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Abstract: Natural curcumin is composed of three curcuminoids, namely curcumin (CUR), deme-
thoxycurcumin (DMC) and bis-demethoxycurcumin (BDMC). These compounds are utilized in
various biophotonics applications, including photodynamic therapy (PDT). This work aimed to
evaluate the photodynamic action (alternative to antibiotics) of synthetic curcuminoids against
Staphylococcus aureus. Herein, we evaluated an optimal proportion of the three curcuminoids mixed
in solution to improve photoinactivation effects. Therefore, a set of computational calculations was
carried out to understand the photodynamic action (stability and mechanism) of curcuminoids.
Regarding computational analysis, the curcuminoid molecules were optimized using DFT with
the hybrid exchange–correlation functional M06-2X, which includes long-range correction, and the
6-311++G(d,p) basis set. DMC and BDMC were more effective as photosensitizers than curcumin at
a very low concentration of 0.75 µM, inactivating more than five orders of magnitude of S. aureus.
Theoretical UV-vis absorption spectra showed that at maximum absorption wavelengths, electronic
transitions of the π→π* type originated from H→L excitations. The BDMC was more stable than
the other two curcuminoids after photobleaching, and the fluorescence emission was also higher,
which could lead to its usage as a fluorescence dye to track bacteria. In fact, the results of electronic
structure calculations proved that the stability order of curcuminoids is CUR < DMC < BDMC. The
mixture of synthetic curcuminoids was more effective in the inactivation of S. aureus compared to
curcumin by itself; for all proposed mixtures, an equal or superior reduction was achieved.

Keywords: curcumin; demethoxycurcumin; bis-demethoxycurcumin; curcuminoids; photodynamic
inactivation; molecular modeling; Staphylococcus aureus

1. Introduction

Throughout human history, pathogenic bacteria have loomed large, causing significant
mortality and economic burden. The golden age of antibiotics, stretching from the 1930s
to the 1960s, saw the discovery of numerous life-saving drugs. These drugs proved
invaluable not only in treating civilian illnesses but also in protecting soldiers during World
War II [1,2]. However, the discovery of new antibiotics has slowed dramatically, while
the number of resistant pathogens continues to rise. This trend of increasing antibiotic
resistance is a cause for serious concern, as it threatens to render conventional antibiotic
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treatments ineffective once again [3]. The economic impact of antimicrobial resistance is
also substantial, costing countries like the United States billions of dollars in healthcare
expenses and lost productivity [4]. Furthermore, low- and middle-income countries are
likely to bear the brunt of this problem, with increased poverty and lost productivity due
to illness and premature death [5].

Considering all the difficulties regarding the discovery and commercialization of new
antibiotics, research on alternative antimicrobial techniques has significantly increased.
Photodynamic therapy (PDT) has emerged as a promising technique with growing appli-
cations in recent years, including treatments for skin cancer and microbial control [6–9].
Its mechanism is based on photon absorption by a photosensitizing molecule with joint
interaction of light and molecular oxygen (O2) to produce reactive oxygen species (ROS)
by two types of reactions. In Type 1 reactions, electron transfer to organic substrates oc-
curs, forming ions that interact with O2 and form hydrogen peroxide (H2O2), superoxide
radical anion (O2

–·), and hydroxyl radical (·OH). In Type 2 reactions, the excited triplet
photosensitizer reacts directly with molecular oxygen, exciting it to the singlet oxygen state
(1O2) which interacts with cellular macromolecules such as unsaturated lipids, amino acids,
proteins, and nucleic acids, promoting cell death [10–12].

Regarding the quantum mechanical calculations, these studies are an important tool
for predicting various physical and chemical properties of molecules. Several quantum
mechanical methods are available, such as the Hartree–Fock [13], density functional theory
(DFT) [14], and semi-empirical [15] methods. Each of these methods varies in complexity,
accuracy, and applicability to different types of systems. The most popular among them is
DFT, which is based on the idea that all the fundamental properties of a quantum system
with many electrons can be determined from the electron density of the system. DFT
is founded on two theorems: the Hohenberg–Kohn theorem [16], which states that the
electron density of a system in the ground state uniquely determines the total energy of
the system and other properties and that there is a universal density functional that can be
used to determine the total energy; and the Kohn–Sham theorem [17], which proposes a
series of equations that solve the many-electron problem by transforming it into a set of
single-electron problems moving in an effective potential. DFT is used in a wide range of
applications in chemistry, physics, and materials science. One of its main uses is in geometry
optimization, where the most stable structures of molecules and solids are determined.
This is important for understanding the shape and fundamental properties of materials.
In the calculation of bond dissociation energy, DFT can determine the energy required to
break chemical bonds, providing insights into the stability of molecules and their chemical
reactivity. Another important application is in the study of electronic properties, such
as band gaps in semiconductor materials, which are essential for the development of
electronic and photonic devices [18]. DFT is also widely used to predict spectra in various
spectroscopic techniques, including UV-Vis, infrared (IR), and nuclear magnetic resonance
(NMR) spectra, allowing the interpretation of experimental data and the identification of
molecular structures. Additionally, it can identify transition states and intermediates, which
are essential in the analysis of chemical reactions, providing a detailed understanding of
reaction mechanisms [18].

