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Background: Blood can be the target of microbial cells in the human body. Erythrocytes, platelets, and plasma
concentrates in blood bags used in hemotherapy for blood transfusion are contamination targets, which can
Blood trigger serious diseases in blood. These infections can cause septicemia that can lead to death if not recognized
Decontamination rapidly and treated adequately. The aim of this study was to evaluate the photodynamic inactivation in the in
Staphylococcus aureus vitro decontamination of Staphylococcus aureus in whole blood, erythrocytes and platelet-rich plasma.

Methods: Photodynamic inactivation using light doses of 10, 15 and 30J/cm? at 630 nm and an hematopor-
phyrin-derivative photosensitizer (Photogem®) solutions at 25 and 50 ug/mL were evaluated. Toxicity of
treatment was determined by hemolysis and cell viability assays. Results: The S. aureus reduction in phosphate
buffered saline (PBS), whole blood, erythrocytes and platelet-rich plasma at 15 J/cm? and 50 pg/mL were 7.2,
1.0, 1.3 and 0.4 log CFU/mL, respectively. Quantitative and qualitative analyses were performed in whole blood
samples, and Photogem® showed a low risk of hemolysis (10.7%) in whole blood. However, 100% of ery-
throcytes suffered hemolysis in the absence of plasma. The cell viability assay showed 13.9% of apoptosis in
erythrocytes, but normal platelet viability.

Conclusion: S. aureus inactivation of whole blood samples using 50 pg/mL Photogem® and 15 J/cm? resulted in
better outcomes, providing promising indications for treatment of bacterial contamination of blood, and in this
work, alternative possibilities to apply the technique for blood decontamination are discussed.

1. Introduction Bacillus spp. in 9%, Salmonella spp. in 9%, Streptococcus spp. in 12%,

Serratia spp. in 8%, Enterobacter spp. in 7%, and other microorganisms in

The presence of bacteria in the bloodstream may lead to sepsis,
septic shock, and death [1]. The major contamination occurs by the
skin flora at the site of punction, and the most frequently pathogens are
Gram-positive bacteria, such as Staphylococcus aureus, Propionibacterium
acnes, Bacillus cereus [2,3].

Blood is a present and necessary component in most of the surgical
procedures. Its integrity and assurance that it is free of contaminants
are one of the most important requirements for its use. The bacterial
contamination in the blood components remains the most important
infectious risk of blood transfusion [4].

The distribution of bacteria found in cases of transfusion-associated
sepsis showed Staphylococcus spp. in 42% of cases, Escherichia coli in 9%,

4% [5]. Therefore, Gram-negative bacteria appear in a lower percen-
tage, and there are few cases of blood components contamination with
resistant bacteria, which are still unusual to be reported [6]. The most
prevalent contamination in blood bags is in platelet concentrates be-
cause of this biological material is stored at room temperature
(20 °C-24°C), which is the favorable bacterial growth conditions [5].
The conventional treatments used to inactivate microorganisms in
blood components were developed principally against viral con-
tamination [7,8]. Heat treatments are not effective against some types
of microorganisms in plasma, producing damage to proteins [9]. Ul-
traviolet light can be used to inactivate microorganisms in blood but
damage in components of the blood is observed [10]. Filtration or
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cellular lavage are physical methods which aid in the elimination of
extracellular microorganisms [7]. The development of compounds with
broad spectrum of action has been a problem in blood sterilization.
However, the use of broad-spectrum antibiotics may assist in the de-
velopment of multi-resistant bacterial strains, in addition to being able
to develop allergies which are a serious problem for blood transfusion
[7,11].

The search for techniques that allow blood decontamination, or
keeping it decontaminated during storage, is a constant concern. The
use of photonic techniques in this circumstance can be a possibility.
Photodynamic inactivation (PDI) consists of the combined action of
three elements: photosensitizer (PS), that is a non-toxic photosensitive
molecule; source of light at a specific spectral region to activate the PS;
and molecular oxygen. The combination of these three elements pro-
motes the generation of reactive oxygen species (ROS) as free radicals
and singlet oxygen that cause cytotoxic damages [12-14]. PDI has de-
monstrated significant inactivation effects on hepatitis B, C and influ-
enza viruses in addition to bacteria and protozoa in the blood
[8,11,15-24]. However, most of these studies concerning the in-
activation of viruses or parasites in blood components, i.e., in red blood
cell concentrates, platelet concentrates and in fresh frozen plasma, with
few studies investigating the PDI of bacteria in the whole blood.

