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Abstract: This study investigates chlorophyllin as a natural photosensitizer for photodynamic
inactivation of extensively drug-resistant (EDR) Pseudomonas aeruginosa PAW1. Chlorophyllin was
incorporated into copper- and calcium-based organic—inorganic nanohybrids, and copper phosphate
emerged as the preferred host due to its stable flower-like morphology. The Chlorophyllin-Cus(PO4):
nanohybrid retained the photoactivity of chlorophyllin and achieved complete bacterial inactivation
under visible light. Mechanistic analysis indicates that the antimicrobial activity is predominantly
mediated by light-induced reactive oxygen species that compromise cell membrane integrity. Control
experiments confirmed negligible dark toxicity and minimal contribution from metal-ion release,
supporting a primarily photokilling mechanism. These results highlight the promise of Chlorophyllin-
Cus(POa4)2 nanohybrids as photoactive antimicrobial materials against the EDR bacterium.

Keywords: Pseudomonas aeruginosa PAW1,; extensively drug resistant; chlorophyllin; nanohybrid;
photokilling.
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1. Introduction

The global rise of antimicrobial resistance (AMR), driven by the overuse of antibiotics,
has rendered many conventional therapies ineffective, particularly against ESKAPE
(Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter
baumannii, Pseudomonas aeruginosa, and Enterobacter spp) pathogens [1]. Among these,
Pseudomonas aeruginosa is listed by the World Health Organization (WHO) as a critical
priority pathogen due to its multidrug resistance and persistence in hospital environments [2,3].
This growing resistance necessitates the development of alternative antimicrobial strategies

beyond conventional antibiotics.
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Photodynamic therapy (PDT) has emerged as a promising non-antibiotic approach for
pathogen inactivation [1]. In PDT, a photosensitizer (PS) generates reactive oxygen species
(ROS) upon light activation, leading to oxidative damage and bacterial death [4]. However,
most PSs are hydrophobic, prone to aggregation and photodegradation, and often inactivated
by plasma components, limiting their biomedical use [5]. Encapsulation within nanoscale
carriers can improve PS stability and delivery [6,7]. Although polymeric micelles, liposomes,
and metal nanoparticles have been explored as PS carriers, many suffer from low encapsulation
efficiency, limited reusability, and environmentally harsh synthesis routes [8].

To address these challenges, the present study utilizes nanohybrid/nanoflower
structures to encapsulate the natural photosensitizer chlorophyllin. Nanohybrids are a newly
developed class of tiny particles. They show structural similarity to plant flowers [9]. The
formation of organic-inorganic hybrid nanoflowers typically proceeds through a three-step
process involving nucleation, growth, and completion [10]. In the nucleation stage, divalent
metal ions coordinate with functional groups of the organic component, such as amide,
carboxyl, or hydroxyl moieties, initiating the formation of primary metal phosphate
nanocrystals.

@

Nucleation Growth Completion
Divalent Primary Metal Hybrid
Metal lon Phosphate Nanoflower

Nanocrystals
Figure 1. Mechanism of nanohybrid synthesis.

During the growth stage, these primary crystals interact with organic molecules to form
aggregated hybrid structures, and anisotropic crystal growth begins to produce petal-like
morphologies. In the final completion stage, prolonged incubation promotes the self-assembly
and consolidation of these petals into well-defined flower-shaped microstructures (Figure 1).
The cooperative interactions between divalent metal ions and organic ligands govern the
directionality of crystal growth, ultimately yielding micrometer-sized hybrid particles
composed of nanoscale petal architectures with high surface area and structural stability [11].
Increasing interest in these types of nanohybrids is being paid due to their simple preparation
method, non-toxicity, and cost-effectiveness [12]. They can be synthesized from organic,
inorganic, or a combination of both materials. They integrate the functional versatility of
organic molecules with the physicochemical stability of inorganic phases. Their flower-like
architecture provides an exceptionally large surface area, enhanced mass transfer, and abundant
active sites, making them highly attractive for catalytic, sensing, environmental, and
biomedical applications [10]. The morphology and functionality of these materials are strongly
influenced by the nature of the metal ions and their coordination behavior with the organic
counterpart. Several divalent metal ions-including Cu?*, Ca?*, Zn?*, Mn?*, Co?", and Ni**-have
been reported for the fabrication of hybrid nanoflowers, each imparting distinct structural and
functional attributes depending on ionic radius, bonding strength, and nucleation kinetics
[11,13,14].
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In the present study, copper(ll) and calcium(Il) ions were selected as comparative
systems to investigate how metal-ligand coordination influences the formation of
chlorophyllin-based nanohybrids. Copper(ll), a transition metal with a 3d° electronic
configuration, readily forms strong Cu—N/O coordination bonds with the porphyrin-like
chlorophyllin structure, thereby facilitating controlled nucleation and anisotropic crystal
growth. This tendency toward coordination often leads to the formation of hierarchical “flower-
like” nanostructures with enhanced photoactive and antimicrobial properties, making Cu-based
hybrids attractive for biomedical applications [10]. In contrast, calcium(ll), an abundant and
biogenic element, primarily exhibits ionic Ca-O interactions with weaker coordination,
resulting in less anisotropic, more compact morphologies suitable for biocompatible and food-
grade applications [11].

Comparative synthesis using both metal systems enabled evaluation of the role of
coordination chemistry in nanoflower formation. Among them, copper-based nanohybrids
exhibited a distinct flower-like morphology and superior structural stability; therefore, they
were selected for detailed characterization and assessment of photokilling performance against
extensively drug-resistant (EDR) Pseudomonas aeruginosa PAW1, in comparison with free
chlorophyllin.

