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A B S T R A C T

The rise o antibiotic-resistant bacteria calls or innovative approaches to combat multidrug-resistant strains.
Here, the potential o the standard histological stain, Giemsa, to act as a photosensitizer (PS) or antimicrobial
photodynamic inactivation (aPDI) against methicillin-sensitive Staphylococcus aureus (MSSA) and methicillin-
resistant Staphylococcus aureus (MRSA) strains is reported. Bioassays were perormed using various Giemsa
concentrations (ranging rom 0.0 to 20.0 µM) under 625 nm illumination at a light dose o 30 J cm2.
Remarkably, Giemsa completely inhibited the growth oMSSA and MRSA bacterial colonies or concentrations at
10 µM and higher but exhibited no inhibitory eect without light exposure. Partition coecient analysis revealed
Giemsa’s anity or membranes. Furthermore, we quantied the production o reactive oxygen species (ROS)
and singlet oxygen (1O2) to elucidate the aPDI mechanisms underlying bacterial inactivation mediated by Gi-
emsa. These ndings highlight Giemsa stain’s potential as a PS in aPDI or targeting multidrug-resistant bacteria.

1. Introduction

The emergence o the Wright-Giemsa stain is linked to the discovery
o the etiological agent o malaria (Plasmodium) by Frenchman
Alphonse Laveran in 1880 using methylene blue [1–3]. However, ac-
curate malaria diagnosis was still tricky in the early 20th century due to
the staining method and reproducibility [2]. In 1904, Gustav Giemsa
prepared a dye called azure I, a hybrid mixture o azure A and azure B,
with traces o azure C and methylene violet [3]. Ater obtaining Azure I,
Giemsa ormed a more denitive and stable compound combining Azure
I with eosin [4]. The Giemsa stain was designed primarily to identiy
malaria parasites because o the high-quality staining o the nuclear
membrane. Additionally, the Giemsa staining method was adapted or
histology to display chromatin, and the nuclear membrane remains one
o the staining techniques most used in biomedical laboratories world-
wide [4,5]

Most recently, some studies demonstrated that Giemsa stain can be
applied as a photo-responsive agent, acting as a photosensitizer in the

photodynamic inactivation o microorganisms and insect vectors [6–8].
Caires et al. demonstrated that Giemsa stain photoinactivates
Gram-positive and Gram-negative bacteria under red light illumination
[6,7] as well as eliminates larvae o Aedes aegypti when subjected to
white-light radiation rom RGB LEDs or sunlight [8]. In this context,
Giemsa stain emerges as a promising candidate to be used in antimi-
crobial photodynamic inactivation (aPDI) because it is less cytotoxic on
normal mammalian cells and is more eective when compared to
methylene blue and toluidine blue, two photosensitizers commonly used
in aPDI, demanding low concentrations and light doses to eciently
photoinactivate bacteria [6].

Staphylococcus aureus is a common commensal bacterium in our
lives; it is in the human microbiome and can potentially induce a variety
o inections targeting specic organs, with the skin and subcutaneous
tissues being the most requently aected. It can also lead to more severe
invasive inections, such as osteomyelitis, meningitis, pneumonia, lung
abscess, and empyema [9,10]. Inections caused by S. aureus are a
problem mainly in hospital environments, leading to surgical
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complications and respiratory and blood inections [11,12]. Presently,
methicillin-resistant Staphylococcus aureus (MRSA) inections are a
global public health challenge, as they are associated with higher mor-
tality rates compared to those caused by methicillin-sensitive Staphylo-
coccus aureus (MSSA) strains [13]. Due to the virulence characteristics o
this pathogen, the emergence o resistant strains is a reason or concern
worldwide. In 1960, an MRSA strain was reported, just one year ater
methicillin had been used as an antibiotic [14,15]. Studies estimate that
individuals inected with MRSA have a 64 % higher risk o mortality
than those inected with MSSA [16]. MRSA has become the leading
cause o healthcare-associated inections in Europe, with over 171,000
nosocomial MRSA inections annually [17]. In the United States, MRSA
accounts or a minimum o 80,000 inections yearly, resulting in
approximately 11,000 deaths [18]. In light o this, it has been consid-
ered the major threat among antibiotic-resistant agents omorbidity and
mortality by the Centers or Disease Control and Prevention (CDC) [19,
20]. The World Health Organization (WHO) has identied
antimicrobial-resistant microorganisms (AMR) as one o the top ten
global public health threats [12,21]. AMR was associated with approx-
imately 4.95 million deaths worldwide in 2019 [22,23]. According to a
report by O’Neill (2016), i no action is taken, there will be a staggering
10 million deaths annually by 2050 due to AMR-related inections. Be-
sides, the AMR impacts would also result in an annual global gross do-
mestic product reduction o around $2 trillion by 2050 [24,25].
Thereore, the rise o antibiotic-resistant bacteria has presented a sig-
nicant healthcare challenge, necessitating new strategies to combat
these pathogens eectively. Conventional antibiotic treatments oten
ace the problem o resistance [26], underscoring the importance o
exploring alternative approaches.

