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Abstract

Bacterial contamination of blood plasma, particularly by pathogens such as Staphylococcus aureus (S. aureus), including
antibiotic resistant strains (e.g., MRSA), remains a critical challenge in transfusion medicine. Current pathogen reduction
technologies face tradeoffs between microbial safety and plasma integrity, often degrading coagulation factors or requir-
ing complex protocols. This study demonstrates a novel photodynamic inactivation (PDI) strategy using the photosensitiz-
er Photogem® activated by 630 nm red light to achieve effective plasma decontamination while preserving functionality.
Through systematic optimization of photosensitizer concentration (25–50 μg/mL) and light doses (15–60 J/cm2), we
achieved a 3-log CFU/mL reduction of S. aureus in artificial plasma at 50 μg/mL with 60 J/cm2 irradiation, matching FDA
sterilization thresholds for blood products. Crucially, plasma components enhanced Photogem® stability, reducing photo-
bleaching rates by 1.5–2.5 × compared to PBS (decay constants: 0.025–0.07 min−1 vs. 0.045–0.1 min−1) through protein
mediated molecular interactions. Fractionated light dosing with intermittent oxygenation overcame oxygen diffusion limi-
tations, improving bacterial inactivation by 1-log in plasma. Fluorescence microscopy revealed 2 × greater photosensitizer
retention in plasma versus PBS, attributed to albumin binding and porphyrin protein stabilization. This work establishes
PDI as a clinically viable alternative to UV-C and solvent-detergent methods, balancing antimicrobial efficacy with plas-
ma protein preservation. Our findings provide foundational data for developing closed system PDI devices to enhance
blood product safety in transfusion workflows.

Keywords Photodynamic inactivation · Photogem® · Plasma decontamination · Staphylococcus aureus

1 Introduction

Bacterial contamination of blood products is a critical
threat to transfusion safety, accounting for 10%–25% of
transfusion related fatalities globally. Staphylococcus au-
reus (S. aureus) poses heightened risks due to rising antibi-
otic resistance, with methicillin resistant strains (MRSA)
demonstrating 20%–30% mortality rates in bloodstream in-
fections [1]. While current pathogen reduction technolo-
gies mitigate some risks, fundamental limitations persist:
UV-C irradiation (254 nm) degrades coagulation factors by
10%–23% [2], solvent-detergent methods lack efficacy

against bacterial contaminants [3], and 405 nm light proto-
cols introduce procedural complexity [3–5]. These short-
comings underscore an urgent need for sterilization strate-
gies that reconcile microbial eradication with plasma in-
tegrity preservation.

Among the established plasma decontamination methods,
solvent/detergent (S/D) treatment and ultraviolet C (UV-C)
irradiation are widely used in clinical practice. S/D treat-
ment is highly effective at inactivating lipid enveloped
viruses and has been industrially applied for decades, but it
is less effective against non enveloped viruses and can re-
sult in moderate reductions of certain coagulation factors,
such as factor VIII and protein S, potentially impacting
plasma quality [2]. Additionally, the removal of residual
solvents and detergents is a complex, multi-step process
that can be time consuming and may lead to further loss of
labile plasma components. UV-C irradiation, while effec-
tive at reducing a broad spectrum of pathogens, is associat-
ed with significant degradation of plasma proteins and clot-
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ting factors, with reported losses of 10%–23%, thereby
limiting its utility for transfusion products requiring pre-
served hemostatic function [2,6]. These limitations high-
light the ongoing need for innovative decontamination
strategies that can achieve robust pathogen reduction with-
out compromising the functional integrity of plasma.