2. Materials and Methods

2.1. Materials.

Copper sulfate (CuSO.) (Sigma-Aldrich, Catalog No. 7758-98-7), chlorophyllin
sodium copper salt, and the chemicals for preparation of Phosphate Buffered Saline (PBS) were
commercially obtained from Sigma-Aldrich (Sigma-Aldrich, Catalog No. 8048-12-6). The
Luria Bertani (LB) broth and Mueller-Hinton agar for bacterial growth and sub-culturing were
procured from Hi-Media Laboratories (Hi-Media, Catalog No. M001; Cat No. M173).

2.2. Synthesis of Chlorophyllin-Cus(PO.): and Chlorophyllin-Cas(POx): nanohybrid.

Metal lon
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Figure 2. Schematics showing Chlorophyllin-metal (PO4): nanohybrid synthesis process.

A sodium salt of chlorophyllin was used for nanohybrid synthesis. The nanohybrid with
and without chlorophyllin was synthesized by adopting a previously optimized process [15].
For the synthesis of Chlorophyllin-Cus(POa4). nanohybrid, typically, 0.2 ml of chlorophyllin
solution was added to 50 mL of 10 mM PBS (pH 7.4). Then 1 ml of CuSO4 (200 mM) was
added. The solution was vortexed for 30 s. Then it was incubated at 4°C in the dark for 3 days
under static conditions in the refrigerator. The precipitate that occurred at the bottom of the
reaction tubes was collected by centrifugation (Kubota cooling centrifuge 6500) at 10,000 rpm
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for 15 min. The precipitate was washed thrice with PBS buffer. The final product was dried at
4°C in the dark to get nanohybrid powder (Figure 2). The synthesis of the nanohybrid without
chlorophyllin was carried out by mixing 50 mL PBS (10 mM, pH 7.4) with 1 mL of CuSO4
(200 mM). In this reaction mixture, chlorophyllin solution was not added.

For the synthesis of Chlorophyllin-Cas(PO4): nanohybrid, typically, 0.2 ml of
chlorophyllin solution was added to 50 mL of 10 mM PBS (pH 7.4). Then 1 mL of CaCl; (200
mM) was added (Figure 1). The synthesis of the nanohybrid without chlorophyllin was carried
out by mixing 50 mL PBS (10 mM, pH 7.4) with 1 mL of CaCl> (200 mM). In this reaction
mixture, chlorophyllin solution was not added.

2.3. Characterization of Chlorophyllin-Cus(PO.)-.

The Chlorophyllin-Cus(PO4): and Chlorophyllin-Cas(PO4): nanohybrid were
characterized using Scanning Electron Microscopy (SEM) (FEI Nova NanoSEM 450,
Resolution 1 nm at 15 KV and 30 pa) from the central instrumentation facility, Savitribai Phule
Pune University. Fourier Transform Infrared Spectroscopy (FT-IR, Burker Platinum Tensor
37) was used to analyze Chlorophyllin-Cus(POs). [15,16] in Pune, Maharashtra, India. The
Chlorophyllin-Cus(PO4). and Chlorophyllin-Cas(PO4): nanohybrid were analyzed using
hydrodynamic radius (DLS), and zeta potential measurements were performed using a
NanoBrook Omni-Brookhaven particle size and zeta potential analyzer with a 1 cm x 1 cm
plastic cuvette. The Panalytical Empyrean-4 was used for X-ray diffraction (XRD) analysis.

2.4. Determination of chlorophyllin encapsulation efficiency.

The ability of Chlorophyllin-Cus(PO4). nanohybrid to encapsulate chlorophyllin at
varying concentrations (5-30 mM) was studied by separately adding chlorophyllin solutions of
the respective concentrations to a mixture containing PBS and CuSOs. The precipitate was
removed by centrifugation, and the chlorophyllin concentration in the supernatant was
measured by recording the absorbance at 406 nm using a spectrophotometer (Shimadzu UV-
1800 spectrophotometer). The chlorophyllin encapsulation (%) was determined by finding the
ratio of the amount of chlorophyllin immobilized to the total amount of chlorophyllin used.
The percent encapsulation efficiency was calculated by using the following formula as
described by Yu et al. [17]:

Initial OD—Final OD

%Encapsulation = oD X 100 1

2.5. Photodynamic antimicrobial activity.

The antibacterial activity of Chlorophyllin-Cus(PO4): nanohybrid was determined
against P. aeruginosa PAW1. The P. aeruginosa PAW1 culture was pre-grown in Luria
Bertani (LB) broth at 37°C overnight. The culture broth containing P. aeruginosa PAW1 was
then centrifuged at 5000 rpm for 15 min. The pellet was resuspended in sterile saline, and the
optical density (ODsoo) was adjusted to 0.1. Then, 900 puL of microbial culture (containing P.
aeruginosa cells at an ODeggo 0f 0.1) was mixed with Chlorophyllin-Cus(PO4)2 nanohybrid (10
mg). The photokilling activity was initiated by exposing this mixture (kept in a transparent
glass bottle) to a light source (having a wavelength in the visible range). The light source was
kept at a distance of 4.5 cm from the sample. After the light exposure, the mixture was serially
diluted using sterile saline. An appropriate dilution was selected, and 10 pL of microbial culture
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from this dilution was spread on the Mueller-Hinton agar plate. Further plates were incubated
at 30°C for 24 h to determine the CFU. A similar antibacterial activity experiment was
conducted by mixing 900 pL of a microbial culture (containing a fixed number of cells) with
chlorophyllin solution and exposing the mixture to the light source.