In this study, we performed a complete analysis of PDI for in vitro
decontamination of Staphylococcus aureus in whole blood, erythrocytes
and platelet-rich plasma. The study aimed mainly to analyze the PDI
effects that can occur in blood cells and this is certainly a first step in
the direction of making photodynamic action an attractive technique
for whole blood decontamination.

2. Materials and methods
2.1. Blood samples

Blood samples were provided by healthy volunteers in blood col-
lection tubes (BD Vacutainer) containing 7.2mg EDTA K2 antic-
oagulant. The tubes were homogenized immediately after collection by
inversion of 5 to 8 times to avoid hemolysis and blood coagulation.
Whole blood, erythrocyte and plasma samples were used in PDI assays.
Erythrocytes and platelet-rich plasma were obtained from whole blood
samples centrifuged at 1000 x g for 5min at 25 °C.

2.2. Microorganism and growth conditions

Staphylococcus aureus (ATCC 25923) were cultivated in Brain Heart
Infusion (BHI) at 37 °C for 16 h under shaking. After this period, the
suspension was homogenized, centrifuged at 1000 X g for 15 min and
resuspended in phosphate buffered saline (PBS) solution. The inoculum
suspension was quantified through the optical density (Cary 50 Bio
UV-vis Spectrophotometer, Varian, Australia) at 600 nm and adjusted
for 108 CFU/mL, approximately.

2.3. Photosensitizer (PS)

The PS used was a porphyrin derivative of the first generation of
PDT photosensitizers, Photogem® (Moscow, Russia). The stock solution
was prepared by dissolving 5 mg of PS in 1 mL saline solution (0.9%, w/
v, NaCl). From this solution, and just before the beginning of the assays,
new dilutions were carried out to obtained concentrations of 25 and
50 pg/mL for PDI assays. The incubation time in the dark before sam-
ples irradiation was 30 min at 37 °C.

2.4. Irradiation
Irradiation was performed with a light-emitting diode (LED)-based

device that consists of 24 emitting centers, with wavelength at 630 nm.
The irradiance obtained with this device was 30 mW/cm?. The light
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doses applied were 10, 15 and 30 J/cm?, at exposure times of 5.56, 8.34
and 16.68 min, respectively.

2.5. PDI assays

PDI assays consisted of illuminating S. aureus suspensions incubated
with Photogem® in four different media: PBS, whole blood, ery-
throcytes, and platelet-rich plasma. In each experiment, there were
three control groups and one treatment group: [1] control (L_)PS.,);
[2] light control (L4+)PScy); [3] PS control (LPS(+)); and [4] PDI
(L¢+)PS(+y), in which (=) represents light and/or PS absence and (+)
represents light and/or PS presence.

All experiments were performed in 24-well plates containing 200 pL
of bacterial inoculum in 200 pL of PS solution or saline solution (0.9%,
w v, NaCl), depending on the group evaluated. The final volume of each
well was 400 puL. In the L_)PS, group, the samples without PS were
protected from light during the experiment. In the L, )PS., group, the
samples without PS were exposed to 630 nm wavelength with light
doses of 10, 15 and 30 J/cm?. In the L,PS., group, the samples with
PS at final concentrations of 25 and 50 pg/mL were protected from light
during the experiment. And, in the L. PS¢, group, the samples with
PS were exposed to 630 nm wavelength at the same conditions de-
scribed above.

The efficiency of PDI was evaluated through the quantification of
viable microorganisms by colony-forming unit (CFU) before and after
treatment. For this, 100 uL of each sample were transferred into mi-
crotubes containing 900 uL of PBS to carry out the serial dilution until
1075, Aliquots of 25pL of all dilutions of samples were uniformly
spread to Petri dishes with BHI agar in triplicate. Plates were main-
tained at 37°C for 48h to carry out the counts of CFU. Three in-
dependent experiments were performed for each experimental condi-
tion.

