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ABSTRACT

This study investigated the effect of gum Arabic on curcumin's phototoxicity against Botrytis cinerea, a significant
cause of postharvest losses in horticultural produce. Curcumin-loaded nanoparticle suspensions and emulsions
stabilized with gum Arabic were prepared and their absorbance, fluorescence emission, physicochemical prop-
erties, antimicrobial photodynamic activity (using response surface methodology (RSM)), and reactive oxygen
species (ROS) generation (via electron paramagnetic resonance (EPR) spectroscopy) were evaluated. Fluores-
cence emission exhibited a blue shift (510-550 nm) in both formulations, with emulsions showing higher in-
tensities due to a more hydrophobic environment. Gum Arabic concentration significantly influenced the
physicochemical properties of both suspensions, with nanoparticle size decreasing from 572.80 nm to 202.80 nm
as gum Arabic concentration increased from 0.5 % to 2.5 % (at 65 pM curcumin). Nanoparticle suspensions
demonstrated higher antimicrobial efficacy, reducing B. cinerea spores by 0.39-3.40 log1o(CFU.ml 1), compared
to 0.00-0.46 logm(CFU.ml’l) in emulsions. The phototoxic effect was dependent on curcumin concentration and
light irradiance, as demonstrated by RSM. EPR confirmed the generation of superoxide anion and hydroxyl
radicals in both formulations, which indicated a Type I photodynamic mechanism, with nanoparticle suspensions
having a sustained ROS generation. Overall, gum Arabic did not impair curcumin's antifungal photodynamic

activity, making it as a promising stabiliser for curcumin-based treatments.

1. Introduction

The pathogenic fungal contamination of horticultural produce is a
major cause of postharvest losses during storage and transport, which
not only leads to severe economic losses but also poses a great threat to
the food supply. One of the necrotrophic filamentous fungi, which in-
fects a wide variety of fruits and vegetables is Botrytis cinerea that causes
grey mold in postharvest stages. Various synthetic fungicides have been
conventionally applied to control the Botrytis infection such as carben-
dazim, thiophanate-methyl, and pyrimethanil [1]. However, the chem-
ical fungicides not only have shown potential harmful effects on
environment and consumers, but also their excessive application has led
to resistance development.

As a possible green alternative to the currently used chemical-based
techniques in food industry, the antimicrobial photodynamic treatment
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has emerged with demonstrated cellular toxicity against a wide range of
microorganisms. This treatment involves activating the applied photo-
sensitizer by light of a specific wavelength and generating the cytotoxic
reactive oxygen species such as singlet oxygen by transferring the energy
from the excited photosensitizer to the cellular oxygen [2]. One of the
main advantages of the photodynamic treatment is the multi-target
damaging mechanism compared to the one distinct target mechanism
of the synthetic fungicides [3], and therefore, there have not yet been
any reports of the antimicrobial resistance of this technique.

Different natural photosensitizers are used for photodynamic treat-
ment such as curcumin that is a hydrophobic polyphenol isolated from
turmeric rhizome (Curcuma longa) and has shown promise as a cytotoxic
photosensitizing molecule [4-6]. There are however several challenges
for its application in food industry mainly due to its poor water solu-
bility, which is about 3 x 1078 M, and its poor chemical stability because
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of its high sensitivity to small changes in pH that leads to its hydrolytic
degradation [7,8]. The poor water solubility of curcumin poses signifi-
cant challenges in its application for antimicrobial photodynamic
treatment, as it tends to aggregate in aqueous environment leading to
reduction in light penetration and subsequently its availability and
effectiveness. This has long been one of the main limitations for curcu-
min's application in photodynamic treatments. To this end, different
encapsulating approaches have been investigated to overcome the lim-
itations associated with curcumin such as liposomes [9], microgels [10],
micelles [11], emulsions [12], and nanoparticles [13]. It has been shown
that dispersibility and stability of curcumin in aqueous environments
can be improved by incorporating them into colloidal structures such as
the hydrophobic droplets within oil-in-water emulsions [7,14] as well as
nanoparticle suspensions [15,16]. Natural biopolymers such as poly-
saccharides and proteins can be used to prepare curcumin-loaded
nanoparticles, which have the ability to enhance the dispersibility and
stability of poorly soluble compounds in aqueous environments. The
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electrostatic interactions by proteins are mainly responsible for their
stabilizing behaviour. Therefore, protein-stabilized environments are
prone to changes in environmental conditions such as pH, salt, and
temperature, resulting in their instability [17]. On the other hand, steric
interactions are the major mode of stabilization by polysaccharides such
as gum Arabic (from Acacia senegal) and consequently are less affected
by pH and salt [18,19]. It has also been reported that thermal treatment
has less influence on polysaccharide-stabilized environments [19].

In this study, it is hypothesised incorporating curcumin in colloidal
suspensions has no adverse impact on its phototoxicity and can in turn
facilitate its applications in photo-decontamination treatments for food
preservation. Therefore, curcumin loaded emulsion and nanoparticle
suspension were prepared using gum Arabic as a commonly used edible
biopolymer in food industry. Response surface methodology (RSM) was
used to study the linear and interactive effects of influential parameters
such as gum Arabic and curcumin concentrations as well as the illumi-
nation condition on the curcumin phototoxicity against B. cinerea.

