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Abstract

The growing threat of antimicrobial resistance has necessitated the development of alterna-
tive, non-antibiotic therapies for effective microbial control. Antimicrobial photodynamic
therapy, which uses photosensitizers activated by light to generate reactive oxygen species,
offers a promising solution. Among natural photosensitizers, curcumin, a polyphenolic
compound from Curcuma longa, has demonstrated broad-spectrum antimicrobial activity
through reactive oxygen species-mediated membrane disruption and intracellular dam-
age. However, curcumin’s poor water solubility, low stability, and limited bioavailability
hinder its clinical utility. Nanotechnology has emerged as a transformative strategy to over-
come these limitations. This review comprehensively explores advances in nanocurcumin-
and curcumin-loaded nanoparticles, highlighting their physicochemical enhancements,
photodynamic mechanisms, and antimicrobial efficacy against multidrug-resistant and
biofilm-associated pathogens. A range of nanocarriers, including chitosan, liposomes,
nanobubbles, hybrid metal composites, metal-organic frameworks, and covalent organic
frameworks, demonstrate improved microbial targeting, light activation efficiency, and
therapeutic outcomes. Applications span wound healing, dental disinfection, food preser-
vation, water treatment, and medical device sterilization. Conclusions and future directions
are given, emphasizing the integration of smart nanocarriers and combinatorial therapies
to enhance curcumin’s clinical translation.

Keywords: nanocurcumin; photodynamic therapy; reactive oxygen species; antimicrobial;
pathogen

1. Introduction

Antimicrobial resistance (AMR) is a growing global health crisis that threatens the
effective treatment of infectious diseases, leading to prolonged illness, increased mortality,
and rising healthcare costs. The overuse and misuse of conventional antibiotics have
accelerated the emergence of multidrug-resistant (MDR) pathogens [1,2], prompting an
urgent need for alternative, non-antibiotic strategies to manage microbial infections. Among
emerging technologies, antimicrobial photodynamic therapy (aPDT) has gained attention
as a promising approach to overcome AMR by utilizing light-activated photosensitizers
(PSs) to produce reactive oxygen species (ROS) that selectively destroy microbial cells [3]
as illustrated in Figure 1, without contributing to resistance development.
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Figure 1. Illustration of aPDT through type 1 and type 2 reactions resulting in microbial cell death.

Natural product-based PSs play a pivotal role in aPDT due to their safety, biocom-
patibility, and ability to generate ROS upon light activation. When exposed to light of
a specific wavelength, these PSs transition from their ground singlet state to an excited
singlet state [4], as illustrated in Figure 1. If the excited PS does not return to the ground
state, it undergoes intersystem crossing to form a triplet excited state, which is central to
ROS production.

From the triplet state, two primary photochemical pathways can occur: Type I and
Type Il reactions. In a Type I reaction, the excited PS transfers a hydrogen atom or electron
to surrounding biomolecules, forming radicals. These radicals then react with molecular
oxygen through redox processes to produce superoxide anion radicals (O, ™) and other
ROS. In contrast, a Type Il reaction involves the direct transfer of energy from the excited
PS to molecular oxygen, generating singlet oxygen (10,), a highly reactive and cytotoxic
species [5]. The Type II mechanism is generally simpler and often more dominant in
biological systems.

aPDT leverages these mechanisms to induce oxidative damage in microbial cells. The
generated ROS attacks cellular components such as lipids, proteins, and nucleic acids,
leading to membrane disruption, metabolic interference, and ultimately cell death [6]. This
approach is effective against a wide range of pathogens, including bacteria, fungi, and
viruses, even those in biofilm states or resistant to antibiotics. Moreover, aPDT offers signif-
icant advantages such as localized action, minimal toxicity to host tissues, and no risk of
resistance development with repeated use [7]. The use of natural PSs, particularly curcumin,
further enhances aPDT’s appeal due to their safety, biodegradability, and environmental
compatibility, offering an attractive alternative to synthetic dyes.

Curcumin, a polyphenolic compound extracted from the rhizome of Curcuma longa,
has attracted significant interest due to its broad-spectrum antimicrobial, anti-inflammatory,
antioxidant, and anticancer properties [8]. Curcumin naturally acts as a PS, producing
ROS under blue light irradiation, and has demonstrated notable efficacy in the photody-
namic inactivation of both planktonic and biofilm-associated pathogens [9]. However, its
clinical translation remains limited by several drawbacks, including poor water solubility,
low chemical stability, rapid photodegradation, low systemic bioavailability, and limited
membrane permeability, which collectively impair its therapeutic performance in biological
systems [10].

To overcome these limitations, the use of nanocurcumin (nCur) [11,12] and develop-
ment of nanoparticle-based curcumin delivery systems [13,14] has emerged as a transfor-
mative solution. Encapsulation of curcumin into nanoscale carriers, such as liposomes,
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solid lipid nanoparticles (NPs), polymeric NPs, nanobubbles, metal-based nanocompos-
ites, metal-organic frameworks (MOFs) and covalent organic frameworks (COFs), greatly
enhances its solubility, stability, and bioavailability [15]. These nanocarriers also improve
microbial targeting, promote controlled release, protect curcumin from premature degra-
dation, and boost intracellular ROS generation, thereby enhancing photodynamic efficacy.
This has led to the emergence of a new class of advanced therapeutic agents: nCur and
curcumin-loaded NPs, which are particularly effective against MDR and biofilm-forming
pathogens [16].

This review provides a comprehensive overview of recent advances in the design
and application of nCur-based systems in aPDT. It discusses their mechanisms of action,
highlights their advantages over free curcumin, and explores their potential for addressing
critical challenges in modern infectious disease management. Figure 2 illustrates the
steady increase in scientific publications related to the application of nanocurcumin- and
curcumin-loaded nanoparticles in aPDT from 2011 to 2025.
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Figure 2. Trends in publications on nanocurcumin- and curcumin-loaded nanoparticles for
aPDT (2011-2025).

The data shows a significant surge in research activity beginning in 2020, indicating
heightened scientific interest and recognition of these nanostructured formulations as
effective antimicrobial agents. This upward trend highlight the expanding role of nanotech-
nology in antimicrobial interventions and highlights the promising potential of curcumin
as a PS in addressing the global challenge of antimicrobial resistance.

2. Curcumin as a Natural Photosensitizer

Antimicrobial curcumin has gained considerable attention as a PS in aPDT due to
its favorable photophysical properties and broad-spectrum antimicrobial activity [17,18].
Its chemical structure, featuring conjugated double bonds and phenolic hydroxyl groups,
allows it to absorb visible light, particularly in the blue region around 420—450 nm, and
transition to an excited state capable of generating ROS [17]. As illustrated in Figure 3,
upon light activation, curcumin undergoes intersystem crossing to produce 'O, and other
ROS, which in turn induce oxidative damage to microbial membranes, proteins, and nucleic
acids, leading to cell death. This mechanism supports the use of curcumin-based aPDT
in areas such as wound healing, dental care, food preservation, and surface disinfection,
among others.
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Figure 3. Illustration of curcumin-based aPDT and its potential applications, including wound
healing, dental therapies, food preservation, and surface disinfection.

Several studies have reported the aPDT of curcumin. For example, Dang et al. (2025)
reported complete inactivation of Mycobacterium abscessus using aPDT with 100 uM cur-
cumin and a light dose of 48 J/ cm?. This treatment led to a 5.32-fold increase in intracellular
ROS compared to untreated controls, highlighting oxidative stress as the key driver of
curcumin’s phototoxicity. The accumulated ROS caused oxidative damage to critical cel-
lular components, including lipids, proteins, and nucleic acids, ultimately resulting in
cell death. Significant membrane disruption was also observed, evidenced by a 9.53-fold
increase in fluorescence intensity, indicating compromised membrane integrity that likely
enhanced ROS penetration and intensified intracellular damage. Transmission electron
microscopy (TEM) confirmed extensive structural breakdown, including cell wall degrada-
tion, membrane rupture, and cytoplasmic disintegration [19]. These results demonstrate
the multifaceted antimicrobial action of curcumin-based aPDT, targeting both external and
internal bacterial structures to ensure total inactivation. Similarly, Yuan et al. (2022) found
that aPDT inflicted multiple forms of damage on Staphylococcus aureus. Morphological
effects included membrane collapse, leakage of intracellular contents, and increased cell
aggregation, with severity escalating alongside light dose. Membrane permeability was
significantly altered, as shown by increased absorbance at OD260 and OD280, indicating
the release of DNA and proteins. Flow cytometry with double staining revealed progressive
loss of membrane integrity and esterase activity, with the proportion of damaged cells
increasing with light exposure. Sublethal cell populations initially rose and then declined,
suggesting a transition from reversible injury to irreversible cell death. Intracellular ROS
levels also rose markedly following aPDT, disrupting membrane function and inducing
cell death, an effect significantly reduced by ROS scavengers, further confirming the central
role of ROS in the antimicrobial mechanism [20]. Table 1 summarizes various studies that
demonstrate the antimicrobial efficacy of curcumin-based aPDT under different experi-
mental conditions, highlighting the influence of formulation type, curcumin concentration,
light parameters, and treatment environment on overall effectiveness.
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Table 1. Summary of curcumin-based aPDT against different bacteria and light settings.
Curcumin Concentration Light Dosage Effect Ref
Both curcumin forms exhibited
. - . broad-spectrum bactericidal activity
CuminUP60® vs. natural i;%hiz%lﬁgg;;oiif\%ljgé against multiple bacteria including S. [9]
curcumin, 10.42-333.3 uM for 30 min (’9 5 4]/cm?) aureus, Listeria monocytogenes, Escherichia
’ coli, Vibrio parahaemolyticus, Shewanella
putrefaciens, and Pseudomonas fluorescens.
At 3 g/L, curcumin reduced Lactobacillus
LED (450 nm), 1200 mW /cm?, casei by 99.5%, comparable to
5g/Land3g/L irradiance 738 mW /cm? chlorhexidine (100%) and exceeding [21]
non-irradiated curcumin (60.3%).
. : o - -
60 ng/mL (S. aureus), Laser (405 nm), 14 mW /cm?, Curcumin af:hleved 93.2% antlbac;renal
100 pg/mL (E. coli) 40 min rate against S. aureus and 42.6% [22]
' against E. coli.
E. faecalis count reduced by
LED (390-480 nm), 1.35logy9p CFU/mL; more effective than
5 mg/mL 1000 + 100 mW /cm?, 60 s curcumin alone(1.73 log;p CFU/mL), [23]
(60]/cm?) untreated control (3.03 log;g CFU/mL),
and LED alone (2.90 logyg CFU/mL).
0.25% and 10.0% LED (440-460 nm), Increased curcumin loading and light
Curcu.mino-loa de d.vaj'nish 19 mW /cm? for 15-60 min dose enhanced photoelimination of [24]
(17.4-69.7 T/ cm?) S. mutans and Candida albicans.
100 uM ( 40897‘2]0)fr?1c)m4§?}€m2 Complete inactivation of M. abscessus. [19]
aPDT reduced S. aureus by
6.9 log CFU/mL in phosphate-buffered
LED (440 + 5 nm) saline (PBS). Efficacy declined in fruit
10 M 3.6 x 103 W/cm?, juices due to ROS.quenchmg; plnfeapple [20]
1296-2.592 ] /cm? was more responsive than mango; carrot
’ ’ juice showed no effect. At2.592]/ cm?,
no S. aureus was detectable in
mango/pineapple juice.
In root canal treatment, curcumin-aPDT
0.05% LED (480 nm), 72 J/cm? achieved 34% reduction in E. coli CFU, [25]
with 12% standard deviation.
Curcumin combined with blue light
Diode laser (445 nm) irradiation reduced SARS-CoV-2 viral
1-5 uM 0.25W/cm?, 15 /cmé load by >99% in vitro, despite the [26]

