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Abstract

Antibiotics (ATBs) remain a cornerstone in the treatment of bacterial infections, yet clinical practice increasingly incorpo-
rates photonic therapies such as photobiomodulation (PBM) and photodynamic therapy (PDT). These modalities, widely
used in infectious and inflammatory conditions, are frequently administered concomitantly with ATBs. However, the
potential photochemical interactions between P-lactam ATBs and light-based therapies remain poorly understood, raising
questions about efficacy and safety in combined treatment settings. In this study, we characterized the optical and photo-
chemical properties of representative f-lactam ATBs, including penicillins (amoxicillin, oxacillin), cephalosporins (cepha-
lothin, cefazolin, ceftazidime, ceftriaxone, cefuroxime), and a carbapenem (meropenem). Using diffuse transmittance and
reflectance spectroscopy, we calculated absorption and scattering coefficients via the Kubelka—Munk function. Reactive
oxygen species (ROS) generation was assessed under direct blue light (460 nm) illumination and red light exposure in the
presence of methylene blue (MB), a clinically employed photosensitizer. Cephalosporins demonstrated significant ROS
generation under blue light, whereas penicillins and meropenem did not. In PDT-like conditions, meropenem enhanced
MB-mediated ROS production and promoted MB photobleaching, suggesting potentiation of PDT effects. In contrast,
penicillins suppressed MB-driven ROS generation, potentially limiting PDT efficacy. Cephalosporins showed heteroge-
neous effects, either enhancing, reducing, or leaving MB-induced ROS unchanged. These findings indicate that B-lactam
ATBs exert distinct photobiological behaviors with potential clinical consequences. Cephalosporins may act as intrinsic
photosensitizers, meropenem may potentiate PDT, and penicillins may attenuate phototherapy efficacy. Recognizing such
interactions is critical to optimizing combined ATB—phototherapy regimens and avoiding unintended antagonism or toxic-
ity in clinical practice.
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1 Introduction

Antibiotics (ATBs) are pharmacological agents widely used
to treat bacterial infections and play a fundamental role in
reducing morbidity and mortality, preventing complica-
tions, and mitigating the spread of antimicrobial resistance
[1]. Among all classes, B-lactam ATBs, which include peni-
cillins and cephalosporins, account for approximately 65%
of the world’s market for ATBs [2]. Despite their well-estab-
lished efficacy, the potential interaction between ATBs and
light-based therapeutic strategies remains an underexplored
area of research.

Light-based technologies, including photobiomodula-
tion (PBM) and photodynamic therapy (PDT), have been
increasingly employed in various medical applications, such
as infection control [3], wound healing [4], inflammation
modulation [5], and pain management [6]. The therapeutic
efficacy of these modalities is governed by the interaction
between light and biological tissues, which is influenced by
fundamental optical properties such as reflection, refrac-
tion, absorption, scattering, and transmission [7]. PDT, in
particular, relies on the generation of reactive oxygen spe-
cies (ROS) as potent antimicrobial agents, and its success
depends on factors such as the optical characteristics of the
treatment environment and potential interactions with phar-
macological agents [§].

Given that patients undergoing PBM or PDT may simul-
taneously receive ATB therapy, investigating the optical
properties of these drugs is essential. Certain ATBs may
exhibit light absorption or scattering properties that could
influence the penetration and effectiveness of therapeutic
light. Moreover, some ATBs possess photosensitive molecu-
lar structures that can undergo photophysical or photochem-
ical interactions when exposed to light, potentially altering
their antimicrobial efficacy or interfering with light-based
treatments. Despite these theoretical considerations, studies
characterizing the optical properties of ATBs or evaluating
their impact on photonic therapies are still limited in num-
ber and scope.

To characterize the optical behavior of a substance, key
parameters such as the absorption coefficient (pa), reduced
scattering coefficient (u’s), and reduced attenuation coef-
ficient (p’t) must be determined [9]. The Kubelka—Munk
(K—M) model is one of the most widely used technique for
this purpose, enabling the quantification of these coefficients
through diffuse transmittance (Td) and reflectance (Rd)
measurements [ 10]. Understanding the optical properties of
ATBs is crucial not only for assessing their compatibility
with light-based therapies but also for identifying potential
contraindications and optimizing treatment protocols.
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Furthermore, PDT is widely used as an adjuvant anti-
microbial strategy, often in combination with ATBs ther-
apy. Methylene blue (MB) is one of the most frequently
employed photosensitizers in PDT because of its well-
documented antimicrobial activity cost-effectiveness [11].
However, there is a lack of studies that systematically inves-
tigated whether ATBs influence the photophysical proper-
ties of MB or its capacity to generate ROS. Similarly, blue
light has been extensively studied for its intrinsic antimi-
crobial properties [12], yet the literature lacks data on how
ATBs may interact with this light or whether such interac-
tions could enhance or hinder its antimicrobial effects.

Given this context, this study aims to characterize the
optical properties of various B-lactam ATBs, including those
commonly used in both hospital and outpatient settings.
Additionally, we aimed to evaluate the potential impact of
these drugs on the antimicrobial efficacy of blue light and
MB-mediated PDT. By elucidating these interactions, this
research may contribute to optimizing combined therapeutic
approaches and ensuring the safe and effective integration
of ATBs with light-based antimicrobial strategies.