Regarding the scope of available photosensitizers, curcumin is one of the remarkable
natural photosensitizers, encountered in the rhizomes of Curcuma longa, a plant of the
Zingiberaceae family [19]. Natural curcumin extract, also known as turmeric (from the C.
longa rhizome after purification) is composed of three curcuminoids (Figure 1), namely,
curcumin (CUR), demethoxycurcumin (DMC), and bis-demethoxycurcumin (BDMC) [20].
Although curcuminoids are naturally present in the rhizome of Curcuma longa in varying
amounts [11], their actual content can fluctuate depending on planting conditions and
local climate. This variability can make it challenging to achieve consistent results when
using natural extracts of turmeric [19,21]. Given the different possible compositions of
these natural products, the availability of each curcuminoid obtained by chemical synthesis
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would overcome these obstacles, allowing us to understand each curcuminoid’s potential
as a photosensitizer.
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Figure 1. Molecular structure of the three curcuminoids found in Curcuma longa: (a) Curcumin,
(b) demethoxycurcumin, (c) bis-demethoxycurcumin.

Consequently, the controlled synthesis of curcumin (CUR) and its natural derivatives,
demethoxycurcumin (DMC) and bis-demethoxycurcumin (BDMC), has gained significant
interest. This approach fosters the reproducibility of protocols in both laboratory settings
and, crucially, clinical trials. In clinical settings, the focus lies on optimizing procedures
utilizing PDI to ensure effective photodynamic activity in treatment [9,22]. Additionally, by
obtaining each curcuminoid it is possible to use each molecule or their different mixtures
as photosensitizers.

The use of DMC and BDMC as photosensitizers can be found in some PDT studies,
especially for the treatment of tumors [23–26]. However, not much is published regarding
its usage in the PDI of microorganisms. Since turmeric is composed of CUR, DMC, and
BDMC, this research aimed to study which synthetic pigments had the highest photody-
namic activity against Staphylococcus aureus. Another objective is to understand whether
there is an optimal proportion of the three molecules mixed in solution to improve pho-
toinactivation effects and, alternatively, if synergistic effects can be seen when combining
curcuminoids. An investigation on their biophysical characteristics is briefly described
using spectrophotometry.

2. Materials and Methods
2.1. Chemicals

DMSO (dimethylsulfoxide) was purchased from Synth, São Paulo, Brazil. Staphylo-
coccus aureus (ATCC 25923) was purchased from the American Type Culture Collection
(Manassas, VA, USA). Brain Heart Infusion (BHI) medium was purchased from Kasvi (São
José dos Pinhais, Paraná, Brazil).

Curcuminoids were synthesized [22] and solubilized in dimethylsulfoxide, (DMSO),
for an initial concentration of 4.88 mM. Dilutions were performed with distilled water
for work concentrations (Table 1). The curcuminoid mixtures were prepared in different
proportions (w/w) in according to Table 1 (considering a final concentration of 0.75 µM)
based on their molecular weights. Mixture 1 (naturally extracted turmeric) was com-
mercially obtained from PDT Pharma® (Cravinhos, São Paulo, Brazil) and its curcumi-
noids contents was determined by High-Performance Liquid Chromatography (HPLC)
(Table S1 and Figure S1) [27].
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Table 1. Mixtures of the three synthetic curcuminoids used in PDI based on quantities found through
HPLC in turmeric (Mixture 1) [27], for Mixtures 2–6, a simple permutation of the percentages was
proposed. The molar concentrations used in PDI for each curcuminoid are presented for a total
concentration of 0.75 µM.

CUR (%) DMC (%) BDMC (%)

Mixture 1 57.65% (0.43 µM) 16.35% (0.12 µM) 26.00% (0.20 µM)
Mixture 2 57.65% (0.43 µM) 26.00% (0.20 µM) 16.35% (0.12 µM)
Mixture 3 26.00% (0.20 µM) 57.65% (0.43 µM) 16.35% (0.12 µM)
Mixture 4 26.00% (0.20 µM) 16.35% (0.12 µM) 57.65% (0.43 µM)
Mixture 5 16.35% (0.12 µM) 26.00% (0.20 µM) 57.65% (0.43 µM)
Mixture 6 16.35% (0.12 µM) 57.65% (0.43 µM) 26.00% (0.20 µM)

2.2. Photobleaching and Fluorescence Emission of Curcuminoids

Individually prepared curcuminoids at 50 µM had their photobleaching spectra ana-
lyzed in a UV-vis spectrophotometer (Cary UV-vis50 spectrophotometer). Samples were
illuminated with a blue LED-based device (40 mW/cm2) for resulting fluences of 5, 10, 20,
and 30 J/cm2 as to gauge photodegradation in an expected light dose for therapy usage.
Spectra were recorded in the range of 250–800 nm [28].

For fluorescence emission, curcuminoid samples were prepared at 10 µM and had their
spectra obtained through a fluorimeter (Cary Eclipse Fluorescence Spectrometer), they were
excited at 430 nm as absorbance spectra of all the three photosensitizers showed maxima
peak near this wavelength, and fluorescence emission was recorded at the
450–750 nm range.