concentrations alone showing no
antiviral activity

As shown in Table 1, across multiple studies, curcumin consistently exhibited broad-
spectrum antimicrobial activity, with optimal outcomes achieved at higher concentrations
(>100 uM or >3 g/L) and light fluences above 9 J/cm?. Significant reductions in bacte-
rial viability were reported against key pathogens such as S. aureus, E. coli, L. casei, and
M. abscessus [9,19,21]. The effectiveness of curcumin was further enhanced by advanced
formulations such as CuminUP60® and curcumin-loaded varnishes [9,24]. However, treat-
ment matrices substantially influenced outcomes; while clear media like PBS allowed for
high efficacy, complex environments such as fruit juices and root canals, due to turbidity,
pigment absorption, and ROS quenchers, diminished photodynamic performance [20].
Despite these challenges, curcumin-based aPDT demonstrated comparable antimicrobial



Micro 2025, 5, 39

6 of 29

efficacy to conventional agents like chlorhexidine in some cases, supporting its potential as
a versatile, natural alternative for pathogen control across clinical and food-related settings.

Curcumin exhibits antimicrobial activity against a wide range of pathogens, includ-
ing Gram-positive and Gram-negative bacteria, fungi such as C. albicans, and even some
viruses [18,27]. This broad-spectrum efficacy, combined with its low toxicity to mam-
malian cells under controlled doses, makes curcumin an attractive alternative to synthetic
PSs in aPDT applications for wound care, dental treatment, food preservation, and sur-
face disinfection. However, the clinical translation of curcumin in aPDT is hindered by
several challenges.

The main challenges include its extremely low aqueous solubility (<0.0006 mg/mL) [28],
poor chemical stability at physiological pH, rapid metabolic degradation, and limited
bioavailability, all of which significantly limit its bioavailability and therapeutic effi-
cacy [29]. While its solubility is markedly improved in organic solvents such as ethanol
(~1-5.6 mg/mL) [30,31], acetone (~7.75 mg/mL) [31], DMSO (~20 mg/mL) [30,31], and
PEG-400 (up to 250 mg/mL) [32], these are not ideal for biological use. Additionally,
curcumin is highly photosensitive and undergoes rapid degradation under UV and blue
light due to photooxidation and bond cleavage, leading to reduced therapeutic efficacy.
For instance, it exhibits a 42.1% degradation rate after 10 min of blue light exposure, about
1.7 times higher than under red light [33]. This accelerated photobleaching results from
strong absorption in the blue region, which enhances photoexcitation and ROS generation.
These findings highlight the importance of optimizing light wavelength and formulation
strategies to balance activation efficiency with molecular stability. Furthermore, chemical
stability is influenced by environmental conditions such as pH, solvent polarity, and oxygen
levels. For instance, in basic solutions (pH > 7.0), the half-life of curcumin is around 10 min,
whereas at pH = 3.0-6.5, the half-life of curcumin is approximately 200 min [34]. In terms of
photodynamic efficiency, curcumin’s singlet oxygen quantum yield is solvent-dependent,
ranging from 0.04 in ethanol [35] to 0.372 in THF [36], but is significantly lower in aqueous
systems due to aggregation and quenching effects [17]. Despite these challenges limiting
the clinical application of free curcumin as a PS, it possesses several notable advantages
over synthetic alternatives such as methylene blue and porphyrins, including its natural
origin, low toxicity to mammalian cells, and high biocompatibility. These attributes have
driven efforts to enhance its bioavailability and therapeutic efficacy, leading to extensive
exploration of nanotechnology-based approaches. Encapsulation of curcumin into various
nanocarriers, such as liposomes, polymeric NPs, micelles, dendrimers, solid lipid NPs, and
nanostructured lipid carriers, has been shown to improve its aqueous solubility, protect
against enzymatic and photodegradation, and enhance cellular uptake and photoactivation
under light exposure [37,38]. These nanoformulations not only enhance curcumin’s singlet
oxygen generation but also allow for better control over light-mediated cytotoxic effects.
Together, these advancements significantly expand the potential of curcumin as an efficient
and biocompatible PS in aPDT.

3. Nanocurcumin (nCur), Curcumin Encapsulated or Conjugated Within
Nanocarriers for aPDT

As discussed in the previous section, the clinical application of free curcumin in aPDT
is significantly hindered by its poor water solubility, low chemical stability, rapid degra-
dation, and limited bioavailability. To address these challenges, considerable research
has focused on nanotechnology-based strategies that improve the pharmacokinetic and
photodynamic properties of curcumin. Among these, nCur, a nanosized formulation of cur-
cumin, and various curcumin-loaded nanocarriers have shown substantial promise [11,39].
These nanoplatforms enhance solubility, protect against degradation, and facilitate efficient
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intracellular delivery [40], thereby amplifying ROS production under light activation. This
section explores recent advances in the development and application of nCur (Section 3.1)
and curcumin-loaded nanocarriers (Section 3.2) for improved aPDT performance, with a
particular focus on their antimicrobial efficacy, formulation-dependent effects, and potential
for overcoming drug-resistant infections and biofilms.

3.1. Nanocurcumin (nCur) for Enhanced aPDT

The development of nCur has significantly advanced the use of curcumin in aPDT
by overcoming the major limitations of its free form [38]. Numerous in vitro studies have
demonstrated that nCur exhibits broad-spectrum antimicrobial activity, effectively target-
ing Gram-positive bacteria (e.g., S. aureus, Enterococcus faecalis), Gram-negative bacteria
(e.g., E. coli, Pseudomonas aeruginosa), and fungi (C. albicans), as well as biofilm-forming and
MDR strains [16,41]. The improved photodynamic response of nCur across these stud-
ies reflects its enhanced physicochemical properties and its ability to penetrate complex
microbial structures such as biofilms [11]. Table 2 shows the aPDT effect of nCur against
different microbes.

Table 2. Antimicrobial efficacy of nCur-based PDT under varying concentrations, light sources,
and formulations.

. nCur .
nCur Size Concentration Light Dosage Effect Ref
aPDT significantly reduced
Blue LED emitting at Streptococcus mutans viability,
. . with curcumin (3 g/L) achieving
385-515 nm, output intensity o ; .
- 3g/L 5. . a 99.7% reduction, while [42]
of 1200 mW /cm#, irradiance, .
738 mW /cm? nano-curcumin showed lower
effectiveness, reaching
82.3% reduction
LED with wavelength of aPDT) ac hlgved the greatest
o . o ¢ reduction in dual-species
0.5% nCurin 0.9% 450 nm, power density was X
. > . S. mutans and Lactobacillus
9.5+ 0.1 nm sodium 1 W/cm?, energy density . : L . o [11]
. . 2 . o acidophilus biofilms, with 40%
chloride solution  was 60 J/cm# and irradiation .
duration was 60 s reduction compared to nCur
alone (24.53%).
Laser-activated nCur
100 nm ) Laser (980 nm), Power: 0.5 W, demonstrated significant [12]
irradiation duration was 20 s antimicrobial effects against both
E. faecalis and C. albicans
nCur was added to
Activa BioActive After 60 days of aging, 5%
Base/Liner (ABBL) L];:E (43,[5 ir:::tezr?sﬁm)/ nCur-ABBL disks activated by
in 0.5%, 1%, 2%, tp 2}’ aPDT showed a 97.75%
- o 1000-1400 mW /cm=, dose . . [43]
and 5% (w/w) 300-420 ] /cm?, duration reduction in S. mutans colonies,
concentrations to 5 mir{ while 2% nCur-ABBL discs
fabricate showed a 96.25% reduction
nCur-ABBL disks
aPDT using nCur achieved a
96.5% reduction in L. casei
LED (450 nm), power biofilms, closely approaching the
- 3g/L intensity of 1200 mW/cm?, complete inhibition observed [21]

irradiance 738 mW /cm?

with the positive control,
chlorhexidine digluconate
(CHX, 100%).
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Table 2. Cont.
nCur Size nCur Light Dosage Effect Ref
Concentration 8 8
LED (390 to 480 nm), power . .rf‘.Cur';“edlatEd aPDT
density of significantly reduced E. faecalis
- 5mg/mL 1000 + 100 mW/cm?2, count (1.22 logyo CFU/mL) [23]
irradiation time of 60 s versus curcumin alone (1.71),
energy density was 60 ] /c,rn 5 untreated control (3.03), and
8y y LED alone (2.90).
28.7 mW /cm? + 2 min laser, Significant reduction in
i 3.1 mM. 6.2 mM 452 mW/cm? + 3 min laser  Acinetobacter baumannii viability [44]
and 12.5 mM and 45.2 mW/cm? + 4 min and modulating its virulence
laser gene expression.