2 Methods
2.1 Chemicals

The MB powder (MM 319.85 g/mol) and p-nitrosodimeth-
ylaniline (RNO, MM 150.18 g/mol) were acquired from
Sigma-Aldrich®. Both solutions were prepared in Milli-Q®
water. The following ATBs were used: amoxicillin (500 mg,
capsule, generic, Aurobindo laboratory, molar mass (MM)
365.40 g/mol), cephalothin sodium (1 g, powder, Keflin®,
ABL Brasil, MM 396.42 g/mol), ceftazidime pentahydrate
(1 g, powder, Kefadim®, ABL Brasil, MM 636.7 g/mol),
sodium cefazolin (1 g, powder, Kefazol®, ABL Brasil, MM
476.49 g/mol), sodium cefuroxime (750 mg, powder, Zina-
cef®, Glaxosmithkline Brasil, MM 446.37 g/mol), ceftri-
axone (1 g, powder, Rocefin®, Roche, MM 661.60 g/mol),
meropenem (1 g, powder, Meronem®, Pfizer, MM 437.51
g/mol), sodium oxacillin (500 mg, powder, generic, Blau
Farmacéutica laboratory, MM 423.42 g/mol. Injection-grade
powders (oxacillin, ceftriaxone, cefazolin and cephalothin)
contained no added excipients. Cefuroxime was supplied
as a lyophilized powder with nitrogen fill. Meropenem and
ceftazidime included sodium carbonate anhydrous as a buff-
ering salt and amoxicillin capsules contained microcrystal-
line cellulose and magnesium stearate as excipients.
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2.2 Preparation of ATBs solutions

ATBs acquired in tablets were first macerated for later solu-
bilization. ATBs obtained in powder and liquid/solutions
were directly solubilized in water. Finally, only the internal
contents of the ATBs present in the capsules, which were
composed of powder, were solubilized. All ATBs solutions
were prepared in Milli-Q® water at a final concentration of
10x 103 mol/L. After preparation, the ATBs solutions were
protected from light and used immediately. The structural
formulas of the ATBs are presented at Fig. 1.

2.3 Diffuse transmittance and reflectance
measurements of ATBs

A USB2000 + spectrophotometer (Ocean Optics®, USA)
was used to register the diffuse transmittance (Td) and
reflectance (Rd) spectra of each ATBs. For this purpose,
quartz cuvettes with an optical path of 1.0 cm were used,
and the data were registered in the range of 400-1000 nm
and the measurements were performed in triplicate. From
the Td and Rd spectra that were recorded directly by the
spectrophotometer, the values of the absorption coefficient,
reduced scattering coefficient and reduced attenuation coef-
ficient of each ATB were calculated via the Kubelka—Munk
(K-M)[10] function. The optical parameters were derived
from diffuse transmittance and reflectance data using the
Kubelka—Munk two-flux approximation, allowing quanti-
tative separation of absorption and scattering components
[13]. Full equations and theoretical background are pro-
vided in Supplementary Information.

Fig. 1 Chemical structure of the
ATBs studied
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Also, Principal Component Analysis (PCA) was
employed due to the high dimensionality and inherent cor-
relations within the spectral dataset [14]. Unlike clustering
algorithms such as K-Means, which are based on Euclid-
ean distance and can be adversely affected by correlated
variables, PCA effectively reduces dimensionality while
preserving the variance structure of the data. Additionally,
K-Means requires a predefined number of clusters, which
may limit its use in exploratory spectral analyses without
predefined assumptions. In contrast, PCA enables an unsu-
pervised exploration of the data without prior assumptions.
Importantly, the principal components derived from PCA
can often be linked to underlying physical or chemical char-
acteristics in the spectra, providing interpretable insights
that clustering methods may not offer.

2.4 Reactive oxygen species production by MB-PDT
combined to ATBs

A quartz cuvette was filled by ATB solution as previously
described, MB solution (final concentration of 10.4 pmol/L)
and RNO solution (final concentration of 4 x 10”° mol/L).
The absorbance was measured with a spectrophotometer
(UV-1800 Schimadzu, Japan) followed by 12 cycles of 1
min of illumination with a red laser Quantum, Eccofibras,
Brazil (660 nm, 89 mW, 307 mW/cm?, 5.3 J per cycle of 60
s, 64 J total, 18 J/cm? per cycle, area 0.29 cm?). The experi-
ments were performed in triplicate at 25 °C, in an air atmo-
sphere and in the absence of environment light. Changes in
the RNO absorption determined via spectroscopy were used
to calculate the reaction constant, which is directly propor-
tional to the concentration of ROS generated [15].
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Table 1 Values in mean and standard deviation of the coefficients of absorption (ua), reduced scattering (n’s) and reduced Attenuation (p’t) as a
function of the wavelengths (1) 450 nm, 530 nm and 590 nm in each ATB studied

