irra-
diation environment, BTO@Au NPs demonstrated a
greater «OH production capacity than BTO NPs (Fig. 4f).
Additionally, since singlet oxygen sensor green can pro-
duce fluorescence when it reacts with 'O,, it was utilized
as a commercial ROS probe to measure the production
of '0,. Likewise, when BTO@Au NPs and US irradia-
tion were present, The fluorescence intensity of SOSG at
522 nm progressively declined over time, and BTO@Au
NPs outperformed BTO NPs in terms of 'O, generation
(Fig. 4g). According to these findings, Au NP decorating
may improve sonosensitivity and +OH and 'O, produc-
tion. Seven days following treatment, as seen in (Fig. 4h),
BTO +the fiber gel+US and fiber gel+ BTO@Au +US
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Table 1 Common pathogens with diagnostic tests and clinical features [11]. Reused under creative common attribution license

Disease = Common pathogen Symptoms Transmission Diagnostic tests Treatment
Bacterial CoNS Blurred vi- Exposure to Gram staining Sensitivity: Broad-spectrum topical antibiotics15
keratitis  Staphylococcus aureus sion, redness, pathogens 60-75% Monotherapy with fluoroquinolone
Streptococcus photophobia. CL wear Culture Sensitivity: OR
pneumoniae Ocular surface 38-66% Fortified antibiotics: Cephazolin 5%
Pseudomonasaeruginosa disease PCR Sensitivity: plus gentamicin 0.9%
Ocular trauma 25-88% Consider adjuvant topical steroid at
Topical steroid use least 2-3 days of improvement when
Previous microbial Organism has been identified and
keratitis corneal infiltrate compromises the
visual axis
Herpes  Herpes simplex virus redness, dis- Direct contact with  PCR Sensitivity: Australian HSK recommendations16
simplex type 1 charge, watery infected lesionsor ~ 70-100% Occ ACV 3% five times daily for
keratitis eyes, irritations,  their secretions. Specificity: 67.9-98% 1-2 weeks
itching, pain and OR
photophobia VLC 500 mg BD, 7 daysb
VLC 500 mg once daily during topical
steroid use PLUS Prednefrin Forte 4-6
times daily tapered over > 10 weeks
Fungal  Fusarium spp.and Asper-  Redness, tearing, Corneal injury Gram and Giemsa Sensitiv-  Topical natamycin 5%
keratitis  gillus spp pain, sensitiv- Contact lens wear  ity: 65-75% Topical voriconazole 1%
Candida spp ity to light, Ocular surface 10% KOH Sensitivity: Amphotericin B 0.15%
discharge, de- disease conditions:  61-99.23%
creased vision dry eye, blepharitis, Specificity: 91-97%.
bullous ke Culture:

Blood and chocolate and
Sabouraud dextrose agar
PCR Sensitivity: 75-100%
Specificity: 50-100%
IVCM

Sensitivity: 80-94%
Specificity: 78-91.1%.

groups had noticeably fewer bacteria than the other
groups. According to the results of the in-vitro experi-
ments, the best synergistic effect for killing bacteria was
that of BTO@Au and US irradiation exposure.

This study presents a novel multifunctional hydrogel
patch designed to mimic the framework and function of
the cornea. The patch incorporates several key features:
self-healing and tissue adhesion properties for secure
application, a nanofiber structure that promotes cell
growth and mechanical strength, and embedded anti-
bacterial nanoparticles for infection control. These com-
bined properties make the patch a promising therapeutic
option for keratitis, offering potential benefits in terms of
wound recovery, tissue regeneration, and infection pre-
vention. Although promising, the precise mechanisms
and clinical efficacy of PZDT for keratitis are still being
investigated. Additional study is important to determine
its safety and efficiency for ocular applications. It may
eventually function as a complimentary treatment to
current therapies, providing a non-invasive approach to
improve keratitis recovery.

PDT in keratitis
PDT uses certain wavelengths of light to stimulate the
oxygen, generating ROS and photosensitizer (PS) that

can cause apoptosis, pyroptosis, or oxidative damage to
cellular constituents [144]. PDT has been thoroughly
researched and developed as an anticancer treatment
in recent years. In the future era of drug resistance, the
potential of PDT as an alternate antibacterial method has
also been highlighted [145]. High quantum yields of ROS
and selectivity for microbial cells over host mammalian
cells are expected from PS, a class of non-toxic light-
activatable dyes. Toluidine blue, methylene blue, and
indocyanine green have all obtained clinical approval,
with being reported as an adjuvant to antimicrobial peri-
odontal therapy [146]. In addition, riboflavin (vitamin
B2), chlorin-e6 (Ce6), curcumin, and other compounds
are widely explored in the anti-cancer and antibacterial
properties. For illumination, visible red light is commonly
used because most PS absorb light with a wavelength
of 630 nm or greater [147]. Because PDT does not pen-
etrate other parts of the body, its use may be restricted
in those areas. As a result of their ability to penetrate tis-
sue, near-infrared and visible light are frequently used as
light sources. The high light transmission capacity of eye
makes it possible to effectively overcome this shortcom-
ing when PDT is applied externally to the corneal surface
or inside the eyeball [148-150].
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Table 2 Summary of therapeutic modalities with their
advantages, and limitations

Materials Therapy Advantages Limitations  References
Graphene PTT Accurate heat  Restricted [169]
oxide Au- distributionto  durability
AgNS-DTTC specific regions. and piercing
AuAgCu,O Very little tissue  depth of
NS injury. nanoparticles

Efficient

elimination of

germs.
ZIF-8-PAA PDT efficientin Concerns [153]
MB@ combating about pho-
AgNPs@ germs thatare  tosensitiser
Van-PEG resistant neurotoxicity
(ZPMAVP) Minimal toxicity and oxygen-
MMP-S NPs Encourages dependent

the healing of  reactions

tissue
BaTiOs PZDT non-intrusive Insufficient [187]

methodology  clinical

lowers inflam-  research and

mation and additional

encourages optimization

tissue repair. are required.
MLPGa, Ga Metal lon  anti-inflam- Possible [184]
(NO5)4 Therapy matory and hazard at
MSN@PDA antimicrobial elevated

qualities levels

Wide-ranging

action
GDY Nano- The abil- Concerns [180]
MnOx/GDY  enzyme ity of ROS to about bio-