Table 1
The I-optimal quadratic design and the actual values of the independent and dependent variables.
Run  Curcumin concentration Gum arabic concentration Irradiance (mW. Light dose (J. Solvent Log reduction (log1o(CFU. Cell Viability
(M) (%) cm™?) cm™?) mL~1))* (%)*

1 35.75 2.50 31.75 42.79 Ethanol- 0.46 43.29
MCT

2 6.50 0.50 31.75 19.05 Ethanol 0.65 49.70

3 35.75 1.50 44.35 19.05 Ethanol 1.75 27.36

4 35.75 2.50 38.57 66.53 Ethanol 1.06 19.84

5 65.00 0.50 44.35 66.53 Ethanol- 0.16 44.15
MCT

6 65.00 2.50 44.35 19.05 Ethanol- 0.00 51.12
MCT

7 35.75 1.50 38.57 42.79 Ethanol- 0.00 44.91
MCT

8 65.00 1.50 38.57 42.79 Ethanol- 0.00 41.87
MCT

9 35.75 1.50 31.75 42.79 Ethanol 1.77 13.97

10 35.75 1.50 31.75 42.79 Ethanol 2.44 5.03

11 65.00 2.50 31.75 19.05 Ethanol 1.32 22.73

12 65.00 2.50 44.35 42.79 Ethanol 2.63 15.29

13 6.50 2.50 44.35 42.79 Ethanol- 0.00 49.81
MCT

14 35.75 1.50 38.57 42.79 Ethanol- 0.00 41.96
MCT

15 65.00 2.50 44.35 42.79 Ethanol 3.34 9.14

16 6.50 0.50 44.35 19.05 Ethanol- 0.12 33.10
MCT

17 6.50 0.50 31.75 66.53 Ethanol- 0.07 45.73
MCT

18 6.50 2.50 31.75 66.53 Ethanol 0.39 67.58

19 35.75 1.50 44.35 19.05 Ethanol 3.09 5.66

20 35.75 0.50 38.57 66.53 Ethanol 1.53 11.69

21 65.00 0.50 38.57 19.05 Ethanol 0.75 26.01

22 6.50 1.50 38.57 42.79 Ethanol 0.58 49.80

23 35.75 1.50 44.35 66.53 Ethanol- 0.00 51.05
MCT

24 65.00 2.50 31.75 66.53 Ethanol- 0.35 74.15
MCT

25 65.00 0.50 31.75 66.53 Ethanol 0.57 68.28

26 6.50 2.50 38.57 19.05 Ethanol 0.39 49.92

27 6.50 1.50 31.75 19.05 Ethanol- 0.14 39.97
MCT

28 6.50 0.50 44.35 66.53 Ethanol 0.75 62.35

29 35.75 1.50 38.57 42.79 Ethanol- 0.00 42.22
MCT

30 65.00 1.50 38.57 66.53 Ethanol 1.52 9.05

31 35.75 1.50 31.75 66.53 Ethanol- 0.10 59.53
MCT

32 65.00 0.50 31.75 19.05 Ethanol- 0.00 41.40
MCT

33 35.75 0.50 38.57 42.79 Ethanol- 0.26 36.91
MCT

34 65.00 2.50 44.35 66.53 Ethanol- 0.00 61.19
MCT

" Results are the average of six replications.
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Furthermore, spin-trapping electron paramagnetic resonance was used
to determine the reactive oxygen species generation during photosen-
sitization process.

2. Materials and methods
2.1. Design of experiments

An I-optimal quadratic design including 6 replicate centre points and
6 lack-of-fit points was generated by a randomised RSM (Design Expert,
v.11.1.2.0, Stat-Ease, Minneapolis, MN, USA) to study the effects of five
factors including curcumin concentration, gum Arabic concentration,
irradiance, light dose, and solvent, and their interactions on curcumin
phototoxicity against B. cinerea spores (Table 1). The least-squares
method was applied for assessing the factors in polynomial approxi-
mation and response surface analysis was performed via the fitted sur-
face. In the case that the fitted surface is a sufficient approximation of
the real response function, then those analyses would be nearly equal to
actual system analysis. Significant models for antimicrobial photody-
namic activity in terms of log reduction and viability of B. cinerea spores
were generated by variance analysis using Design Expert software and
the significant effects as well as interactive factors of those responses
were determined.

2.2. Preparation of nanoparticle suspension and emulsion

Curcumin (from C. longa, > 65 %, Sigma-Aldrich, St Louis, MO, USA)
stock solutions (4000 uM; w/v) were prepared in ethanol (99.8 %, Fisher
Chemical, Loughborough, UK) and in the mixture (1:1, v/v) of ethanol
and MCT oil (derived from coconut oil (C8, C10), 100 %, Melrdse, Mt.
Waverley, VIC, Australia), and were kept at —20 °C for one week. Gum
Arabic (Acros Organics, UK) stock solutions (5, 3, and 1 %; w/v) were
prepared in ultrapure water (Milli-Q, Millipore, Burlington, MA, USA)
under magnetic stirring for 1 h. The prepared solutions were kept
overnight at 4 °C for complete hydration and dissolution. To prepare the
emulsion and nanoparticle suspension, the curcumin dissolved in
(respectively) ethanol-MCT and ethanol was slowly added to the gum
Arabic solution with constant stirring using a magnetic stirrer. The
volume ratio of curcumin to gum Arabic solution in the final working
system was 1:20. It was then mixed for 2 min using high speed ho-
mogenizer (24,000 rpm, IKA T25D Ultraturrax, Staufen, Germany),
followed by 4 min sonication (30 % Amplitude (A), continuous; SFX550
Sonifier, Branson, Mexico) in an ice bath. The prepared emulsions and
nanoparticles were kept at 4 °C for 5 days.

2.3. Characterization of nanoparticle and emulsion

The visible absorption and fluorescence emission spectra for curcu-
min nanoparticle suspensions and emulsions were obtained using a
spectrophotometer (Varioskan LUX 3020-80,884, Thermo Scientific,
Singapore). The absorbance spectra were recorded within 300-700 nm
(1-nm steps) and the fluorescence emission spectra within 450-750 nm
(430 nm as excitation wavelength, 1-nm slit width). The polydispersity
index, mean particle diameter, and zeta potential of curcumin nano-
particle suspensions and emulsions were measured at room temperature
using dynamic light scattering and electrophoresis (Zetasizer Ultra,
Malvern Instruments, Worcestershire, UK). Samples were diluted using
ultrapure water to avoid multiple scattering effects [20]. The colour
values were measured by a chromameter (CR-400, Konica Minolta,
Tokyo, Japan) using a black sheet as the background. The instrument
was calibrated with a standard white tile. A given volume of sample was
placed into a transparent disposable petri dish. The measurements were
expressed as L* (lightness (+) and darkness (—)), a* (redness (+) and
greenness (—)), and b* (yellowness (+) and blueness (—)) [20]. All
measurements were performed on freshly made suspensions in at least
triplicate and at room temperature.
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2.4. Spore suspension preparation

The spore suspension was harvested from the 2-week-old culture of
B. cinerea [21], which was isolated from the commercial strawberry
cultivar ‘Red Rhapsody’ grown in Queensland, Australia [22]. Potato
dextrose agar (CM0139, Oxoid, Basingstoke, Hampshire, UK) was used
as culture media. The suspension was counted using a Haemocytometer
and kept at 4 °C and used within a week.