2.6. Hemolysis assays

For the hemolysis assays, the whole blood was centrifuged (1000 X
g for 5min) to remove platelet-rich plasma and the leukocyte layer,
washed three times with PBS solution and centrifuged again.
Erythrocytes were resuspended in saline solution (0.9%, w/v, NaCl) to
be used in PDI assays as described in the previous section. After treat-
ments, the erythrocytes were maintained at 4 °C in the dark for 24 h.
Thereon, the samples were centrifuged (1000 X g for 5min) and 50 pL
of supernatant were diluted in 10 mL of distilled water. The hemoglobin
content was determined by measuring the absorbance at 413 nm.
Results were expressed as percentage of hemolysis based on absorbance
obtained from lysed cells in distilled water (100% hemolysis) [24].
Besides the absorbance measurements performed on the supernatants of
erythrocytes in absence of plasma, absorbance measurements were also
performed on the supernatants of erythrocytes in presence of plasma,
i.e., in whole blood, following the same described protocol.

2.7. Quantitative and qualitative analysis of whole blood

Assays were performed to analyze quantitatively and qualitatively
the whole blood after treatments, following the same PDI assays ex-
perimental design. For this analysis, Photogem® concentration and light
dose chosen were 50 ug/mL and 15J/cm? respectively. After treat-
ment, blood samples from all groups were taken to an automatic
counter of the Hematology Department of Maricondi Laboratory (Sao
Carlos/SP) for quantitative evaluation of cells by blood counts. Results
were compared to the reference values of the cells and blood con-
stituents for women, according to the donor volunteers of this study.
Qualitative and morphological evaluation of erythrocytes and leuko-
cytes cells were performed by blood smear blades stained with May
Griinwald-Giemsa using optical microscopy.
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2.8. Cell viability analysis by flow cytometry

For this analysis, erythrocytes and platelets were obtained from
whole blood by centrifugation (1000 X g for 5min) to be used in PDI
assays. Photogem® concentration and light dose were 50 ug/mL and
15J/cm?, respectively. After treatment, cells were labeled with an-
nexin-V and propidium iodide following manufacturer instructions.
Erythrocytes and platelets were diluted in saline solution (0.9%, w/v,
NaCl) to obtain 1 x 10° cells. Samples were resuspended in 100 pL of
buffer (Pharmingen BD Kit) after centrifugation. All samples, except the
auto-fluorescence control, received 2.5pL of annexin-V and 3pL of
propidium iodide. After 15 min incubation at 25 °C, in the dark, 400 pL
of buffer were added to all samples.

The cells were analyzed in a FACSCalibur flow cytometer equipped
with an argon laser and PAINT-A-GATE BD software (Becton Dickinson,
San Jose, CA, USA), at the Cellular Engineering Laboratory of the
Botucatu Medical School, Blood Transfusion Center, (UNESP, Botucatu/
SP, Brazil). Ten thousand events were collected for each sample. The
populations of erythrocytes and platelets were identified by their light-
scattering characteristics, and analyzed for the intensity of the fluor-
escent probe signal.

2.9. Statistical analysis

Results were expressed as mean = standard deviation of measure-
ment. The normality of the data was tested by the Kolmogorov-Smirnov
normality test before analysis. Statistical significance was assigned at a
value of p < 0.05. The comparisons between all experimental groups
were performed by ANOVA followed by the Tukey post hoc test.

3. Results
3.1. PDI assays

The results shown in Fig. 1 demonstrated that photoinactivation
pattern of S. aureus in the presence of Photogem® is different for ex-
periments were performed in PBS, whole blood, erythrocytes and pla-
telet-rich plasma. In PBS, the combination of light and PS resulted in a
relevant decrease of the microorganism viability. The absence of either
light or PS resulted in no variation of microorganism. On the opposite,
in whole blood or erythrocytes, the decreases were only more sensitive
at the larger concentrations of PS and high light dose.