Therapy  scavenge compatibility

impacton tis-  and durability

sue repairand  in biological

inflammation  contexts

reduction

Chen et al. [151]. developed a metal organic frame-
work for TB targeted delivery that is pH-responsive and
contains (ZIF-8-PAA) zeolitic imidazolate framework-
8-polyacrylic acid. ZIF-8-PAA-MB@AgNPs@Van-PEG
(ZPMAVP), a composite nanomaterial double-modified
with Ag-NPs and vancomycin/NH,-polyethylene gly-
col (Van/NH,-PEG), showed a definite advantage over
PDT/Ag-NPs over any single technique. ZPMAVP’s
high pH responsiveness to bacterial diseases allows it to
kill germs in 5 min using PDT. Conversely, ZPMAVP is
able to release Ag-NPs and exhibit bactericidal proper-
ties without ongoing laser exposure. The biocompatibil-
ity and antibacterial activity of composite material were
shown in both in-vitro retinal pigment epithelial cellular
biocompatibility studies and in-vivo animal endophthal-
mitis models. Additionally, toluidine blue-O demon-
strated antibacterial action in models of rabbit bacterial
keratitis. MDR P. aeruginosa keratitis in mice in-vivo and
mycobacterium fortuitum have also been reported to
respond to MB- and Ce6-mediated PDT. The eradication
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of biofilms was found to be successful with Ce6-mediated
PDT. NPs like titanium dioxide (TiO,) have photocata-
lytic and antimicrobial properties, indicating tremen-
dous potential in the biomedical field. PDT has also
been shown to have amoebicidal effects. In-vitro, the
TiO,/UV-A combination effectively inhibited cysts and
Acanthamoeba sp. trophozoites. Recently, Walvekar et
al. [152]. developed MMP-S NPs, MMP-sensitive supra-
molecular NPs to improve photodynamic antibacterial
efficacy against biofilm-associated bacterial keratitis.
MMP-S NPs were produced using host-guest self-assem-
bly of MMP-9-sensitive peptides ending in adamantane
(Ad) (Ad-MMP-S PEPs) and Ce6 coupled B-cyclodextrin
(B-CD) prodrug (B-CD-Ce6). Adhesion to healthy cor-
neal cells and the normal ocular surface was inhibited by
the negatively charged surface. Higher MMP-9 levels in
the keratitis microenvironment were seen when MMP-S
NPs penetrated infected lesions exposed cationic pep-
tides, increasing NP interaction with gram negative bac-
terium P aeruginosa. The photodynamic antibacterial
action was significantly enhanced as the NPs pierced and
bound to bacteria while also accumulated in biofilms.
PDT uses have grown quickly in the antibacterial sector.
Since the corneal surface is continuously exposed to the
outside environment, it receives a large amount of oxy-
gen and emits a large amount of light. Such traits facili-
tate the development of ROS [153-155].

Han et al. [153] generated MMP-S NPs that are pro-
duced through host-guest interactions between coupled
B-cyclodextrin (B-CD) chlorin e6 (Ce6) MMP-9-sensitive
peptides (YGRKKKRRQRRR-GPLGVRG-EEEEEE) and
prodrugs (B-CD-Ce6) concluded with adamantane. Ad-
MMP-S PEPs served as the hydrophilic shell, with Ce6
in B-CD-Ce6 serving as the hydrophobic center (Fig. 5a).
MMP-S NPs with an EEEEEE peptide shell had nega-
tively charged surfaces that hindered binding to regular
ocular surfaces or healthy corneal cells, hence increas-
ing tear retention time. After reaching the ocular infec-
tion areas, the protective EEEEEE layer of MMP-S NPs
was disrupted by breaking apart GPLGVRG peptides by
overexpression of MMP-9 in biofilms. (Fig. 5b). To inves-
tigate the penetration behavior of MMP-S NPs, which are
capable of surface charge reversal in infected biofilm set-
tings, were used to cure biofilms. As shown in (Fig. 5c),
In biofilms treated with MMP-S NPs, a significant red
fluorescence from Ce6 was seen, demonstrating the effi-
cient penetration and accumulation of NPs. In contrast,
biofilms treated with MMP-IS NPs only showed mild
red fluorescence. (Fig. 5c). ROS production involved
the activation of MMP-S NPs by 660 nm light irradia-
tion. Upon cleavage of the GPLGVRG peptide shell by
MMP-9, the cationic peptides were exposed, enhancing
the penetration and retention of the NPs within the bio-
films. This increased accumulation facilitates higher ROS
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analysis of the epithelial defect region. (h) Bacterial number histogram for days 1 and 7 [143]. Reprinted with permission from ref. no. 158. Copyrights

2023, WILEY

generation under light irradiation due to the photosen-
sitizing properties of Ce6 in the NPs. The ROS produc-
tion was amplified in MMP-S NPs compared to MMP-IS
NPs, which lack this surface charge reversal and biofilm-
specific responsiveness, leading to enhanced antibacte-
rial efficiency in P aeruginosa biofilms. p-CD-Ce6 was
synthesized through a multi-step process involving the