2.3. Photodynamic Inactivation of Staphylococcus aureus

S. aureus (ATCC 25923) bacteria inoculum was grown in 9 mL of Brain Heart Infusion
(BHI) medium for 16 h and, subsequently, 1 mL of this inoculum was transferred to
a new tube containing 9 mL of BHI medium for 4 h preceding the experiment, so the
bacteria reached its mid-log phase. The sample was centrifuged at 3000× g rpm for 15 min,
resuspended in phosphate-buffered saline (PBS) and diluted to adjust the bacteria inoculum
to 108 CFU/mL using a spectrophotometer. Subsequently, 200 µL of bacteria and 200 µL of
curcuminoid solution (both individual curcuminoids and their mixture) were added to a
well in a 24-well plate and incubated at 37 ◦C for 20 min in a Bio-Oxygen Demand (BOD)
incubator. The control group received no fluence from the illumination device while PDI
treatment groups made use of a blue light-emitting diode (LED) (Laboratory of Technical
Support, São Carlos Institute of Physics, Brazil) emitting a continuous wavelength of light
emission at 462 ± 42 nm, with an average intensity of 40 mW/cm2, which was used to
illuminate the plate for PDT experiments for 4 min and 10 s to deliver a fluence of 10 J/cm2.
Energy fluences are calculated through the following formula: Fluence = Intensity × Time.
Serial dilutions of the samples were performed and cultivated in BHI agar plates, following
CFU counting after 24 h [29].

2.4. Statistical Analysis

The response for each experimental PDI group was tested in triplicate on three differ-
ent occasions, resulting in a total sample size of nine per group (n = 9). To assess potential
differences between treatment groups and after performing descriptive analysis and con-
firming assumptions of normality and homoscedasticity, a one-way analysis of variance
(ANOVA, with Welch’s correction) was performed, followed by Tukey’s post hoc test. The
significance level was set at 0.05 [29].

2.5. Molecular Modeling

The curcuminoid molecules were optimized using DFT [16,17], implemented in the
Gaussian 16 program package [30]. Theoretical calculations were conducted employing
the hybrid exchange–correlation functional with long-range correction M06-2X [31], along
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with the 6-311++G(d,p) basis set. Harmonic frequency calculations were carried out to
confirm that the optimized structures correspond to the energy minimum. The molecules
were evaluated both in isolation and by the Solvation Model Density (SMD) continuum
solvation model [31] using the solvents water (ε = 78.3553) and DMSO (ε = 46.826), which
corresponds to the experimental tests. Subsequently, the molecular geometric parameters
were compared using statistical tests conducted through ANOVA, followed by Tukey’s
post hoc test.

The electronic structures of the curcuminoid compounds were further analyzed [32].
Based on the values of the frontier molecular orbital energies, the highest occupied molecu-
lar orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO), their chemical
reactivity indices were calculated, including chemical hardness [33,34],

η =
1
2

(
∂2E
∂N2

)
υ

=
I − A

2
, (1)

a measure of resistance to deformation of the electron cloud during chemical processes,
chemical potential [33]

µ =

(
∂E
∂N

)
υ

= − I + A
2

= −χ, (2)

related to the charge transfer from a species with a higher chemical potential, µlarge, to
another with a lower chemical potential, µsmall, and the global electrophilicity index [35],

ω =
µ2

2η
(3)

a measure of energy stabilization when the system acquires electronic charge from the
environment. In Equations (1) and (2), E is the energy of the system, N is the number of
particles, υ is the external potential, χ is the electronegativity, I ∼= –EHOMO is the ionization
potential, and A ∼= –ELUMO is the electron affinity. The Fukui function [36] was used to
predict reactive sites favorable to radical attacks,

f 0 =

[
∂ρ(r)
∂N

]0

υ

, (4)

where ρ(r) is the electronic density, N is the electronic population, and υ is the
external potential.

To evaluate the antioxidant potential of curcuminoids, possible radicals were con-
structed, and their structures were optimized using the same level of theory. The results
were evaluated thermodynamically to verify the curcuminoid antioxidant potential.

The effects caused by light-excited state calculations were carried out using the time-
dependent density functional theory (TD-DFT) [37] at the CAM-B3LYP/6-311++G(d,p)
level of theory [38]. The calculations were conducted in implicit solvent (water and DMSO),
and the electronic transitions were evaluated and compared.

3. Results
3.1. Curcuminoid Photobleaching and Fluorescence Emission Spectra

The three photobleaching spectra for CUR, DMC, and BDMC are shown in Figure 2.
Synthetic curcuminoids with high purity (Figures S3–S5) possess a strong characteristic
peak near 420–430 nm, although BDMC showed a much broader spectrum compared to
CUR and DMC (Figure 2C), indicating possible aggregation in solution. Under the same
experimental conditions, the maximum absorbance recorded was 1.40 for CUR (427 nm),
1.09 for DMC (422 nm), and 0.45 for BDMC (401 nm). Upon delivering increasing amounts
of fluence the samples had their absorbance decreased and slightly blue-shifted, indicating
H-aggregate formation [39].



Chemistry 2024, 6 586

Chemistry 2024, 6, FOR PEER REVIEW 6 
 

 

experimental conditions, the maximum absorbance recorded was 1.40 for CUR (427 nm), 
1.09 for DMC (422 nm), and 0.45 for BDMC (401 nm). Upon delivering increasing amounts 
of fluence the samples had their absorbance decreased and slightly blue-shifted, 
indicating H-aggregate formation [39]. 

 
Figure 2. Photobleaching spectra of curcuminoids. (A) Curcumin, (B) DMC, and (C) BDMC. 
Curcuminoids were prepared at 50 µM in 1% DMSO solution. The spectra show the effect of 
increasing laser fluence (5, 10, 20, and 30 J/cm2) on the absorbance of each curcuminoid. 

Fluorescence emission spectra for the three curcuminoids are shown in Figure 3. 
Emissions in the broad range of 490–650 nm were observed for CUR and DMC, while 
BDMC showed a potent emission at 560 nm that was five times more intense than that of 
the other two curcuminoids. 