ATBs A 450 nm A 530 nm A 590 nm

pa (em ™Y u’s (em™h w’t (em ™) pa (em™h w’s (ecm ™Y p’t (em ™Y pa (ecm ™Y W’s (em ™) 't (em ™ h
Amoxicillin ~ 0.11£0,02  0.30+0.20 041+0.21 0.11£0.03 0.28+0.18  0.39+£0.20 0.11+0.03  0.27+0.18  0.38+0.20
Oxacillin 0.23+£0.02 0.30+0.13  0.53+0.16 0.24+0.03  0.28=+0.11 0.52+0.14  0.25+0.03  0.27+£0.11  0.52+0.14
Cephalothin  0.14+£0,02  0.29+0.13  0.44+0.14 0.14+0.03 0.27+0.11  0.42+0.13  0.14+0.03  0.26%£0.10  0.41+0.13
Cefazolin 0.16+£0.03 0.30+0.14 0.46+0.17 0.17+£0.04 027+0.12 044£0.16 0.17+£0.05 0.27+0.11  0.44%0.15
Cefuroxime 0.17£0.16 0.70£0.70  0.88+0.94  0.15+0.14 0.61£0.65 0.77+0.78  0.14+0.12 0.56+0.57  0.71+0.70
Ceftriaxone  0.12+0.02  0.30+0.12  0.42+0.14  0.11+0.03  0.28+0.11 0.40+0.13  0.12+0.03  0.28+£0.10  0.40+013
Ceftazidime 0.14+£0.02 0.30+£0.13  0.44+0.14 0.14£0.02  0.28+0.11 0.42+0.13  0.15+0,03 0,27+£0,10  0,42+0,13
Meropenem  0.18+0.02  0.29+0.13  0.47+0.15 0.18+0.03 0.27+0.11  0.46+0.14  0.18+0.04 0.27+0.10  0.46+0.14

Table 2 Values in mean and standard deviation of the coefficients of absorption (na), reduced scattering (us) and reduced Attenuation (W’t) as a
function of the wavelengths (A1) 660 nm, 780 nm and 810 nm in each ATB studied

ATBs A 660 nm A 780 nm A 810 nm

pa (em ™) u’s (em™h w’t (em ™) pa (em™h w’s (ecm ™Y p’t (em ™" pa (em ™Y W’s (em ™) 't (em™h
Amoxicillin -~ 0.10+£0.03  0.28+0.17  0.38+0.20  0.11£0.03  0.27+0.17  0.38+£0.20  0.11+0.04 0.27+0.17  0.39£0.20
Oxacillin 0.24+0.04 0.27+0.10  0.52+£0.14 0.26+0.04 0.25+0.09 0.52+£0.13  0.26+0.05 0.25+0.09 0.52+0.14
Cephalothin  0.15+£0.03  0.26£0.09  0.42+0.13  0.16+0.04 0.25+0.08 0.42+0.12 0.17+0.04 0.25£0.09 0.43+0.13
Cefazolin 0.17+0.05 0.26+0.10  0.44+0.15 0.19+0.05 0.24+0,09 0.44+0.14 0.19+£0.06 0.25+0.09 0.45+0.15
Cefuroxime 0.14£0.11  0.52+0.51  0.66+0.62  0.14£0.09 0.45+0.40 0.59+0.49 0.13+0.09 0.45+£0.40  0.59+0.48
Ceftriaxone  0.12+£0.03  0.27+0.09  0.39+0.13  0.13+£0.04 0.25+0.08  0.39+0.12  0.14+0.04 0.26+£0.08  0.40+0.13
Ceftazidime 0.15+£0.03 0.27+£0.10  0.42+0.13  0.16£0.03  0.25+0.09 0.42+0.12 0.16+0.04 0.26£0.09 0.42+0.13
Meropenem  0.18+0.04  0.26+0.10  0.45+0.14  0.20+0.04 0.24+0.09 0.45+0.13  0.20+0.05 0.25+0.09  0.46+0.14
2.5 Reactive oxygen species production by ATBs 3 Results

activated by blue light

A quartz cuvette with a 1 cm optic path was filled with 3 mL
of the ATB solution previously prepared (10x 10~ mol/L)
and the RNO solution (final concentration of 4 x 10mol/L)
[16, 17]. The absorbance was measured with a spectropho-
tometer (UV-1800 Schimadzu, Japan) followed by 12 cycles
of 1 min illumination with blue LED Quantum, Eccofibras,
Brazil (460 nm, 130 mW, 245 mW/em?, 7.8 J per cycle of
60 s, 94 J total, 14.1 J/cm? per cycle, area 0.53 cmz). The
experiments were performed in triplicate at 25 °C, in an air
atmosphere and in the absence of environmental light.

2.6 Statistical analysis

Principal component analysis (PCA) was performed in
Python via the Orange Data Mining interface, version
3.38.1. The PCA was configured with two principal com-
ponents, as these proved sufficient to explain at least 95%
of the variance among the samples. Additionally, the y-axis
was not normalized so that the coefficients calculated via the
K—M method would remain unchanged. Kinetic constants
were compared via one-way ANOVA followed by Tukey’s
post hoc test (SPSS 30, IBM statistics), and a significance
level of 0.<0.05 was used.

@ Springer

3.1 Optical properties of ATBs

The values of pa, pu’s and p’t of the ATBs (Tables 1 and 2)
are presented at A 450, 530, 590, 660, 780 and 810 nm. The
choice of the wavelengths for evaluation was based upon
the wavelengths most commonly used in photonic therapies
(PBM and antimicrobial PDT). The transmittance spec-
trum of Milli-Q water in a quartz cuvette confirmed negli-
gible absorption within the analyzed range (200—-1000 nm),
ensuring that the observed spectral features were attribut-
able solely to the ATB samples (Supplementary Figure S1).

It can be inferred that ATBs, at the wavelengths studied,
scatter more photons than they absorb. This is because the
analyzed ATBs presented high attenuation coefficient val-
ues, and if the absorption coefficient presented modest val-
ues, the main contribution to attenuation must come from
scattering. In fact, the scattering coefficient was approxi-
mately twice as large as the absorption coefficient at all
wavelengths and for all ATBs, except for oxacillin, whose
values were similar between these two coefficients. One con-
sequence of these findings is the transmittance values: the
higher the attenuation is, the lower the transmittance. Anti-
biotics whose absorption coefficients were approximately
half of the scattering coefficient exhibited a transmittance
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above 50%. On the other hand, oxacillin presented a trans-
mittance of at most 48%.