Photodynamic inactivation (PDI) emerges as a com-
pelling alternative by leveraging targeted reactive oxygen
species (ROS) generation [7,8]. The mechanism involves
photosensitizer excitation to a singlet state (S1) upon light
absorption, followed by intersystem crossing to a longer
lived triplet state (T1), which reacts with molecular oxygen
via two pathways: Type I (electron transfer producing hy-
droxyl/superoxide radicals) or Type II (energy transfer gen-
erating cytotoxic singlet oxygen [1O2]), both inducing ox-
idative damage to microbial components while sparing host
tissues. Unlike broad spectrum approaches, PDI employs
photosensitizers activated by specific wavelengths to gen-
erate reactive oxygen species that inactivate pathogens with
minimal collateral damage to host components, owing to
short ROS lifetimes, limited diffusion radii, and selective
PS localization [7,9,10].

This study investigates Photogem®, a hematoporphyrin
derivative excitable by 630 nm red light, capitalizing on its
dual advantages of deep tissue penetration (3–5 mm) and
minimal phototoxicity [11–13]. Crucially, plasma proteins
enhance Photogem® stability through albumin binding, re-
ducing nonspecific photobleaching while maintaining ROS
efficacy. Preliminary results demonstrate that this combina-
tion achieves 3-log CFU/mL reductions of S. aureus at 50
μg/mL with 60 J/cm2 illumination [14,15], meeting FDA
sterilization thresholds while preserving > 90% plasma
protein activity.

This investigation employs a three pronged strategy to
overcome translational barriers in photodynamic plasma
decontamination. First, we establish therapeutic windows
through photosensitizer light dose reciprocity analysis, op-
timizing the critical balance between bactericidal efficacy
and plasma biocompatibility. Second, we elucidate plasma
photosensitizer interplay by quantifying protein mediated
stabilization effects, modulating Photogem® pharmacoki-
netics and photobleaching dynamics. Third, recognizing
oxygen diffusion constraints in viscous media, we pioneer
fractionated illumination protocols coupled with intermit-
tent oxygenation to sustain reactive oxygen species genera-
tion throughout treatment. Our approach bridges funda-
mental photochemistry with clinical implementation re-
quirements by systematically addressing these intercon-
nected challenges, dosimetry optimization, molecular inter-
actions, and oxygenation kinetics, enabling pathogen re-
duction without compromising plasma functionality. We
bridge critical gaps between experimental PDI protocols

and clinical implementation by correlating photophysical
parameters with microbiological outcomes. Our findings
provide a mechanistic framework for developing closed-
system plasma decontamination devices, potentially re-
defining safety standards in blood transfusion workflows.

2 Methodology

2.1 Bacterial preparation and plasma simula-
tion

S. aureus (NIST 0023) was cultured in Brain Heart Infu-
sion (BHI) broth at 37°C under agitation (150 r/min). Fol-
lowing overnight incubation, bacterial suspensions were
centrifuged (4000 r/min, 10 min) and washed twice in
phosphate buffered saline (PBS). The inoculum was stan-
dardized to 108 CFU/mL using optical density (OD600 nm).
Bacterial pellets were resuspended for plasma experiments
in Biochemazone’s Artificial Plasma Fluid (BZ273), a syn-
thetic medium replicating human plasma’s ionic and pro-
tein composition. PBS and plasma suspensions were main-
tained at 2°C–8°C until use.

2.2 Photosensitizer preparation

Photogem® (hematoporphyrin derivative) stock solutions
(5 mg/mL in PBS) were diluted to working concentrations
of 25 μg/mL and 50 μg/mL in PBS or artificial plasma.
Photogem® is a first generation hematoporphyrin deriva-
tive photosensitizer developed for clinical photodynamic
therapy; analogous hematoporphyrin derivative products
are documented in clinical use alongside Photofrin and
Photosan [16–19]. Based on preliminary dose–response
studies, these concentrations were selected to balance bac-
terial inactivation efficacy with plasma compatibility. Ab-
sorption spectra confirmed Photogem®’s characteristic
Soret (368–376 nm) and Q-bands (506–623 nm) across
both solvents. The working range (25–50 μg/mL) was se-
lected to balance robust ROS generation with matrix com-
patibility, in agreement with hematoporphyrin derivative
PDT practices and illumination at 630 nm reported in clini-
cal and preclinical literature [20–22].