Figure 2. Photobleaching spectra of curcuminoids. (A) Curcumin, (B) DMC, and (C) BDMC. Curcum-
inoids were prepared at 50 µM in 1% DMSO solution. The spectra show the effect of increasing laser
fluence (5, 10, 20, and 30 J/cm2) on the absorbance of each curcuminoid.

Fluorescence emission spectra for the three curcuminoids are shown in Figure 3.
Emissions in the broad range of 490–650 nm were observed for CUR and DMC, while
BDMC showed a potent emission at 560 nm that was five times more intense than that of
the other two curcuminoids.
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Figure 3. Fluorescence emission spectra of curcuminoids. Fluorescence emission spectra of curcumin
(black line), DMC (red line), and BDMC (blue line). All curcuminoid solutions were prepared at
10 µM concentration. The excitation wavelength for all samples was set at 430 nm.

3.2. Photodynamic Inactivation of Staphylococcus aureus

Curcuminoids were first tested individually against S. aureus. The concentrations used
were 10, 1, and 0.75 µM, and the fluence given was 10 J/cm2. The results are shown in
Figure 4.
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Figure 4. Photodynamic inactivation (PDI) of Staphylococcus aureus by curcuminoids at different
concentrations. The effect of curcuminoid concentration (10, 1, and 0.75 µM) on S. aureus viability
following photodynamic inactivation (PDI) is shown. Gray bars (L0) represent treatments without
light exposure. Blue bars (L10) represent treatments with light exposure (10 J/cm2). Different letters
(a, b, c, . . .) above each bar indicate statistically significant differences between means (one-way
ANOVA: p < 0.0001; Tukey’s post hoc: p ≤ 0.039).
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In this initial screening, CUR was able to partially inactivate S. aureus in all concentra-
tions while DMC and BDMC achieved complete inactivation in at 10 and 1 µM and partial
inactivation with 0.75 µM. Since one of the proposed goals of this study was to test the
effects of the mixture of curcuminoids and whether they were more effective than CUR by
itself, the concentration of 0.75 µM was chosen in further experiments to test the mixtures.

Afterward, all mixtures (see Table 1) were prepared at 0.75 µM and tested against S.
aureus under the same fluence conditions. Figure 5 encompasses all treatment tests and
control groups in the dark (L0) and bacteria control (C0L0). Overall, an efficient decrease
could be seen in all PDI groups as they showed at least a reduction of three orders of
magnitude (three log) of S. aureus.
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and mixtures. The effectiveness of photodynamic inactivation (PDI) against S. aureus is shown
for individual curcuminoids (CUR, DMC, and BDMC) and their mixtures (M, see Table 1). All
photosensitizers were used at a concentration of 0.75 µM and irradiated with a fluence (L) of 10 J/cm2.
Gray bars represent treatments without light exposure (L0). Blue bars (L10) represent treatments with
light exposure. Different letters (a, b, c, . . .) above each bar indicate statistically significant differences
between means (one-way ANOVA: p < 0.0001; Tukey’s post hoc: p ≤ 0.042). CUR: curcumin; DMC:
demethoxycurcumin; BDMC: bis-demethoxycurcumin.

These results showed that negative controls had little to no cytotoxic effects on S.
aureus for both the individual curcuminoids as well as the proposed mixtures; the solvent
used also did not reduce CFU. For all PDI treatment groups a decrease superior to 3
order of magnitude (3 logs) was achieved, curcumin (CUR L10) reduced in between 3
and 4 orders of magnitude (3.63 logs), DMC reduced bacterial count by over 5 orders of
magnitude (5.41 logs), and BDMC showed similar decrease (5.34 logs). Mixture 1 was
the only one to reduce S. aureus by less than four orders of magnitude (3.74 logs) while
mixtures 2–6 all reduced bacterial count by more than four orders of magnitude (4 logs).
Upon performing ANOVA, statistically, Mixtures three and four were as effective as DMC
and BDMC individually and showed the biggest inactivation of bacterial cells.
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3.3. Molecular Modeling

Analysis of geometric parameters showed that the curcuminoid molecules studied
here are structurally similar. Statistical tests carried out by one-way ANOVA and post hoc
Tukey’s HSD analyses showed that neither the bond length (p = 0.999) nor the bond angle
(p = 0.999) presented significantly important differences. A comparison of the structures
of DMC and BDMC with curcumin indicated strong correlations in geometric parameters.
However, the scatterplots in Figure 6 illustrate a roughly 2.2% increase in the C7–C8–O2
angles for the curcuminoids DMC and BDMC, while the C9–C8–O2 angles decreased by
about 2.5%. The C8–C7–O3 angle exhibited a decrease of approximately 5.2% in DMC.
The boxplots in Figure 1 indicated differences in C2–O1 and C2–C3 bond lengths, which
stand as outliers in the data. Similarly, the C3–C4–C5 bond angles were outliers in all
three compounds, as well as the C1–C2–C3 and C3