activation of B-CD with OTs, followed by therapy with
triethylenetetramine to obtain B-CD-NH,. Subsequent
amidation with lipophilic Ce6 yielded p-CD-Ce6, with
an average of one Ce6 molecule grafted per B-CD mole-
cule, as confirmed by NMR (Fig. 5d-e). MMP-9-cleavable
(MMP-S) and non-cleavable (MMP-IS) peptides with Ad
termination were made to order and confirmed by mass
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spectrometry. Supramolecular NPs, using the significant
host-guest connection among B-CD and Ad, MMP-S
NPs and MMP-IS NPs were created by self-assembly of
B-CD-Ce6 with either MMP-9-sensitive or -insensitive
peptides. Given the overexpression of MMP-9 in bio-
film-associated bacterial keratitis, the MMP-9 sensitiv-
ity of MMP-S NPs was examined. DLS analysis revealed
a significant size increase of MMP-S NPs (from 100 nm
to above 1800 nm) upon cultivation with MMP-9 at pH
5.0, mimicking the acidic microenvironment for biofilms.
In contrast, MMP-IS NPs remained relatively unchanged
(Fig. 5f). TEM imaging confirmed this size increase and
morphological transformation of MMP-S NPs. Addition-
ally, following MMP-9 treatment, the zeta potential of
MMP-S NPs changed from -2.5 mV to +7.3 mV, signal-
ing that the cationic peptide was exposed. (Fig. 5g). These
findings imply that MMP-S NPs experience size changes
and surface charge reversals in the biofilm environment,
which promotes penetration and retention. Because the
EEEEEE peptide inhibits contact with mucin, turbidimet-
ric studies showed that MMP-S NPs have superior anti-
mucoadhesive characteristics. (Fig. 5h). A slight increase
in absorbance was observed for MMP-9-treated MMP-S
NPs due to the size-induced changes.

This is a novel approach to combat P. aeruginosa bio-
films using supramolecular MMP-S NPs. These NPs
are designed to be stable in healthy tissues but undergo
significant size and charge changes upon exposure to
MMP-9, which is overexpressed in infected tissues. This
enables targeted delivery and enhanced penetration into
biofilms. Once within the biofilm, the NPs release a pho-
tosensitizer, Ce6, which generates highly ROS upon light
irradiation, leading to bacterial cell death and reduced
inflammation. The study demonstrates the potential of
MMP-S NPs as a potentially effective treatment approach
for infections linked to biofilms, particularly bacterial
keratitis.

PTT in keratitis

PTT is a type of therapy which utilizes photothermal
transduction agents (PTAs) thermal conversion action.
By converting the energy from an external light source
into heat, target cells (such bacteria, cancer cells, and
other pathogens) can be killed and the ambient tempera-
ture raised [156, 157]. PTT is currently gaining popular-
ity as a powerful method for combating bacteria-induced
illnesses, thanks to its wide-ranging bactericidal effec-
tiveness and robust prevention of biofilm development
via physical heat. Photothermal preservation procedure
is somewhat quick, typically taking just a few minutes.
NIR light, which has a wavelength range of 7001100 nm,
is thought to be the ideal wavelength for therapeutic PTT
because of its exceptional strength to enter tissues with
little impact on healthy human tissue [158-160]. The
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bactericidal effect primarily implicates the production of
oxidative stress. Radiated PTAs generate hyperthermia,
which causes protein denaturation, nucleic acid degra-
dation, and cell membrane disintegration [161]. Typical
PTAs comprise noble metallic nanoparticles, particularly
Au-NPs, Nanoconjugates based on carbon (such as gra-
phene and graphene oxide), organic compounds (dik-
etopyrrolopyrrole, DPP, and ICG, for example), as well as
polymeric NPs, among others. The combination of sev-
eral types of PTAs can improve the photothermal effects
and antibacterial activity [162]. Noble metallic NPs have
been testified to be effective in treating eye contagions,
and the use of other promising PTAs in this sector is
still being researched and developed. The remarkable
localized surface plasmon resonance properties of noble
metallic nanocomposites, such as those of silver, gold,
ruthenium, and palladium, are the main cause of their
high photothermal conversion efficiency [163-165]. The
delocalized conduction electrons in metal nanostruc-
tures begin to oscillate coherently with respect to the
framework of positive nuclei at the same frequency as the
incoming light when they are exposed to electromagnetic
radiation with the right wavelength. Au-NPs are quite
good metal-based PTAs for a number of applications,
especially antibacterial ones [166]. The Changes with pH-
sensitive zwitterion with mixed charges can provide Au-
NPs with bacterial targeting characteristics, potentially
reducing harm to healthy tissues. Although Ag-NPs have
lower photothermal efficiency than Au-based NPs, their
remarkable intrinsic bactericidal capabilities have led to
the development of a combination of chemo-photother-
mal antibacterial methods [167, 168].

It has been demonstrated that gold-silver nanoshells
(AuAgNS-DTTC) that are conjugated enhance injury
healing. (Fig. 6a). Surprisingly, in order to enhance the
healing process of cutaneous chronic injury and non-
recoverable keratitis with multi drug resistant (MDR)
bacterial infection, using a hollow AuAg core and a Cu,O
shell. Qiao et al. [169] demonstrated a synthetic (photo-
thermal, released Ag*, ROS production, and improved
healing by released Cu®") cupriferous hollow nanoshell
(AuAgCu,O NS). (Fig. 6b). Photoactivation of AuAgCu,O
NS under NIR laser irradiation induced the generation of
ROS. The unique composition and structure of the NSs
enhance their ability to interact with bacterial cells, facili-
tated by their high electrical intensity and localized heat-
ing effect. Upon laser irradiation, the NSs generate ROS,
as confirmed by the strong fluorescence signal detected
using DCFH-DA. These ROS disrupt bacterial cell mem-
branes, damage intracellular components like DNA and
proteins, and impair biofilm formation, leading to bacte-
rial death. Along with its exceptional antibacterial activity
in-vitro, AuAgCu,O NS has demonstrated strong anti-
infective and healing efficiency in-vivo against keratitis



Qu et al. Journal of Nanobiotechnology

(a)

(2025) 23:184 Page 19 of 32

HAuCI, NoH4-H
. —>
Cu(NO,),

Sphere Ag NPs
(b) e Ay e Hollow core-shell AuAgCu,0 NSs

—— s

Diabetic non-healing wound
L J
)

AuAgCu,0 NSs

eo®
®.°® Release Cuion
®

@
«
,® ) Release Ag ion

\

)( ‘4

Bacterial infected
Diabetic non-healing Keratitis

(C) Control

W

Concentration (ug/mlL.)