To be quantitative, the S. aureus viability in PBS was reduced below
the detection limit of the method after a light dose of 30 J/cm? in the
presence of Photogem® at 50 ug/mL. The same Photogem® concentra-
tion reduced the S. aureus by 7.2 log CFU/mL after light dose of 15J/
cm?. This inactivation condition was not achieved when the experi-
ments were performed in blood components. The same conditions used
in the assays conducted in whole blood, erythrocytes, and platelet-rich
plasma were not effective to photo-inactivate S. aureus. Photogem® at
50 pg/mL reduced the S. aureus viability in whole blood by 1.0 log
CFU/mL after light dose of 15 J/cm? In erythrocytes and platelet-rich
plasma, S. aureus reductions were 1.3 and 0.4 log CFU/mL, respectively,
after the same conditions applied in whole blood. Although PDI was not
so effective to photo-inactivate the microorganism in blood compo-
nents, these reduction results presented statistical differences from their
control groups. The light and PS controls showed that the S. aureus
viability was affected neither by light alone (10, 15 and 30 J/cm?) nor
by Photogem® alone (25 and 50 ug/mL) in PBS, whole blood and pla-
telet-rich plasma.

3.2. Hemolysis assays
Fig. 2 shows the percentage of hemolysis in treated blood samples in

whole blood (A) and in absence of plasma (B). For erythrocytes in
whole blood, the percentage of hemolysis in control, light control and
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PS control groups were low, with values from 1 to 1.5%. PDI group
presented values from 1.6 to 10.7%, but still, they are considered low
values (Fig. 2A). For erythrocytes in absence of plasma, there was a
significant difference between control and PS control group with 50 ug/
mL. Moreover, hemolysis in PDI group increased with increasing light
dose and PS concentration and the hemolysis was 100% with 15 J/cm?
and 50 pg/mL (Fig. 2B).

3.3. Quantitative and qualitative analysis of whole blood

Table 1 shows the quantitative results of blood cells before and after
treatment with light dose of 15 J/cm? and Photogem® at 50 pg/mL. In
this condition, PDI did not cause damage to the cellular constituents of
whole blood. Morphological changes of erythrocytes, white blood cells,
and platelets were not observed (data not shown). Accordingly, quali-
tative analysis confirmed the results obtained by the blood count.

3.4. Cell viability analysis by flow cytometry

The results of viability of erythrocytes isolated from the whole blood
are shown in Fig. 3. For control group (Fig. 3A) and PS control group
(Fig. 3B) the viability were 99.9% and 99.7%, respectively. After PDI
using 50 ug/mL Photogem® and light dose of 15J/cm?, a significant
displacement of the cell population into two distinct groups was ob-
served in a dot plot graph: one with normal size (FSC-H) and granu-
larity (SSC-H), and another with both lower size and granularity (data
not shown). Both populations were gated and analyzed separately
(Fig. 3C and D).

At Fig. 3C, corresponding to the cellular population gated without
reduced size and granularity, it was observed an increase in the fluor-
escence detected by the FL-3 channel, corresponding to the fluorescence
detection channel of the propidium iodide. However, this fact occurred
only due to the Photogem® fluorescence interference. This phenomenon
was also observed for another gated population corresponding to the
cells with reduced size and granularity (Fig. 3D). The level of apoptosis
detected in these cell populations was 13.9%.

For platelets, the results of viability are shown in Fig. 4. For control
group (Fig. 4A) and PS control group (Fig. 4B) the viability were 92.6%
and 96.5%, respectively. After PDI, the viability was 95.9% (Fig. 4C).
Under the conditions evaluated, PDI did not cause damage to these cell
fragments.

4. Discussion

This study aimed to evaluate Photogem® to photo-inactivate the
bacteria S. aureus in whole blood, erythrocytes and platelet-rich plasma.
Many classes of PSs have been tested to inactivate microorganisms by
PDI, which has been considered an alternative technique to deconta-
minate some blood components. Photogem® was chosen because of its
effectiveness in inactivating different types microorganisms [25-29].
Moreover, it has a range of applications in biological systems, such as
cancer treatment and microbial inactivation due to the absence of
toxicity without light, ability to absorb various wavelengths and gen-
eration of good amounts of ROS [30].