′–C2
′–O1

′ angles in curcumin and the
C3

′–C2
′–O1

′ angle in DMC.
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Figure 6. Comparison of bond lengths and angles between curcuminoids. This figure compares key
structural features of curcuminoids using scatterplots and boxplots. Panel (a) shows the bond lengths
between specific atoms in DMC and BDMC compared to curcumin. Panel (b) shows the bond angles
between specific atoms in DMC and BDMC compared to CUR.
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The –(CO)–CH=(COH)– system of curcuminoids exhibits keto–enol tautomerism [40–42].
It has been demonstrated that the CUR molecule in the enol form is more susceptible to
electron transfer during antioxidant processes as it is electronically more reactive. For this
reason, only the structures of enols were compared in this work. The isosurfaces of the frontier
molecular orbitals of curcuminoid compounds are represented in Figure 7. It is possible
to observe that both HOMO and LUMO are π orbitals, and their structures are similar to
each other in each compound. Electronic structure calculations showed that the chemical
stability of curcuminoids occurs in the order CUR < DMC < BDMC, since the values of the
energy gaps increase in this order (Table 2). The lower ionization energy and high chemical
potential of CUR suggest that this curcuminoid tends to transfer electrons more easily during
oxidation-reduction processes. Furthermore, the lower chemical hardness indicates a greater
polarizability of the electronic cloud, making it conducive to scavenging free radical processes.
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Figure 7. Electronic isodensities of the frontier molecular orbitals, HOMO (below) and LUMO (above),
of the (a) CUR, (b) DMC, and (c) BDMC, obtained by M06-2x/6-311++G(d,p) at isovalue = 0.03. The
energies of the respective orbitals are also presented.

Table 2. Reactivity indices for CUR, DMC, and BDMC obtained at M06-2X/6-311++G(d,p) level of
theory. The values are in units of kcal/mol.

Descriptors CUR DMC BDMC

EHOMO –159.143 –161.256 –163.050
ELUMO –38.823 –38.861 –38.974
∆EH-L * 120.320 122.396 124.076

Ionization Energy (I) 159.143 161.256 163.050
Electronic Affinity (A) 38.823 38.861 38.974
Electronegativity (χ) 98.983 100.059 101.012

Chemical potential (µ) –98.983 –100.059 –101.012
Chemical hardness (σ) 120.320 122.396 124.076

Electrophilicity index (ω) 40.715 40.899 41.117
* ∆EH-L = ELUMO − EHOMO.
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Fukui’s f 0 function calculations revealed that in all three curcuminoids, free radicals
can attack the phenolic O2 (and O2

′) atoms as well as the ketonic O1 atom. An essential
feature contributing to the antioxidant activity of these compounds is the presence of
phenolic groups, which are present in all three compounds. Furthermore, Fukui’s f 0

function indicated that C4 (and C4
′) and C8 (and C8

′) atoms are susceptible to radical
attacks.

There are two known mechanisms that describe free radical scavenging: the H-atom
transfer (HAT) and the one-electron transfer (ET) mechanisms. In the HAT mechanism, the
antioxidant compound (AH) donates a hydrogen atom to the free radical (R·), transforming
itself into a radical (A·),
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From the results of Fukui’s f0 function calculations, it is possible to observe the
formation of three curcuminoid radicals by the HAT mechanism, as shown in the diagram
in Figure 8. The O–H bond dissociation enthalpy calculations,

BDE(O − H) =
[
H0(A·) + H0(H·)

]
− H0(AH), (6)

showed that the most favorable values for this mechanism occur with the removal of H
atoms from phenolic groups during the free radical scavenging processes, whose values
were around 87 kcal/mol. Table 3 summarizes the BDE values obtained for curcuminoids.
The literature has reported that compounds with high antioxidIt ant potential have low
BDE values. The average BDE values obtained for curcuminoid radicals 1 and 2 are very
similar (86.77 kcal/mol for CUR, 86.79 kcal/mol for DMC, and 86.92 kcal/mol for BDMC).
However, a pattern was observed for the antioxidant activity of the compounds: BDECURC
< BDEDMC < BDEBDMC. On the other hand, the removal of the enol H atom indicated that
the radical attack in this region is unfavorable since the BDE values were very high (in
the order of 110 kcal/mol). This can be explained by the strong interaction existing in the
system –(CO)–CH=(COH)– of the compounds, which makes it difficult for H to leave. In
accordance with the quantum theory of atoms in molecules (QTAIM) [43–45] formalism,
the topological parameters at the bond critical point for the O1· · ·H–O1′ interaction in
the three curcuminoids were consistent (ρ = 0.06 a.u.; ∇2 ρ = 0.15 a.u.; h = −0.01 a.u.).
According to the results of Nakanishi et al. [46,47], this interaction is identified as a very
strong H-bond, whose bond energy values, calculated by the expression [48],

BE ≈ –223.8ρ + 0.7423(kcal/mol) (7)

fall in the order of –12 kcal/mol. The aforementioned topological parameters encompass
electron density (ρ), the Laplacian of ρ, (∇2ρ), and the total electronic energy (h).

Table 3. Bond dissociation energies and ionization energy, in kcal/mol, for curcuminoid radicals
obtained at M06-2X/6-311++G(d,p) level of theory.

Curcuminoid
Bond Dissociation Energy Ionization Energy

Radical 1 Radical 2 Radical 3 Radical 4

CUR 86.962 86.575 112.198 166.414
DMC 87.005 86.575 112.245 168.462

BDMC 87.203 86.630 112.293 170.416



Chemistry 2024, 6 592

Chemistry 2024, 6, FOR PEER REVIEW 12 
 

 

Spin density calculations showed that, after electron transfer to the free radical, the 
unpaired electron is preferentially allocated to C1 in all curcuminoids. For the energy 
assessment within this mechanism, the calculation of ionization energy is commonly used IE = H଴ሺA ∙ାሻ − H଴ሺA − Hሻ. (9)

Again, compounds with low IE values are potentially more antioxidant, and, in this sense, 
the data showed that IECUR < IEDMC < IEBDMC, corroborating the BDE results previously 
described (Table 3). 