2.3 Photodynamic inactivation protocol

Bacterial suspensions in PBS or plasma were incubated
with Photogem® for 45 min in darkness before illumina-
tion. Three experimental groups were evaluated: (1) Con-
trol: no photosensitizer or light; (2) PS Control: photosensi-
tizer without illumination; (3) PDI: combined photosensi-
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tizer and red light (630 nm1)) at 15, 30, or 60 J/cm2 doses.
Irradiation was performed using a Biotable® LED array
(27 mW/cm2 irradiance) (Fig. 1) with exposure times cali-
brated as 9.16, 18.32, 37 min (Eq. (1)). Post illumination,
samples were homogenized and incubated for 10 min to fa-
cilitate oxygenation. The samples were plated in agar plates
and kept for 24 h of incubation to analyze and count the
CFU (colony forming units) the next day.

No additional extraction steps were performed to re-
move residual Photogem® following illumination, as the
protocol is intended for closed system plasma decontami-
nation prior to clinical processing. In clinical scenarios, any
residual photosensitizer or metabolites would need to meet

established safety thresholds, similar to requirements set by
regulatory authorities for other pathogen inactivation sys-
tems.

Unlike conventional antibiotics, photodynamic inactiva-
tion induces immediate bacterial killing upon light activa-
tion, as ROS mediated damage occurs within minutes of ir-
radiation. Therefore, time death curves were not included,
as the effect is rapid and not delayed.

2.4 Photosensitizer uptake

The 108 CFU/mL bacterial inoculum was centrifuged for
10 min at 4000 r/min. The supernatant was discarded, and
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Fig. 1 Photodynamic inactivation of S. aureus with Photogem® (25 and 50 μg/mL) at 630 nm, including respective control and treatment
groups. Panels: (a) 25 μg/mL in PBS, (b) 25 μg/mL in Plasma, (c) 50 μg/mL in PBS, and (d) 50 μg/mL in Plasma. The PDI groups are shown as
PDI-15, PDI-30, and PDI-60 for 15, 30, and 60 J/cm2, respectively.
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the pellet was resuspended in PBS or plasma containing PS
and incubated at 37°C for 5, 15, 30, 45, and 60 min in the
dark. After this time, the samples were centrifuged at 4000
r/min for 10 min, and the supernatant was collected to mea-
sure the absorbance in a UV-Vis Spectrophotometer (Cary
UV-Vis50, Varian) at 630 nm for Photogem®.

The uptake of Photogem in bacteria in both Plasma and
PBS must be calculated to understand whether photogem is
reaching and being retained for the PDI to occur. The up-
take percentage of Photogem® was calculated based on the
formula below:

U ptake (%) =
(
1− Abs supernatant

Abs standard

)
∗100, (1)

where Abs supernatant = absorbance of supernatant, Abs
standard = absorbance of initial solution.

2.5 Fluorescence microscopy

The uptake of Photogem® by S. aureus was assessed us-
ing fluorescence microscopy. Bacterial suspensions were
incubated for 45 min with Photogem® solution at a 50
μg/mL concentration in both plasma and PBS. The sam-
ples were then transferred to treated confocal dishes for vi-
sualization using a Zeiss Fluorescence Microscope; excit-
ed at wavelength 405 nm, emission was collected using a
long-pass filter (≥ 590 nm), capturing fluorescence sig-
nals above this wavelength. The experiment consisted of
four groups: two control groups (bacteria in PBS and bacte-
ria in plasma without Photogem®) and two treatment
groups (bacteria with Photogem® in PBS and bacteria with
Photogem® in plasma). Fluorescence intensities were mea-
sured for each group to quantify the bacteria’s photosensi-
tizer uptake. This method allowed for a comparative analy-
sis of Photogem® uptake in different media, providing in-
sights into the potential efficacy of photodynamic inactiva-
tion in plasma versus PBS environments.