47

Time (min)

Cumutative Ag ionrelease (%)

Temperature (°C)

mESBL E. coli
= MRSA

Survival rate (%)

AuAgCu;0
Ag + Laser AuAgCu0 *Laser

g

g

3

&

Tempera

-3
—
—
—
=
—

©

®
—
-~

0 25 % 75 100
Time (min)

Absorbance (a.u.)

°
s
e

400 €00 800 1000 1200
Wavelength (nm)
(M)
~5-AuAgCu,0 g 8 /L? B k)
1
- A 0 + r o
UAGCU,0 + Lase § »
08 / £
o8 §
2
O "4 &
04 I 2
2 b of -5~ AuAgCu,0
02 J . Vj’
o J ©~AuAgCu,0 + Laser
2 o ¥
o8 B —f_—=_——_=F o:
e R VNN WD ES 0 6 12 18 24 0 ¥ 4 48
Time (h) Time (h)

Fig.6 Synthesis, characterization, and antimicrobial activity of AuAgCu,O nanoshells. (a) Graphical representation of the AuAgCu,O NSs synthetic mech-
anism. (b) Cupriferous hollow nanoshell with a composite structure (AuAgCu,O NS) (¢) Images of the microorganism colony-forming units following a
24-hour standard incubation period with 100 mL of planktonic growth solution (1:106 dilution) from only 26.4 ug/mL groups of the OD600 assay. (d)
Histogram demonstrating the quantitative rate of bacterial survival (e) Thermal imaging parade of various AuAgCu,O NS concentrations over a 5-minute
irradiation period. (f) Water-floating AuAgCu,O NSs' photothermal evolution profile (25 °C, 397.5 ug/mL) (g) Comparison of AuUAgCu,O NSs UV-vis-NIR
absorption spectra before and after NIR irradiation (h-i) Ag and Cu* cumulative release quantities from AuAgCu,O NS hydrogel solution, either with or
without NIR laser exposure [169]. Reused under creative common attribution license



Qu et al. Journal of Nanobiotechnology (2025) 23:184

infected with MRSA, which has the consequence of non-
healing corneal wounds. Two MDR bacterial strains, S.
aureus (MRSA) methicillin-resistant and extended-spec-
trum P-lactamase-positive E. coli (ESBL E. coli), which
belong to gram-positive and gram-negative bacteria,
respectively, were assessed against AuAgCu,O NSs with
and without laser. The bactericidal qualities of traditional
Ag-NPs were evaluated using them as a standard. Assays
for optical density and turbidity at 600 nm (OD600).
For ESBL E. coli, Ag-NPs had 70.02 and 99.45% inhibi-
tion at 35 pg/mL; for MRSA, Ag-NPs +laser had 63.84
and 99.54% inhibition at 35 pg/mL effectively suppressed
the reproduction of both strains when AuAgCu,O NSs
were used with or without a laser. Ag-NPs, which show
the antibacterial activity both with and without the laser,
was, however, weak against both strains ESBL E. coli was
inhibited by Ag-NPs at 24.16 and 26.05% at 35 pg/mL;
Ag-NPs +laser, 22.21. Under laser irradiation, AuAgCu,O
NSs efficiently eradicated both organisms at less than
26.4 pg/mL, which is the lowest inhibitory concentration
(MIC) of AuAgCu,O NSs PTT for MRSA and ESBL E.
coli. Additional research was done on the colony-forming
unit (CFU) test and survival rate analysis. (Fig. 6¢, d). For
all bactericidal groups, the AuAgCu,0O NS-based PTT’s
MIC of 26.4 pg/mL was employed. There was no evidence
of a synergistic effect between normal NIR laser irradia-
tion and Ag-NPs, since live microbes were nearly same
between the Ag-NPs with and without laser groups. By
drastically reducing the number of colonies, AuAgCu,O
NSs treatment, on the other hand, showed antibacterial
action. Therefore, the complex structure of the empty
AuAg core, which shows greater Ag ion release in com-
parison to regular Ag-NPs in suspension, is responsible
for the behaviors mentioned above. More significantly,
AuAgCu,O NSs could kill all MDR bacteria by mediat-
ing synergistic antibacterial effects through PTT and
Ag" release with the aid of laser irradiation. At the same
concentration (26.4 pg/mL), the bactericidal activity of
clinical antibiotics was compared between AuAgCu,O
NS lasers and penicillin versus MRSA and ESBL E. coli.
Both MDR bacterial strains were more strongly inhib-
ited by AuAgCu,O NS laser irradiation than by penicil-
lin. Next, the photothermal capability of AuAgCu,O
NSs was properly investigated by maximizing the laser
power density, NS concentration, and temperature rise.
(Fig. 6e). The calculations demonstrate that by control-
ling the laser power density and concentration of NSs,
an exceptional photothermal efficiency of AuAgCu,O
NSs could be achieved and modified, the temperature of
AuAgCu,O NSs in under five minutes (Fig. 6f) increased
to 51.2 °C. AuAgCu,O NSs had an efficiency of 57% pho-
tothermal conversion. (Figs. 6g). Laser irradiation after
five cycles at 2.55 W/cm? the AuAgCu,0 NSs dem-
onstrated exceptional photostability, with virtually no
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decrease in absorbance and consistent photothermal
conversion efficiency. Driven by the remarkable NIR pho-
tothermal transformation effect and the tiny size of Cu,O
protrusions of AuAgCu,0O NSs, the hyperthermia and
ion release (Ag and Cu ions) may be achieved after laser
irradiation. The released Ag and copper Cu ions from the
AuAgCu,0 NSs solution were analyzed with and without
NIR laser irradiation throughout a predefined time range.
When compared to AuAgCu,O NSs without laser irradi-
ation, the presence of the laser led to a noticeably greater
amount of Ag and Cu ion release in the AuAgCu,O NS
solution. (Fig. 6h, i). This suggests that Cu,O protrusions’
minuscule size and the photothermal action may help
AuAgCu,O NSs release Cu and Ag ions.