Table 2 summarizes the antimicrobial effects of nCur-based aPDT under different
concentrations, formulations, and light settings against pathogens such as S. mutans,
L. acidophilus, L. casei, E. faecalis, C. albicans, and A. baumannii. Overall, nCur-mediated
aPDT demonstrated consistent and significant antimicrobial activity across a range of
experimental setups. For example, nCur at 3 g/L reduced L. casei biofilms by 96.5% under
high-intensity LED (450 nm), closely approximating the efficacy of the positive control,
chlorhexidine (100%) [21]. In dual-species biofilms of S. mutans and L. acidophilus, light-
activated nCur reduced bacterial load by 40%, compared to 24.5% for nCur alone, showing
the added benefit of photodynamic activation [11].

However, not all nanoformulations perform equally. In one study, nCur (3 g/L)
demonstrated significantly lower antibacterial efficacy against S. mutans compared to free
curcumin. Under light exposure, nCur achieved 82.3% and 54.9% reductions in planktonic
and biofilm forms, respectively, whereas free curcumin reached 99.7% and 76.5% [42]. This
reduced efficacy may result from the nanomicellar formulation, which, while improving
solubility, may increase viscosity or adhesiveness, hindering diffusion into the biofilm
matrix. Nanoparticle aggregation further limits performance due to van der Waals and hy-
drophobic interactions, poor surface charge (zeta potential < 20 mV), or inadequate steric
stabilization [45]. These conditions reduce NP dispersion, light absorption, and ROS gener-
ation. Additionally, biofilms act as physical and chemical barriers through size-exclusion
effects, electrostatic trapping by negatively charged extracellular polymeric substances,
high matrix viscosity, and chemical sequestration or inactivation of curcumin [46]. Hypoxic
zones in deeper layers further restrict ROS generation. These combined challenges reduce
curcumin availability, impair uniform activation, and compromise aPDT outcomes. To
overcome these barriers, NP designs should incorporate strategies such as PEGylation,
size optimization (<100 nm), surface charge modulation, enzymatic matrix disruption,
and stimuli-responsive release systems to enhance biofilm penetration, improve curcumin
activation, and maximize therapeutic efficacy [47].

By contrast, a separate study incorporating nCur into Activa BioActive Base/Liner
(ABBL) as composite disks (0.5-5% w/w) showed superior and long-lasting efficacy. Af-
ter LED irradiation (300420 J/cm? for 5 min), 5% nCur-ABBL disks achieved a 97.75%
reduction in S. mutans viability after 60 days, compared to 96.25% for 2% disks. Increased
nCur concentration and aging time produced a synergistic effect; for example, raising the
concentration from 1% to 2% led to an increase in biofilm reduction from 79.1% at 30 days
to 88% at 60 days [43]. This enhanced efficacy was likely due to the ABBL matrix’s ability
to improve curcumin retention, stability, and sustained release, as well as better contact
with the biofilm surface and more efficient ROS generation.
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Furthermore, nCur-based aPDT proved effective against resistant organisms like
E. faecalis, C. albicans, and A. baumannii. In A. baumannii, it also modulated virulence gene
expression. Studies employing combined light sources (e.g., laser + LED) and varied light
fluences demonstrated enhanced antimicrobial outcomes, confirming that both the delivery
system and light parameters play critical roles in aPDT efficacy.

While nCur enhances curcumin’s solubility and bioavailability, its therapeutic impact
depends significantly on formulation type, target pathogen, and light conditions. Solid-
state systems such as ABBL composites offer promising solutions for overcoming biofilm
penetration and ensuring sustained antimicrobial activity, reinforcing the potential of
nanocurcumin-based aPDT for various applications.

3.2. Curcumin Nanoconjugate and Nanocarriers for Enhanced aPDT

The incorporation of curcumin into NP-based delivery systems has proven to be a
transformative strategy in overcoming the physicochemical and biological limitations that
hinder its clinical application in aPDT [48]. While curcumin is well-known for its inherent
antimicrobial and photodynamic properties, its direct application is restricted by poor water
solubility, low systemic bioavailability, rapid photodegradation, and weak interaction with
bacterial membranes due to its negative surface charge [49]. Nanocarriers offer a robust
solution by enhancing curcumin’s solubility, protecting it from degradation, enabling
targeted or stimulus-responsive release, improving cellular uptake, and amplifying ROS
generation upon light activation, all critical factors for effective aPDT [48,50,51].

3.2.1. aPDT of Curcumin-Loaded Nanocarriers and Nanoconjugates

The formulations summarized in Table 3 showcase the diversity and efficacy of
nanoplatforms used for curcumin delivery.

Table 3. Antimicrobial efficacy of curcumin nanoconjugates or nanocarriers-based PDT under varying
concentrations, light sources, and formulations.

Curcumin Nanocarriers Curcumin .
and Nanoconjugates Concentration Light Dosage Effect Ref
Curcumin-loaded 0.04 and ]:%lue hght at 450 nm, hg}21t A reduction of more than
Chitosan (CT) NPs 0.08 mg/mL intensity 28.84 mW /cm?, 3 logip CFU was observed [13]
’ irradiation time, 60 min in both S. aureus and E. coli
Sﬁig:;??;g;iﬁ Cur-CT-Alg NPs combined
. LED (460 nm), Energy dose with aPDT significantly
alginate NPs 5 . . [52]
15]/cm” for 11 minand 53s  reduced S. mutans biofilms
(Cur-CT-Alg NPs), by 31 CFU/mL
257.2 to 473.1 nm Y 20810 m
Cur-CT-NBs showed the
following MIC values: for
E. coli, 46.4 ng/mL with
Curcumin-containing and without LED; for
chitosan-shelled 743 £ 44 ng/mL  LED, (425 nm to 470 nm) S. aureus, 92.8 ug/mL [39]
nanobubbles, of NBs for3h without LED and

(Cur-CT-NBs)

46.4 pg/mL with LED; and
for E. faecalis, 46.4 ng/mL
without LED and
23.2 pg/mL with LED.
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Table 3. Cont.

Curcumin Nanocarriers
and Nanoconjugates

Curcumin

Concentration

Light Dosage

Effect

Ref

Oxygen-loaded
curcumin-containing
nanobubbles,
(Cur-Oxy-CT-NBs)

743 £ 49 ug/mL

of NBs

LED (425 nm to 470 nm)
for 3 h

Cur-Oxy-CT-NBs exhibited
enhanced antibacterial
activity, with minimum

inhibitory concentrations

(MICs) as follows: for E. coli,

92.8 ug/mL without LED
and 46.4 pg/mL with LED;
for S. aureus, 46.4 pg/mL
without LED and

11.6 ng/mL with LED; and

for E. faecalis, 92.8 ug/mL
without LED and
46.4 pg/mL with LED.

[39]

Curcumin-loaded solid
lipid NPs (SLNPs-
composed of cetyl

palmitate and Tween® 80)
within an alginate-based
hydrogel matrix

20% (v/v), and
50% (v/v)
Cur-SLN

in hydrogel

LED (430-490 nm) for 150 s

Photoactivated
formulations reduced
E. faecalis biofilms by 70%,
outperforming
non-photoactivated (45%)

[14]

Indocyanine green (ICG)
doped with
nano-curcumin and
conjugated with
Metformin (Met)
(Cur-ICG-Met NPs),
60-100 nm

Cur-ICG-Met
NPs consist of
100 mg of
Cur NPs,
1000 pg/mL of
ICG, and
10 mM of Met
and 10 uL of
Cur-ICG-Met
NPs was used
for aPDT

Diode Laser (810 nm),
Energy density: 31.2 J/cm?
and power output capacity:
200 mW and LED (450 nm),

Energy density: 60 J/cm?
and power output intensity:
500 mW /cm?

The dual-wavelength
irradiation technique (diode
laser + LED) effectively
reduced viable E. faecalis
within biofilm structures,
achieving a cell viability
reduction ranging from
82.74% to 83.84%.

(53]

nCur-AgNPs-colistin (CL)
(402.6 nm)

250 pg/mL

LED light (450 &+ 10 nm),
Output Power: 200 mW,
Power Density:

0.51 W/cm?,
Exposure Time: 14 min
(energy density was
476]/cm?).

Reduced the formation of
biofilm in P. aeruginosa

(50]

Lysozyme (Lys)-gold
nanocluster (AuNCs)-Cur
conjugate,
(Lys-AuNCs-Cur)
(Lys-AuNCs = 5 nm)

10 to 60 pg/mL
for S. aureus

Up to
100 pg/mL for
E. coli

Upto
100 pg/mL
for MRSA

Laser light (405 nm),
intensity was 14 mW/ cm?,
exposure time 40 min

Lys-AuNCs-Cur exhibited
greater antibacterial activity
against S. aureus and E. coli
than free curcumin and
effectively
eradicated MRSA.