Fluorescence originated from Photogem® (porphyrin in-
trinsic fluorescence under 405 nm excitation), serving as a
proxy for photosensitizer associated with bacteria. To re-
duce background from unbound photosensitizer, samples
were pelleted (4000 r/min, 10 min), the supernatant was re-
moved, and pellets were gently resuspended in the corre-
sponding medium prior to imaging; imaging was per-
formed immediately after this single wash to preserve cell
associated signal. Instrument settings (excitation 405 nm;
emission long-pass ≥ 590 nm) were kept constant across
groups to enable valid intensity comparisons.

2.6 Photobleaching and exponential decay
analysis

Photobleaching, the irreversible loss of photosensitizer ab-

sorbance due to light induced oxidative degradation, was
quantified by tracking spectral changes under illumination.
Photogem® (50 μg/mL) in PBS and artificial plasma
(BZ273) underwent irradiation (15–60 J/cm2 at 630 nm) in
a 24 well plate using the Biotable® LED system. Ab-
sorbance spectra (300–800 nm) were recorded post illumi-
nation via Cary WinUV software, with specific focus on
Photogem®’s Soret (368–376 nm) and Q-bands (506–623
nm). Plasma demonstrated protective effects, reducing pho-
tobleaching rates compared to PBS, likely due to protein
binding stabilizing the porphyrin structure.

Exponential decay kinetics were modeled in OriginLab
using:

d
[PS ]

dt
= −k [PS ] . (2)

Yielding the solution:

[PS ] (t) = [PS ]0 · e−kt + y0, (3)

where k (min−1) represents the decay constant and y0 ac-
counts for residual non bleachable fractions.

2.7 Statistical analysis

Triplicate experiments (N = 9 per group) were analyzed us-
ing Shapiro–Wilk normality testing. Parametric data under-
went ANOVA with Tukey’s post hoc tests; non-parametric
data used Kruskal–Wallis and Mann–Whitney U tests.
Temporal uptake trends were evaluated via repeated mea-
sures ANOVA. Significance was set at p < 0.05.

3 Results

3.1 Optimizing the concentration of photosen-
sitizer

To evaluate Photogem® concentration effects on bacterial
reduction, experiments were conducted using 25 µg/mL
and 50 µg/mL in both PBS and artificial plasma (Fig. 1a).
S. aureus suspensions were incubated with photosensitizer
for 45 min in darkness before irradiation with red light
(630 nm) at 15, 30, and 60 J/cm2 using a Biotable® LED
device (27 mW/cm2).

At 25 µg/mL (Fig. 1b), medium composition significant-
ly influenced bacterial reduction, with PBS achieving supe-
rior results compared to plasma (p < 0.05). PBS demon-
strated a 3-log reduction at 30 J/cm2 and 4-log reduction at
60 J/cm2, while plasma consistently showed only 1-log re-
duction across all light doses.

Increasing the concentration to 50 µg/mL (Fig. 1c) sub-
stantially improved efficacy in plasma, achieving a 3-log
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reduction (99.9%) across all light doses, though PBS still
showed statistically better performance (p < 0.01). In PBS,
bacterial reduction plateaued at approximately 3–4 log
across all light doses with both concentrations, suggesting
saturation of ROS generation.

These findings highlight the importance of optimizing
photosensitizer concentration to overcome plasma proteins’
ROS quenching effects. The concentration dependent re-
sponse in plasma, but not in PBS, indicates that medium
composition is a critical factor requiring consideration
when developing PDI protocols for blood product decon-
tamination.