The impact of light exposure time on the photokilling of P. aeruginosa PAW1 was
studied. It was carried out for varying durations (5-20 min). The rest of the process was the
same as described in the previous section. Similarly, the effect of Chlorophyllin-Cus(POa):
nanohybrid on photokilling of P. aeruginosa PAW1 was studied. A varying amount of
Chlorophyllin-Cus(PO4). nanohybrid powder (5-15 mg) was used during this experiment.
Appropriate controls, such as free chlorophyllin (under dark conditions), the chlorophyllin-
Cus(PO4)2 nanohybrid (under dark conditions), Cus(POs): alone (under illuminated light and
dark conditions), were tested to assess bactericidal levels of chlorophyllin (dark toxicity) and
of copper ions.

The P. aeruginosa PAW1 membrane integrity after light exposure was checked as
described by Buchovec et al. [18]. The supernatant was collected after the photodynamic
antibacterial activity experiment, and its absorbance was monitored at 2260 nm (DNA
absorption peak) and 2280 nm (protein absorption peak).

2.6. DPBF singlet-oxygen (*O) generation assay.

An experiment was carried out to identify the generation of *O2 during photokilling,
using a protocol described by Attaoui et al. [19]. Singlet-oxygen production was quantified via
the decay of DPBF absorbance at 410 nm. DPBF (50 uM final) was prepared in ethanol: PBS
(10:90 v/v) and incubated with photosensitizer samples (free chlorophyllin, Cu-nanohybrids)
in guartz cuvettes (2.0 mL). Samples were irradiated with the same light source used during
the photokilling experiment, and A4i0 was recorded after 30 min and 60 min. Controls included
DPBF + light (no PS), DPBF + PS (dark). The percentage DPBF remaining was calculated

using the following formula,

%A(L) = %moo 2

Where
A(t)= absorbance at time t
A(0)= absorbance at time 0

2.7. Statistical analysis.

Tukey method was implemented to evaluate statistical differences in encapsulation
efficiency determination and antimicrobial activity experiments at p < 0.05 using GraphPad
Prism 8.4.3 (686 version). All assays were performed in triplicate (n=3), and the data were
visualized as mean with standard deviation.

3. Results and Discussion

3.1. Synthesis of nanohybrid.

The present study reports the immobilization of the natural photosensitizer
chlorophyllin in the form of a nanohybrid. The nanohybrid can be synthesized from organic,
inorganic materials, or a combination of both [12]. The organic components typically refer to
molecules that contain carbon atoms bonded to hydrogen, oxygen, and nitrogen. The inorganic
https://nanobioletters.com/ " 5of20
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components refer to various metals [20]. Most of the studies have reported the use of copper
for nanohybrid synthesis [21]. However, Ca®*, Zn*, Co?*, Mn?*, Fe?*, and Mg?* were also used
for the immobilization of organic constituents in the form of a nanohybrid [22-27]. The
interaction between the organic component and the metal ions is the primary driving force for
nanohybrid formation. Also, the type of metal ions plays an important role in the formation of
nanohybrids [21].

Therefore, in the present study, chlorophyllin immobilization was carried out and
compared using copper and calcium. The initial absorbance of chlorophyllin + PBS buffer was
1.135 (au) at 406 nm. The appearance of small crystals immediately after mixing the metal
solution, chlorophyllin, and PBS buffer indicated the nanohybrid synthesis (Figure 2).

Control containing only
chlorophyllin
®B) A) ©)
N ~a
uJ .
Sample containing Sample containing
chlorophyllin, CuSO,and PBS chlorophyllin, CaCl,and PBS

Chlorophyllin-Cay(PO,),

Chlorophltin-Co,(FO.); nanohybrid during incubation

nanohybrid during incubation

Chlorophyllin-

. X Chlorophyllin-
Cuy(POy), nanohybrid Cay(PO,), nanohybrid

Supernatant

oD

ot

Chlorophyllin-Cuy(PO,), Chlorophyllin-Cay(PO,),
nanohybrid powder nanohybrid powder

Figure 3. Experimental setup showing various stages of nanohybrid synthesis (A) Control containing
chlorophyllin + PBS; (B) Chlorophyllin is mixed with CuSO4 and PBS buffer to get Chlorophyllin-Cus(PO4)2
powder; (C) Chlorophyllin is mixed with CaCl, and PBS buffer to get Chlorophyllin-Cas(POa),.

During 3 days of incubation, the respective nanohybrid precipitate was formed and
settled at the bottom of the container. The precipitate was separated by centrifugation and kept
for drying at 4°C. The visual observation of samples indicates the disappearance of
chlorophyllin color from the reaction mixture (Figure 3). The absorbance of supernatant
separated after removal of Chlorophyllin-Cuz(PO4)2 and Chlorophyllin-Cas(PO4). precipitate
was 0.085 and 0.097 (au), respectively (data not shown). These results suggest that the
chlorophyllin is immobilized in a nanohybrid. The organic-inorganic nanohybrids undergo
molecular self-assembly during their synthesis [28]. The interaction between the hydrophobic
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and hydrophilic residues of the organic component and the metal-phosphate affects the
morphological and physicochemical properties of the hybrids [29].