(22]
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Table 3. Cont.
Curcumin Nanocarriers Curcumin .
and Nanoconjugates Concentration Light Dosage Effect Ref
Cur-silica NPs caused a
LED (465 nm), power significant reduction of
Cur-silica NPs 1 me/mL density was 34 mW/ cm?, more than 6 logjo CFU in [51]
(36 to 40 nm) & irradiation time was 10 min, the growth of both S. aureus
light dose was 20 J/ cm? and P. aeruginosa
planktonic cells.
Cur@PLGA-NPs
Curcumin encapsulated in demonstrated in vitro
poly (lactic-co-glycolic 10% weight Blu(()eulfsle; fﬁfgn:; thOr;m), anti-COVID-19 activity by [54]
acid) (PLGA) NPs (wt.) 16 W/Iz:mz 500 8 }7 Jem? significantly reducing
(Cur@PLGA-NPs) ) ! ) ! SARS-CoV-2 titers in
infected plasma.
Cur@ZIF-8 NPs/PLL-CIP
enable ROS-responsive
In vitro, the Cur drug rgleage and
concentration curcumln-t{‘lggered
was 16 pg/mL photody.namlc .th.erapy,
Curcumin encapsulated  at a Cur@ZIF-8 meef’fﬁizliﬁi}—]rtlslilslggnt
into zeolite imidazole NPs/PLL-CIP S. aureus (MRSA) (98.06%)
framework-8 (ZIF-8) NPs, dose of Blue light (430 nm), .an d disruptin biofilms
and coated with ethylated 500 pg/mlL, intensity of 10 mW/cm? for (99.83%) unger 4g30 nm licht [55]
poly-L-lysine (PLL) and while in vivo 10 min in vitro and 20 min ’ :/vith H.O0. In &
loaded with ciprofloxacin ~ wound healing in vivo MRSA-infec té d i;lice the
(CIP) (Cur@ZIF-8 studies in mice lerated wound hl liny
NPs/PLL-CIP, 3259 nm)  used 8 pg/mL ey oo WOTRE IEAING
Cur at 2 NP (98.81% rate in 11 days.) and
dose of restored normal Skll-’l
250 pg/mL. structure, demonstrating
strong synergistic
antimicrobial and
therapeutic effects.

Curcumin/ COmposite films ioaded
polycaprolactone@zeolitic =~ Composite films g&if(l@rznlc;r% t;:rr;iis/:r(azse/g;
imidazolate framework-8 contained Blue light (420-430 nm), 99.9% reduction in [56]

(Cur/PCL@ZIF-§, >15% w/w intensity of 2.2 mW /cm? Escheriéhia coli and S. aureus
anti-adhesion effect.
Cur@ZIF-8 NPs exhibited
strong antibacterial activity
against E. coli and S. aureus,
which was significantly
Cur@ZIF-8 NPs (150 nm, Blue light (420-430 nm), enhanced under blue light.
while ZIF-8 alone was 5mg/mL intensity of 2.2 mW /cm? The combination triggered [57]
80 nm) forlh ROS overproduction and

K* leakage, disrupting
bacterial membranes.
Cur@ZIF-8 NPs under light
outperformed Cur alone,
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Table 3. Cont.
Curcumin Nanocarriers Curcumin .
and Nanoconjugates Concentration Light Dosage Effect Ref
Cur-TTD@ZIF-8 NPs
provide bacteria targeting,
fluorescence imaging,
pH-responsive
photodynamic therapy
(PDT), and
anti-inflammatory effects.
Their positive charge
Curcumin and 62.5 ug/mL enables targeting of
aggregation-induced (2MIC) against P. aeruginosa and S. aureus,
emission luminogen S. aureus and Blue light, 12 J/cm? with red fluorescence 58]
(TTD), encapsulated into 125 ug/ mL (20 mW/cm? for 10 min)  aiding imaging. Under blue
ZIF-8 (Cur-TTD@ZIF-8 (2MIC) against light, Cur release triggers
NPs, 360.84 nm) P. aeruginosa. ROS generation, yielding
99.94% and 99.84%
antibacterial rates. In vivo,
they reduced bacterial load,
alleviated inflammation,
and accelerated wound
healing, promoting tissue
regeneration, angiogenesis,
collagen deposition
Oxygen- and Cur-IL@SiNCs in gelatin
curcumin-laden ionic films showed a
liquid@silica 2mg of Cur per  Bluelight LED Lamp, 5 W photodynamic [59]
nanocapsules gram of IL (450 nm) antimicrobial effect under
(Cur-IL@SiNCs, 15-70 nm blue light, significantly
and 280-350 nm) reducing bacterial growth
The Cur/Zn-MOF@TizC, Tx
nanosheets combine
photothermal therapy
Curcumin-based bioactive (49.7°C, 38.2% efﬁaency),
. . photodynamic ROS
zinc-based metal-organic tion (e0,—, ¢OH
frameworks (Zn-MOF) Near-infrared (NIR) light ~ PS c o on1eb2 , oLt
and TizC,Tx MXene 12510 (808nm), LOW/ cm? for 02 and NIR-triggered =,
200 pg/mL T release of Zn?* and

nanosheets (NSs)
(Cur/Zn-MOF@TizC,Tx,
lattice spacing of 0.22 nm)

15 min

curcumin. It kills E. coli and
S. aureus, inhibits bacterial
growth for 24 h, and
accelerates infected wound
healing (>99% closure in
8 days).
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Table 3. Cont.
Curcumin Nanocarriers Curcumin .
. . Light Dosage Effect Ref
and Nanoconjugates Concentration

Curcumin linked to
tetrakis (4-carboxyphenyl)
porphyrin TCPP
(Cur-TCPP NPs) and
co-coordinated with
copper (Cu) and sodium
alginate (SA) to form a
covalent organic
framework-like (COF-like)
structure (800 nm long)

The Cur -TCPP NPs COF
hydrogel exhibited strong
antibacterial activity,

Cur-TCPP NPs
were used at

10}?1 gf:)n Elm achieving 99.95% and 99.8%
synt};esisjg For eradication of S. aureus and
ROS dete(;tion, E : coli, respectively. It
Cur-TCPP,and  Light (660 nm), 0.4 W/cm? increased bacterlatl.
Cur-CuTCPP for 20 min membrane pe}‘meabﬂuy, [61]
were tested at causing protein leakage.
0.5 mg/mL (as In vivo, it reduced TNF-«,
precursors: elevated I.L-lO ar;ld VE(?F
expression, enhance
e 7rr21gn"1fCPP, collagen deposition, and
Cur usegd)_ accelerated wound healing

and cell migration.

Several nanoplatforms evaluated in Table 3 demonstrate aPDT enhancements across
a broad spectrum of bacterial targets and SARS-CoV-2. Chitosan-based NPs, including
Cur-CT and Cur-CT-Alg NPs, achieved >3 logjy CFU reductions in S. aureus, E. coli, and
S. mutans, primarily due to the mucoadhesive and bioadhesive nature of chitosan, which
promotes closer interaction with bacterial surfaces. Under blue LED light, these carriers
significantly increased curcumin’s bioavailability and antimicrobial effectiveness [13,52].
Polymeric NPs, particularly those made from biocompatible polymers such as CT and
PLGA, have shown significant promise in enhancing curcumin delivery for aPDT [13,54].
These carriers offer several advantages, including protection of curcumin from photodegra-
dation, sustained release profiles, and improved interaction with microbial cells.

Curcumin-loaded nanobubbles (Cur-CT-NBs and Cur-Oxy-CT-NBs) offered even
greater performance, exhibiting species-dependent behavior. For instance, S. aureus and
E. faecalis internalized the nanobubbles, enabling enhanced intracellular ROS generation
and phototoxicity. Interestingly, even E. coli, which did not internalize the NBs, show
membrane disruption and killing upon light exposure, indicating effective extracellular
ROS activity. The oxygen-enriched nanobubbles amplified ROS generation, resulting in
lower MIC values and longer-lasting antimicrobial effects against both Gram-positive and
Gram-negative bacteria [39].

Other systems, such as solid lipid (SL) NPs embedded in alginate hydrogels, pro-
vided sustained curcumin release and better photostability. These features translated into
higher biofilm reduction in E. faecalis under photoactivated conditions compared to dark
controls [14]. Lipid-based NPs, including liposomes and SLNPs, significantly enhance the
delivery and therapeutic performance of curcumin in aPDT. These carriers improve cur-
cumin’s solubility, protect it from degradation, and facilitate its transport across biological
barriers. Their ability to encapsulate hydrophobic molecules enables deeper penetration
into biofilms and infected tissues, where conventional treatments often fail [62]. Addition-
ally, they offer sustained release and enhance ROS generation upon light activation, leading
to improved antimicrobial efficacy against persistent and hard-to-treat infections.

Moreover, advanced multifunctional platforms such as Cur-ICG-Met NPs represent a
promising strategy for enhancing aPDT. By integrating curcumin with indocyanine green
and metformin, these nanocarriers exploit the complementary properties of each compo-
nent. ICG enhances light absorption in the near-infrared (NIR) range, enabling deeper
tissue penetration, while metformin modulates bacterial metabolism and enhances cellular



Micro 2025, 5, 39

14 of 29

stress responses. When activated with dual-wavelength irradiation, 810 nm (diode laser)
and 450 nm (LED), this system significantly amplifies ROS production, leading to synergis-
tic phototoxic effects. In vitro studies demonstrated that Cur-ICG-Met NPs achieved over
82% reduction in E. faecalis biofilm viability, highlighting their potential to overcome the
protective barriers of biofilms and improve treatment outcomes in resistant infections [53].
This multifunctional approach shows the potential of combining photodynamic agents
with metabolic modulators for more effective, targeted microbial eradication.