The inactivation of S. aureus in whole blood was greatly reduced in
comparison to inactivation of bacteria in PBS (Fig. 1A). The difference
between the results can be explained by the variety of molecules pre-
sent in the blood. Blood is a complex matrix that contains biomolecules
such as proteins and different cell types (erythrocytes, lymphocytes,
and platelets). The formation of aggregates between the PS molecules is
a problem and can damage the photodynamic action, since it drastically
reduces the PS's ability to generate ROS. The aggregates decrease the
lifetime of the PS singlet and triplet states, reducing their quantum yield
with consequent loss of their efficiency. These aggregates are also
formed when the PS concentration increases [31]. Another problem
that may explain the reduced results of inactivation in whole blood is
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Fig. 1. Log (CFU/mL) of S. aureus photoinactivation in PBS (A), whole blood (B), erythrocytes (C) and platelet-rich plasma (D). Photogem® (PS) at 25 and 50 pug/mL;
red light (L) at 15 and 30 J/em? (PBS conditions), 10 and 15 J/cm? (blood conditions). Irradiance: 30 mW/cm?. All results represent the mean + standard deviation
of three independent assays. Different letters above the bars (a, b, ¢, d, e, ab, bc) represent the significant difference compared between each experimental group

(p < 0.05; ANOVA and Tukey test).

the nonspecific binding of PS to proteins and cells. The nonspecific
binding of PS may also decrease the efficiency of the photodynamic
inactivation process, and our hypothesis is that the PS molecules bound
with plasma proteins.

Although the reduction of 1.0 log CFU/mL of S. aureus seems to be
no significative when are discussed bacteria inactivation (Fig. 1B),
studies have shown that the number of bacteria present in the blood of
adult patients with significant bloodstream infections ranges from 1 and
10 CFU/mL to 1 x 10% and 1 x 10* CFU/mL. The magnitude of bac-
teremia is generally higher in children than in adults, reaching 1 x 10°
CFU/mL of blood [32-34]. Based on this, PDI could be an alternative
for blood controlling microorganisms until the patient's immune system
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recruits defense cells to help decrease the infection.

PDI of S. aureus in erythrocytes (1.3 log CFU/mL, 15 J/cm?, 50 pg/
mL) was more efficient than in plasma (0.4 log CFU/mL, 15 J/cm?,
50 pug/mL) (Fig. 1C and D). According to these results, plasma appears
to be the major blood component responsible for hindering and pre-
venting the inactivation process of bacteria in the blood. Plasma is es-
sentially an aqueous solution with proteins and several molecules in
suspension. These molecules can be the main impediment to the PDI
success since the PS may first interact with them, preventing its bioa-
vailability to the photodynamic reaction and reducing the effectiveness
of the technique. In addition, the PS molecules binding to plasma
proteins makes them unable to be exposed to the microorganisms.
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standard deviation of three independent assays.
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Table 1
Quantitative analysis of whole blood with Photogem® (PS) at 50 ug/mL and red light (L) at 15 J/cm?. The reference values shown in the table are for women. All
results represent the mean =+ standard deviation of three independent assays.