2.5. Antimicrobial photodynamic activity

To determine the antimicrobial activity, the spore suspension (10°
CFU.mL™!) was prepared in both sterile ultrapure water and potato
dextrose broth (PDB; Sigma-Aldrich). Briefly, 50 pL of the curcumin
suspensions were incubated with 50 pL of spore suspension, followed by
illumination under LED light (420 nm, 200 W, 100-240 V; COB LED
Light Fixture, HYG05-4, China) for the given time (Table 1). The light
irradiance of the treatment was determined by measuring the photo-
synthetic photon flux density of LEDs at 10 different positions at a 10-cm
distance from the light source [21]. The dark control samples were
incubated for 10 min in darkness at room temperature in the presence of
different curcumin suspensions. For a negative control representing 0
UM of curcumin, sterile ultrapure water or PDB was added. To determine
the effect of photodynamic treatment on B. cinerea growth, 30 pL of the
homogenized treated sample was spread-plated on Botrytis selective
media (prepared according to [23]), and incubated at 25 °C for 4 days.
The results were reported as logig (CFU.mL™Y) reduction. Tetrazolium
dye (MTT) assay was also carried out to further evaluate the survival
rate of the spores [24], where 10 pL of aqueous MTT solution (5 mg.
mL~}; EMD Millipore Group, Darmstadt, Germany) was added to the
samples. After incubation at 25 °C for 2 h, the media was removed, 200
pL dimethyl sulfoxide (Sigma-Aldrich) was added, mixed, and incubated
overnight at 25 °C to enhance the dissolution. Then, the fungal plug was
removed and absorbance at 570 nm was measured (Infinite M200, Tecan
GmbH, Grodig, Austria) and the results were reported as percentage of
viability [21].

2.6. Determination of reactive oxygen species

Spin-trapping electron paramagnetic resonance (EPR) spectroscopy
was used to detect, identify, and measure the photo-generated reactive
oxygen species using 5,5-dimethyl-pyrroline N-oxide (DMPO; 80 mM;
>97 %, Chem-Supply, Gillman, SA, Australia) and alpha-phenyl N-ter-
tiary-butyl nitrone (PBN; 80 mM; >98 %, Sigma-Aldrich) as spin traps
[21]. Equal aliquots of curcumin suspensions and spin trap solutions
were mixed and directly illuminated (420 nm, 15 min, 43.59 and 62.71
mW.cm’z) in an X-band continuous wave (CW) EPR cavity. Experi-
mental parameters used for EPR operating in X-band (Bruker, Rhein-
stetten, Germany) include 100 kHz modulation frequency, 19.82 mW
microwave power, ca. 9.87 GHz microwave frequency, 3518 G central
field, 110 G sweep width, 41.94 s sweep time, and 3 G modulation
amplitude. The EPR spectra of control samples (without curcumin)
under illumination/darkness and curcumin suspensions under darkness
were also recorded. The spectral identification of the spin adducts were
confirmed by simulating the spectra with known hyperfine coupling
constants [25-29] and comparing them with the experimentally
observed one using MATLAB software (R2020b, MathWorks Inc.,
Natick, MA, USA). TEMPO (4-hydroxy-2,2,6,6-tetramethyl-1-piper-
idimyloxy; 98 %; Fujifilm Wako, Japan) radical was used to quantify the
generated spin adducts. All the EPR measurements were conducted at
room temperature and in triplicate.
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3. Results and discussion
3.1. Absorbance and fluorescence

The absorption and fluorescence emission spectra of curcumin
nanoparticle suspensions and emulsions are depicted in Fig. S1. The
prominent absorbance band was shown to be around 420 nm, which is
characteristic of curcumin's n-n* transitions, which aligns with previous
reports for curcumin in various environments [21]. This was less broad
than in aqueous ethanolic environments without gum Arabic [21],
where the lack of clear maxima suggests curcumin aggregation due to
poor solubility. The inclusion of gum Arabic, even in lower concentra-
tions, minimizes aggregation by stabilizing curcumin through encap-
sulation and surface interactions [20], which allows for clearer spectral
features. Furthermore, an increase in curcumin concentration led to an
increase in the absorbance intensity for all nanoparticle suspensions
(Fig. Sl.a, b, ¢) with gum Arabic concentration having less influence.
However, the curcumin emulsions exhibited much stronger absorbance
intensities that exceeded the detection range of the spectrophotometer
and therefore are not reported here. This is likely due to the higher
turbidity of emulsions and the scattering effects caused by the dispersed
oil droplets, and therefore light scattering and absorption are amplified
at the incident wavelength range [30,31]. Moreover, MCT oil's ability to
prevent curcumin nucleation in the environment increases its solubili-
zation, and consequently enhances absorbance intensity.

Fluorescence emission spectra provided additional insights into
curcumin's behaviour in different environments. The observed blue shift
in fluorescence emission from 560 to 570 nm in aqueous ethanolic en-
vironments [21] to 510-550 nm in nanoparticle suspensions suggests
that gum Arabic influences curcumin's excited-state dynamics by
altering its local environment (Fig. S1.d, e, f). Higher concentrations of
curcumin and gum Arabic correlate with increased fluorescence in-
tensity, likely due to reduced aggregation and enhanced solubility of
curcumin. At lower gum Arabic concentrations, the reduced emission
intensity is consistent with aggregation, where insufficient biopolymer
stabilizes fewer curcumin molecules (Fig. S1.d). In emulsions, the blue
shift of the emission peak to 47-481 nm, alongside stronger fluores-
cence, indicates a more hydrophobic environment induced by MCT oil
that promotes a more pronounced fluorescent response (Fig. S1.g, h, i).
The relative decline in fluorescence intensity at 2.5 % gum Arabic
concentration suggests that the excess gum Arabic may entrap curcumin
more efficiently and therefore reduces its availability for fluorescence
(Fig. S1.i). Overall, the enhanced fluorescence emission in emulsions
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compared to nanoparticle suspensions highlights the impact of medium
and curcumin concentration on its spectral properties. Fluorescence
emission intensity is closely linked to curcumin's photodynamic activity
and its ability to generate ROS. In fact, fluorescence emission intensity
reflects how much of the absorbed light energy is dissipated as fluo-
rescence, which competes with the process of intersystem crossing to the
triplet state that undergoes interaction with molecular oxygen to
generate ROS [32,33]. If more energy is emitted as fluorescence, as was
observed for emulsions, less is available to promote intersystem crossing
and therefore reduces the amount of ROS generated. However, in some
cases, higher fluorescence emission can indicate better curcumin
dispersal in the environment and less aggregation, which improves the
overall efficiency of light absorption and energy transfer. This can thus
lead to a more efficient generation of ROS despite the competition be-
tween fluorescence and intersystem crossing. Hence, optimizing curcu-
min's formulation to balance fluorescence emission with ROS generation
is essential for maximizing its photodynamic antimicrobial effect.