 
Figure 8. Diagram summarizing the H-atom transfer (HAT) and one-electron transfer (ET) 
mechanisms for curcuminoids. In the HAT mechanism, there is the possibility of formation of 
radicals 1, 2, and 3, while in the ET mechanism, only radical 4 is formed. 

The spin density calculations revealed that upon hydrogen atom abstraction, to form 
radicals 1 and 2, the unpaired electron becomes delocalized within the aromatic rings. 
Natural bond orbitals (NBO) [49,50] analysis showed that hyperconjugations between 
donor orbitals (Lewis) and acceptor orbitals (non-Lewis) are sufficient for the stabilization 
of these radicals. The stability is due to the high values of stabilizing energies, estimated 
by the second-order perturbation formula [51], 

𝐸௜→௝∗ሺଶሻ = −𝑛ఙ ൻ𝜎௜ห𝐹ห𝜎௝∗ൿଶ𝜀௝∗ − 𝜀௜ = −𝑛ఙ 𝐹௜௝ଶ𝜀௝∗ − 𝜀௜, (10)

where ⟨𝜎|𝐹|𝜎⟩ଶor 𝐹௜௝ଶ  is the Fock matrix element between the i, and j NBO; 𝜀ఙ∗  is the 
energy of the antibonding orbital 𝜎∗, and 𝜀ఙ  is the energy of the bonding orbital 𝜎; 𝑛ఙ  
is the population occupation of the σ donor orbital. The hyperconjugations and the 
respective 𝐸௜→௝∗ሺଶሻ values are presented in Table 4. The most important factor is that they 
occur between the donor π orbital and the acceptor π* orbital of the aromatic ring of 

Figure 8. Diagram summarizing the H-atom transfer (HAT) and one-electron transfer (ET) mecha-
nisms for curcuminoids. In the HAT mechanism, there is the possibility of formation of radicals 1, 2,
and 3, while in the ET mechanism, only radical 4 is formed.

From the ET mechanism, the antioxidant compound (AH) transfers an electron to the
free radical (R·) in order to transform itself into a radical cation (AH·+), according to the
chemical equation
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Spin density calculations showed that, after electron transfer to the free radical, the unpaired
electron is preferentially allocated to C1 in all curcuminoids. For the energy assessment
within this mechanism, the calculation of ionization energy is commonly used

IE = H0(A·+
)
− H0(A − H). (9)

Again, compounds with low IE values are potentially more antioxidant, and, in this sense,
the data showed that IECUR < IEDMC < IEBDMC, corroborating the BDE results previously
described (Table 3).

The spin density calculations revealed that upon hydrogen atom abstraction, to form
radicals 1 and 2, the unpaired electron becomes delocalized within the aromatic rings.
Natural bond orbitals (NBO) [49,50] analysis showed that hyperconjugations between
donor orbitals (Lewis) and acceptor orbitals (non-Lewis) are sufficient for the stabilization
of these radicals. The stability is due to the high values of stabilizing energies, estimated by
the second-order perturbation formula [51],

E(2)
i→j∗ = −nσ

〈
σi

∣∣∣F̂∣∣∣σ∗
j

〉2

ε j∗ − εi
= −nσ

F2
ij

ε j∗ − εi
, (10)

where ⟨σ|F|σ⟩2 or F2
ij is the Fock matrix element between the i, and j NBO; εσ∗ is the energy

of the antibonding orbital σ∗, and εσ is the energy of the bonding orbital σ; nσ is the
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population occupation of the σ donor orbital. The hyperconjugations and the respective
E(2)

i→j∗ values are presented in Table 4. The most important factor is that they occur between
the donor π orbital and the acceptor π* orbital of the aromatic ring of radicals 1 and 2.
This means that the unpaired electron participates in the effect of resonance present in this
region, conferring the stability of the radicals and justifying the delocalization observed
in Figure 8 for this electron. Hyperconjugations between the lone pair η(O2) and η(O3

′)
with σ* antibonding orbitals help stabilize radicals. In the case of radical 2, it is possible
to observe that the –OCH3 group helps with the stabilization of radicals of CUR through
hyperconjugations carried out by the η(O3

′) orbital which are not present in DMC and
BDMC. Conversely, in radical 3, the unpaired electron is equally distributed over the
carbonyl oxygen atoms (O1 and O1

′) in a p orbital (notably, in DMC, the spin density
is slightly higher in O1

′). In this case, weak hyperconjugations were observed in the
stabilization of these radicals. They occur between bonding σ orbitals and antibonding
σ* orbitals, resulting in low E(2)

i→j∗ values. Therefore, the removal of the H· radical from
the enol group of curcuminoids does not seem to be a viable path for radical formation,
corroborating the results of the Fukui’s f 0 function and the BDE data. Finally, radical
4, on the other hand, exhibits delocalization of the unpaired electron on the C1 atom
and extends toward the aliphatic region and one of the aromatic rings, albeit with low
density. In this case, the radical is stabilized by hyperconjugations between bonding π and
antibonding π* orbitals, whose E(2)

i→j∗ values are high. Also, the lone pairs of keto–enol
oxygen atoms perform hyperconjugations with the antibonding σ* orbitals. The most
notable hyperconjugation present in these radicals is η2(O1

′) → σ*(C1–C2
′), where E(2)

i→j∗ is
quite high (on the order of 35 kcal/mol) (Figure 9).