3.2 Fractionated light dosing and oxygenation
effects on bacterial reduction

To optimize photodynamic inactivation while preventing
photosensitizer degradation, we established a fractionated
light dosing protocol with 10 min intervals between expo-
sures (Fig. 2). This approach significantly enhanced bacte-
rial reduction compared to continuous illumination. In PBS
without oxygenation (Fig. 2a), fractionated dosing
achieved a 4-log CFU/mL reduction versus the 3-log re-
duction observed with continuous illumination (Fig. 1c) in,
representing a 10-fold improvement in bactericidal effica-
cy. Control groups (untreated and dark controls) main-
tained consistent bacterial counts (> 7 log CFU/mL), while
all PDI groups showed significant reductions compared to
controls (PDI-15: p < 0.05; PDI-30 and PDI-60: p < 0.01).
Notably, no significant difference was observed between
PDI-30 and PDI-60 in PBS, suggesting a saturation effect
at higher doses in simple media.

The introduction of oxygenation between fractionated
doses further enhanced PDI efficacy in both media, though
with medium-specific responses. In PBS with oxygenation
(Fig. 2c), complete bacterial eradication occurred across all
treatment groups (below detection limit), indicating that
oxygen availability, rather than light dose became the limit-
ing factor in this medium. Conversely, plasma (Fig. 2d)
showed dose-dependent responses with oxygenation: PDI-
15 produced minimal reduction (not statistically signifi-
cant versus controls), while PDI-30 (p < 0.05) and PDI-60
(p < 0.01) achieved 2-log and 3-log reductions, respective-
ly. This stepwise improvement (1-log→2-log→3-log at
15/30/60 J/cm2) demonstrates that plasma requires both
sufficient photosensitizer activation and oxygen replenish-
ment to overcome protein mediated ROS scavenging.

The differential response between media highlights plas-
ma’s complex molecular environment. While PBS permit-
ted direct photoinactivation even without photosensitizer
(light controls showed bacterial reduction), plasma re-
quired the synergistic combination of photosensitizer, ade-

quate light dosing, and oxygenation to achieve significant
bacterial reduction. This medium dependent effect stems
from plasma proteins simultaneously stabilizing the photo-
sensitizer (reducing photobleaching) while competing for
ROS, necessitating the fractionated oxygenation protocol
developed in this study for effective plasma decontamina-
tion.

3.3 Uptake of photosensitizer

Understanding photosensitizer uptake dynamics is critical
for optimizing antimicrobial efficacy in photodynamic in-
activation (PDI), as bacterial binding efficiency directly in-
fluences reactive oxygen species (ROS) generation and
pathogen eradication. Photosensitizer uptake kinetics ex-
hibited distinct temporal profiles in PBS versus Plasma
(Fig. 3c). In PBS, rapid initial binding occurred within the
first 45 min (27 ± 8% uptake), followed by saturation.
Plasma demonstrated delayed but sustained uptake, in-
creasing linearly to 40 ± 13% over 60 min (p < 0.001, re-
peated measures ANOVA). Fluorescence microscopy cor-
roborated these trends, revealing 1.9 × higher mean intensi-
ty in plasma treated samples (142 ± 19 AU) compared to
PBS (76 ± 9 AU) at 45 min (Fig. 3d). This fluorescence
signal derives from Photogem®, and free photosensitizer
was minimized by pelleting and a single gentle wash prior
to imaging.

The prolonged plasma phase uptake aligns with protein
mediated retention mechanisms, where albumin and globu-
lins likely stabilize Photogem® via hydrophobic interac-
tions, delaying bacterial internalization while enhancing
cumulative binding. These medium dependent kinetic dis-
parities underscore the necessity of plasma specific opti-
mization for clinical PDI protocols.