3.2. Physicochemical characterization

The physicochemical properties of curcumin-loaded nanoparticles
and emulsions are presented in Table 2. Results showed that mean
particle size, polydispersity index, and zeta potential were strongly
influenced by the concentration of curcumin and gum Arabic. At lower
curcumin concentrations (6.5 pM), an increase in gum Arabic concen-
tration leads to larger particle sizes and more negative zeta potentials.
However, an increase in gum Arabic at higher curcumin concentrations
(35.75 and 65 pM) resulted in smaller particle sizes and lower poly-
dispersity indices, which indicates more uniform particles. The size
reduction can be attributed to the enhanced electrostatic repulsion that
prevents aggregation and stabilizes smaller particles [34]. The particle
sizes of these suspensions are almost in the range of 100-200 nm and
therefore are considered as nanoparticles [35]. In general, nanoparticle
is strictly defined as particles with <100 nm particle size, while in
practice is referred to particles within the range of 1-1000 nm [36].

In curcumin emulsions, increasing gum Arabic concentration led to a
decrease in mean droplet size, regardless of curcumin concentration
(Table 2). This is due to the presence of more gum Arabic molecules in
the environment to form a protective layer around the surface of
curcumin-contained oil droplets generated by homogenization [20]. The
relatively large protein-polysaccharide structure of gum Arabic effec-
tively attaches to the oil-water interface by the amphiphilic polypeptide
chain while the large hydrophilic polysaccharide chain is into the

Table 2

The parameters of curcumin nanoparticle suspensions and curcumin emulsions using different concentrations of curcumin and gum Arabic.
Gum arabic (%) Curcumin (pM) Mean particle size (nm) Polydispersity Index Zeta potential (mV) L* a* b*
Curcumin nanoparticle suspension
0.50 6.50 123.30 + 11.29 0.39 + 0.01 —19.77 + 2.52 34.69 + 0.09 —0.66 £+ 0.09 4.12 £ 0.51
0.50 35.75 262.37 £ 32.29 0.62 +0.12 —12.51 +1.98 34.07 = 0.59 —4.56 £+ 0.01 21.90 + 0.82
0.50 65.00 572.80 £ 28.70 0.82 £+ 0.07 —27.58 + 1.07 35.05 + 0.41 —3.97 +£ 0.30 28.80 + 0.70
1.50 6.50 150.30 + 24.47 0.47 £+ 0.05 —23.47 + 5.95 36.55 + 0.73 -1.25 £+ 0.14 4.80 + 0.48
1.50 35.75 180.30 + 23.71 0.57 £ 0.23 —33.09 £ 1.51 35.60 + 0.47 —5.76 £ 0.11 25.77 £ 1.43
1.50 65.00 200.77 £ 23.45 0.46 £+ 0.05 —32.95 + 3.93 3412+ 0.71 —-3.124+0.18 30.96 + 0.86
2.50 6.50 218.70 + 28.96 0.48 £+ 0.05 —34.58 + 3.83 36.18 + 0.66 —1.88 £0.18 6.71 £+ 0.56
2.50 35.75 198.87 + 3.78 0.48 = 0.00 —36.51 + 2.94 35.22 + 1.61 —6.00 = 0.16 25.95 +1.81
2.50 65.00 202.80 £ 12.77 0.55 £+ 0.02 —39.74 + 4.46 34.97 + 1.64 —4.74 £ 0.43 30.58 + 0.39
Curcumin emulsion
0.50 6.50 912.40 + 44.95 0.16 + 0.03 —43.69 + 1.78 72.82 +£1.04 —5.77 £ 0.33 7.24 +£0.77
0.50 35.75 905.90 + 92.51 0.31 £0.13 —43.70 £ 0.73 73.75 £ 1.06 —13.85 +0.32 26.95 + 1.20
0.50 65.00 598.60 + 21.52 0.22 £+ 0.08 —44.01 £1.36 76.45 + 0.92 —-16.15 + 0.19 36.44 + 1.30
1.50 6.50 1081.47 + 184.40 0.22 £+ 0.01 —42.98 + 0.22 74.76 £ 1.36 —6.16 + 0.43 8.62 +1.12
1.50 35.75 782.60 + 61.37 0.14 £+ 0.05 —42.51 + 1.55 76.61 £ 0.20 —14.56 + 0.05 30.51 +0.28
1.50 65.00 556.07 £ 15.35 0.17 £ 0.03 —42.54 + 0.36 78.26 £ 0.73 —16.49 + 0.05 38.79 + 1.04
2.50 6.50 501.73 + 29.18 0.26 £+ 0.09 —42.58 £ 0.76 77.80 + 0.66 —4.54 £ 0.17 4.65 + 0.57
2.50 35.75 553.25 + 65.52 0.25 £+ 0.05 —43.23 + 1.09 77.89 +£1.22 —13.93 + 0.27 28.60 + 1.56
2.50 65.00 540.63 £ 65.39 0.21 £+ 0.07 —43.22 £ 0.72 78.50 £ 0.37 —16.67 + 0.03 39.68 + 0.60

Results are means (+ standard error) of at least three replications.
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surrounding aqueous environment [37]. Therefore, this unique structure
leads to its slow adsorption rate and high surface load [38,39], which
means higher amount of gum Arabic is needed per unit surface area of
oil droplets in emulsions to be covered. Thus, droplet coalescence in
emulsion at lower gum Arabic concentration can occur and induce
higher droplet sizes.