Chlorophyllin-Cus(PO+): nanohybrid Chlorophyllin-Cas(POs): nanohybrid
N o N o
R y N
N A R y
Cu? Ca2+
% / A
Step 1: Nucleation P ¢ A
o N o N
* Strong Cu-N/O chelation * Weak ionic Ca-O interaction
¢ Directional nucleationsites * Nondirectional coordination

| |

Step 2: Growth Cu?*'+ PO/ Chlorophyllin-Cus(POs): Ca’ + PO/ Chlorophyllin-Cas(POx):

Controlled, anisotropic Rapid. isotropic

| |
s

Step 3: Completion

Flower like morphology. layered petals Amorphous or irregular aggregates

Figure 4. Schematic illustration showing the difference in coordination chemistry and morphological evolution
between Cu?— and Ca?*—chlorophyllin nanohybrid systems.

The nanohybrid formation process starts with the binding of biomolecules with metal
ions in the presence of phosphate buffer. This leads to the formation of nucleation sites (Figure
3). These nucleation sites provide space for the growth of metal phosphate, generating the
flower-like structure [30]. However, the different groups present in biomolecules exert
different affinities for various metals [31]. In the Cu?* system (Figure 4 left), the transition
metal ion coordinates with both nitrogen and oxygen donor atoms of the chlorophyllin
macrocycle, forming mixed Cu-N and Cu-O bonds that act as strong and directional nucleation
sites. The resulting Chlorophyllin-Cus(PO4). complexes facilitate slow and anisotropic growth
of Cus(POa): petals, yielding well-defined flower-like architectures. In contrast, Ca?* (Figure 4
right) primarily forms weak, ionic interactions with carboxylate oxygen atoms of chlorophyllin,
resulting in the Chlorophyllin-Cas(PO4). complex. The absence of ligand field stabilization and
directional bonding leads to rapid, isotropic precipitation of Cas(POa4)2, producing amorphous
or aggregated morphologies. This comparative behavior supports the mechanistic model
described by Lee et al. [10], indicating that transition-metal coordination strength and ligand-
field effects govern the hierarchical assembly of organic-inorganic hybrid nanoflowers. This
hypothesis was further supported by SEM analysis, revealing intriguing morphological
differences between Chlorophyllin-Cus(PO4). and Chlorophyllin-Cas(PO4). nanohybrids.
Notably, while the interaction between Chlorophyllin and Cas(POa4). did occur, the expected
flower-like morphology was absent. In stark contrast, the interaction with Cus(POa): produced
a remarkable flower-like nanohybrid morphology (Figure 5).
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3 pm
Nova NanoSEM NPEP303

@ (b)
Figure 5 SEM micrographs captured at 30000 x magnification and 3 um scale showing the morphology of
synthesized nanohybrid (a) irregular shape of Chlorophyllin-Cas(POs); (b) flower mimicking Chlorophyllin-
CU3(PO4)2.

Escobar et al. [32] showed the formation of lipase nanohybrid with different shapes by
using various metal ions. Similarly, the chlorophyllin showed varying affinity towards Cu and
Ca ions. This is evident from SEM micrographs showing different morphologies that were
obtained for Chlorophyllin-Cus(PO4). and Chlorophyllin-Cas(PO4). nanohybrids (Figure 5).
Additionally, the encapsulation efficiency of chlorophyllin was studied. Notably, chlorophyllin
encapsulation of 92% for copper and 91% for calcium was observed (data not shown). The
Chlorophyllin-Cus(PO4). nanohybrid was selected for further studies because of its distinct
flower-like morphology.

The FTIR spectrum of the divalent-metal-organic hybrid nanoflower (Figure 6) shows

characteristic vibrational features arising from both the organic moiety and the metal-phosphate
inorganic phase.
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Figure 6. FTIR spectra of as-synthesized Chlorophyllin-Cus(PO4)2 nanohybrid.

A broad band centered around 1000-1150 cm™ (observed at 1001 and 1148 cm™)
corresponds to overlapping C-O stretching vibrations and PO+* -related symmetric/asymmetric
stretching modes. Phosphate vi and vs vibrations are widely reported in this spectral window
for metal phosphates, with their exact positions dependent on crystal structure and metal
coordination [11,13]. The peak at ~1035 cm™ aligns with pyrrole/porphyrin ring in-plane
breathing modes typical of chlorophyllin-like macrocycles, consistent with the established
porphyrin vibrational assignments reported in classical spectroscopic references [33,34]. Low-
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frequency bands at ~559 cm™ and ~625 cm™ are attributed to metal-oxygen (M-O) lattice
vibrations, consistent with reported FTIR signatures of copper-containing oxides and copper-
phosphate materials, which typically exhibit strong M-O stretching features in the 450-700
cm™! region [10]. These bands persist only in the nanohybrid and inorganic reference spectra,
supporting the presence of a metal-oxygen—phosphate framework. A band at 1535 cm™ is
attributed to N-H bending coupled with C-N stretching (amide Il region), commonly observed
in organic ligands containing amide, pyrrole, or substituted nitrogen functionalities [33]. The
band near 1631 cm™ in the spectrum of the free organic component corresponds to H-bonded
O-H bending or C=0/C=C stretching, a region characteristic of conjugated and hydrogen-
bonded chromophores. The peak at 2331 cm™ shows the C-N triple bond stretch [35,36].
Overall, the persistence of metal-oxygen and phosphate stretching features alongside organic
macrocycle vibrations confirms the successful immobilization of the organic component within
a divalent-metal phosphate matrix, consistent with the formation of the intended hybrid
nanoflower structure.