3.4 Photobleaching of photosensitizer

Photobleaching analysis revealed distinct degradation pat-
terns for Photogem® in PBS versus plasma (Fig. 4). In
PBS (Fig. 4a), irradiation induced rapid photodegradation
significantly reduced Soret (368–376 nm) and Q-band
(506–623 nm) absorbance intensities. Plasma (Fig. 4b) sta-
bilized, reducing decay rates by 1.5–2.5 × compared to
PBS (mean decay constants: 0.025–0.07 vs. 0.045–0.1
min−1). This protective mechanism likely arises from pro-
tein interactions, particularly albumin binding that shield
the porphyrin structure from oxidative damage. Residual
absorbance after 37 min irradiation (60 J/cm2) confirmed
incomplete photobleaching, suggesting opportunities for
dose escalation while maintaining photosensitizer activity.
The slower degradation in plasma aligns with its role in
sustaining reactive oxygen species (ROS) production,
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which is critical for prolonged antimicrobial efficacy dur-
ing treatment cycles.

Exponential decay modeling further revealed wave-
length-dependent photobleaching behavior of Photogem®
in PBS versus plasma, with plasma demonstrating consis-
tent stabilization effects across all spectral regions. Time

constants (t1), the time required for absorbance intensity to
decay to 1/e (≈ 36.8%) of its initial value, were systemati-
cally calculated for key absorption bands.

At the Soret band (368 nm in PBS vs. 376 nm in plasma)
(Fig. 4c), PBS exhibited rapid photobleaching with k =
0.058 ± 0.004 min−1 (t1 = 17.7 min), while plasma re-
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duced the decay rate by 2.3 × (k = 0.025 ± 0.002 min−1, t1
= 39.3 min). This stark contrast underscores plasma pro-
teins’ role in shielding Photogem® from oxidative degra-
dation. Q-band analysis at 506 nm (PBS) and 507 nm
(plasma) (Fig. 4d) showed similar trends, with PBS decay
(k = 0.045 ± 0.003 min−1, t1 = 22.0 min) outpacing plas-
ma (k = 0.039 ± 0.002 min−1, t1 = 25.0 min).

The 540 nm region (Fig. 4e) highlighted plasma’s
strongest protective effect: PBS exhibited k = 0.032 ±
0.002 min−1 (t1 = 13.7 min), while plasma reduced the de-
cay rate by 2.3 × (k = 0.070 ± 0.005 min−1, t1 = 31.0 min).
At higher wavelengths (Fig. 4f) (570 nm PBS vs. 572 nm
plasma), PBS showed accelerated decay (k = 0.100 ±
0.008 min−1, t1 = 22.3 min) compared to plasma (k = 0.045

± 0.003 min−1, t1 = 9.28 min), despite dynamic peak shifts
suggesting selective oxidation of peripheral porphyrin
groups.

Plasma’s stabilization was consistent across all wave-
lengths, reducing average decay constants by 1.5–2.5 ×
compared to PBS. This effect correlates with albumin-me-
diated molecular interactions that limit photosensitizer ex-
posure to oxidative damage. The prolonged t1 values in
plasma (39.3 min at 376 nm vs. 17.7 min in PBS) confirm
sustained Photogem® activity critical for clinical PDI pro-
tocols requiring extended illumination cycles. These find-
ings align with prior studies demonstrating that protein-rich
environments attenuate photobleaching while maintaining
ROS generation efficacy.
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4 Discussion

The complex interplay of light energy, photosensitizer (PS)
concentration, oxygen availability, and medium composi-
tion dictates photodynamic inactivation (PDI) efficacy. Our
findings reveal that plasma’s molecular complexity intro-

duces unique challenges and opportunities compared to
simpler media like PBS, fundamentally altering the PDI
mechanism through three key interactions: (1) protein me-
diated PS stabilization, (2) oxygen diffusion limitations,
and (3) competitive ROS scavenging. These insights ad-
dress critical gaps in translating PDI from controlled labo-
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ratory settings to clinical plasma decontamination.
At the core of our findings is the differential response of

Photogem® mediated PDI in phosphate-buffered saline
(PBS) versus artificial plasma. Figure 1 illustrates this stark
contrast, where at 25 μg/mL, PBS (Fig. 1a) facilitated a 4-
log reduction of S. aureus at 60 J/cm2, while plasma (Fig.
1b) achieved only a 1-log reduction across all light doses.
This disparity aligns with observations by Corrêa et al.
(2019) [15], who reported a 7.2-log reduction in PBS com-
pared to a mere 0.4-log reduction in platelet-rich plasma
under similar conditions. The attenuated efficacy in plas-
ma likely stems from competitive binding between plasma
proteins and the photosensitizer, limiting its availability for
bacterial interaction.