Hybrid formulations such as nCur-AgNPs-colistin [50] and Lys-AuNCs-Cur [22]
demonstrated even more pronounced antimicrobial outcomes. The former effectively dis-
rupted P. aeruginosa biofilms, while the latter eradicated S. aureus, E. coli, and MRSA with
exceptional efficiency, achieving inactivation rates of 99.97% and 99.93% for S. aureus and
E. coli, respectively, surpassing the performance of free curcumin. The superior performance
of Lys-AuNCs-Cur is attributed to several nanoscale enhancements. It showed markedly
improved aqueous solubility (333.6 pg/mL vs. 0.102 pg/mL for free curcumin), increased
photostability (only 19% degradation after 24 h of sunlight vs. 74% for free curcumin), and
enhanced ROS and 'O, production. Its positive surface charge (+42 mV) enabled strong
electrostatic interaction with negatively charged bacterial membranes, thereby facilitating
targeted delivery and improved membrane disruption. Furthermore, the system exhibited
a fluorescence resonance energy transfer (FRET) effect between the gold nanoclusters and
curcumin, increasing fluorescence intensity for bacterial imaging and confirming successful
interaction at the microbial interface. Fluorescence microscopy and SEM visualized pro-
nounced bacterial membrane damage, while nucleic acid leakage (Abs260) confirmed the
loss of integrity of cellular structures. Importantly, Lys-AuNCs-Cur also exhibited high
biocompatibility, with >90% viability in normal hepatocyte (L-02) cells at concentrations up
to 400 pg/mlL, indicating its safety for therapeutic applications [22].

Metal-organic frameworks (MOFs) and covalent organic frameworks (COFs) have
also emerged as highly versatile nanocarriers in curcumin-based aPDT. These platforms
offer structural tunability, high surface area, and exceptional drug loading capabilities.
More importantly, they address major limitations of free curcumin, such as poor water solu-
bility, rapid degradation, and non-specific targeting [55,60,61]. MOFs, such as ZIF-8-based
systems, demonstrate excellent performance in delivering curcumin for antimicrobial ap-
plications. For example, Cur@ZIF-8 NPs achieved robust antibacterial effects against E. coli
and S. aureus under blue light (420430 nm, 2.2 mW/cm? for 1 h), primarily due to en-
hanced ROS generation and membrane disruption [57]. Moreover, hybrid composites like
Cur/PCL@ZIF-8 films with >15% w/w curcumin reduced bacterial counts by 99.9%, show-
casing the strong anti-adhesion and anti-biofilm capabilities of MOFs [56]. These systems
not only protect curcumin from photodegradation but also enable sustained, light-triggered
release and pH-responsive behavior, as evidenced by Cur-TTD@ZIF-8, which showed over
99.9% antibacterial activity along with imaging and anti-inflammatory functions [58].

COFs are also a promising new class of drug delivery systems for aPDT. Unlike MOFs,
COFs are built from organic linkers connected through strong covalent bonds, giving
them high thermal and chemical stability. Li et al. (2023) developed a COF-like NP by
covalently integrating curcumin with tetrakis(4-carboxyphenyl)porphyrin (TCPP) to form
TCPP-Cur NPs, which were then co-coordinated with copper (Cu) and sodium alginate (SA)
to produce Cur-TCPP NPs COF hydrogels. This composite demonstrated a high curcumin
loading capacity of 27.68% and pH-responsive drug release, with faster curcumin release
under acidic conditions (pH 5.0-6.5), mimicking infected wound environments. Upon
660 nm light irradiation (0.4 W/cm? for 20 min), the hydrogel achieved near-complete
bacterial eradication, 99.95% for S. aureus and 99.8% for E. coli, via synergistic photothermal
and photocatalytic effects that increased membrane permeability and protein leakage. In a
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full-thickness rat wound model, the Cur-TCPP NPs COF hydrogel dressing significantly
accelerated healing, enhanced collagen deposition and re-epithelialization, and promoted
tissue regeneration by day 14. Immunostaining revealed reduced TNF-« and elevated
IL-10 and VEGEF expression, indicating strong anti-inflammatory and pro-angiogenic ef-
fects [61]. Cur -TCPP NPs COF hydrogels present a multifunctional, biocompatible strategy
for infection-responsive wound healing. MOFs and COFs also contribute to improved
photostability and selective targeting. Their frameworks protect curcumin from premature
degradation while enabling stimuli-responsive behaviors, such as pH- or light-triggered
drug release. Some MOFs like Cur@ZIF-8/PLL-CIP [55] further integrate targeting lig-
ands and secondary antimicrobials (for example, ciprofloxacin), boosting efficacy against
methicillin-resistant S. aureus (MRSA) and achieving 99.83% biofilm disruption. Like-
wise, Cur-Zn-MOF@Ti3C, Tx nanosheets combined NIR-responsive Zn?* /curcumin release,
ROS generation, and photothermal therapy to kill S. aureus/E. coli and accelerate infected
wound healing (>99% closure in 8 days) [60]. The integration of MOFs and COFs into
curcumin-based aPDT platforms represents a powerful strategy to overcome curcumin’s
physicochemical limitations, achieve deep-tissue therapeutic targeting, and enhance bacte-
ricidal activity through multi-modal mechanisms. Data from Table 3 clearly support their
superior performance in eradicating pathogens, controlling inflammation, and promoting
wound healing, marking a significant advancement in nanotherapeutics for infectious
disease management.

3.2.2. Structural and Functional Characteristics of Curcumin Nanocarriers

While Table 3 highlights the antimicrobial efficacy and photodynamic outcomes of
various curcumin-loaded nanocarriers, Table 4 builds on this by providing critical structural
and functional insights into these same platforms. Specifically, it presents key physico-
chemical parameters, such as particle size, zeta potential, drug encapsulation efficiency
(EE%), release kinetics, and biocompatibility, that collectively influence the therapeutic
performance and safety of curcumin-based nanocarriers in aPDT applications.

Table 4. Structural and functional characteristics of curcumin-based nanocarriers for aPDT: particle
size, zeta potential, drug loading, release kinetics, and toxicity.

NPs

Particle Size, Drug Loading Rate and

Zeta Potential Release Kinetics Toxicity Ref

Curcumin-loaded
Chitosan (CT) NPs

Cur-CT NPs demonstrated a
high curcumin encapsulation
efficiency of 96%, indicating
excellent drug loading capacity.
They also exhibited a controlled
122 + 2 nm and sustained release profile, - [13]

with only 17% of curcumin
released over 400 min, in
contrast to 50% release from free
curcumin within the
same timeframe




Micro 2025, 5, 39

16 of 29

Table 4. Cont.

Toxicity Ref

NPs

Particle Size,
Zeta Potential

Drug Loading Rate and
Release Kinetics

Curcumin loaded
chitosan/sodium
alginate NPs
(Cur-CT-Alg NPs)

257.2 t0 473.1 nm,
—33.0to —26.5 mV

The NPs showed high curcumin
encapsulation efficiency
(64.13-80.23%), with the highest
at a CT:Alg ratio of 0.30:1.
Higher ratios reduced EE% to
~33%. In simulated saliva (pH 7),
Cur-CT-Alg NPs exhibited
sustained release, with ~50% of
curcumin released over 24 h,
demonstrating effective
drug retention.

The Cur-CT-Alg NPs showed
excellent biocompatibility,
and their use in aPDT [52]
achieved a 3-log;yp CFU/mL
reduction in S. mutans
biofilms without toxicity.

Curcumin-containing

Cur-CT-NBs and
Cur-Oxy-CT-NBs demonstrated
curcumin loading capacities of
4.3% and 5.3%, respectively, with

Biocompatible oxygen- and
curcumin-loaded NBs
exhibited antimicrobial

chitosan-shelled 511 £ 25 nm
nanobubbles, 30 £2mV. high encapsulation efficiencies
(Cur-CT-NBs) ranging from 80% to 88%. activity via ROS generation
Curcumin was successfully under LED 1rrad1a’F10n,
incorporated into both the damagmg bacterial .
nanobubble core and the membranes without har'm/mg
chitosan shell, with slightly h.um.an cells. Curc.uqun > [39]
higher EE and LC observed in antioxidant effect Wlthln NBs
Cur-Oxy-CT-NBs. In vitro reduced 0x1dat1v§ stress
release studies showed sustained markers, s?ppogtlmg safe,
Oxygen-loaded release, with 69.14% and 66.98% antimicerco(l):;i:llzn l}i]ca tons
curcumin-containing 521 £ 30 nm of curcumin released from PP ‘
nanobubbles, +31+1mV Cur-CT-NBs and
(Cur-Oxy-CT-NBs) Cur-Oxy-CT-NBs after
48 h, respectively.
Cytocompatibility tests with
human gingival fibroblasts
Curcumin-loaded solid added to hydrogels at 20% and including those exposed to /
lipid NP i 50%, containing 9.5 ug and 24 ug
ipi s (SLNPs . aPDT. After 24 h and even
composed of cetyl of curcumin per 0.5 mL. Both 3 days, metabolic activity
almitate and Tween® - gels showed slow, steady release remairlled comparable to [14]
F 80) within an over 72 h at body pH, with no controls Immuyr)wstaining
alginate-based burst effect. About 40% of conﬁrmea normal fibroblast
. curcumin was released from the . .
hydrogel matrix 20% gel and 70% from the morphology. Prior studies
50% gel support the safety of
’ curcumin-PDT below
500 mg/L for
dental applications.
Indocyanine green
(ICG) doped with
nano-curcumin and 60-100 nm, _ ) 53]
—91+13mV

conjugated with
Metformin (Met)

(Cur-ICG-Met NPs)
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NPs

Particle Size,
Zeta Potential

Drug Loading Rate and
Release Kinetics

Toxicity

Ref

nCur-AgNPs-colistin
(CL)

402.6 nm,
nCur at 10.3 mV

An MTT assay confirmed the
low cytotoxicity of
nCur-AgNPs-colistin toward
1929 fibroblasts, with cell
viability ranging from 83.20%
t0 92.48% at FBIC
concentrations for
P. aeruginosa strains. Even at
twice the FBIC, ~80% of cells
remained viable.