In this context, aPDI has emerged as a promising method to inacti-
vate multidrug-resistant bacteria by oxidative damaging bacterial cells
using light-absorbers (photosensitizers) to generate reactive oxygen
species (ROS) and singlet oxygen (1O2) through change transer and
energy transer, respectively [27–30]. Here, it is reported the ecacy o
Giemsa stain as a photosensitizer (PS) to photoinactivate MRSA and
MSSA under 625 nm illumination and the aPDI mechanisms responsible
or bacterial inactivation promoted by Giemsa.

2. Materials and methods

2.1. Photosensitizer

The Giemsa stain (Eosin methylene blue, EMB, Sigma Vetec®, Brazil)
was tested as a PS in the aPDI experiments.

2.2. Photoinactivation assay

2.2.1. Bacterial strains and culture conditions
An MSSA strain (ATCC 25923, Bioscan, Itu, Brazil) and a clinically

isolated MRSA strain (GenBank accession number Mh087437, HU,
Campo Grande, Brazil) were used. They were maintained at 70 ◦C in
Brain Heart Inusion Broth (BHI) (KASVI, São José dos Pinhais, PR,
Brazil) containing glycerol 20 % vv1. The bacterial suspensions were
prepared with 40 µL o the bacterial strain added to 4 mL o BHI and
incubated or 24 h at 37 ◦C. The bacterial inoculum at 1.5 × 108 CFU
mL1 was prepared or the aPDI experiments in physiological saline (0.9
% NaCl, Sorimax, Campo Grande, Brazil).

2.2.2. aPDI Assay
The Giemsa concentrations were 0.0 (negative control), 1.0, 2.5, 5.0,

10.0, and 20.0 µM diluted in 2 mL o a saline solution containing the
bacterial inoculum at 1.5 × 108 CFU mL1. Then, the samples were
incubated at 120 rpm or 30 min at 37 ◦C. Ater incubation, bacterial
suspensions were placed in 96-well plates (200 µL per well) and sepa-
rated into two experimental groups: (i) samples placed in the dark and
(ii) samples subjected to red light illumination at 625 nm with a light

dose o 30 J cm2 using a homemade light-emitting diodes device [7].
Finally, or both irradiated and not-irradiated samples, a serial dilution
was perormed until 1:32. The total bacteria number was determined by
the spread plate method using the plate count agar (PCA; Neogen Corp.,
Michigan, USA) medium and the colony-orming units (CFU) were
counted 18 h ater incubation at 37 ◦C. All experiments were carried out
in triplicate.

2.2.3. Statistical analysis
Quantitative and statistical analyses were done using the OriginLab

sotware, considering the triplicates, PS concentrations, and light
exposure conditions (illuminated and non-illuminated). The CFU mL1
values were converted into log10 and submitted to analysis o variance
and comparisons o the means using Student’s t-test with a condence
level o 95 % (p < 005) or paired samples.

2.2.4. Morphological evaluation of bacteria by scanning electron
microscopy

The bacteria morphology was examined with a scanning electron
microscope (SEM, JEOL model JSM-6380LV). The investigations
encompassed irradiated and non-irradiated bacteria subjected to Giemsa
stain and control samples (bacteria in distilled water). The experiments
were done with approximately 200 µL o each sample placed into an
Eppendor containing 200 µL o phosphate buer solution (PBS) at pH
7.0 immediately ater completing the aPDI assay. The samples under-
went multiple centriugation cycles at 3000 rpm or 5 min, always dis-
carding the supernatant each time. The centriugations were conducted
in the ollowing sequence: PBS (three times), 70, 80, 90 % ethanol, and
absolute ethanol. The resulting precipitate was dispersed in absolute
ethanol and stored in the rerigerator. Glass coverslips (1 × 1 cm) were
cut and cleaned in an ultrasonic sonicator using water/soup, ethanol,
and acetone or 20 min. The glass substrates were coated with glutar-
aldehyde and dried overnight under ambient conditions to x the bac-
teria. Ater deposition onto the glass surace, the samples were coated
with a thin layer o gold using a sputter coater and attached to the SEM
sample holders using conductive carbon tape. Images were captured
under the ollowing conditions: 15 kV, spot size 10, and a working
distance o 8 mm.