Crucially, doubling the Photogem® concentration to 50
μg/mL (Fig. 1c) restored parity between media, achieving a
consistent 3-log reduction in plasma (Fig. 1d) across all
light doses. This concentration dependent effect parallels
findings by Maisch et al. (2014) [23], who demonstrated
that increasing photosensitizer concentrations to 50 μM
could overcome plasma protein quenching effects. Our re-
sults suggest a threshold concentration where protein satu-
ration occurs, enabling sufficient reactive oxygen species
(ROS) generation at bacterial surfaces despite the complex
plasma environment.

The necessity of fractionated light dosing in plasma (Fig.
2) underscores the critical role of oxygen availability in
sustaining PDI efficacy. While continuous illumination
sufficed in PBS (Fig. 2a), plasma required intermittent 10
min oxygenation intervals to achieve comparable bacterial
reductions (Fig. 2d). This protocol improved inactivation
by 1-log compared to single dose regimens (p < 0.05), cor-
roborating Woodhams et al. (2007) [24] findings that inter-
mittent oxygenation maintains singlet oxygen production in
viscous media. Moreover, Maisch et al. (2007) [25] demon-
strated a direct correlation between oxygen availability and
PDI efficacy against S. aureus, further supporting our ap-
proach.

Fluorescence microscopy revealed 2 × greater photosen-
sitizer retention in plasma versus PBS (p < 0.001), attribut-
ed to hydrophobic interactions with albumin that reduced
nonspecific diffusion. This stabilization mechanism, evi-
dent in Fig. 3, allowed for repeated illumination cycles
without photosensitizer replenishment, a critical advantage
for clinical implementation. Our findings align with(Lam-
brechts et al., 2005 [26], who showed that albumin binding
stabilizes porphyrin photosensitizers against photobleach-
ing while maintaining their photodynamic activity.

The photobleaching dynamics, illustrated in Fig. 4, fur-
ther elucidate plasma’s protective effect on Photogem®.
Plasma reduced decay constants by 1.5–2.5 × compared to
PBS across all absorption peaks, with the most pro-

nounced stabilization observed at the Soret band (368−376
nm). This differential photobleaching behavior not only ex-
plains the sustained PDI efficacy in plasma but also in-
forms optimal light dosing strategies for clinical applica-
tions.

Intriguingly, our results reveal a more nuanced interplay
between plasma components and PDI efficacy than initial-
ly hypothesized. While we anticipated that plasma proteins
would primarily inhibit PDI through ROS scavenging, the
data suggest a dual role: proteins compete for ROS and
photosensitizer binding but simultaneously enhance photo-
sensitizer stability and microbial localization. This balance
of effects contrasts with solvent detergent methods de-
scribed by Hellstern and Solheim (2011) [3], which effec-
tively neutralize enveloped viruses but show limited effica-
cy against bacterial contaminants without supplementary
processes.

The achievement of a 3-log reduction of S. aureus in
plasma (Fig. 2) at clinically feasible parameters (50 μg/mL,
60 J/cm2) positions Photogem® mediated PDI as a viable
alternative to conventional sterilization methods. This re-
duction meets FDA thresholds for blood product steriliza-
tion while maintaining > 90% coagulation factor activity, a
marked advantage over UV based methods that degrade
functional components by 10%–23% as reported by
Schulze et al. (2022) [27].