Table 4. Hyperconjugations and stabilizing energies occurring in curcuminoid radicals. The values
were obtained through calculations of natural bond orbitals (NBO) at the M06-2X/6-311++G(d,p)
level of theory.

Hyperconjugation
(i→j*)

Stabilizing Energy (kcal/mol)

CUR DMC BDMC

Radical 1

π (C6–C7) → π∗(C5–C10) 6.84 6.84 5.46
π (C3–C4) → π∗(C5–C10) 3.74 3.74 3.41
π (C5–C10) → π∗(C6–C7) 17.24 17.23 18.28

η2 (O2) → σ∗(C7–C8) 12.25 12.25 10.12
η2 (O2) → σ∗(C8–C9) 9.83 9.83 10.15

σ (C4–H) → σ∗(C3–H) 3.04 3.04 2.99

Radical 2

π
(
C6

′–C7
′) → π∗(C5

′–C10
′) 6.82 5.44 5.44

π
(
C5

′–C10
′) → π∗(C5

′–C6
′) 16.89 16.51 17.89

η2
(
O3

′) → π∗(C6
′–C7

′) 16.44 - -
η1

(
O3

′) → σ∗(C6
′–C7

′) 4.15 - -
η2

(
O3

′) → σ∗(C8
′–C9

′) 9.86 - -
π
(
C1–C2

′) → π∗(C3
′–C4

′) 5.37 5.21 5.20
π
(
C5

′–C10
′) → π∗(C3

′–C4
′) 15.36 16.51 16.50

Radical 3
σ (C3–H) → σ∗(C2–O1) 2.14 2.15 2.15
σ (C1–H) → σ∗(C2–O1) 2.03 2.03 2.03

Radical 4

π
(
C3

′–C4
′) → π∗(C1–C2

′) 14.56 16.04 16.64
η1 (O1) → σ∗(C1–C2) 3.20 3.55 3.31
η2 (O1) → σ∗(C1–C2) 6.52 5.61 6.58

η1
(
O1

′) → σ∗(C1–C2
′) 4.53 4.57 4.68

η2
(
O1

′) → σ∗(C1–C2
′) 36.55 38.29 39.34
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In the three curcuminoid compounds, the wavelengths of maximum UV-vis absorption
(λmax) are located in the 300–500 nm range, as shown in Figure 10. Experimental reports
indicate that these curcuminoids exhibit λmax at 429 nm (CUR), 424 nm (DMC), and 419 nm
(BDMC) in an ethanolic solution [52]. The λmax values obtained from theoretical calculations
showed slight shifts, with relative percentage errors of 5.86% observed for CUR, 5.83% for
DMC, and 5.48% for BDMC. Importantly, the solvent used can influence the position of λmax.
Taking CUR as an example, it has been reported that the value of λmax varies depending
on the polarity of the solvent—from 408 nm in a non-polar solvent (CCl4) to 430 nm in a
polar solvent (DMSO)—or even if the polar solvent is protic or aprotic [53]. Consequently,
in polar protic solvents like H2O, a slight shift to higher wavelengths occurs due to strong
intermolecular interactions with the solvent. Similar observations were made for the DMC
and BDMC spectra, where λmax values are shifted to higher wavelengths in an aqueous
medium. TD-DFT calculations revealed that the λmax values result from π→π* transitions,
originating from H→L excitations. Vertical excitation energies were higher in DMSO,
while the oscillator strength was slightly greater in water. Chemical hardness calculations
in implicit solvents indicated that curcuminoid compounds in DMSO experience orbital
hardening, requiring more energy for electronic transitions. The contributions to these
transitions are substantial, around 84% for CUR and DMC, and 88% for BDMC. The
electronic movement during excitation occurs from the aromatic portion towards the
central region of the molecules, where the chromophoric carbonyl groups are present. The
π→π* transitions arising from the S0 to S1 transition described previously occur in these
regions, where the lone pairs of oxygen atoms and the π electrons of the C=O chromophore
are responsible for the photoreactivity effects of curcuminoid compounds.
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4. Discussion
4.1. Photobleaching and Fluorescence Emission

As previously established, this research aimed to better understand the biophysical
characteristics of curcuminoids DMC and BDMC. Based on the observed photostability
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of BDMC in Figure 2 and its fluorescence emission pattern in Figure 3, we propose that
BDMC exhibits higher fluorescence compared to CUR and DMC. This could be attributed
to BDMC’s enhanced resistance to degradation under light exposure, but a more in-depth
study on its fluorescence quantum yield and aggregation state is needed to confirm this
hypothesis. Furthermore, the photostability of BDMC opens doors for its potential applica-
tion as a diagnostic marker. This dual functionality is reminiscent of rhodamine, a common
fluorescent dye used in photosensitizer development. Like rhodamine, BDMC possesses
both desirable photophysical properties and chemical characteristics that make it well
suited for PDT [54]. Zhang et al. [55] reported the development of a PS with fluorescence
imaging capabilities that eliminates the need for a washing step during bacterial detection
and treatment via image-guided photodynamic therapy. Further research with BDMC
could lead to the discovery of novel and versatile applications in this field

Ali et al. [56] reported that fluorescence emission of curcuminoids varies between
548 and 575 nm, depending on CUR concentration. Their study employed fluorescence
spectroscopy to compare curcuminoid levels in commercially available turmeric, exciting
the entire turmeric sample at 467 nm. In contrast, our experiment specifically excited only
the isolated curcuminoids. Nevertheless, the emission spectrum obtained aligns with the
one reported and could indicate that the curcuminoids used in further PDI experiments
have high purity.