2.3. Photophysical and photochemical characterization

1,3-diphenylisobenzouran (DPBF) and dihydroethidium (DHE)
were acquired rom Sigma-Aldrich (São Paulo, Brazil) to probe the
capability o Giemsa stain to produce reactive oxygen species (ROS) and
singlet oxygen (1O2) through the charge transer (type I) and energy
transer (type II) photochemical pathways, respectively.

2.3.1. Singlet Oxygen (1O2) generation
The quantum yield o singlet oxygen generation (∅Δ) or Giemsa was

determined using methylene blue (Vetec®, Brazil) as the standard PS
and DPBF as the 1O2 probe [31,32]. The DPBF was dissolved in dimethyl
suloxide (DMSO) to 1 mM. Giemsa and methylene blue (MB) standard
solution were prepared in DMSO at a concentration o 30 μM. Mea-
surements were perormed with 2000 μL o DMSO, 400 μL o Giemsa
(sample) or MB (standard), and 200 µL o DPBF solution at 1 mM in a
our-sided polished quartz cuvette with optical path o 10 mm. The nal
concentration o photosensitizer (Giemsa or MB) and 1O2 probe (DPBF)
were 4.62 and 0.076 mM, respectively. The solutions were irradiated
with the LED system operating at 625 nm and 3.5 mW cm2 or 210 s.
The 1O2 production during irradiation was evaluated by measuring the
DPBF absorption every 30 s in a LAMBDA 265 UV/vis spectrophotom-
eter (Perkin Elmer, Boston, MA, USA).

The ∅Δ was calculated by Eq. (1), where k and kstd are the degra-
dation kinetic constants o DPBF under 625 nm illumination or the
Giemsa and MB standard obtained rom the 415 nm absorbance as a
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unction o time.

∅Δ = ∅std
Δ 

k
kstd 

Ists

I
(1)

∅std
Δ stands or the quantum yield o the MB standard (0.52) [33,34].

IstdI1 = (110Astd )(1 10A)1 is the absorption ratio o the photo-
sensitizer (Giemsa) and the standard (MB), in which A and Astd are the
absorbances at the irradiated wavelength, respectively [31,35].

2.3.2. Reactive Oxygen Species (ROS) generation
ROS production under illumination was assessed according to pre-

vious reports with modications [7,36]. 2.0 mL o the Giemsa photo-
sensitizer at 30 μM and 4 μL o the DHE probe solution at 5 mM were
added to a our-sided polished quartz cuvette (10 mm optical path) in
DMSO, resulting in a nal solution with DHE at 10 μM. This solution was
irradiated at 625 nm with 3.5 mW cm2, and the fuorescence spectra
were collected every 120 s or 30 min using a bench-spectrofuorometer
(FS-2 FluoroMate, Scinco©, Korea). Excitation was perormed at 430
nm, and ROS ormation was evaluated by increasing emission in the
440–750 nm region. The ROS production was monitored based on the
kinetics o the fuorescent products ormed by the interaction between
DHE and ROS [36], assuming the rates o generation o fuorescent
products and ROS are directly proportional or the Giemsa under red
light irradiation [7].

2.3.3. Determination of the logPOW
The logPOW was calculated by the Shake-fask method [37]. The

partition coecients were obtained in a two-phase n-butanol/water
(logPBW) system and correlated with the corresponding values in the
n-octanol/water system [37,38]. The measurements were perormed
using equal volumes o distilled water and n-butanol in a fask and
stirred or 24 h at 25 ◦C. Giemsa was added to the mixture by vortexing
vigorously or 3 min and let in the dark to separate the two phases. The

absorbance at 528 nm o each phase was measured in a LAMBDA 265
UV/vis spectrophotometer (Perkin Elmer, Boston, MA, USA) to deter-
mine the concentration o Giemsa and the partition coecient [37–39].
Details are reported in section S1 in the supplementary materials.

3. Results and discussion

Fig. 1 shows representative images o S. aureus (MSSA and MRSA)
colonies on plate count agar or the tested Giemsa concentrations when
kept in the dark (non-irradiated) and subjected to 625 nm illumination
with an energy dose o 30 J cm2.