[50]

Lysozyme (Lys)-gold
nanocluster
(AuNCs)-Cur
conjugate,
(Lys-AuNCs-Cur)
(Lys-AuNCs)

5nm
+42 mV

Lys-AuNCs-Cur exhibited
excellent biocompatibility,
showing minimal
cytotoxicity toward normal
human hepatocyte (L-02)
cells, with over 90% viability
even at 400 ug/mL.

[22]

Cur-silica NPs

36 to 40 nm

Curcumin was loaded into silica
NPs at a 10:1 SiOp-to-curcumin
ratio, achieving 5% loading. At
50 ug/mL of nanoformulation,

the effective curcumin
concentration is approximately

2.5 ug/mL—20 times lower than

the equivalent free
curcumin dose.

Cur-silica NPs had a less
cytotoxic/phototoxic effect
on HDF fibroblast cells

[51]

Curcumin
encapsulated in poly
(lactic-co-glycolic acid)
(PLGA) NPs
(Cur@PLGA-NPs)

The encapsulation efficiency (EE)

of curcumin in Cur@PLGA NPs

was 87.6 £ 3.25%, with a loading
capacity (LC) of 8.42 £ 0.23%.

aPDT with 10%
Cur@PLGA-NPs and blue
laser was safe, showing no

cell damage or plasma
quality changes.

[54]

Curcumin
encapsulated into
zeolite imidazole

framework-8 (ZIF-8)
NPs, and coated with
ethylated poly-L-lysine
(PLL) and loaded with
ciprofloxacin (CIP)
(Cur@ZIF-8
NPs/PLL-CIP)

325.9 nm
—4.57 mV at pH 7.4
and —6.19 mV at
pH5.5

The drug loading capacity was
16.2% for CIP and 3.3% for Cur.
At physiological pH (7.4), the
48 h release rates were 41.6% for
Cur and 43.3% for CIP. Upon the
addition of 2 mM H,0,, these
rates increased to 66.1% for Cur
and 64.7% for CIP. Under acidic
conditions (pH 5.5) in the
presence of HyO,, release rates
further increased to 77.4% for
Cur and 70.9% for CIP.

In vitro tests showed 69.1%
HUVEC viability at
100 pg/mL, and only 2.1%
haemolysis at 700 pug/mL,
indicating good
biocompatibility. In vivo,
treated mice showed no
weight loss or organ toxicity.
Histological analysis
revealed no tissue damage,
and renal and hepatic
function markers (AST, ALT,
UREA, CREA, ALB)
remained within normal
ranges, confirming
excellent biosafety.

[55]
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NPs

Particle Size,
Zeta Potential

Drug Loading Rate and
Release Kinetics

Toxicity

Ref

Curcumin/
polycaprolactone@zeolitic
imidazolate
framework-8
(Cur/PCL@ZIF-8)
composite film

~100-200 nm

35% w/w Cur@ZIF-8 was loaded
in PCL. Cur in the Cur/PCL film
was rapidly released within 6 h,
significantly exceeding that from
the Cur/PCL@ZIF-8 composite
film. Absorbance at 424 nm
increased with time and higher
Cur@ZIF-8 content, indicating
sustained release. After 72 h,
curcumin release under acidic
conditions was nearly twice that
under neutral conditions,
demonstrating the film’s
pH-responsive and
controlled-release properties.

[56]

Cur@ZIF-8 NPs

150 nm (while ZIF-8
alone was 80 nm)

Cur@ZIF-8 NPs exhibited a drug
loading capacity of 11.57% and
an encapsulation efficiency of
82.76%. Cur@ZIF-8 NPs
exhibited pH-sensitive release
behavior, maintaining high Cur
retention rates at neutral to
alkaline pH—93.38% at pH 7.4,
96.19% at pH 9, and 93.01% at
pH 10 over 72 h—indicating
excellent stability of Cur within
the ZIF-8 framework. In contrast,
under acidic conditions (pH 5.5
and 6.5), a burst release was
observed during the initial 8 h,
with cumulative Cur release
reaching approximately 60% and
70%, respectively, demonstrating
effective pH-triggered release for
targeted
antimicrobial applications.

[57]

Curcumin and
aggregation-induced
emission luminogen
(TTD), encapsulated

into ZIF-8
(Cur-TTD@ZIF-8 NPs)

360.84 nm

Drug-loading capacity (DLC)
was 5.12%, and drug-loading

encapsulation (DLE) was 20.46%.

The release of Cur from
Cur-TTD@ZIF-8 NPs is
pH-dependent, showing high
retention at pH 7.5. At pH 5.5
and 6.5, a rapid burst release
occurred within 1 h, reaching
~70% cumulative release due to
the acid-sensitive disintegration
of ZIF-8

In vitro, the NPs maintained
high cell viability in L929
(mouse fibroblast) and
HUVEC (human umbilical
vein endothelial) cells up to
250 pg/mL, with mild
toxicity at 500 pg/mL due to
excess Cur and Zn?*.
Hemolysis assays showed no
adverse effects on red blood
cells. In vivo, treatment in
rats (125 ug/mL for 7 days)
showed no abnormalities in
blood tests or organ
histology, indicating
good biocompatibility.

[58]
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Particle Size, Drug Loading Rate and . .
NPs Zeta Potential I%elease Kgi.netics Toxicity Ref
Curcumin from
Curcumin-based Cur/Zn-MOF@TizC,Tx under
bioactive zinc-based NIR irradiation showed rapid Cur/Zn-MOF@TizC, Ty
metalorganic 1Beézase i/n t{le fiz;t }% }21,1rea;hirﬁg ec>1<}‘1ibit.s exlg:.ellent in Vl1)trlo
. . .09 pug/mL at ,2.1x higher  and in vivo biocompatibility,
fr;rrllgie% OéksT(Zl\r/Bl(\:iF) lattlc(t)e zsg ii;ng of than the non-irradiated group. ~ with >85% cell viability, <4% [60]
nanoBShezze txs (NSs) ’ Similarly, Zn%* release peaked at hemolysis, and minimal
(Cur/Zn- 3.64 ug/mL. NIR irradiation in vivo toxicity, even at
MOF@TisC,T)) significantly enhanced initial 200 pg/mL.
x release rates of both curcumin
and Zn2* within 12 h
Curcumin linked to
tetrakis The Cur-TCPP NPs COF
(4-carboxyphenyl) 800 nm lon. hydrogel showed excellent
porphyrin TCPP TCPP. Cur aﬁ d cytocompatibility in vitro
(Cur-TCPP NPs) and T CPP: Cur ,were and no organ toxicity in vivo.
co-coordinated with ivelv chareed - Minimal copper ion release [61]
copper (Cu) and hegatively charged. and negligible hemolysis

sodium alginate (SA) to
form a covalent organic
framework-like
(COF-like) structure.

However, CuTCPP-Cur
was positively charged

further confirmed its good

biocompatibility
and biosafety.

i. Particle Size and Zeta Potential

NP size and surface charge are critical determinants of nanocarrier behavior in bi-
ological environments, directly influencing biofilm penetration, cellular uptake, circula-
tion dynamics, and interaction with microbial membranes [63]. The nanocarriers pre-
sented in Table 4 exhibit a broad size distribution, from ultra-small gold nanoclusters
(Lys-AuNCs-Cur, ~5 nm) to large, structured materials such as Cur-TCPP COF (~800 nm),
demonstrating their design flexibility to address various therapeutic challenges in aPDT.

Smaller nanocarriers, typically under 150 nm, such as Cur-SiNPs (~40 nm) [51],
Cur@ZIF-8 [57], and Cur-ICG-Met NPs [53], possess enhanced mobility through dense
biological matrices. Their reduced size facilitates deeper diffusion into biofilms and infected
tissues, leading to more efficient intracellular delivery and greater photodynamic damage
upon light activation. These properties correspond with the potent antimicrobial effects
observed in Table 3, especially in eradicating biofilm-associated pathogens and intracellular
infections. On the other hand, larger carriers like Cur-TCPP COF (~800 nm long) [61]
and Cur-Oxy-CT-NBs (521 £ 30 nm) [39], although restricted in tissue penetration due
to their size are advantageous for localized treatments. Their extended surface residence
allows prolonged photodynamic action on superficial infections or wounds [64], where
deep penetration is not a therapeutic priority.