Dynamic light scattering (DLS) analysis showed that the chlorophyllin-Cus(PO4):
nanohybrids formed microscale aggregates with an average hydrodynamic diameter of 13.29
+ 0.42 pm, whereas the Cus(PO4):2 nanohybrids synthesized without chlorophyllin were slightly
larger, measuring 18.37 £ 0.14 um. This reduction in particle diameter upon chlorophyllin
incorporation suggests that the pigment participates in nucleation and slows uncontrolled
inorganic growth, leading to the formation of more compact hybrid structures. The zeta
potentials of both formulations were moderately negative [-21.89 + 0.16 mV for
chlorophyllin—Cus(POa)2; —22.61 £ 1.06 mV for Cus(PO.):] (Table 1), indicating comparable
surface charge characteristics dominated by exposed phosphate groups and deprotonated
functional moieties. These values suggest sufficient colloidal electrostatic stability for aqueous
dispersions of the micron-sized hybrid aggregates. The formation of micron-scale hybrid
particles in the present study is consistent with previous nanoflower research, in which
hierarchical petal-like architectures frequently fall within the 5-50 pum range. Nadar et al. [37]
reported glucoamylase—Cus(POs)2 nanoflowers with typical diameters of 10-20 um, attributed
to enzyme-mediated directional growth of Cus(POa): petals into large, flower-like aggregates.
The hydrodynamic sizes measured in our study (13-18 um) fall squarely within this range,
suggesting that chlorophyllin-Cu?*-phosphate coordination yields analogous self-assembled
architectures despite the smaller molecular size and planar structure of chlorophyllin relative
to bulky protein scaffolds. However, the slight size reduction observed for chlorophyllin-
loaded nanohybrids compared with bare Cus(POa): hybrids indicates that chlorophyllin
modulates early nucleation dynamics by binding to Cu?" ions and limiting excessive,
anisotropic growth. This is consistent with reports that small organic ligands, such as
porphyrins, riboflavin derivatives, or polyphenols, can template hybrid nanoflower formation
by regulating growth kinetics. Studies by Wang et al. [9] and Hu et al. [13] similarly show that
organic molecules lacking tertiary protein structure often form smaller, denser nanoflowers
compared with enzyme-templated assemblies, because of their more restricted steric footprint
and weaker ability to propagate petal extension.

Table 1. Dynamic light scattering (DLS) size and zeta potential of chlorophyllin—Cus(PO4). nanohybrids and
Cus(POs)2 nanohybrids (Values represent mean + standard deviation [n = 3]).

Analysis Chlorophyllin-Cas(POa4): nanohybrids Cas(PO4): nanohybrids
Zeta potential -21.89+0.16 -22.61+1.06
Size measured using DLS (um) 13.29 £0.42 18.37£0.14
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The negative zeta potentials (21 to —23 mV) (Table 1) observed here are also in
agreement with Nadar et al., who reported moderately negative surface charges for Cus(PO4)2
nanoflowers, reflecting the abundance of exposed phosphate groups at the particle surface. The
similarity in zeta potential between chlorophyllin-containing and chlorophyllin-free hybrids
suggests that chlorophyllin is incorporated predominantly inside or between petals rather than
forming a dominant surface coating. This is again consistent with the more compact
architecture and smaller hydrodynamic diameter recorded for the hybrid system.

Overall, the DLS and zeta potential data demonstrate that chlorophyllin actively
participates in the self-assembly of Cus(PO.). nanohybrids, producing micron-sized,
moderately stable particles comparable to previously published organic—inorganic nanoflowers
but with a somewhat reduced size profile relative to enzyme-based systems. These
physicochemical properties are expected to influence the photodynamic and antimicrobial
performance of the nanohybrids by affecting surface area, porosity, and chlorophyllin
distribution within the hybrid structure.

Figure 7 presents the comparative XRD patterns of pure Cus(PO.): and the
Chlorophyllin—Cus(PO4). hybrid. Both samples exhibited a series of sharp, intense peaks
characteristic of crystalline copper(ll) phosphate, in agreement with the standard JCPDS
reference data reported in earlier organic-inorganic hybrid nanoflower studies [21,37].

2500

Chlorophyllin-Cus(POs)2

—Cus(POs)2
2000

1500

Intensity

1000

500 ‘ ‘
[

0
0 20 40 60 80

20
Figure 7. Comparative XRD profiles of Cus(POa): and Chlorophyllin—Cus(POs).. The characteristic reflections
of Cus(PO4)2-3H:0 are observed in both materials, whereas the hybrid exhibits slight peak broadening and
intensity variation due to organic—inorganic interactions during hybrid formation. No additional crystalline
phases were detected.

The diffraction profiles of the two materials displayed identical peak positions,
confirming that the inorganic Cus(POs): lattice is structurally preserved during the synthesis
process. This observation is consistent with previous reports on enzyme-Cus(POa):
nanoflowers, in which the biomolecular component supports the nucleation and growth of
copper phosphate without altering its crystallographic identity [15-17,21,37]. Although the
peak positions in the hybrid remain unchanged, the relative intensities of several reflections
show notable differences compared with Cus(POs).. In particular, the major reflections in the
Chlorophyllin-Cus(POa4): pattern exhibit moderate broadening and reduced intensity, which
may arise from a combination of (i) decreased crystallite size, (ii) increased lattice disorder,
and (iii) partial coverage of copper phosphate by the amorphous chlorophyllin matrix. These
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effects are widely reported in enzyme-Cus(PO.). hybrids, where incorporation of a non-
crystalline organic component disrupts long-range order but does not produce new
crystallographic phases [17,37]. Importantly, no additional diffraction peaks corresponding to
copper oxide (CuO, Cu20), metallic copper, or other impurity phases were observed in either
sample, indicating that the synthesis conditions yield phase-pure Cus(PO4). and that the
interaction with chlorophyllin does not induce secondary crystallization or decomposition
pathways. The absence of new reflections further confirms that chlorophyllin remains
amorphous within the nanohybrid structure, a common feature shared with biological
macromolecules in enzyme-inorganic nanoflowers. Overall, the XRD results demonstrate that
the Chlorophyllin-Cus(PO4): hybrid retains the crystalline backbone of Cus(PO.). while
exhibiting structural modifications at the nanoscale, consistent with the formation of an
organic-inorganic hybrid framework. These findings strongly support the proposed flower-like