A larger particle size of 572.80 nm was observed at 65 pM curcumin
and 0.5 % gum Arabic (Table 2), which is likely due to the insufficient
concentration of gum Arabic to stabilize the higher curcumin content.
The increased particle size can be attributed to curcumin's hydrophobic
nature, which promotes self-association and aggregation in aqueous
environments. As gum Arabic concentration increased to 1.5 % and 2.5
%, more consistent particle/droplet sizes were achieved, which suggests
that the higher biopolymer content improved stabilization. This stabi-
lization likely occurred due to the enhanced emulsifying action of gum
Arabic, together with the homogenizer's efficiency in breaking down and
dispensing particles or oil droplets more effectively [20]. Moreover, as
droplet size reduces through homogenization, the resistance to further
size reduction increases due to rising Laplace pressure. This effect is
particularly evident in emulsions, as described by the Laplace pressure
equation (AP = %), where the pressure difference across the droplet
interface (AP) increases as the oil-water interfacial tension (y) rises and
droplet diameter (D) decreases [40]. In this study, a high-speed ho-
mogenizer operating at 24,000 rpm followed by 4 min of sonication at
30 % amplitude was used to disperse the curcumin phase into the gum
Arabic solution. These results indicate the need for further investigation
into the influence of homogenization parameters such as speed, soni-
cation power, and time on the mean particle/droplet size. The de-
pendency of particle/droplet size on biopolymer concentration has also
been reported in previous studies [20,41,42], which highlights the
importance of optimization in achieving desired particle/droplet sizes.

The zeta potential results also suggest that gum Arabic plays a role in
enhancing the stability of curcumin-loaded systems by providing suffi-
cient negative surface charge, which ranged from —12.51 to —39.74 mV
for nanoparticle suspensions and from —42.51 to —44.01 mV for
emulsions (Table 2). The surface charge of the nanoparticles was
influenced by the concentration of gum Arabic, while the zeta potential
of the emulsions remained unaffected by changes in curcumin or gum
Arabic concentrations. The observed negative charge is attributed to the
deprotonation of carboxyl groups (-COO™), which are fully ionized at
neutral pH (pK, = 3.5) [43] and are present on the hydrophilic poly-
saccharide chains of gum Arabic. This in turn stabilizes the suspensions
and emulsions by preventing particle aggregation through repulsive
forces between negatively charged particles [44]. Higher zeta potential
magnitudes correspond to better stability, particularly in nanoparticle
suspensions, where aggregation can significantly impact performance
and availability of curcumin. This stabilizing effect is essential for
maintaining the uniform dispersion of curcumin in colloidal systems,
thus improving its functional properties.

Additionally, the effect of different concentrations of curcumin and
gum Arabic on the colour properties of nanoparticle suspensions and
emulsions was determined by measuring the tristimulus colour co-
ordinates (L*, a* and b*). While the concentrations of curcumin and gum
Arabic did not affect the lightness (L*) of the samples, emulsions
exhibited higher lightness values than the nanoparticles, which may be
attributed to better dispersion of curcumin in the emulsion environment.
Moreover, results showed that increasing curcumin concentration
resulted in more intense green (negative a*) and yellow (positive b*)
values, particularly in emulsions. All suspensions and emulsions showed
negative a* values, indicating a slight green hue, where emulsions
exhibited more pronounces green tones with a* values ranging from
—4.54 to —16.67, compared to nanoparticle suspensions (—0.66 to
—6.00). Positive b* values across all samples indicated that the yellow
coloration is primarily driven by curcumin content. Overall, these
findings determine the importance of biopolymer concentration in
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optimizing the physicochemical properties of curcumin-loaded delivery
systems for enhanced stability and functionality in various applications.

3.3. Antimicrobial photodynamic activity

The comparison of curcumin's phototoxicity in two colloidal sus-
pensions, namely nanoparticle and emulsion, was performed using RSM
with an I-optimal design. RSM was used to examine the interaction ef-
fects between multiple factors including curcumin and gum Arabic
concentrations, irradiance, light dose, and solvent on the photo-
inactivation efficiency of curcumin against B. cinerea spores. The anti-
microbial photodynamic activity of curcumin was assessed by log
reduction and spore viability (referred to as cell viability in graphs) as
response variables in the study. These responses were selected to assess
how the dispersion of curcumin in gum Arabic might affect its photo-
toxicity, with illumination parameters incorporated as independent
variables. The design matrix and corresponding results are detailed in
Table 1, which demonstrate the effect of these factors on curcumin's
antimicrobial performance.

Model fitting and statistical significance of the independent variables
were determined through multiple regression analysis. Insignificant
polynomial terms (p > 0.05) were excluded from the initial model,
which resulted in a refined model that retained only significant terms to
develop a significant model (p < 0.05). The adequacy of the quadratic
models was further validated using ANOVA, and the results are given in
Table 3 and Figs. S2-S3. A second-order polynomial equation was
employed to mathematically describe the experimental data derived
from the I-optimal design. The relationship between the independent
variables and the response variables, namely log reduction (R;) and
spore viability (Ry), was exhibited in the empirical reduced quadratic
models (Table 3), both of which were highly significant (p < 0.0001)
that confirm the robustness of the models in predicting curcumin's
photodynamic activity.