Additionally, analysis of the optical properties was per-
formed by dividing the wavelengths into two regions: 280
nm to 400 nm and 400 nm to 1000 nm. The region from
280 to 400 nm corresponds to ultraviolet B (280-315 nm)
and ultraviolet A (315-400 nm) radiation [18]. The range
between 400 and 1000 nm corresponds to the wavelengths
most often used in photonic therapies, whether with lasers
or LEDs [18]. All optical coefficients were analyzed using
PCA. However, the absorption coefficient spectra were spe-
cifically highlighted in Fig. 2, as this parameter is the most
directly related to the potential photochemical effects of the
ATBs under light exposure.

The y-axis scale, which corresponds to the absorption
coefficient values, clearly shows that the ATBs absorb more
in the UV region than in the therapeutic window region
(Fig. 2A and B, respectively). Analyzing the absorbance
of the ATBs in the UV region, two principal wavelengths

Fig. 2 Spectrum of the absorp- a)
tion coefficients of the studied

ATBs. The shaded areas represent 5
the standard deviation around

the mean, with the mean shown

as a solid line. A UV from 280

to 400 nm; the most prominent
curves (oxacillin, amoxicillin, and
cephalothin) are those differenti-
ated by PCA. B at the therapeutic
window, from 400 to 1000 nm. The
most prominent curves (oxacillin,
meropenem, cefazolin, cefuroxime,
ceftriaxone, and amoxicillin) are
those differentiated by the PCA

e (™) Y
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explain 95% of the variance among them, the absorption
coefficients measured at 310 nm and 342 nm. Amoxicillin
and oxacillin presented the lowest absorption in this region,
followed by cephalothin.

For the wavelengths of the therapeutic window, two
principal wavelengths explained 98% of the variance in the
absorbances among the ATBs, the absorption coefficients
at 938 nm and 1000 nm. Oxacillin exhibited the highest
absorption in the visible region, followed by meropenem
and cefazolin. Cefuroxime, ceftriaxone, and amoxicillin
presented the lowest absorption in this region.

Among the main wavelengths used in photonic therapies,
namely, 450, 530, 590, 660, 780, and 810 nm, the optical
properties at 450 nm are the most important, as they explain
99% of the variance among ATBs. Cefuroxime exhibited the
highest values for the scattering and attenuation coefficients,

while its transmittance was among the lowest recorded (Fig.
3).
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Fig. 3 Optical properties at 450
nm as a function of the principal 04
components. Cefuroxime stands '
out by presenting the highest
values of scattering and attenuation 03
coefficients, while its transmittance
was one of the lowest recorded 02
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Table 3 Kinetic constant for RNO reduction when ATBs are illumi-
nated with a blue LED (K gp) or when PDT is performed with MB
in the presence of (ATB K;yp); MB bleaching upon irradiation (Kyg)

ATBs Kigp ( 1074) Koppr ( 1074) Kyp ( 1074)
RNO 0.0875+0.00188 — -
MB - 11.08+1.80  2.79+0.15
Amoxicillin —-0.0494+0.201  4.93+0.37  1.22+0.52 n.s.
n.s.
Oxacillin -0.0722+0.0241 3.72+0.64*  4.47+0.38 n.s.
n.s.
Cephalothin ~ 9.158+0.605" 14.10+£1.60  0.84+0.08 n.s.
n.s.
Cefazolin 5.818+0.540" 16.73+£0.58"  0.95+0.09 n.s.
Cefuroxime 3.245+0.134" 18.27+2.25"  3.41£0.92 n.s.
Ceftriaxone 3.106+0.147" 7.18+0.117  0.41+0.15 n.s.
Ceftazidime  4.059+0.598" 10.41£1.02 1.72+0.37 n.s.
n.s.
Meropenem 0.232+0.219n.s.  31.20£2.40" 11.9+3.04%

n.s Not significant (p>0.05)

*p<0.05, increased ROS production versus the control
#p<0.05, reduced ROS production versus the control
&p<0.05, increased MB bleaching versus the absence of ATB

3.2 Reactive oxygen species production

Considering that ATBs absorbs blue light, the decrease in
the RNO absorption maximum upon illumination was con-
sidered a signal of ROS production. Based on the changes in
RNO absorbance at 440 nm observed when the ATBs solu-
tions were exposed to blue light (SI, Figure S2), the kinetic
constant (K, ;) of RNO bleaching was calculated for each
ATB to classify their ROS production (Table 3). The val-
ues of the kinetic constant of RNO degradation upon blue
light exposure revealed that the highest to lowest levels of
ROS were produced by Cephalothin (9.16+0.60), Cefazo-
lin (5.82+0.54), Ceftazidime (4.06+0.60) and Ceftriaxone
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(3.11£0.15). The level of ROS produced by cefuroxime
(3.25+0.13) was not significantly different from that pro-
duced by ceftazidime or ceftriaxone. Amoxicillin, oxacillin
and meropenem did not affect ROS production upon blue
light exposure. The RNO solution exposed to blue light
alone, used as the negative control (SI, Figure S3), con-
firmed that the photobleaching effect was dependent on the
presence of photoactive ATBs.