This study introduces a novel dual-purpose AuAgCu,O
nanogel that offers a multi-pronged approach to combat
MDR-infected chronic injuries and nonhealing keratitis.
The uniform-sized NPs of nanogel release Ag and Cu
ions, and produce heating effect under NIR laser irradia-
tion, synergistically targeting and eliminating bacteria.
The gel support enables precise and targeted therapy
within the lesion, promoting wound healing through
copper ion-mediated tissue regeneration. Notably, the
nanogel demonstrates exceptional biocompatibility, mak-
ing it a promising candidate for clinical translation. This
innovative nanoplatform could revolutionize the treat-
ment of chronic infections, offering a powerful tool to
combat drug-resistant bacteria and accelerate wound
healing. PTT is a promising alternative for bacterial
eradication because of its great efficacy and noninva-
sive nature. Significant ablation necessitates hyperther-
mia, although non-localized high temperatures typically
cause significant harm to adjacent healthy tissues. Over
and above 70% of the corneal matrix comprises of colla-
gen, which is also an essential part of other ocular frame-
works. Thermal scission and dehydration in PTT can
extremely degrade ultra-structures of collagen, resulting
in recurrent corneal opacity. It might be feasible to create
customized mild-temperature PTT nano-platforms and
create synergistic antibacterial methods such as photody-
namic-photothermal therapy and chemo-photothermal
therapy.

Nanoenzyme therapy

A family of nanomaterials known as nanozymes has
proven to be an excellent alternative to natural enzymes
due to its enzyme-like properties, high stability, low cost,
and ease of storage. It has also been applied to biosens-
ing, diagnostics, disease treatment, and other fields [164].
A number of keratitis nanozyme treatments have recently
been created, and they have shown impressive results in
reducing corneal inflammation and preventing infection
[170, 171]. However, despite significant progress in these
treatments, the efficiency of these treatments in treating
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infectious keratitis is mainly limited by the diverse thera-
peutic requirements of disease and the effectiveness of
the nanozymes involved [172]. Interestingly, multien-
zyme-like nanozymes that have many enzyme-like activi-
ties seem to be promising options for the treatment of
infectious keratitis [173]. However, there are currently
few studies on antibacterial and anti-inflammatory com-
bination keratitis treatments based on multienzyme-like
nanozymes. Enhancing delivery efficiency is a significant
problem in the therapy of ocular illnesses, in addition
to multienzyme-like nanozymes [174]. The microneedle
approach is painless, bloodless, effective having patient-
friendly features and transdermal drug release effec-
tiveness enable ocular drugs to cross the ocular barrier,
enhancing the effectiveness of treatment [175]. Studies
on nanozyme ocular microneedle are still rare, neverthe-
less. Manganese oxide (MnO) nanoclusters, decorated
on graphdiyne nanosheets, were developed as multi-
enzyme-like nanozymes. These nanozymes were then
incorporated into polymethyl methacrylate-based ocular
microneedle patches and hyaluronic acid. The resulting
microneedle patches were made to cure keratitis brought
on by fungus or bacteria [176, 177]. In-vitro, ex-vivo,
and in-vivo studies demonstrated that the microneedles
effectively penetrated the corneal epithelium, targeted
pathogens, and activated the nanozymes within the
biofilm microenvironment. The activated nanozymes
exhibited oxidase, peroxidase, superoxide dismutase,
and catalase-like activities, leading to the destruction of
pathogens, reduction of oxidative stress, and promotion
of tissue repair. Compared to commercial ophthalmic
voriconazole, the microneedle patches showed superior
therapeutic efficacy without inducing microbial resis-
tance or cytotoxicity [178, 179].

Liu et al. [180]. created graphdiyne (GDY) powders
using a Glaser-Hay coupling process and the hexa-
ethynylbenzene (HEB) monomer. Thin-layered GDY
nanosheets were produced by ultrasonically exfoliating
the powders. Manganese chloride, sodium hydroxide,
and GDY nanosheets were hydrothermally produced as
MnOx/GDY using a 1:1:5 ratio in ethylene glycol solu-
tion for three hours at 160 °C. The MGMN was produced
by vacuum casting MnOx/GDY, HA, and PMMA onto
polydimethylsiloxane (PDMS) MN molds. The molds
were then separated at 5000 rpm for 30 min and cured
for 24 h at 25 °C (Fig. 7a). The oxidase (OXD) like activ-
ity of MnOx/GDY was assessed using the TMB method
(Fig. 7b). The nanozyme efficiently catalyzed the con-
version of oxygen to superoxide radicals, oxidizing
TMB, resulting in a characteristic absorption peak. The
OXD-like activity was significantly influenced by oxygen
concentration, pH, and enzyme and substrate concen-
trations. ROS production by MnOx/GDY nanosheets
involved their activation by the biofilm and inflammatory
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microenvironments at the site of corneal infection.
Under optimal conditions, MnOx/GDY exhibited high
catalytic activity catalysing the generation of ROS dur-
ing the antimicrobial process. This is evidenced by the
significant ROS fluorescence staining observed in treated
bacterial and fungal groups. The adherence of MnOx/
GDY nanosheets to microbial surfaces facilitated their
enzymatic activation, inducing localized ROS production
without causing substantial physical damage to micro-
bial membranes or cytoplasm. These ROS play a key role
in eradicating pathogens by disrupting essential cellular
processes while maintaining minimal cytotoxic effects.
An in-vitro investigation was used to assess MnOx/
GDY’s antibacterial efficacy against MRSA and MDR
Candida albicans (C. albicans). The suppression growth
curves revealed that increasing concentrations of MnOx/
GDY (0-25 pg mL™) led to enhanced suppressive effects
on both fungi and bacteria (Fig. 7c-d). According to live/
dead staining, a 20 ug mL™! concentration of MnOx/GDY
resulted in nearly complete eradication of both bacteria
and fungi, as indicated by strong red fluorescence. At
this concentration, only 10% of bacteria and 14% of fungi
survived in the MnOx/GDY group (Fig. 7e). To evalu-
ate the decrease in biofilm biomass, MRSA and Candida
albicans biofilms were stained with crystal violet. MnOx/
GDY treatment reduced bacterial and fungal biofilms by
up to 80% and 67%, respectively (Fig. 7f). As shown in
(Fig. 7g) green fluorescence decreased and red fluores-
cence increased with increasing MnOx/GDY concentra-
tion. At 20 pug mL, strong red fluorescence was seen,
indicating significant damage to both fungal and bacte-
rial biofilms. At this concentration, only 16% of bacte-
rial and 6% of fungal biofilms survived. The MnOx/GDY
nanozyme catalyzed the formation of superoxide radi-
cals, which were detected using electron spin resonance
spectroscopy. This confirmed the OXD-like activity of
the nanozyme (Fig. 7h). The electrochemical analysis
revealed that MnOx/GDY exhibited the highest catalytic
activity and oxygen activation efficiency compared to
other nanomaterials (Fig. 7i). Additionally, MnOx/GDY
demonstrated superior electronic conductivity and car-
rier transfer efficiency (Fig. 7j).