The log reduction in B. cinerea spores varied from 0.00 to 3.34 logio
(CFU.mL_l) and cell viability varied from 5.03 % to 74.15 % (Table 1).
Factors such as curcumin concentration, gum Arabic concentration, and
illumination conditions significantly influenced the antimicrobial
photodynamic activity of the colloidal suspensions. Figs. 1 and S4
illustrate the effects of these factors and their interactions on curcumin's
efficacy in photo-decontaminating B. cinerea spores. Solvent played a
key role in determining the phototoxicity of curcumin within colloidal
environments (Table 3, Fig. 1), which is consistent with findings in non-
colloidal environments [21]. Therefore, nanoparticles formed with
ethanol-dissolved curcumin exhibited significantly enhanced antimi-
crobial activity compared to emulsions (p < 0.05), which was evidenced
by a higher log reduction and lower cell viability (Table 1). This is likely
due to the increased availability of curcumin to microbial cells [45],
which facilitates higher cellular uptake and enhances the antimicrobial
photodynamic effect. In contrast, emulsions showed lower photo-
inactivation efficiency, which can possibly be attributed to curcumin
entrapment within the hydrophobic cores of MCT oil micelles [46],
which restricts its interaction with spore cell walls and reduces overall
phototoxicity (Fig. 1.b,d and S4.b,d). This observation is consistent with
prior findings, suggesting that hydrophobic cores limit the availability of
curcumin to generate ROS effectively.

Furthermore, curcumin concentration was as a critical factor
significantly affecting the efficacy of photodynamic treatment (p <
0.05). This effect is attributed to the amount of curcumin available in
proximity to spore cells, which can be photoexcited to generate reactive
oxygen species. The results showed enhanced antimicrobial activity as
curcumin concentration increased from 6.5 to 39 pM, beyond which no
further improvement was observed. This optimal concentration not only
improves antimicrobial efficacy, but also prevents curcumin aggregation
in the environment, which can hinder photoinactivation efficiency. Gum
Arabic, while playing a key role in stabilizing colloidal suspensions,
showed no significant effect on phototoxicity determined by log
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Table 3
Analysis of variance of the predicted models for Botrytis cinerea log reduction and cell viability.
Source Sum of squares Df mean square F-value p-value
Reduced quadratic model (square root transform (0.5)) - log reduction
Model 4.30 9 0.4778 22.48 < 0.0001 Significant
A-Curcumin Concentration 0.2285 1 0.2285 10.75 0.0032
C-Irradiance 0.0922 1 0.0922 4.34 0.0480
D-Light Dose 0.0085 1 0.0085 0.4009 0.5326
E-Solvent 3.16 1 3.16 148.91 < 0.0001
AE 0.0819 1 0.0819 3.85 0.0614
CE 0.2117 1 0.2117 9.96 0.0043
A? 0.1891 1 0.1891 8.90 0.0065
c? 0.3714 1 0.3714 17.48 0.0003
D? 0.1585 1 0.1585 7.46 0.0117
Residual 0.5100 24 0.0213
Lack of Fit 0.3926 19 0.0207 0.8799 0.6246 Not significant
Pure Error 0.1174 5 0.0235
Cor Total 4.81 33
Fit Statistics
Std. Dev. Mean C.V. (%) R? Adjusted R? Predicted R* Adeq precision
0.15 1.06 13.72 0.89 0.85 0.78 14.82

Predicted Model
Reduced quadratic model - spore viability

Model 8161.23 7
A-Curcumin Concentration 869.29 1
B-Gum Arabic Concentration 30.41 1
D-Light Dose 838.99 1
E-Solvent 2086.76 1

AE 1278.49 1

BE 657.50 1

A? 1797.06 1
Residual 4087.76 26
Lack of Fit 3788.10 21
Pure Error 299.66 5

Cor Total 12,248.98 33
Fit Statistics

Std. Dev. Mean C.V. (%)
12.54 38.70 32.40

Predicted Model

VR, +05=1.10 + 0.11 A + 0.06C - 0.02D — 0.31E — 0.06AE - 0.10 CE — 0.17A% + 0.24C?-0.16D?

1165.89 7.42 < 0.0001 significant

869.29 5.53 0.0266

30.41 0.1934 0.6637

838.99 5.34 0.0291

2086.76 13.27 0.0012

1278.49 8.13 0.0084

657.50 4.18 0.0511

1797.06 11.43 0.0023

157.22

180.39 3.01 0.1123 not significant

59.93
Adjusted R? Predicted R? Adeq precision
0.58 0.39 9.19

Ry = 29.45-6.63 A + 1.22B + 6.31 D + 7.93E + 8.01AE + 5.70BE + 15.15A%

reduction or spore viability (Fig. 1.a, S4.a). However, interaction plots
revealed that optimizing both curcumin and gum Arabic concentrations
can further enhance antimicrobial activity in both nanoparticles and
emulsions (Fig. S4.b). This improvement is likely due to gum Arabic's
role in enhancing curcumin dispersibility in aqueous environments,
which leads to reduced curcumin aggregation and increases its avail-
ability for ROS generation. These findings suggest that gum Arabic
primarily stabilizes the colloidal system rather than directly influencing
curcumin's phototoxicity.

Nlumination parameters, including light irradiance and light dose,
also play a significant role in determining the antimicrobial efficiency of
curcumin-based photodynamic treatment (Table 3). These parameters
determine the intensity of light exposure and total energy delivered to
the treatment area, respectively. Our findings indicated that light dose
significantly influenced curcumin's phototoxicity in colloidal environ-
ments (p < 0.05). A quadratic relationship between irradiance, light
dose, and the log reduction of B. cinerea spores suggested an optimal
light dose of approximately 42.8 J.cm 2 (Table 3), beyond which no
additional antimicrobial effect was observed. In addition, increasing
irradiance >38 mW.cm 2 resulted in a notable increase in log reduction
(Fig. 1). The non-linear behaviour of light parameters is likely due to the
balance between curcumin excitation and ROS generation, and therefore
excessive light doses potentially lead to curcumin degradation or pho-
tobleaching giving rise to a reduced efficacy. Synergistic effects between
curcumin concentration and irradiance further enhanced photodynamic
efficacy (Fig. S4) that demonstrates the complex dynamics of photody-
namic treatment and highlights the importance of optimizing light
conditions for effective antimicrobial activity. The findings demon-
strated the phototoxic potential of curcumin nanoparticle suspensions,
which supports the potential use of gum Arabic as a carrier for the hy-
drophobic curcumin. The interplay and non-linear response observed in

the RSM plots underscores the complexity of these systems and em-
phasizes the need for optimizing multiple factors to develop effective
curcumin-based antimicrobial treatments. Additionally, the lack of
antimicrobial activity in dark and negative control samples (data not
shown) confirmed the dependency of curcumin's activity on light acti-
vation, which indicates the photodynamic nature of its antimicrobial
effect on B. cinerea spores.