Fig. 2 presents the mean values o the CFU mL1 determined rom
replicate measurements. The results demonstrate that Giemsa can be
successully applied as PS to photoinactivate MSSA and MRSA strains.
No CFUs were observed or antibiotic-susceptible (MSSA) and antibiotic-
resistant (MRSA) strains subjected to Giemsa concentration o 10 µM or
higher and illumination with a light dose o 30 J cm2. In turn, the
response o the strains to the aPDI was dierent using sublethal con-
centrations o PS. For instance, the CFU mL1 decrease o 85 % was
observed in MSSA when submitted to Giemsa at 5 µM, while a reduction
o 38 % in CFU mL1 was determined to the MRSA strain. Thereore, the
antibiotic-susceptible strain is more susceptible to the aPDI using Gi-
emsa than the antibiotic-resistant (MRSA) strain. Antibiotic-sensitive
strains are generally more susceptible to aPDI than their multidrug-
resistant counterparts [7,27,32,40]. Grinholc et al. (2014) investigated
over 400 clinical samples oMRSA and MSSA to conclude that the MRSA
strains exhibit less responsiveness to aPDI than MSSA [27]. According to
Maish (2015), multidrug-resistant bacteria have higher intrinsic resis-
tance to oxidative stress generated in their environment [41].

Kashe et al. (2012) successully tested two phenothiazine PSs – MB,
and toluidine blue (TBO) – against MSSA and MRSA [40]. A bacterial
reduction o 3.1 log and 4.2 log were observed or MRSA and MSSA
using TBO at 50 μg mL1 with a light dose o 46.8 J cm2, respectively.

Fig. 1. Growth o (I) MSSA (ATCC 25923) and (II) MRSA (Genbank accession number Mh087437) colonies in Petri dishes containing (a) 0.0, (b) 1.0, (c) 2.5, (d) 5.0,
(e) 10.0, and () 20.0 µM o Giemsa. The bacterial suspension was illuminated at 625 nm with an energy dose o 0 (non-irradiated) and 30 J cm2 (irradiated).
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Besides, the use oMB at 50 μg mL1 under a light dose o 163.8 J cm2

induced a 2.2 log reduction or MRSA and 3 log or MSSA. [40]. How-
ever, the photoinactivation o these strains demanded higher light doses
and PS concentrations than those used in the work.

The SEM data conrmed the spherical shapes o S. aureus with an
approximate diameter o 1 μm and grouped irregularly (Fig. 3). The
images also show that the aPDI induced by the Giemsa disrupted the cell
membranes o MSSA (Fig. 3b). These damages can lyse the bacteria and
deactivate their growth. Dierently, no cell damage was promoted by
Giemsa on bacteria kept in the dark (Fig. 3a). Similar bacterial damage
was observed or MSSA and MRSA submitted to Giemsa and red-light
illumination (data not shown).

The ability o a molecule to interact with biological membranes is
closely related to its partition coecient, so the octanol/water partition

coecient is a valuable indicator o the hydrophobicity o a PS and its
potential to interact with biological membranes [28]. The higher the
partition coecient, the higher the membrane anity and hydropho-
bicity o the PS, acilitating its permeation across lipid-based barriers.
The partition coecient measurements o Giemsa indicate its higher
anity to the octanol phase than the water phase, with logPOW = +077
(Fig. S1 in the supplementary materials). This characteristic makes it a
desirable PS as it enhances its interaction with biological membranes.

In aPDI, PS under illumination generates 1O2 and/or ROS, such as
superoxide (O2•), hydrogen peroxide (H2O2), and hydroxyl (OH•), by
interacting with the molecular oxygen and promoting cell damage.
DPBF and DHE probes were used to determine whether 1O2 and ROS
could play a role in the aPDI mediated by Giemsa. Data show that DPBF
degraded in the presence o Giemsa as a unction o irradiation time at

Fig. 2. Mean values o the CFU mL1 o (a) MSSA and (b) MRSA submitted to dierent Giemsa concentrations. The irradiated group was illuminated at 625 nm with
an energy dose o 30 J cm2. The standard error o the mean is also shown.

Fig. 3. Representative SEM image o S. aureus (MSSA) subjected to Giemsa at 20 µM: (a) strains storage in the dark; and (b) ater 625-nm illumination with a light
dose o 30 J cm2. Red arrows indicate cell wall parts partially or entirely damaged.
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625 nm (Fig. S2 in the supplementary materials), conrming the 1O2
production in the solution by Giemsa under red-light irradiation. The
DPBF degradation occurs due to its reaction with the 1O2 available in the
solution, orming an endoperoxide that decomposes into the non-light
absorbing molecule, 1,2-dibenzoylbenzene (DBB) [42,43]. The decom-
position scheme is depicted in Fig. S3 o the supplementary materials.