Nanozymes, particularly multi-enzyme-like nano-
zymes, offer a promising approach due to their diverse
catalytic activities and ability to target and eliminate
pathogens, reduce inflammation, and promote tissue
repair. The integration of nanozymes into micronee-
dle patches provides a convenient and effective
delivery system, enhancing drug penetration and thera-
peutic efficacy. The development of MnOx/GDY-based
microneedle patches represent a significant development
in the field of keratitis treatment, providing a potential
solution to combat both bacterial and fungal infections.
To properly assess the safety and effectiveness, more
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investigation and clinical trials are required of these
innovative therapies and to explore their potential for
personalized medicine.

Metal lon therapy
Metal-based anti-infective drugs have gained a lot of
attention with the quick development of nanomedicine
because of their potent and multi-targeted antibacte-
rial properties, which include metabolic disruption, the
generation of ROS, and genetic material damage [181].
Since ancient times, metals have been employed as anti-
bacterial agents; nevertheless, their exact mechanisms
of action have been unknown for the majority of history.
According to recent research, oxidative stress, protein
malfunction, or membrane damage are the three main
ways that certain metals harm microbial cells [83, 182].
Certain metals are essential to the biochemistry of life
in all species because they perform cellular tasks that
organic molecules cannot. Certain metal ions are essen-
tial for the structure of DNA and cell membranes; it is
estimated that almost half of all proteins are reliant on
metal atoms for both their structural integrity and their
involvement in essential biological functions like cataly-
sis and electron transfer. However, when these necessary
metals are present in excess, they are fatal to all cells.
Additionally, some non-essential metals, such Te, Ag, and
Hg, are exceedingly toxic to the majority of bacteria and
exhibit microbicidal action at very low doses [183].
MLPGa-based antifungal technique was created to
break down the exopolysaccharide in the biofilm matrix
and cell walls. The intrinsic catalytic activity of the Ga*
integrated within the polydopamine-modified mesopo-
rous silicon nanosystem induced the ROS production.
Upon degradation of exopolysaccharides in fungal cell
walls and biofilms by lyticase, the MLPGa system adhered
to fungal surfaces, facilitating Ga* release. These ions dis-
rupt iron metabolism by mimicking iron, interfering with
iron-dependent enzymatic processes critical for anti-
oxidative defense, such as superoxide dismutase (SOD3).
This disruption triggers oxidative stress, amplifying ROS
production within the fungal cells. The cascade of oxida-
tive stress is further supported by upregulated antioxi-
dant-related genes (e.g., CAT1, TTR1) as a compensatory
response to increased ROS levels. This ROS generation,
combined with metabolic interference and cell wall deg-
radation, contributes to the potent antifungal activity of
MLPGa. The generation of intrinsic ROS and metabolic
disruption by liberated Ga®, eliminates both mature bio-
films and planktonic C. albicans (Fig. 8a). He et al. [184].
investigated the antifungal effectiveness of co-incubating
planktonic C. albicans with varying concentrations of
MLPGa (0-50 pug mL™) for a full day. CFU test on sab-
ouraud dextrose agar (SDA) plates and corresponding
survival rate analysis were used to confirm and compare
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the antifungal property of various groups (MSN@PDA,
control, free ly, free Ga(NO;);, MLPGa) with a concen-
tration of 40 pg mL™! (Fig. 8b). Although MLPGa effec-
tively eliminated fungi and prevented the development of
CFUs, just around 10% of the fungus survived in the free
Ga(NOs); group, compared to over 80% in the MSD@
PDA, control, and freely handled groups. Addition-
ally, live/dead double staining fluorescent images dem-
onstrated the most potent antifungal effect of MLPGa
in these groups. SEM and TEM techniques were then
employed to further examine C. albicans morphological
alterations following MLPGa treatment and other meth-
ods. (Fig. 8¢c) demonstrates that the fungus in the MSN@
PDA and control groups had an oval-rounded form,
thick and homogeneous cytoplasm, connective and an
intact and cell wall. But after being medicated with free
lyticase, their cell wall changed to thin and some of their
cytoplasm was irregular. Although the cell wall struc-
ture of free Ga(NOs); groups was largely intact, a simi-
lar condition of inhomogeneous cytoplasm was noted,
indicating potential internal interference of metal ions.
MLPGa NPs combine the effects of Ga* and enzymes to
speed up fungal death by complying to the fungal surface,
breaking down the structure of cell wall, and disrupting
the internal cytoplasm to cause leakage. SEM pictures
revealed that MLPGa caused similar surface adherence
and structural damage to fungus. Planktonic fungus and
mature biofilm had lower total carbohydrate contents
after being used with free lyticase than in the control
groups, and the content decreased even more after being
treated with MLPGa. B-1,3-glucan, a major exopolysac-
charide, was used for further studies. After being treated
with free lyticase or MLPGa, the p-1,3-glucan-specific
dye aniline blue with green fluorescence was nearly invis-
ible for planktonic fungus in (Fig. 8d), but it was evident
in the control, MSN@PDA, and free Ga(NO;); groups.
The fluorescence of aniline blue dye was likewise signifi-
cantly reduced in mature biofilms treated with lyticase
or MLPGa. Furthermore, lyticase treatment reduced
B-1,3-glucan contents in both mature C. albicans and
planktonic biofilms compared to the MSN@PDA groups
or control. MLPGa-treated fungus and mature biofilms
had the lowest -1,3-glucan concentrations compared to
other therapies. These findings support MLPGa’s capac-
ity to degrade exopolysaccharides found in cell walls or
biofilms, including p-1,3-glucan. The MLPGa has out-
standing antifungal efficacy in both mature biofilms and
planktonic fungi following polysaccharide degradation
via metabolic interference and intrinsic cascade ROS
generation. Additionally, in a mouse model of fungal
keratitis, the MLPGa-based antifungal approach shows
excellent benefits in biological safety and has a reason-
able therapeutic efficacy; no overtly harmful side effects
were noted. The dynamic release behavior of the Ga* may
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Fig. 8 Therapeutic efficacy of a metal-organic framework (MOF)-based drug delivery system (MLPGa) for fungal keratitis treatment. (a) The microstruc-
ture and design procedure of MLPGa. (b) Raman imaging is used to track the release of Ga*and lyticase. (¢) SEM and TEM pictures of C. albicans after co-
incubation with different doses. (d) Confocal pictures of 3-1,3-glucan stained with aniline blue (green fluorescence). (e) Raman mapping images in the
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permission from ref. no. 203. Copyrights 2022, WILEY