Several studies have demonstrated promising results in enhancing
curcumin's solubility through the use of biopolymers, without compro-
mising its photosensitizing efficacy. For instance, Preis and colleagues
achieved significant antimicrobial reductions of 6.1 and 1.6 log;o (CFU.
g 1) in Staphylococcus saprophyticus subsp. bovis and Escherichia coli
DH5a, respectively, by utilizing redispersed spray-dried curcumin
nanoparticles in mannitol matrix [47]. Similarly, Li and co-workers
(2020) reported a 5 logig (CFU.g’l) reduction in S. aureus after 10
min of illumination using curcumin-loaded chitosan (25 pg.mL™! cur-
cumin) [48]. In our study, this approach was extended by investigating
the interaction of multiple factors affecting the efficacy of antimicrobial
photodynamic treatment against B. cinerea. By optimizing the variables,
the optimal conditions for maximizing log reduction and minimizing
spore viability were determined. The optimized parameters included
49.05 pM ethanolic curcumin, 2.50 % gum Arabic, irradiance of 44.35
mW.cm 2, and a light dose of 30.21 J.cm 2. Subsequent experiments
using these conditions resulted in a 3.52 log;g (CFU.g’l) reduction and
7.05 % spore viability, that closely aligned with the predicted outcomes
(2.85 log1o (CFU.g™ 1) and 10.18 % spore viability), thus validating the
effectiveness of our model in optimizing curcumin-based antimicrobial
photodynamic treatment.
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3.4. Photoinduced generation of reactive oxygen species

EPR spin trapping spectroscopy was employed to confirm the gen-
eration of reactive oxygen species (ROS) in curcumin nanoparticle sus-
pensions and emulsions, using DMPO and PBN as spin traps. This
technique provides valuable insights into the photodynamic behaviour
of curcumin. As illustrated in Figs. 2 and S5-S7, both formulations
effectively generated superoxide anion (O3") and hydroxyl (OH®) radi-
cals upon exposure to visible light at 420 nm. The EPR spectra from both
suspensions showed similar complex patterns (Fig. 2.a-h), and the
simulation of spectra indicated the simultaneous formation of four
distinct DMPO adducts derived from 037, OH®, hydroxyethyl (OCoHgZ),
and unpaired DMPO® radicals [25,26,28] during the photodynamic
activation of curcumin. The detection of additional radicals such as
hydroxyethyl radical adducts suggests the involvement of secondary
radical-mediated oxidation processes, where curcumin's excited triplet
state may interact with surrounding molecules that results in the for-
mation of alkyl or oxygen radicals. These radicals may react with
cellular components and contribute to further oxidation and cellular
damage, and therefore enhancing the antimicrobial photodynamic
effect.

Additionally, PBN spin trapping in nanoparticle suspensions
revealed PBN-OH® adducts in the simulated spectra [28], which pro-
vided further confirmation of the photo-generation of hydroxyl radicals.
As shown in Fig. 2.i-1, PBN forms a more stable adduct with hydroxyl
radicals, which allows for detection of ROS production over a longer
period. These findings are consistent with previous studies on curcumin
solutions [21], which demonstrates that gum Arabic does not interfere
with curcumin's ability to generate ROS through Type I photodynamic
mechanism. Curcumin transfers electrons or hydrogen atoms to
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molecular oxygen, and forms superoxide anions and hydroxyl radicals.
The formation of multiple radical adducts supports this direct electron
transfer pathway. These results align with findings by Hariharan et al.
[49], who observed superoxide anion and hydroxyl radicals photo-
generation in curcumin-loaded ZnO nanocomposites [49]. Moreover, no
EPR spectra signals were detected without curcumin or light (data not
shown), which confirms that ROS generation is strictly dependent on
light activation.

The evolution of radical adducts over a 15-min illumination period is
illustrated in Figs. 3-4 and S8-S9, showing a similar pattern to the
previous findings [21]. The concentration of radical adducts, which
serve as a proxy for ROS levels, was determined by comparing the
double integration of EPR signals with a known concentration of the
stable radical TEMPO. It was found that ROS levels were significantly
influenced by curcumin and gum Arabic concentrations, light irradi-
ance, and illumination time. Both formulations exhibited increased ROS
generation with higher curcumin and gum Arabic concentrations. At
62.71 mW.cm 2, nanoparticle suspensions containing 65 pM curcumin
showed a rapid rise in ROS-adduct concentrations, reaching peak levels
before declining — from 1.71 pM in 0.5 % gum Arabic to 3.78 uM in 2.5 %
gum Arabic (Fig. 3.b, d, f). This peak likely results from higher energy
provided by intense illumination, which not only accelerates curcumin
excitation and ROS production but also affects the ROS lifetime. Addi-
tionally, higher energy levels may lead to the rapid degradation of
curcumin by triggering reactive interactions within the surrounding
environment. In contrast, lower irradiance (43.59 mW.cm’z) produced
a more gradual and sustained ROS generation profile (Fig. S8.a, c, e),
which indicates a slower, more controlled generation of ROS over time.

A direct relationship between curcumin concentration and ROS
generation demonstrates the dose-dependent nature of the
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Fig. 2. Experimental (black line) and simulated EPR spectra (red line) for curcumin nanoparticle suspension and emulsion (65 pM curcumin, 1.5 % GA, 15 min
illumination at 62.71 mW.cm2). DMPO-ROS adducts including DMPO-hydroxyl adduct (magenta), DMPO-superoxide anion adduct (blue), DMPO-hydroxyethyl
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Fig. 3. Evolution of total (experimental) adduct and simulated and fitted radical adduct concentration (uM) over 15 min illumination of nanoparticle suspensions
(6.5, 35.75 and 65 pM curcumin) at 62.71 mW.cm ™2 using DMPO as spin trap: total radical adduct formation, in (a) 0.5 % GA, (b) 1.5 % GA, (c) 2.5 % GA, and
simulated radical adducts in (d) 0.5 % GA, 6.5 pM curcumin, (e) 1.5 % GA, 6.5 pM curcumin, (f) 2.5 % GA, 6.5 pM curcumin, (g) 0.5 % GA, 35.75 pM curcumin, (h)
1.5 % GA, 35.75 pM curcumin, (i) 2.5 % GA, 35.75 pM curcumin, (j) 0.5 % GA, 65 pM curcumin, (k) 1.5 % GA, 65 pM curcumin, (1) 2.5 % GA, 65 pM curcumin. The
results are the mean of at least three replicates. The error bar indicates the standard error of at least three replicates.