assembly mechanism and corroborate the morphological features observed in SEM
micrographs.

3.2. Encapsulation efficiency.

The encapsulation efficiency of chlorophyllin in Chlorophyllin-Cus(PO4). was
determined using the spectrophotometric method. The encapsulation efficiency increased with
the chlorophyllin concentration, rising from 75% at 5 mM to 92% at 20 mM. However, the
encapsulation efficiency decreased when the chlorophyllin concentration was increased to 25
and 30 mM. Therefore, a concentration of 20 mM chlorophyllin was found to be optimal for
synthesizing Chlorophyllin-Cus(PO4): with an encapsulation efficiency of 92% (Figure 8). A

similar increase in the encapsulation efficiency of a-chymotrypsin was reported by Yin et al.
[38].
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Figure 8. Encapsulation efficiency of varying chlorophyllin concentrations (5-30 mM) in chlorophyllin-
Cus(P0Os)2 nanohybrid. The values represent the mean of ratios + SD (n=3), and the values are significantly
different at (p < 0.05).

The decline in encapsulation efficiency beyond a 20 mM chlorophyllin concentration
might be due to the reduced availability of copper ions. The synthesis process of the nanohybrid
depends on the interaction between the organic component (chlorophyllin) and the inorganic
component (copper phosphate) [37]. In the present study, chlorophyllin molecules provided
binding sites on their surfaces for the attachment of copper in PBS, leading to self-assembly
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into a specific pattern or structure. According to Jiang et al. [39], increasing the concentration
of organic molecules could reduce the number of copper ions available to coordinate with
organic molecules. Thus, increasing the chlorophyllin concentration beyond 20 mM adversely
affected the encapsulation efficiency.

3.3. Photokilling of P. aeruginosa PAW1 using Chlorophyllin-Cus(PO.):.

The photokilling of drug-resistant P. aeruginosa PAWL1 using a chlorophyllin solution
and Chlorophyllin-Cus(PO4). nanohybrid demonstrated remarkable antibacterial efficacy.
Through direct contact testing, the control group, devoid of both the nanohybrid and light
exposure, maintained 116 (x0.75) CFU (Figure 9a). Astonishingly, P. aeruginosa PAW1 cells
subjected to Chlorophyllin-Cus(PO4). nanohybrid under light exposure showed a complete
eradication (0 CFU) (Figure 9b).

(@) (b)
Figure 9. Growth of P. aeruginosa PAW1 (a) control group, devoid of both the nanohybrid and light
exposure; (b) after exposure to chlorophyllin-Cuz(PO.), nanchybrid (10 mg) and light source (2100 Lumen)
for 20 min at a distance of 4.5 cm from the sample.

To distinguish pure photokilling effects from possible dark toxicity or copper-ion-
mediated antibacterial action, a photokilling experiment was performed with appropriate
controls. As shown in Table 2, neither free chlorophyllin nor the chlorophyllin-Cus(PO.).
nanohybrid exhibited any appreciable dark toxicity, with CFU values (112 + 0.02 and 109 +
0.08, respectively) comparable to the untreated control (116 £ 0.75). Similarly, Cus(PO4): alone
showed negligible antibacterial activity under both dark (106 + 0.30) and illuminated (108 +
0.15) conditions, indicating that copper phosphate does not release bactericidal levels of copper
ions under the experimental conditions. In contrast, illumination in the presence of either free
chlorophyllin or the chlorophyllin-Cus(PO4). nanohybrid resulted in complete bacterial
inactivation (0 CFU), confirming that the antibacterial effect arises exclusively from the
photokilling process. These results demonstrate that the observed killing is light-dependent,
photosensitizer-specific, and not attributable to dark toxicity, passive copper ion release, or
Cus(POa): itself.

Table 2. Photokilling of P. aeruginosa PAW1 under different conditions (Comparison of colony-forming
units [CFU/mL] after treatment with free chlorophyllin or chlorophyllin—Cus(PO.). nanohybrids under
illuminated and dark conditions. Light-activated samples show pronounced CFU reduction, confirming

photokilling, while dark controls exhibit minimal changes. Values are presented as mean + standard deviation [n

=3].
Experimental condition CFU
Control 116 (x0.75)
Chlorophyllin (light) 0
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Experimental condition CFU
Chlorophyllin (dark) 112 (£0.02)
Chlorophyllin-Cuz(PO4)2 (light) 0
Chlorophyllin-Cuz(PO4)2 (dark) 109 (+0.08)
Cus(POa4)2 (light) 108 (+0.15)
Cus(POa4)2 (dark) 106 (+0.30)