The quantum yield o 1O2 production (∅Δ) or Giemsa was calculated
using Eq. (1). The absorbance data at 415 nm o DPBF rom Fig. 4 was
used along with the ∅std

Δ = 052 and kstd = (163± 04) 103 s1 or the
standard PS (MB). Details are reported in section S2 in the supplemen-
tary material). The degradation kinetic constant o DPBF (k) was
determined rom the red tted curve in Fig. 4b. The obtained value o∅Δ 
= 028 (Table 1) indicates the Giemsa eciently produce 1O2 through a
type II reaction mechanism (energy transer) or the targeted inactiva-
tion o pathogens [31,43,44].

Additionally, to generate 1O2, Giemsa produced ROS under red-light
illumination, as conrmed by the ormation o the fuorescent product
(2-hydroxyethidium). Fig. 5 shows the fuorescence increase over time
during irradiation, and the corresponding spectra are provided in Fig. S4
in the supplementary materials. The ormation o 2-hydroxyethidium
arises rom the degradation o DHE ollowing its interaction with the
ROS produced during irradiation. To estimate the ROS production, it
was assumed that the fuorescence intensity (If ) o the generated mol-
ecules is directly proportional to the ROS amount ([ROS]) produced by
the Giemsa under illumination [32]. Accordingly, the ROS production
rate equation d[ROS]

dt = kROS [DHE][ROS] can be rewritten as dIf
dt =

kROS [DHE] If , where kROS is the apparent rate constant o ROS produc-
tion. By setting kROS [DHE] = kf leads to dIf

dt = kf If and, subsequently, If
= a(1  ekf t). The fuorescence data shown in Fig. 5 was tted taking
the latter equation yielding kf = (123 ± 006)103 s1. Finally,
knowing the kf and [DHE] 10 μM, the apparent rate constant o ROS
production o Giemsa was calculated, obtaining a kROS =
(123± 6)M1s1 (Table 1).

These ndings underscore Giemsa’s ability to not only produce
singlet oxygen (1O2) but also generate ROS, making it a promising
candidate or potential applications in photodynamic therapy, where
both 1O2 and ROS play crucial roles in the targeted inactivation o
microorganisms.

4. Conclusion

The Giemsa stain, a common dye used as a biological stain in mi-
croscopy analysis, is an ecient PS or targeting methicillin-resistant
Staphylococcus aureus through photoinactivation without inducing

Fig. 4. (a) Absorbance at 415 nm o DPBF in DMSO in the presence o Giemsa (4.62 μM) as a unction o irradiation time at 625 nm (3.5 mW); (b) ln(A0 A) as a
unction o irradiation time, where A0 and A are the time-zero absorption and the absorption at 415 nm, respectively. The red line represents the tted curve used to
determine the degradation kinetic constant o DPBF (k).

Table 1
Singlet oxygen quantum yield (∅Δ) and apparent rate constant o ROS produc-
tion (kROS) o Giemsa in DMSO when subjected to illumination at 625 nm with
3.5 mW cm2.
Probe Parameter Value

DPBF ∅Δ 0.28
DHE kROS(M(1)s(1)) 123

Fig. 5. Fluorescence enhancement at 610 nm o the generated fuorescent
product over the illumination time due to the degradation o DHE when
interacting with the produced ROS by Giemsa under red-light irradiation at 30 J
cm2. The red line represents the tting curve (R2 = 09963) using If =
a(1  ekf t).
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toxicity in the absence o light. The results support the involvement o
both type I and type II photodynamic reaction mechanisms in the anti-
microbial photoinactivation process. The ROS production via charge
transer and the 1O2 generation through energy transer play essential
roles in eciently inactivating bacterial cells. Furthermore, Giemsa’s
strong membrane anity underscores its suitability as a PS or antimi-
crobial photodynamic inactivation. This membrane anity is a crucial
characteristic or an eective PS, as it enhances the photosensitizer’s
ability to target and interact with biological membranes, ultimately
leading to the selective photoinactivation o microbial pathogens.
Overall, the ndings open new avenues or research and development in
the ght against drug-resistant bacterial inections using Giemsa as a
photosensitizer in aPDI.
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