Reference values LoPSo L1sPSo LoPSso L15PSso
Erythrocytes 4.2 a 5.4 millions/mm?® 4.2 = 0.1 4.0 £ 0.5 4.7 £ 0.6 4.6 £ 0.4
Hemoglobin 12 a16g/dL 119 + 0.4 11 £ 2 14 + 2 13 +1
Hematocrit 35a47% 351 34 £5 40 = 5 39 £3
Leukocytes 4,000 a 10,000/mm> 5,600 = 800 6,000 = 500 5,500 = 200 5,400 = 900
Eosinophils 50 a 400/mm* 200 = 50 220 = 60 200 = 30 240 = 50
Neutrophils 1,800 a 7000/mm? 3,700 + 500 3,400 + 400 3,600 + 200 3,400 + 400
Lymphocytes 1,500 a 4,000/mm? 1,400 = 200 1,600 = 300 1,300 = 300 1,400 = 400
Monocytes 150 a 800/mm® 330 = 60 370 = 60 270 = 60 330 = 60
Platelets 150,000 a 450,000/mm?> 188,000 *+ 30,000 206,000 + 10,000 167,000 *= 40,000 172,000 *= 40,000
A Fig. 3. Flow cytometry showing the dot plots with
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These results of inactivation are in agreement with the study of
Spesia et al. (2010), which also observed lower inactivation of bacteria
in the presence of erythrocytes and plasma compared to saline solution
[24]. The microbial reduction rate of E. coli and S. aureus were similar
to this study. However, the hemolysis values reported in some studies
were higher than those reported here. Marciel et al. (2017) showed
inactivation of Gram-positive and Gram-negative bacteria in the pre-
sence of blood components using a tri-cationic porphyrin (Tri-Py *-Me-
PF). The efficiency of the selected PS to inactivate E. coli and S. aureus
decreased with the increase in sample complexity, from PBS to whole
blood. Nevertheless, the authors inactivated bacteria modifying the PS
concentration and light doses [11].

Concerning of hemolysis observed in the PDI groups in the absence
of plasma, PDI occurred in an environment where only erythrocytes and
microorganism were present, so Photogem® interacted strongly with
the cell membrane, attached to them. This interaction may justify the
high percentage of hemolysis found in this situation under the condi-
tions studied. These results are also explained by flow cytometry ana-
lysis, once was observed that PDI is acting on the erythrocyte mem-
brane by deregulating the ionic pump and forming pores in the
membrane, allowing the extravasation of the intracellular material and
induced apoptosis by the phosphatidylserine externalization (Fig. 3C
and D). In the absence of plasma, Photogem® interacts substantially
with erythrocytes, mainly in the membrane of these cells.

It is known that some plasma components are responsible for pro-
tecting erythrocytes against hemolysis caused by mechanical trauma
and hypotonicity. The albumin is the main plasma component re-
sponsible for this protection [35]. Thus, when the whole blood is se-
parated into different blood components, the protective effect of plasma
on erythrocytes is lost, and the erythrocytes become vulnerable to the
effects of the photodynamic action. Lower hemolysis values were ob-
served in the control groups for both whole blood and erythrocytes
(Fig. 2). Hemolysis in low proportion is a normal and intrinsic process
of the organism. About 0.8-1% of human red blood cells is hemolyzed
daily which is offset by the production of new cells [36].

Regarding the effect of Photogem®-mediated photodynamic in-
activation in the platelets present in the plasma, the results obtained
from the flow cytometry analysis (Fig. 4) show that these cell fragments
did not change their viability. These results make it possible to apply
PDI for microbial reduction in this blood component.

Therefore, the use of this photonic method may be a possibility to
eliminate microorganisms present in blood, preserving its character-
istics. Nevertheless, PDI needs to present biological safety to be con-
sidered a technique with great potential for practical application. The
biological safety of PDI relates to the choice of the PS and the dosimetry
employed in the treatment, in order to minimize the damage to the non-
target cells. This study evidences which PDI conditions result in damage
to blood cells and which are ideal for preserving their functions, dis-
cussing the maintenance of the integrity of the blood constituents when
subjected to PS and light. Thus, our results allow setting limitation and
use conditions for PDI application in decontamination of whole blood.

5. Conclusion

The current study had established the characteristics when
Photogem®-mediated photodynamic inactivation is applied in whole
blood and its components. In this study, the decontamination process
with Photogem® was possible depending on the blood component
present during PDI. Safety is the primary consideration of any treat-
ment and we reported the possibility of decontaminating whole blood
with little hemolysis. In summary, this is certainly a first step in the
direction of making photodynamic action an attractive technique for
whole blood decontamination, aiming to be an alternative that exhibits
the potential to the treatment of blood infection and sepsis. However,
further studies are required to improve established conditions and to
increase the efficiency of bacteria reduction in whole blood using PDI.
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