photodynamic process, which is consistent with other studies
[21,50,51]. Higher curcumin levels enhance photosensitization-induced
oxidation on nanoparticle surfaces [52], leading to the release of
entrapped curcumin. On the other hand, gum Arabic serves as a stabi-
lizing agent and improves curcumin dispersion in the aqueous envi-
ronment, which reduces aggregation [44] and enhances the surface area
of the photosensitizer exposed to light. This results in a more uniform
light absorption and efficient interaction with molecular oxygen, and in
turn promotes ROS generation and forming more radical adducts.
Without gum Arabic, curcumin tends to form aggregates, which can
reduce its overall surface area exposed to light. These aggregates are less
sufficient at absorbing light and transferring energy to molecular oxy-
gen, resulting in reduced ROS production as shown in previous study
[21].

However, increasing gum Arabic to 2.5 % in emulsions with 6.5 and
35.75 pM curcumin reduced ROS generation (Fig. 4.f, i), which is
consistent with fluorescence emission observations (Fig. S1.i). While
gum Arabic enhances the physical stability of curcumin in emulsions,
higher concentrations encapsulate curcumin and limit the availability of
free curcumin molecules at the surface of emulsion droplets and the

surrounding environment. Therefore, the ROS generation is reduced as
the light-triggered release of curcumin relies on these free molecules for
the occurrence of photosensitization-induced oxidation [52]. This sug-
gests the need to optimise gum Arabic concentration for enhancing the
stability and activity of curcumin without compromising its release.

Nanoparticle suspensions demonstrated a sustained increase in ROS
generation during the illumination period, which is indicative of pro-
longed photodynamic activity. Emulsions, by contrast, showed an initial
ROS burst, followed by rapid degradation or quenching of ROS. This
could be due to the instability of DMPO-superoxide anion adducts
(DMPO-OOH; lifetime<1 min [53]) and quenching effect of emulsion
components, such as MCT oil, which can act as radical scavengers [54]
and reduce the overall effectiveness of the photodynamic process. This
suggests that curcumin is more readily available for light activation in
nanoparticle form, with minimal quenching or degradation of the rad-
icals. This pattern, also seen in gum Arabic-free environments [21], may
explain higher in vitro phototoxicity of nanoparticle suspensions against
B. cinerea spores compared to emulsions.

PBN spin trapping and illumination at 62.71 mW.cm ™2 confirmed
increased hydroxyl radical generation in nanoparticle suspensions
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Fig. 4. Evolution of total (experimental) adduct and simulated and fitted radical adduct concentration (uM) over 15 min illumination of emulsion (6.5, 35.75 and 65
UM curcumin) at 62.71 mW.cm 2 using DMPO as spin trap: total radical adduct formation in (a) 0.5 % GA, (b) 1.5 % GA, (c) 2.5 % GA, and simulated radical adducts
in (d) 0.5 % GA, 6.5 uM curcumin, (e) 1.5 % GA, 6.5 pM curcumin, (f) 2.5 % GA, 6.5 pM curcumin, (g) 0.5 % GA, 35.75 pM curcumin, (h) 1.5 % GA, 35.75 pM
curcumin, (i) 2.5 % GA, 35.75 pM curcumin, (j) 0.5 % GA, 65 pM curcumin, (k) 1.5 % GA, 65 pM curcumin, (1) 2.5 % GA, 65 pM curcumin. The results are the mean of
at least three replicates. The error bar indicates the standard error of at least three replicates.

(Fig. S9). However, when curcumin concentration exceeded 35.75 pM,
ROS generation plateaued that indicated a saturation point beyond
which additional curcumin does not enhance photodynamic activity.
Overall, both nanoparticle suspensions and emulsions are effective in
generating ROS, however, parameters such as gum Arabic concentra-
tion, and light conditions need optimization to maximise curcumin's
photodynamic activity. These findings contribute to the broader un-
derstanding of formulation effects on the performance of curcumin as
photosensitizer in antimicrobial photodynamic treatment.

4. Conclusion

This study investigated the impact of various parameters on anti-
microbial photodynamic activity of curcumin-loaded nanoparticle sus-
pensions and emulsions against B. cinerea spores using RSM and EPR
spin trapping spectroscopy. The use of an I-optimal design in RSM was
effective in exploring the interactive effects of various factors on cur-
cumin's phototoxicity, which highlighted the dependency on curcumin
concentration and irradiance. EPR spectroscopy confirmed the genera-
tion of ROS by both formulations, particularly superoxide anion and

10

hydroxyl radicals under visible light activation. The EPR study sug-
gested that curcumin retains its photodynamic behaviour regardless of
its colloidal form and supports a multi-faceted ROS generation mecha-
nism in both formulations driven by Type I photodynamic mechanism
and secondary radical-mediated oxidation. Nanoparticle suspensions
exhibited a higher photoinactivation of spores compared to emulsions,
which was attributed to improved curcumin dispersibility in aqueous
environment and sustained ROS generation during illumination, as
indicated by EPR studies. EPR studies also showed a direct relation be-
tween ROS generation and concentrations of curcumin and gum Arabic
as well as light irradiance. Although further research should focus on
further optimizing formulation parameters and explore long-term sta-
bility and effectiveness of gum Arabic-curcumin systems in practical
applications. Overall, this study showed the potential of gum Arabic as
an effective stabiliser for enhancing curcumin's photodynamic activity
and suggests curcumin nanoparticle suspension as a more stable and
effective alternative to oil-based emulsions for photo-decontamination
applications. These findings offer valuable insights for tailoring these
formulations for broad range of applications by varying curcumin and
gum Arabic concentrations and optimizing illumination condition to
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modulate ROS generation.
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