Considering the interaction between MB and the ATBs
and its impact on ROS production, the changes in RNO
absorbance at 440 nm upon exposure of MB+ATB solu-
tions to red light (SI, Figure S4) were analyzed. The kinetic
constants of RNO degradation under red-light irradiation
(Table 3, Kppp) revealed three distinct outcomes: no change
in ROS production, an increase in ROS production and a
reduction in ROS production. The kinetic constant for
MB was 11.08+1.80, and lack of difference was observed
when MB was combined with cephalothin (14.10+1.60)
or ceftazidime (10.41+£1.02). Meropenem resulted in the
greatest increase in ROS production (31.20+2.40), whereas
cefuroxime (18.27+2.25) and cefazolin (16.73+0.58)
increased to a similar extent. Ceftriaxone, amoxicillin and
oxacillin reduced the ROS production of light-activated
MB. The positive control (RNO+MB +red light; SI Figure
S3) exhibited the expected bleaching profile, confirming
the reliability of the assay and validating that the changes
observed in MB +ATB systems reflect genuine photochemi-
cal modulation rather than experimental variability.

Photosensitizers are known to suffer photobleaching
upon irradiation. Thus, the constant for MB bleaching was
determined in the absence and presence of all ATBs stud-
ied (Table 3, Ky,p). Meropenem significantly increased MB
bleaching (11.9+3.04), whereas the other ATBs presented
no difference in K, values.
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4 Discussion

The aim of this study was to investigate the optical proper-
ties of B-lactam ATBs and their impact on the antimicrobial
effects of blue light and MB-mediated PDT. B-lactam ATBs
share a common chemical structure, the B-lactam ring, which
consists of three-carbon and one-nitrogen cyclic cores, as
presented in Fig. 1 [2]. However, structural variations in
the side chains can differentiate them into distinct classes.
In this study, representative ATBs from different -lactam
classes, including penicillins (amoxicillin and oxacillin),
cephalosporins from various generations (first generation:
cephalothin and cefazolin; second generation: cefuroxime;
third generation: ceftazidime and ceftriaxone), and car-
bapenems (meropenem), were analyzed. This classification
reflects both their chemical structures and their spectra of
activity as well as their pharmacokinetic characteristics.

Amoxicillin and oxacillin are penicillins. Amoxicillin
has a relatively broad antimicrobial spectrum but is suscep-
tible to degradation by beta-lactamases, whereas oxacillin
has been modified to resist penicillinase (beta-lactamase)
produced by some staphylococci, making it a key agent in
the treatment of methicillin-sensitive S. aureus (MSSA)
infections [19]. Usually, penicillins present limited stability
in aqueous solutions [20]. Cephalothin and cefazolin belong
to the first generation of cephalosporins. They exhibit strong
activity against gram-positive bacteria, with more limited
coverage of gram-negative bacteria [21]. Cefuroxime is a
second-generation cephalosporin that has a broad spectrum
of effects on both gram-positive and gram-negative bacteria
[22]. Ceftazidime and ceftriaxone are examples of third-
generation cephalosporins. Both have a broader spectrum
for gram-negative bacteria; however, ceftazidime stands out
for its activity against Pseudomonas aeruginosa, whereas
ceftriaxone has a prolonged half-life, allowing for simplified
dosing regimens (for example, once-daily administration),
which makes it widely used in systemic infections. Merope-
nem belongs to the carbapenem class, which generally has
the broadest spectrum among beta-lactams [23]. It is highly
resistant to most beta-lactamases and affects a wide range
of pathogens, including many that are resistant to other
agents in this family. This robustness makes meropenem a
preferred option for severe and hospital-acquired infections,
which often involve multiresistant bacteria.

Optical properties, such as absorption and transmission,
play a key role in understanding how radiation interacts
with different media or tissues, and this is no different for
ATBs. The number of photons penetrating the medium var-
ies depending on the wavelength and type of ATB. After the
initial reflection in the air-medium interface, the remaining
photons penetrate the ATB sample; however, the degree of
scattering and absorption can also vary depending on the

wavelength. Shorter wavelengths undergo more Mie scatter-
ing—a type of light scattering caused by particles with sizes
similar to the wavelength [24]. The next challenge for the
photons is absorption itself, since the greater the absorption
of a particular wavelength is, the lower its transmittance.

Unfortunately, to our knowledge, the literature lacks
works on the optical properties of ATBs in the visible and
near-infrared ranges, which makes comparing our findings
more difficult. However, in a study on the optical proper-
ties of biological tissue, the authors emphasized that trans-
mittance depends on combined factors such as scattering,
absorption, and turbulence [25]. Scattering disperses pho-
tons in different directions distributing the radiant energy
on a broader volume within the target, but reducing the
foreword light transmission, which decreases transmittance
[26]. However, in the present study, the Td was measured
rather than the collimated transmittance, which can increase
due to greater scattering, as previously indicated. Thus, the
results found here are consistent with the fundamentals of
optical properties and indicate that the ATBs studied here
are highly scattering media between 400 and 1000 nm,
except for oxacillin, which absorbs and scatters in a similar
manner.

Although samples were chemically soluble in water at
10 mM, diffuse transmittance and reflectance measurements
revealed measurable scattering, indicating that the solutions
were not optically transparent in the Beer—Lambert sense.
Under these conditions, the K-M approach is appropriate
because it describes light propagation in scattering media
by separating absorption (ua) and scattering (u’s) contri-
butions, allowing a more accurate characterization of the
optical properties of B-lactam ATBs. This methodology has
been increasingly applied to biological and pharmaceutical
systems where scattering cannot be neglected.