Qu et al. Journal of Nanobiotechnology (2025) 23:184

be precisely shown by comparing the Raman signals cre-
ated via the PDA layer in MLPGa and Ga* with the Ga
concentration as determined by ICP-MS methods. Fol-
lowing dropwise pouring of the MLPGa solution (Day 0),
the visible Raman signals were seen inside the diseased
eyes. These signals weakened after two days of treat-
ment and almost vanished for three days, implying that
the Ga* were released, though a large amount of Ga was
calculated by the ICP-MS (Fig. 8e). Additionally, the NIR-
optical properties of PDA in MLPGa produced a photo-
acoustic signal that suggested the possibility of a gradual
breakdown and emission of Ga* from MLPGa (Fig. 8f-g).
Thus, we hypothesize that MLPGA might remain in the
infected eyes for at least a day and continually release
Ga ions for long-term therapy based on the outcomes
of detailed ICP-MS and Raman/PA pictures. The cornea
infection progressed with time, with hyperemia, edema,
and cornea opacification with a specific amount of exu-
dation and neovascularization observed after 15 days of
no therapy or MSN@PDA treatment. Conversely, the
cornea’s state was marginally improved, and some of the
edema and opacity gradually dissipated with lyticase or
Ga(NO;); therapy alone. Cornea turned translucent,
inflammation was successfully controlled, and nearly no
new blood vessels developed following MLPGa therapy,
indicating that the therapeutic efficacy could be further
enhanced. On 15th day, the cornea in the groups medi-
cated with MLPGa was almost entirely healed and effec-
tive than in the groups medicated with AmB. This was
demonstrated by the smaller area of the epithelial defect
(average: ~3.62% versus =~18.2%) and the lower clini-
cal grading scale (average: ~0.3 versus ~9.7) (Fig. 8h-i),
MLPGa-based antifungal strategy with very little toxic-
ity showed impressive therapeutic success against fun-
gal keratitis. Additionally, as a long-acting therapeutic
approach, MLPGa-based nanodrops can be used to lower
treatment pressure and dosage frequency. These findings
could lead to a more effective way to destroying fungi and
treating fungal keratitis in clinical settings.

There is an increasing prevalence of keratitis, particu-
larly among young, healthy individuals, and lack of thera-
peutic modalities like limitations of current treatments
like natamycin and azoles. A promising novel approach
involves a lyticase and Ga® integrated nanosystem
(MLPGa). This innovative system targets fungal cell walls
and biofilms, degrading exopolysaccharides and subse-
quently releasing Ga* to disrupt fungal metabolism and
induce cell death. Preclinical studies demonstrate supe-
rior efficacy of MLPGa in treating fungal keratitis com-
pared to conventional therapies, leading to significant
improvements in corneal health and reduced inflamma-
tion. This research offers a potential breakthrough in the
therapy of fungal keratitis, providing a more effective
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and targeted treatment option for this challenging ocular
infection.

Artificial intelligence and keratitis

Infectious keratitis is a serious eye condition that can
lead to blindness if not diagnosed and treated promptly.
Early detection is crucial to prevent progression, but the
diagnosis and identification of the underlying cause of
the infection are often challenging. Advances in artifi-
cial intelligence (AI), particularly in deep learning, offer
promising solutions to address these challenges [185]. Al
algorithms can analyze clinical images, such as slit-lamp
images and confocal microscopy data, to accurately iden-
tify and classify corneal abnormalities, including kera-
titis. These systems not only help in the early detection
of the disease but also assist in determining the most
appropriate treatment strategies [30]. A deep learning
system developed for automated classification of kerati-
tis and corneal abnormalities showed high performance
in distinguishing between infected and healthy corneal
tissue. By leveraging extensive datasets of slit-lamp and
smartphone images, the system outperformed cornea
specialists in some instances [186]. Moreover, Al sys-
tems trained on confocal microscopy images have proven
effective in detecting acanthamoeba keratitis with high
accuracy. By employing convolutional neural networks,
Al can efficiently classify images as either positive for
acanthamoeba keratitis or nonspecific, aiding in faster
and more accurate diagnoses [30]. To optimize these
systems, various image processing techniques, includ-
ing morphological operations and histogram equaliza-
tion, were applied. Additionally, advanced algorithms like
support vector machines (SVM) have been integrated
to improve classification accuracy and sensitivity, par-
ticularly for grading the severity of corneal ulcers [187].
These Al-driven systems can also reduce computational
costs by using techniques such as Global Average Pooling
2D, which enhances training efficiency while maintaining
output quality [30]. Beyond diagnostic applications, Al
is beginning to play a role in the development of novel
therapies for infectious keratitis. Al algorithms can assist
in designing targeted treatments, such as nanoparticle-
based therapies, by simulating how nanoparticles interact
with biological tissues. Al-driven nanoparticle design is
emerging as a key technology that could accelerate the
development of effective nanotherapies, offering a per-
sonalized approach to treating keratitis. As Al continues
to evolve, its integration with nanoparticle design holds
significant potential to revolutionize treatment strate-
gies, ensuring faster, more precise, and effective interven-
tions for patients with infectious keratitis. This synergy
of AI and nanotechnology promises to greatly enhance
the clinical outcomes of patients and could lead to more
widespread adoption of nanotherapies in the future.
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Conclusion and future perspective