Surface charge, often measured as zeta potential, further modulates NP—cell in-
teractions. Cationic systems such as Lys-AuNCs-Cur (+42 mV) [22] and Cur-CT-NBs
(+30 mV) [39] exhibit strong electrostatic attraction to the negatively charged bacterial cell
envelopes. This promotes rapid adhesion, enhances cellular internalization, and improves
ROS-mediated bacterial destruction, key advantages for boosting the aPDT mechanism. The
significance of these features is highlighted by the markedly higher bactericidal outcomes
these systems achieved, as detailed in Table 3.
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These findings show the importance of rational NP design. Tailoring particle size and
zeta potential enables the optimization of curcumin delivery and activation, ultimately
enhancing its antimicrobial efficacy while minimizing off-target effects.

ii. Drug Loading Capacity and Release Kinetics

Efficient encapsulation and controlled release of curcumin are critical for maintaining
therapeutic drug levels, reducing degradation, and enhancing antimicrobial efficacy during
aPDT [4,65]. As shown in Table 4, several nanocarrier systems demonstrate high drug
loading capacities and favorable release profiles, key properties that directly support the
enhanced aPDT. For example, high drug loading efficiencies were observed in systems
such as Cur@PLGA (87.6%) [54], Cur-CT (96%) [13], and Cur@ZIF-8 (82.76%) [57]. These
values reflect the effective incorporation of curcumin within the carrier matrix, ensuring
an adequate payload for sustained therapeutic action. The high encapsulation efficiencies
also contribute to improved photostability and retention of curcumin’s bioactive properties
during storage and delivery.

Several formulations exhibit prolonged and sustained drug release, which is essential
for long-term antimicrobial action, particularly in chronic or biofilm-associated infections.
Cur-CT-Alg [52], solid lipid NPs [14], Cur-TTD@ZIF-8 [58], and Cur-CT [13] all demon-
strated slow-release kinetics that enhance curcumin bioavailability. For example, Cur-CT
released only ~17% of curcumin over 400 min, while free curcumin released nearly 50%
within the same period, [13] confirming the superior control over drug release provided
by nanoformulation.

Furthermore, stimuli-responsive nanocarriers introduce an advanced level of control
by enabling environment-specific drug release. For instance, Cur/PCL@ZIF-8 [56] and
Cur/Zn-MOF@Ti3C,yTx [60] exhibited pH and light-triggered curcumin release, respec-
tively, enabling targeted drug liberation in acidic microenvironments typical of infected
tissues and biofilms. This targeted behavior enhances therapeutic specificity, reduces sys-
temic side effects, and supports dual therapeutic functionalities such as bacterial killing
and tissue regeneration. By integrating high drug-loading efficiency, sustained release,
and stimuli-responsiveness, these nanocarriers effectively address the pharmacokinetic
limitations of free curcumin, positioning them as promising candidates for safe and efficient
aPDT-based antimicrobial therapies [66].

iii. Toxicity and Biocompatibility

The clinical translation of aPDT relies not only on potent antimicrobial activity but
also on ensuring minimal toxicity to host tissues. Table 4 demonstrates that most curcumin-
loaded nanocarriers maintain a favorable biosafety profile in both in vitro and in vivo
models, reinforcing their suitability for clinical applications. In vitro cytocompatibility was
consistently high across several formulations. For instance, Cur/Zn-MOF@Ti3C, Ty [60],
Lys-AuNCs-Cur [22], and nCur-AgNPs-colistin [50] all exhibited cell viability exceeding
85-90%. These results reflect minimal inherent cytotoxicity and support the safe use of
these systems in wound healing or mucosal applications, where prolonged contact with
host tissues is likely.

Phototoxicity assessments further confirmed the safety of these systems under light
exposure. For example, Cur-silica NPs [51] and Cur@PLGA [54] demonstrated negligible
damage to healthy fibroblasts or epithelial cells upon irradiation, an essential criterion
for PS-loaded platforms intended for therapeutic light activation. Additionally, in vivo
toxicity evaluations provided compelling evidence of systemic biosafety. In studies involv-
ing animal models, Cur@ZIF-8 /PLL-CIP [55] and Cur-TTD@ZIF-8 NPs [58] showed no
signs of organ damage, inflammation, or hematological abnormalities following treatment.
Histological and biochemical analyses confirmed the absence of adverse effects, thereby
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supporting the biocompatibility and low systemic toxicity of these advanced nanoplat-
forms. These findings show the importance of balancing efficacy with safety in the design
of nanocarriers for aPDT. The demonstrated low toxicity profiles not only facilitate repeated
applications but also increase the feasibility of applying these formulations in clinical
settings for the treatment of chronic, drug-resistant, or biofilm-associated infections.

The use of nanotechnology to load curcumin onto specialized NP carriers offers a
highly effective strategy to overcome the physicochemical and biological limitations of
free curcumin. These platforms enable improved solubility, stability, selective targeting,
and enhanced ROS-mediated phototoxicity, making them particularly suited for combat-
ing persistent and resistant microbial infections, including those involving biofilms and
MDR strains. The data in Tables 3 and 4, highlight the importance of smart nanocarrier
design in unlocking curcumin’s full potential in aPDT and support its use in advanced
antimicrobial treatments.

4. Applications of nCur and Curcumin-Based Nanocarriers in aPDT

nCur and curcumin-loaded NPs in aPDT have shown strong antimicrobial effects. By
generating ROS when exposed to light, they can effectively target and destroy microbes.
Applications include clinical areas like wound healing and dental care, as well as non-
clinical uses such as disinfecting medical devices, treating water, and preserving food as
illustrated in Figure 4.

Dental Infections and
Oral Biofilms

Wound Healing and I Medical Device
Skin Infections I disinfection

Application of nCur-based aPDT )

Surface Disinfection

Water l (Hospital, food

Disinfection

industry,
Food Preservation and pharmaceutical and
Packaging aquaculture sector
surfaces)

Figure 4. Illustration of the applications of nCur and curcumin-based nanocarriers in aPDT.

4.1. Wound Healing and Skin Infections

Topical application of nCur-based aPDT presents a highly promising and innova-
tive approach for managing infected wounds, including burns and ulcers [51,67-69].
These wounds are often colonized by biofilm-forming, MDR pathogens such as S. aureus,
P. aeruginosa, and A. baumannii, which impair healing and increase the risk of systemic infec-
tion [70]. Conventional topical antibiotics frequently fail in such cases due to limited tissue
penetration and AMR, necessitating alternative strategies. nCur-based aPDT addresses
these limitations using light-activated curcumin delivered in nanocarriers, which overcome
curcumin’s inherent issues of poor solubility, low bioavailability, and instability [71]. Poly-
mers such as PLGA, chitosan, and poly (L-lactic acid) enable controlled release, enhanced
photostability, and deep tissue penetration, features essential for effective infection control
and tissue repair [13,54,72].

Studies have shown that curcumin-loaded silica NPs, activated by blue light (465 nm,
20 J/cm?), achieve over 6 logjg CFU reduction in planktonic bacterial forms and more than
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5 log in biofilms. These NPs also promoted fibroblast migration in scratch assays, indicat-
ing enhanced wound healing potential, and exhibited no significant toxicity at therapeutic
doses [51]. In rodent models, various curcumin nanoformulations have demonstrated
strong dual-action benefits. Ethosomal curcumin inhibited P. aeruginosa and improved
second-degree burn healing; curcumin-chitosan-PEG NP reduced MRSA and P. aeruginosa
viability while accelerating wound closure and neovascularization; PLGA-curcumin en-
hanced re-epithelialization and collagen synthesis; and hydrogels and pluronic gels further
supported tissue regeneration, including in diabetic wounds [72].

Importantly, CurNisNDP, a poly(L-lactic acid) NP formulation co-loaded with curcumin
and the antimicrobial peptide nisin, demonstrated a 71.4% reduction in A. baumannii
biofilm mass in a murine burn wound model. This formulation successfully combined the
antimicrobial and anti-inflammatory effects of curcumin with the bactericidal activity of
nisin, resulting in improved infection control and wound healing [73]. Safety assessments
showed minimal host tissue damage, and evidence suggests that curcumin-based aPDT
may also normalize epithelial markers such as cytokeratins CK13 and CK14, supporting
tissue recovery [72].

Altogether, nanocurcumin-based aPDT offers a safe, non-antibiotic, and multifunc-
tional strategy for treating infected wounds by effectively eliminating biofilms, reducing
microbial burden, and accelerating tissue regeneration. Its versatility and efficacy make it a
compelling candidate for clinical translation in the management of complex, drug-resistant
skin infections across human, veterinary, and aquatic settings.

4.2. Dental Infections and Oral Biofilms

Nanocurcumin-based aPDT (nCur-aPDT) is an emerging, non-invasive approach for
managing a wide range of dental and oral infections, particularly those involving treatment-
resistant microbial biofilms [11,74,75]. It has shown efficacy against key pathogens such as
S. mutans, E. faecalis, L. acidophilus, and C. albicans, which are implicated in dental caries,
endodontic reinfections, periodontal disease, and oral candidiasis [11,14,76]. Nanocarriers,
including polymeric NPs, micelles, and solid lipid NPs, enhance the delivery of curcumin by
improving solubility, bioavailability, and penetration into biofilms, which upon activation
with light, curcumin generates ROS that disrupt microbial cells and biofilm structure,
reducing virulence while sparing host tissues [13,54].

Several studies support the clinical potential of nCur-aPDT. In periodontal and en-
dodontic applications, curcumin-loaded SLNPs incorporated into an alginate-PVA hydrogel
achieved up to 70% reduction in E. faecalis biofilms and maintained antibacterial activity for
three days, while preserving fibroblast viability, highlighting its promise as an intracanal
medicament [14]. Similarly, nano-micelle curcumin showed a 40% reduction in dual-species
biofilms of S. mutans and L. acidophilus grown on enamel slabs, outperforming hydrogen
peroxide and riboflavin-based PDT, with no adverse effect on enamel mineral content after
21 days [11].