Although the ATBs used in this study were commercially
formulated, the potential influence of excipients on the opti-
cal data appears negligible. Most samples (oxacillin, cef-
triaxone, cefazolin, and cephalothin) were excipient-free
powders, and the buffering salts present in meropenem and
ceftazidime (sodium carbonate) are highly water-soluble
and exhibit UV/Vis absorption only in the ultraviolet region
(185, 233, 255, and 356 nm) [27]. Considering that the con-
centration of sodium carbonate was markedly lower than
that of the active ATB compounds, only a minor influence of
this component, if any, may have occurred. Amoxicillin was
the only ATB obtained from oral capsules containing micro-
crystalline cellulose and magnesium stearate, which can
theoretically alter light scattering depending on particle size
and dispersion [28, 29]. However, the scattering and absorp-
tion coefficients obtained for amoxicillin were comparable
to those of the other B-lactam ATBs, indicating that any
contribution from these excipients was minimal. Overall,
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the optical parameters reported here primarily reflect the
intrinsic properties of the B-lactam molecules themselves.
The similar absorption profiles observed among differ-
ent B-lactams are consistent with the presence of common
chromophores—such as the B-lactam ring and conjugated
amide groups—and the predominance of scattering effects
in the visible and NIR regions, where molecular absorption
is intrinsically low [30, 31].

When the interaction of radiation with ATBs is studied,
the literature tends to focus more on the UV spectral range
than on the visible range, mainly due to the higher absorp-
tion of these drugs in that region than in the visible and near-
infrared ranges [32]. In fact, the ATBs studied here absorbed
approximately 10 times more UV radiation than other wave-
lengths did. Additionally, owing to this absorption, some
ATBs may cause photosensitivity and phototoxicity [33].
The molecular mechanisms leading to photosensitivity in
certain ATBs involve the capacity of these compounds to
absorb UV/Vis radiation due to the presence of conjugated
systems and aromatic groups. This is followed by the for-
mation of excited states—especially triplet states—which
interact with oxygen to generate ROS and catalyze photo-
chemical reactions. These reactions can culminate in pho-
todegradation, isomerization, or interaction with cellular
components, thereby compromising both the stability of the
drug and the integrity of the affected cells [33]. Nonetheless,
light absorption in the visible range may also be responsible
for ROS generation.

Cephalothin and cefazolin may be associated with photo-
toxic reactions in patients [34]. This occurs because certain
structural characteristics present in first-generation cepha-
losporins can facilitate the absorption of UV radiation, pro-
moting the formation of ROS that lead to skin damage. Also,
this ROS production may cause ATBs degradation. In these
ATBs, the structure of the side groups can cause a redshift—
an absorption shift toward longer wavelengths—making the
molecule also reactive to visible radiation. Indeed, cefazolin
presented one of the highest absorption coefficients in the
visible region. Although cephalosporins, in general, tend
to cause phototoxicity more frequently, the incidence of
cefuroxime, a second-generation cephalosporin, tends to be
lower or less frequent than that reported for first-generation
cephalosporins [35]. With respect to third-generation cepha-
losporins, there are no reports of phototoxicity for ceftri-
axone, whereas ceftazidime increases patient susceptibility
to sunburn [36]. The phototoxicity of both penicillins and
carbapenems has not been reported.

Therefore, the essential difference among these ATBs
lies in the subclass to which they belong and, consequently,
in their spectral properties. Among the listed ATBs, ceph-
alosporins tend to have greater photosensitizing poten-
tial than, for example, penicillins (such as amoxicillin) or
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carbapenems (such as meropenem), which possess distinct
structural and pharmacokinetic characteristics that do not
significantly favor such adverse reactions [37]. Indeed, the
generation of ROS upon the activation of p-lactam ATBs
with blue LED light was observed primarily in cephalospo-
rins, which are derivatives of 7-aminocephalosporanic acid.
This core structure consists of a B-lactam ring fused to a
dihydrothiazine ring, with molecular variations determined
by the composition of their side chains. Nonetheless, oxacil-
lin and meropenem, did not present light absorption in the
visible range and, consequently, did not generate ROS when
exposed to blue LEDs, whereas amoxicillin presented some
absorption in the visible range and did significantly gener-
ated ROS, as can be observed in Figure S2 (SI).

Blue light-induced antimicrobial effects have been
largely attributed to the excitation of endogenous bacte-
rial chromophores, particularly porphyrins, which generate
reactive oxygen species (ROS) upon photoactivation [38].
Other chromophores, such as flavins and carotenoids, have
also been identified in common human skin microbiota
strains [39]. Nonetheless, blue light has also been shown
to potentiate the action of certain ATBs in planktonic cul-
tures [38, 40]. This synergistic effect is often associated with
enhanced ROS formation and increased drug uptake by bac-
terial cells. In agreement with these observations, our find-
ings demonstrate that ceftazidime, which displayed ROS
production upon blue light exposure, has been previously
reported to exhibit enhanced bactericidal activity against
Staphylococcus aureus when irradiated with blue light [38].