4.2. Photodynamic Inactivation of S. aureus

As expected, treatments using only the curcuminoids were generally incapable of
completely inactivating the bacteria. Although DMC and Mixtures 1, 5, and 6 differed
statistically from the control group, the difference in bacterial decrease was less than 1 order
of magnitude (0.5 log). PDI treatments were all able to partially inactivate the bacteria,
though Mixtures 3 and 4 were the most efficient; meanwhile, isolated curcuminoids DMC
and BDMC both reduced bacterial count by more than 5 orders of magnitude (5 logs), while
in comparison, treatment with CUR reduced it by 3 orders of magnitude (3.63 logs).

This finding could inspire future studies on PDI, as both DMC and BDMC can be
easily synthesized in large quantities [22] and in vitro results showed that they are more
efficient than CUR. While the impact of combining these curcuminoids in varying ratios on
overall PS efficiency remains to be elucidated, our findings suggest that individual use of
DMC or BDMC might be more advantageous than a mixture. Usually, a synergistic effect
can be achieved when combining two different PSs in PDT; researchers usually combine
PSs to minimize the concentrations used and potentialize photodynamic effects [57,58]. As
such, no synergistic effect between curcuminoids could be concluded for PDT.

As mentioned previously, not many studies investigate the potential of DMC and
BDMC as PSs against bacteria, but Young et al. [59] investigated the antifungal potential of
curcuminoids against Colletotrichum fungi, a genus responsible for anthracnose disease.
Their in vitro studies demonstrated that all three curcuminoids (curcumin, DMC, and
BDMC) significantly inhibited the growth of C. coccodes, C. acutatum, and C. gloeosporioides at
concentrations as low as 4 µg/mL. However, in vivo tests on red pepper plants revealed that
only DMC exhibited antifungal activity at 500 and 1000 µg/mL, with no phytotoxic effects
observed even at concentrations exceeding 2000 µg/mL. Supporting our findings, Hung
et al. [60] reported superior antibacterial efficacy of DMC and BDMC compared to CUR.
Their study employed 3 µM concentrations of each curcuminoid against Staphylococcus
epidermidis and S. aureus, with illumination using a 3.0 mW/cm2 blue light source for 1 min.
While CUR achieved only 14.1% elimination of bacteria, both DMC and BDMC exhibited
near-complete eradication.

While research on DMC and BDMC as photosensitizers for PDI remains limited, DMC
has garnered significant interest for its antitumor properties against various cancers. Studies
have demonstrated its potential effectiveness against brain, ovarian, breast, lung, prostate,
and skin cancers. [61]. Xin et al. [26] investigated the combination of DMC (40 µmol/L)
with UV-B irradiation (60 mJ/cm2) to enhance apoptosis in vitro against A431 cells, a model
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for cutaneous squamous cell carcinoma. This approach achieved up to 35% cell death.
However, Wu et al. [62] reported a higher efficacy of CUR (15 µmol/L) against the same
cell line, inhibiting up to 60% of A431 cells. Notably, their study suggested that CUR’s
mechanism of action involved inhibiting STAT3, a key molecule in cancer cell development.
These contrasting findings highlight the need for further research to determine if DMC can
be a viable alternative to CUR in carcinoma treatment.

5. Conclusions

This work showed that the mixture of synthetic curcuminoids was more effective in the
inactivation of S. aureus compared to CUR by itself; for all proposed mixtures, an equal or
superior reduction was achieved. Moreover, individually, curcuminoids DMC and BDMC
showed great potential as photosensitizers, as they also completely inactivated the bacteria
strain with just 1 and 10 µM. Interestingly, Mixtures 3 and 4 with lower content of CUR
(26%) reduced the bacterial count by higher orders of magnitude compared to mixtures
with high CUR content. This property is the result of the π→π* transition occurring in the
carbonyl group that is responsible for the photoreactive effects of curcuminoids. BDMC
displayed superior fluorescence emission compared to the other two curcuminoids as
well as reduced photobleaching; these characteristics could allow this photosensitizer
to be used in therapeutic studies and beyond the field of photodynamic therapy. The
calculations showed that the molecular structures of the curcuminoid compounds are very
similar. However, according to their electronic structures, there are slight differences in their
kinetic stabilities and chemical reactivities. Additionally, the calculations of thermodynamic
descriptors indicated that CUR and DMC have better antioxidant potential than BDMC.
The radicals formed are stable only when the unpaired electron is in the aromatic regions
of the curcuminoids; they do not show stability in the carbonyl groups, where electronic
transitions occur in the presence of ultraviolet light.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/chemistry6040035/s1, Table S1: HPLC parameters for curcuminoids
analysis; Figure S1. HPLC chromatogram of natural curcumin from turmeric. Retention times:
BDMC: 5474 min; DMC: 6200 min; CUR: 7002 min. Analytical standards were applied to identify the
curcuminoids; Figure S2: Content of curcuminoids in natural curcumin from turmeric. CUR: 57.64%,
SD = 0.044; DMC: 16.35%, SD = 0.023; BDMC: 25.99%, SD = 0.027; Figure S3: HPLC chromatogram of
synthetic bis-demethoxycurcumin (BDMC); Purity: 99%; Figure S4: HPLC chromatogram of synthetic
demethoxycurcumin (DMC). Purity: 96%; Figure S5: HPLC chromatogram of synthetic curcumin
(CUR); Purity: 98%.
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