Several studies have suggested that photosensitizers are less effective against Gram-
negative bacteria than against Gram-positive bacteria [40-42]. According to these studies, the
cell wall of Gram-negative bacteria is more complex than that of Gram-positive bacteria. It has
a negatively charged outer membrane. These properties of Gram-negative bacteria interfere
with their interaction with the photosensitizer, resulting in lower generation of reactive oxygen
species around the bacterium and thus less harm to the cell [40]. However, in the present study,
no such effect was observed. The Chlorophyllin-Cus(POs). nanohybrid effectively killed P.
aeruginosa PAW1 cells in 20 minutes of exposure time. These findings underscore the
powerful photokilling capability of the Chlorophyllin-Cus(PO.). nanohybrid, defying the
commonly held notion that photosensitizers are less effective against Gram-negative bacteria.
Unlike previous studies [40-42], our study demonstrates that the encapsulation of chlorophyllin
in the nanohybrid facilitates sufficient ROS generation to effectively kill P. aeruginosa PAWL.
The results of the DPBF decay experiment also overrule the necessity of the intake of
photosensitizers by bacterial cells. The ROS generated outside the bacterial cell by
Chlorophyllin-Cus(PO4)2 nanohybrid can effectively damage the bacterial cells. A study by
Buchovec et al. [18] reported a similar phenomenon of immobilizing chlorophyllin on chitosan
polymer for the inactivation of the Gram-negative food pathogen Salmonella enterica.

Another experiment was carried out to study the light exposure duration on the
photokilling of P. aeruginosa PAWL1. The CFU percentage reduction of P. aeruginosa
PAW cells increased with an increase in exposure time from 5 min to 20 min. The 5 min
exposure of P. aeruginosa PAWL cells to Chlorophyllin-Cus(POa4). nanohybrid and light
resulted in 83.44 (+0.21) CFU percentage reduction.

200

150

100 +

50

Percentage reduction

0 T T T T
5 10 15 20
Tukey

Exposure time (min)
*p<=0.05 **p<=0.01 ***p<=0.001

Figure 10. Effect of varying light exposure time (5-20 min) on growth of P. aeruginosa PAWL1 in the presence
of chlorophyllin-Cu3z(PO4)2 nanohybrid (10 mg). The values represent the mean of ratios £ SD (n=3), and the
values are significantly different at (p < 0.05).

The increase in exposure time to 10 and 15 min showed 89.9 (+0.32) and 95.56 (+0.67)
CFU percentage reduction, respectively. The 100% CFU percentage reduction was observed
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when P. aeruginosa PAW1 cells were exposed to Chlorophyllin-Cus(PO4)2 nanohybrid and
light for 20 min (Fig. 10). This efficiency surpasses previous findings [43], which required
longer incubation times to kill E. coli cells using chlorophyllin solution. Additionally, varying
the amount of Chlorophyllin-Cus(PO4). nanohybrid powder confirmed that 10 mg was
sufficient for complete bacterial eradication (data not shown). These compelling results suggest
that Chlorophyllin-Cus(PO4). nanohybrid is a potent photoactive antibacterial agent, with
significant potential for applications in drug-resistant bacterial inactivation. When the
Chlorophyllin-Cus(PO4). nanohybrid is exposed to light, the chlorophyllin encapsulated into
the nanohybrid becomes reactive. Due to exposure of chlorophyllin to light, the energy
associated with the light radiation is transferred to an electron of chlorophyllin. The electron
goes to an excited state from the ground state. After this, it follows a Type Il photochemical
reaction.

The excited state electron loses its energy, which is transferred to molecular oxygen.
This results in the formation of reactive oxygen species (ROS) and singlet oxygen (*02) [44].
When bacterial cells come in contact with such ROS and 1O, it results in cell damage on
various levels, such as membranes, proteins, and DNA, leading to cell death [45]. There are
discrepancies in the requirement for the generation of extracellular or intracellular ROS for the
effective photokilling of bacteria [46,47]. However, few studies suggested that the uptake of a
photosensitizer is not always necessary to inactivate bacteria [46,47]. The present study showed
that chlorophyllin doesn’t need to enter the bacterial cells.

To further prove sufficient ROS generation during photokilling, an experiment was
carried out. Singlet oxygen ('O:) generation by free chlorophyllin and the chlorophyllin-
Cus(PO4): nanohybrid was evaluated using the DPBF photodegradation assay. Control samples
showed minimal DPBF decay in the dark (96-97% remaining), confirming negligible
background photooxidation. Under identical illumination, free chlorophyllin induced more
rapid DPBF decay, with 30 £ 1.9% DPBF remaining at 30 min and 12 £ 1.5% at 60 min,
consistent with efficient 'O- generation (Table 3). The chlorophyllin-Cus(POs4). nanohybrid
displayed a slower DPBF decay (retaining 39 + 2.0% at 30 min and 17 £ 0.9% at 60 min).
These observations are supported by prior reports that chlorophyllin derivatives/sodium
chlorophyllin photosensitizers can produce rapid DPBF photodegradation under irradiation
[48,49]. The moderate reduction in bulk 'O yield for the nanohybrid can be explained by well-
known photophysical effects of immobilization [19]. Taken together, our DPBF results show
that both free chlorophyllin and the chlorophyllin-Cus(PO.). nanohybrid are photoactive and
capable of generating singlet oxygen. Importantly, the nanohybrid produces effective
photokilling.