Additionally, UV and blue light illumination of tetracy-
clines has been reported to induce singlet oxygen generation
(quantum yields below 0.1) [41] along with superoxide and
hydroxyl radical formation [42]. Then, tetracyclines present
dual antimicrobial action, by the conventional radical ATB
mechanism and photodynamic effects by blue light activa-
tion [43]. However, when blue light was combined with
tetracycline treatment in biofilm models—either before or
after ATB exposure—no additive antimicrobial effect was
observed, suggesting that tetracyclines did not act as photo-
sensitizers. Instead, blue light likely acted as a photophysical
disruptor of the biofilm structure, enhancing ATB efficacy
in the dark [44]. Considering the limited penetration depth
of blue light within biofilms, its antimicrobial impact is
expected to be primarily superficial. Together, these findings
indicate that blue light may modulate ATB activity through
distinct mechanisms depending on bacterial organization,
chromophore content, and the specific chemical structure of
the ATB. In this sense, it is important to emphasize that the
present study was restricted to physicochemical analyses.
Although antimicrobial assays could theoretically comple-
ment the findings, their outcomes would depend strongly on
experimental variables such as the bacterial strain, growth
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phase, metabolic state, and medium composition, which
limit clinical extrapolation. Therefore, testing a single
microorganism under arbitrary conditions would not nec-
essarily provide clinically meaningful insights. By focus-
ing on the optical and photochemical behavior of B-lactam
ATBs, this study establishes a mechanistic foundation for
future biological and translational research under standard-
ized conditions.

The generation of ROS under blue or UV light can induce
structural degradation of B-lactam ATB, potentially decreas-
ing their antimicrobial potency [45—48]. Some studies have
reported photo-oxidative degradation of antibiotics under
simulated solar, UV, or visible light, mediated by hydroxyl
radicals, superoxide anions, or singlet oxygen [49-52]. The
degradation rate depends on both the antibiotic’s ability to
absorb light and the amount and type of ROS generated. For
instance, ceftriaxone has been shown to degrade by approxi-
mately 3% under solar radiation but up to 96% under UVA
exposure [50]. Nonetheless, transient ROS production may
also enhance antimicrobial efficacy when oxidative stress
damages bacterial structures more efficiently than the drug
itself, suggesting that photo-induced effects may be context-
dependent rather than purely degradative.

The analysis of the interaction between visible light and
ROS generation is crucial not only for understanding the
challenges in the formulation, ATBS photolysis [35], meth-
ods of application [53] and storage of certain ATBs but also
for identifying suitable combinations with photonic thera-
pies that are less prone to photon-induced adverse effects.
In hospital settings, ATBs are frequently administered via
intravenous catheters, and their solutions may be exposed
to ambient or artificial light during preparation, transport,
or infusion. For photosensitive ATBs, such exposure can
lead to photodegradation, reduced antimicrobial efficacy, or
the formation of reactive photoproducts. Therefore, evalu-
ating the photostability of -lactam ATBs under clinically
relevant light conditions is essential to ensure the safety and
therapeutic efficiency of both systemic ATB therapy and its
integration with light-based antimicrobial strategies.

Interestingly, when exposed to blue LED cephalothin
exhibited a kinetic constant (9.524+0.60) comparable to
that obtained for MB irradiated at 660 nm (11.08+1.80).
This apparent similarity arises because the RNO method
in the absence of histidine captures only the type I radical
contribution. While MB produces both type I and type II
ROS—with singlet oxygen production (PA=0.5) in etha-
nol or aqueous media (monomeric form) —cephalothin
generates mainly radicals through type I pathways. Hence,
when focusing solely on radical-mediated oxidation, the
effective bleaching kinetics of cephalothin and MB become
similar, despite their fundamentally different photochemical
mechanisms. These results confirm that the observed RNO

bleaching rates are consistent with the intended experimen-
tal scope and do not require complementary assays to vali-
date the mechanistic rationale of the present study.

The impact of MB-mediated PDT on ROS production
strongly differed among ATBs. The carbapenem merope-
nem strongly increased ROS production, whereas the peni-
cillins, amoxicillin and oxacillin, strongly reduced oxidative
stress. Cephalosporine had no effect on the ROS production
mediated by MB (cephalothin and ceftazidime), increased
the production of ROS (cephazolin and cefuroxime) and
reduced the production of ROS (ceftriaxone). These differ-
ences suggest that the impact on ROS production mediated
by MB-PDT is dependent upon side chains other than the
main structural core.

In this study, the RNO assay was performed without
histidine or imidazole to evaluate the overall generation of
ROS [15]. This choice was deliberate, as the RNO probe
responds to a broad range of oxidants—including hydroxyl
radicals (*OH), hydrogen peroxide, superoxide [54-58].
While the inclusion of histidine would render the assay
more selective to singlet oxygen (*0z), its presence also
biases the reaction toward a type II mechanism, limiting the
detection of other ROS. Although MB displays a high 'O-
quantum yield (®A = 0.5) under ideal, monomeric condi-
tions (example: ethanol [59]), MB’s photochemical behav-
ior is strongly influenced by its aggregation state and the
surrounding medium [60—-62]. In aqueous and biologically
relevant environments, MB tends to form dimers or higher
aggregates, particularly in the presence of proteins, salts, or
bacterial surfaces. Under these circumstances, type I pho-
toreactions dominate, generating radicals such as *OH and
02+, which contribute significantly to bacterial inactiva-
tion [63—65]. Moreover, in hypoxic environments typical
of bacterial biofilms, type I mechanisms are thermodynami-
cally favored over 'O:-dependent pathways [65]. Given that
B-lactam ATBs have negligible absorbance in the red region
and that tetracyclines exhibit singlet-oxygen quantum yields
below 0.1 [41], a selective assay for 'O would provide lim-
ited mechanistic insight. Therefore, employing RNO with-
out histidine allowed us to monitor the general oxidative
profile of the system, encompassing both radical and non-
radical species. This strategy provides a more realistic rep-
resentation of the photochemical dynamics expected when
MB and ATBs coexist in bacterial or biofilm environments.