In restorative dentistry, nCur incorporated into Activa BioActive Base/Liner (ABBL)
significantly inhibited S. mutans biofilm growth. When activated by LED light (435 &+ 20 nm),
5% nCur-ABBL disks achieved a 97.5% bacterial reduction after 60 days in artificial saliva,
demonstrating long-term antimicrobial efficacy [43]. Additionally, a dual-modal compos-
ite of reduced graphene oxide-nCur (rGO-nCur), coated onto orthodontic elastomeric
ligatures, demonstrated significant biofilm inhibition through combined photodynamic
inactivation (450 nm) and photothermal inactivation (980 nm). This system achieved an
83.6% reduction in S. mutans biofilms, a 96.2% decrease in extracellular polysaccharide
production, and notable downregulation of key virulence genes, all while preserving the
mechanical integrity of the ligatures [74].
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Clinical trials reinforce these findings. Although clinical data specifically on nCur are
limited, existing trials using native curcumin support its efficacy in aPDT. In AIDS patients,
full-mouth aPDT with 0.75 mg/mL curcumin and 450 nm blue LED light significantly re-
duced Streptococcus spp. (p = 0.023), Staphylococcus spp. (p = 0.001), and total microbial load
(p = 0.017), regardless of TCD4+ status. Reduced efficacy in those with low TCD8+ counts
indicated some dependency on immune status [77]. Another trial in orthodontic patients
used 1 g/L curcumin with 0.1% SDS to enhance delivery. The PDT + SDS group showed
significant microbial reductions (5.44 £ 0.94 to 3.83 £ 0.71 log CFU/mL), comparable to
chlorhexidine, without adverse effects [78].

Together, these findings confirm the clinical potential of nCur-aPDT for managing oral
biofilms and infections. Its broad-spectrum antimicrobial activity, low cytotoxicity, anti-
inflammatory and regenerative effects, and minimal risk of resistance make it a promising
alternative to conventional therapies. nCur-aPDT has shown efficacy in diverse appli-
cations, including reducing bacterial load in periodontal pockets, enhancing root canal
disinfection, promoting oral mucositis healing, and treating fungal and viral infections [79].
By overcoming key limitations of traditional antimicrobials, particularly against biofilm-
associated pathogens, nCur-aPDT presents a versatile, non-invasive approach to improving
oral healthcare outcomes. Future efforts should prioritize optimizing curcumin formu-
lations, conducting large-scale clinical trials, and standardizing treatment protocols to
support clinical translation and broader therapeutic use.

4.3. Medical Device and Surface Disinfection

nCur can be incorporated into coatings for medical devices such as catheters, or-
thopedic implants, and surgical meshes, offering a novel strategy for localized surface
disinfection. When exposed to light, nCur generate ROS) that effectively degrade microbial
cells and inhibit biofilm formation on device surfaces. The method enables contactless,
residue-free disinfection that can be repeatedly activated through light exposure, making it
a sustainable and efficient solution for infection control in healthcare settings [4,80]. For
example, PSs such as methylene blue and Rose Bengal have been applied to surfaces for
aPDT using a spray coating method. This process involves combining a UV-crosslinkable
polymer, N-methyl-4(4’-formyl-styryl) pyridinium methosulfate acetal poly (vinyl alcohol)
(SbQ-PVA), with the PS. The resulting PS-polymer solution is spray-coated onto commer-
cial fabrics and materials, then cured under UV light to create a stable, light-activated
antimicrobial layer [81]. This approach enables the fabrication of self-disinfecting sur-
faces, offering a practical and scalable strategy for infection control in healthcare and
public environments.

4.4. Water Disinfection

nCur-aPDT offers a sustainable and effective approach to water disinfection, particu-
larly in situations where conventional chemical treatments pose environmental or health
risks [82]. Upon activation with blue light (405-460 nm), nCur generates ROS that effec-
tively inactivate a broad range of waterborne pathogens, including E. coli, Salmonella spp.,
viruses, and protozoa [83], without producing harmful disinfection by-products. Its applica-
tion is versatile; nCur can be embedded in filtration membranes, coated on water container
surfaces, or applied in colloidal systems to enable localized, light-triggered antimicrobial ac-
tion [4]. This method is non-toxic, biodegradable, and does not induce microbial resistance,
making it a safe and eco-friendly alternative to chlorine-based disinfectants.

Experimental evidence supports its efficacy: curcumin combined with blue light
rapidly inactivated aquatic pathogens such as Vibrio cholerae, V. harveyi, and V. campbellii.
Significant reductions in cell viability were observed at submicromolar concentrations,
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with over 90% inactivation of V. cholerae and V. harveyi within minutes. ROS disrupted
bacterial membranes, and survival increased only when antioxidants were introduced,
confirming ROS as the key mechanism [82]. Additionally, the nanoscale formulation
enhances curcumin’s solubility, stability, and light absorption, improving performance even
under low-intensity or natural light [71]. This makes nCur-aPDT particularly suitable for
decentralized and off-grid water treatment systems, especially in rural or resource-limited
regions, supporting the development of next-generation, green disinfection technologies
aimed at improving public health and water safety.

4.5. Food Packaging and Surface Disinfection

nCur-aPDT presents an innovative, eco-friendly approach to improving food safety
and prolonging shelf life. When incorporated into biodegradable packaging materials
such as starch, polylactic acid, or cellulose, nCur enables light-activated antimicrobial
activity directly on food surfaces [84-86]. Upon exposure to light, it generates ROS that
effectively inactivate key foodborne pathogens, including L. monocytogenes, Salmonella spp.,
and E. coli. This strategy reduces microbial contamination, decreases the need for synthetic
preservatives, and supports sustainable food preservation. As a non-toxic, naturally derived
compound, curcumin aligns with the principles of green packaging technologies [84]. For
instance, turmeric, a natural spice rich in curcumin, can be used to synthesize carbon
quantum dots (TurCDs) with enhanced photodynamic efficiency. Embedding these TurCDs
into a chitosan matrix, a biopolymer with inherent antibacterial properties, produces
active packaging films (TurCDs-CT). Upon irradiation with 405 nm light, the TurCDs
generate ROS that deactivate pathogens such as S. aureus and E. coli. These composite films
demonstrate improved mechanical strength, UV protection, barrier properties, and thermal
stability. In pork preservation trials, TurCDs-CT films significantly delayed spoilage and
maintained sensory quality for up to 10 days [87].

aPDT also shows strong potential for fresh produce disinfection. Combining curcumin
(5mg/L) with UV-A light (320-400 nm) inactivated over 5 log CFU/mL of E. coli and Listeria
innocua in produce wash water within 10 min. ROS generated by photoexcited curcumin
disrupted bacterial membranes and DNA. Efficacy was further enhanced at acidic pH (pH
3.0) and remained effective at low temperatures (4 °C), even under high organic loads [88].
This method reduces reliance on chlorine sanitizers, avoids toxic by-products, and prevents
cross-contamination, offering a safe, eco-friendly alternative for enhancing food safety in
wash processes. In another study, Cur-aPDT reduced S. aureus by up to 5 log CFU/mL
in pineapple and mango juices. At a light dose of 2.592 J/cm?, no viable cells remained.
ROS disrupted bacterial membranes and caused leakage of intracellular contents. However,
efficacy varied with juice type, being lower in turbid or antioxidant-rich juices like carrot
due to light scattering and ROS quenching. Despite minor color changes, this method
offers a safe, non-thermal alternative for juice sanitation [20]. This biodegradable, light-
responsive system offers a safe, sustainable alternative to conventional food packaging and
disinfection methods.

5. Conclusions and Future Perspectives
5.1. Challenges and Future Directions

Despite encouraging preclinical outcomes, the clinical translation of curcumin-loaded
nanocarriers for aPDT faces multiple challenges. A primary limitation is the lack of
standardization and clinical validation. Most current studies are confined to in vitro
systems or small animal models, limiting their translatability. Therefore, establishing
standardized protocols for evaluating NP safety, dosing, light exposure parameters, and
therapeutic outcomes is essential. Another critical barrier is the limited diffusion of NPs into
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dense biofilms and their tendency to aggregate in biological environments, which reduces
therapeutic efficacy. Strategies such as NP size optimization (preferably <100 nm), surface
modification with PEG or zwitterions, and enzyme-responsive carriers can improve biofilm
penetration and minimize aggregation. Furthermore, the development of smart delivery
systems, such as those that respond to infection-specific stimuli (e.g., pH or oxidative stress
triggers), offers a promising path toward site-specific drug release and enhanced efficacy.

Looking ahead, combination therapies that co-deliver curcumin with conventional
antibiotics, immune modulators, or metabolic inhibitors could yield synergistic effects
and delay the onset of microbial resistance. Additionally, incorporating photothermal
functionalities or immune-enhancing components may boost the therapeutic depth and
breadth of aPDT. Technological advances, such as the integration of artificial intelligence,
could streamline NP design, predict treatment outcomes, and support personalized therapy.
Finally, interdisciplinary collaboration among nanotechnologists, microbiologists, clinicians,
and regulatory experts will be essential to overcome regulatory hurdles and bring curcumin-
based aPDT systems closer to clinical reality. Continued innovation in formulation science,
delivery technologies, and validation frameworks will be key to unlocking the full potential
of nCur-based aPDT in treating resistant infections.

5.2. Conclusions

Curcumin-loaded nanocarriers have emerged as promising tools in advancing aPDT,
offering a potent alternative to overcome the inherent limitations of free curcumin, including
poor solubility, chemical instability, rapid degradation, and low bioavailability. These
nanoplatforms enhance ROS generation, enable site-specific and light-activated delivery,
and improve curcumin’s antimicrobial activity against multidrug-resistant pathogens and
biofilms. Their versatility makes them suitable for applications in wound care, dental
therapy, water purification, and food packaging. The integration of various nanocarrier
systems, such as polymeric NPs, MOFs, COFs, and lipid-based formulations, has expanded
the functional landscape of aPDT, demonstrating significant therapeutic promise across
multiple domains.
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