Table 3. Singlet oxygen generation assessed by DPBF photodegradation under illuminated and dark conditions.
(Percentage of DPBF absorbance remaining [A410] after exposure to light for 30 and 60 minutes in the presence
of free chlorophyllin, chlorophyllin—Cus(PO.). nanohybrids, and corresponding dark controls. Lower DPBF
percentages under illumination indicate greater singlet oxygen production, while minimal decay in the dark
confirms the light-dependent nature of ROS generation. Values represent mean + standard deviation [n = 3].

DPBF decay percent (%) of initial Asi0 remaining
Tir_ne DPBF only DPBF DPBF + DPBF + DPBF + DPBF +
(min) (light) only chlorophyllin chlorophyllin chlorophyllin- chlorophyllin-
(dark) (light) (dark) Cus3(PQOa4)2 (light) | Cus(PQOa4)2 (dark)
30 90+1.0 97+0.8 3019 96 +0.6 39+20 97+04
60 87x0.7 96 +0.8 12+15 93+05 17+£0.9 95+0.7
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The chlorophyllin encapsulated in Chlorophyllin-Cus(PO4). nanohybrid was able to
show cytotoxic effects against P. aeruginosa PAWL. This effect was further analyzed by
checking bacterial membrane integrity after light exposure. The control P. aeruginosa PAW1
cells showed negligible release of intracellular components absorbing at A260 nm (DNA
absorption peak) and A280 nm (protein absorption peak). The absorbance of the control
supernatant at A260 nm and 2280 nm was 0.010 and 0.009, respectively. However, it increased
when P. aeruginosa PAW1 cells were exposed to a light source and Chlorophyllin-Cus(PO4):
nanohybrid. The supernatant of treated cells showed absorbance of 1.05 and 0.98 at A260 nm
and A280 nm, respectively (data not shown). These results confirm the breakdown of the P.
aeruginosa PAWL cell membrane. It is not possible for P. aeruginosa PAW1 cells to generate
resistance against photokilling since the cell integrity is being compromised. Buchovec et al.
[18] observed a similar phenomenon of leakage of intracellular components of S. enterica after
treating the cells with photoactivated Chl-CHS complex for 60 min. These results also rule out
the requirement of proximity of chlorophyllin to the cells (e.g., to bind to the cell membrane)
as suggested by Kruger et al. [46].

The photokilling performance observed in this study is consistent with earlier reports
demonstrating the broad antimicrobial potential of chlorophyllin-based PDT systems. Arifianto
et al. [50] showed that chlorophyllin and curcumin enhance photodynamic inactivation of
Aggregatibacter actinomycetemcomitans and Enterococcus faecalis, achieving multi-log
reductions under LED irradiation - values comparable to or slightly higher than our free-
chlorophyllin treatment, depending on PS dose and irradiation parameters. Similarly, Wimmer
et al. [51] reported effective inactivation of Candidozyma auris planktonic cells and biofilms
using chlorophyllin, highlighting its potency even against highly stress-resistant fungal
pathogens. VVourvoutsiotou et al. [52] demonstrated clear dose- and time-dependent killing of
Bacillus subtilis, again reinforcing that chlorophyllin is a reliable broad-spectrum
photosensitizer whose performance strongly depends on formulation, fluence rate, and PS
concentration. Comparisons can also be drawn with hybrid or nanocarrier-based PDT systems.
Martina Hasenleitner and Plaetzer [53] reported efficient bacterial inactivation using a tailored
LED-based device combined with chlorophyllin or porphyrin-type PS, showing that optimized
light delivery significantly enhances PDT outcomes. Food-sector applications, such as the work
of Luksiene and Paskeviciute [40], demonstrated that chlorophyllin can achieve rapid
inactivation of foodborne pathogens on packaging surfaces, supporting its safety and functional
stability under practical conditions. More recently, Zhang et al. [54] showed that sodium-
copper chlorophyllin induces oxidative membrane damage in E. coli, producing strong ROS-
mediated photokilling similar to the effects observed in our free chlorophyllin and nanohybrid
systems. Within this context, the chlorophyllin—Cus(POs). nanohybrid evaluated in our study
exhibited photokilling efficiencies within the established performance range for chlorophyllin-
based PDI. This is consistent with reports where immobilized or nanoparticle-bound
photosensitizers (e.g., chlorophyllin-chitosan, AuNP-PS hybrids) exhibit improved microbial
contact, localized ROS delivery, or enhanced photostability, collectively compensating for
reduced solution-phase ROS yields. Thus, the observed antimicrobial outcomes not only align
with previous chlorophyllin and hybrid PDT systems but also highlight how nanostructured
carriers can modulate the balance between ROS production, PS stability, and cell-PS
interactions to achieve functionally relevant bacterial inactivation.
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4. Conclusions

This work establishes that chlorophyllin can be effectively immobilized within copper
phosphate nanohybrids while retaining its photodynamic antimicrobial properties. The
Chlorophyllin-Cus(PO4) nanohybrid displayed a characteristic flower-like architecture and
achieved complete photokilling of EDR P. aeruginosa PAW1 through ROS-mediated
disruption of membrane integrity. The absence of dark toxicity and negligible contribution
from metal-ion effects confirms that the antimicrobial action is driven primarily by light-
activated chlorophyllin. While the results demonstrate strong antibacterial efficacy, this study
is limited by the lack of quantitative ROS profiling and cytocompatibility evaluation. Future
work should focus on ROS quantification, long-term stability, biofilm inactivation, and safety
assessments to validate the suitability of these nanohybrids for practical antimicrobial
applications. With further optimization and validation, chlorophyllin-based photodynamic
systems may serve as promising candidates for incorporation into disinfection coatings or non-
thermal sterilization technologies.
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