The chemical structure of meropenem presents a
1 B-methyl substitution and exhibits antimicrobial action via
oxidative stress induction, reaching higher levels than those
of penicillins or cephalosporins do [66], which is attributed
to a biological effect linked to its capacity to disrupt mito-
chondria and the electron transport chain. Nonetheless, in
the present study, strong ROS production was induced when
MB-PDT was combined with MB-PDT, an extension that
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also induced increased MB photobleaching. The implica-
tions of these results should be evaluated when consider-
ing the concomitant clinical application of meropenem and
MB-PDT for antimicrobial action.

Meropenem may be indicated for target skin infections,
pneumonia and nosocomial pneumonia, severe infections,
urinary tract infections, and other conditions [67, 68]. In
some cases, combining antimicrobial treatment with a
local antimicrobial strategy may be important to optimize
the results. Thus, MB-mediated PDT may be helpful for
preventing other or generalized infections, as well as com-
bined treatment strategies [69]. Importantly, since merope-
nem increased the ROS production mediated by MB-PDT,
a synergistic effect may have occurred. On the other hand,
excessive ROS production may accelerate MB degradation,
impairing PDT. During this study, increased MB degrada-
tion was observed, as determined by the highest degrada-
tion constant between ATBs (11.9 + 3.04). Nonetheless, in
patients, the interaction between MB and meropenem is
reduced once MB is applied topically while meropenem is
used systemically.

Cephalosporins present different photochemical behav-
iors depending on the pH of the solution, since they present
ionizable groups [48]. Cefazolin and cefuroxime, for exam-
ple, contain heterocyclic moieties and electron-withdrawing
substituents that may facilitate energy transfer or modulate
the redox state of MB, promoting ROS generation [70].
Additionally, cefazolin may undergo photolysis, generating
byproducts with increased ROS generation capacity [70].
Conversely, ceftriaxone features a unique thiotriazinedione
side chain, which may have acted as an ROS scavenger or
interfered with MB excitation dynamics, thus reducing the
ROS output. Ceftriaxone may suffer photooxidation and
lose its bactericidal capacity when sensitized by riboflavin
[71].

The absence of ROS modulation by cephalothin and
ceftazidime indicates a lack of significant photochemical
interaction with MB, suggesting a neutral photodynamic
profile. These findings are particularly relevant in clinical
contexts where cephalosporins are coadministered with
MB-PDT, as they may potentiate, inhibit, or remain inert in
relation to photodynamic ROS production. Understanding
these specific interactions is crucial when designing com-
bined antimicrobial strategies, especially in cases of resis-
tant or recurrent infections where synergy between systemic
and local therapies is desired. Further studies are warranted
to elucidate the precise molecular mechanisms behind these
effects and to determine their translational relevance.

In summary, penicillins and meropenem exhibited negli-
gible direct ROS generation under blue-light illumination,
whereas cephalosporins did. The RNO protocol intentionally
omitted histidine, favoring the detection of radical-driven
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bleaching rather than 'O:-mediated oxidation; therefore, the
pronounced RNO loss observed for several cephalosporins
under blue light is most consistently explained by type I
photochemical pathways. ROS generation may have dual
implications—either promoting limited photo-oxidation of
the drug molecule or transiently enhancing antibacterial
efficacy. Future work will address antibiotic stability and
biological activity following controlled irradiation to quan-
tify these effects.

In MB-mediated PDT, penicillins reduced ROS forma-
tion, likely acting as radical scavengers and/or triplet-state
quenchers of MB, whereas meropenem not only enhanced
ROS generation but also accelerated MB photobleach-
ing. The heterogeneous responses among cephalosporins
(enhancement, neutrality, or inhibition) toward MB-PDT-
induced ROS production are consistent with side-chain—
dependent redox and photophysical variations rather than
a single, uniform mechanism. Altogether, these findings
underscore the translational relevance of investigating ATB—
light interactions, as such knowledge may inform clinical
decision-making and guide the development of optimized
protocols for combined antibiotic and photonic therapies.

5 Conclusion

This study demonstrated that B-lactam ATBs exhibit dis-
tinct optical properties and differential interactions with
photonic modalities, particularly under blue and red light
exposure associated with MB. The high scattering behavior
observed across most ATBs within the 400-1000 nm range,
with oxacillin as a notable exception, suggests that their
optical behavior may influence light-tissue interactions in
therapeutic contexts. Furthermore, cephalosporins—but not
penicillins or carbapenems—were capable of generating
ROS upon blue light exposure, indicating potential intrinsic
photosensitivity under concomitant antimicrobial treatment.
When combined with MB-mediated PDT, the ATBs exhib-
ited variable effects: cephalosporins both increased, reduced
and showed no effect on ROS generation; meropenem sig-
nificantly enhanced both ROS generation and MB photo-
bleaching, suggesting synergistic potential, conversely,
penicillins diminished the efficacy of MB-PDT. These find-
ings underscore the importance of evaluating the optical and
photochemical behavior of ATBs prior to their concurrent
use with light-based therapies, as such interactions may
influence treatment outcomes, either by enhancing thera-
peutic efficacy or introducing antagonistic effects. Further
studies are warranted to explore the clinical implications
of these interactions and to inform safe and effective multi-
modal therapeutic strategies.
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