Keratitis continues to be a significant global health chal-
lenge, necessitating the development of innovative and
more effective therapeutic strategies. While traditional
treatments have notable limitations, advance therapies
offer a transformative potential for improving drug deliv-
ery and therapeutic outcomes. By utilizing these strate-
gies, researchers can achieve enhanced targeted drug
delivery, increased bioavailability, and reduced systemic
toxicity, which is crucial for addressing the complexities
of microbial keratitis. Key therapeutic modalities, includ-
ing PZDT, PDT, and PTT, and metal ion therapy show
great promise in combating keratitis, but their safety and
efficacy must be optimized. Nanotechnology plays a piv-
otal role in refining these therapies by enabling precise
drug release, minimizing adverse effects, and improv-
ing treatment precision. Moreover, recent advances
such as nanoenzyme therapy offer new insights into the
real-time monitoring of infection progression and treat-
ment responses at the cellular level, further enhancing
the accuracy of therapeutic interventions. To drive these
innovations forward, research should focus on devel-
oping nanocarriers with controlled degradation rates,
biocompatible materials, and mechanisms for targeted
delivery to the cornea. Theranostic approaches, combin-
ing diagnostics with therapeutics, hold substantial prom-
ise for optimizing keratitis treatment. Addressing the
growing challenge of drug resistance is equally critical,
and nanocarriers can be engineered to deliver multiple
drugs or drug combinations to bypass resistance mecha-
nisms. Ongoing research into these strategies, alongside
the integration of combination therapies, will be crucial
to overcoming existing treatment barriers. Ultimately,
advancements in the emerging therapies will not only
improve clinical outcomes but also significantly reduce
the burden of keratitis, enhancing the quality of life for
affected patients worldwide. While innovative therapies
like PZDT, PDT, and PTT offer promising avenues for
keratitis treatment, ensuring their safety and efficacy is
paramount. Nanotechnology, with its ability to engineer
materials at the nanoscale, provides a powerful platform
to address these challenges.

The development of advanced drug delivery systems
with precisely controlled degradation rates can ensure
timely drug release while minimizing tissue retention,
utilizing natural and biodegradable materials to reduce
toxicity and enhance patient safety. Modifying the sur-
faces of drug carriers with biocompatible polymers or
ligands can further improve cellular uptake and reduce
immune responses, enhancing the overall efficiency of
the treatment. Integrating theranostic approach with
controlled drug release mechanisms helps to optimize
of precise drug exposure and therapeutic efficacy. Addi-
tionally, designing carriers with specific ligands to target
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receptors on BRB can improve drug transport. The use of
biodegradable carriers that passively penetrate the BRB
due to their small size offers another promising strategy.
Combining these advanced delivery systems with other
therapies, such as gene or stem cell therapy, can further
enhance penetration and efficacy. To optimize delivery
efficiency, it is crucial to investigate the mechanisms
through which drug carriers are taken up by corneal
cells. Detailed studies of intracellular trafficking pathways
can ensure the effective delivery of therapeutic agents to
their target sites, while strategies to promote endosomal
escape can facilitate drug release directly into the cyto-
plasm. Another promising direction is designing carri-
ers that release their medication payload in response to
specific environmental triggers. For instance, delivery
systems that respond to the acidic pH of infected tissues
or elevated temperatures associated with inflammation
could provide targeted drug release, offering signifi-
cant advantages for treating conditions such as kerati-
tis. Incorporating MDR inhibitors into drug carriers can
overcome resistance mechanisms, while combining
advanced delivery systems with conventional therapies
or novel treatments can enhance therapeutic efficacy
and prevent drug resistance. Exploring the potential of
probiotics and prebiotics to modulate the ocular micro-
biome offers an additional avenue to improve the effec-
tiveness of these therapies, further advancing treatment
outcomes.

To address the regulatory challenges and biocompat-
ibility testing for keratitis treatments, it is essential to
outline a clear roadmap for clinical trials. The first step
involves ensuring that the proposed treatment meets
all regulatory requirements, such as adherence to good
manufacturing practices and submission of preclinical
data that demonstrates efficacy and safety. In vitro and
in vivo biocompatibility studies should focus on assess-
ing potential cytotoxicity of treatment, ocular irrita-
tion, and long-term safety, with particular attention to
the potential for any adverse immune responses. Fol-
lowing successful preclinical evaluations, Phase I clini-
cal trials should begin with small-scale studies to assess
safety and dosage, particularly focusing on ocular toxic-
ity and adverse events. Phase II trials can then move to
larger populations to evaluate efficacy, optimal dosing
treatments, and techniques to reduce infection-related
inflammation without causing harm to the corneal tissue.
Phase III trials would then expand to multicentre studies,
comparing the novel treatment with current gold-stan-
dard therapies to assess its superiority or non-inferiority.
Throughout these stages, regulatory agencies such as the
FDA or EMA would require detailed reports on all clini-
cal outcomes, as well as any potential long-term effects of
the treatment. This structured approach to clinical trials,
coupled with robust biocompatibility testing, will provide
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the necessary evidence to support the clinical translation
of new therapies for keratitis.
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