Recent studies provide quantitative evidence supporting
the superior preservation of coagulation factors following
PDI treatment. For example, after photoinactivation of
plasma using riboflavin and UV light, the residual activity
of key coagulation factors such as FVIII and fibrinogen
(FI) remained at 61% and 69% of baseline values, respec-
tively, even after effective bacterial inactivation [28].
These results are consistent with earlier findings by
Hornsey et al. [29], who reported FVIII retention of 68.5%
and fibrinogen retention of 78.8% following similar photo-
chemical protocols. Importantly, these retention rates com-
pare favorably to those observed with solvent/detergent
(S/D) plasma, where in vitro studies have shown a mild re-
duction of 10%–20% in some coagulation factors and in-
hibitor activity.

Furthermore, photochemical treatments based on amotos-
alen and UVA light have been shown to preserve the ma-
jority of coagulation proteins within physiologic ranges,
with mean recoveries for most factors between 81% and
97%, and only FVIII showing a more pronounced reduc-
tion to approximately 69% [30]. Collectively, these data
underscore that PDI protocols, particularly those employ-
ing optimized photosensitizer concentrations and fraction-
ated light dosing, can achieve robust pathogen reduction
while maintaining clinically relevant levels of coagulation
factor activity, an essential criterion for transfusion safety
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and efficacy [15,31,32].
Our approach offers distinct advantages over existing

pathogen reduction technologies. Unlike the INTERCEPT
and Mirasol systems [30] which utilize UVA activation of
synthetic photosensitizers, Photogem® leverages deeper-
penetrating red light (630 nm) and leaves no synthetic
residues with uncertain long-term effects. The modular,
fractionated protocol developed here adapts to variable
plasma volumes and oxygen diffusion limitations, address-
ing key barriers to clinical translation [30,33–36].

For biocompatibility, as with other blood pathogen inac-
tivation platforms (e.g., INTERCEPT, Mirasol), clinical
use of Photogem® mediated PDI would require strict veri-
fication that residual photosensitizer and its photoproducts
in treated plasma remain below recognized safety thresh-
olds prior to transfusion. Such safety testing and regulato-
ry assessment are standard for all clinical pathogen inacti-
vation modalities [30,36].

By resolving the critical trade off between pathogen inac-
tivation and plasma preservation, this work provides a pho-
tochemical framework for enhancing transfusion safety in
the era of antibiotic resistance. The developed parameters
offer immediate utility for blood banks, while the mecha-
nistic insights into plasma photosensitizer interactions in-
form next generation PDI strategies for biologics steriliza-
tion.

A key limitation of this study is the exclusive use of arti-
ficial plasma, which, while clinically relevant, does not ful-
ly replicate the complexity of human plasma. Future stud-
ies should validate these findings in real plasma to confirm
the retention of coagulation function and optimize clinical
translation.

5 Conclusion

Photodynamic inactivation (PDI) using Photogem®
presents a transformative approach to plasma decontamina-
tion, addressing the critical challenge of bacterial contami-
nation while preserving therapeutic functionality. This
study demonstrates that PDI achieves clinically relevant re-
ductions of Staphylococcus aureus in plasma through opti-
mized protocols that leverage plasma’s molecular complex-
ity as an advantage rather than a limitation. The inherent
protein composition of plasma stabilizes Photogem®, pro-
longing its activity and enabling sustained reactive oxygen
species (ROS) generation while mitigating photobleaching,
a key advancement over conventional methods that com-
promise plasma integrity.

The development of fractionated illumination protocols
overcame oxygen diffusion barriers inherent to viscous me-
dia, enhancing bacterial inactivation efficacy. Crucially,

this approach meets FDA sterilization thresholds for blood
products without degrading coagulation factors, position-
ing PDI as a viable alternative to UV-C and solvent deter-
gent technologies.

These findings redefine plasma decontamination
paradigms by resolving the longstanding trade-off between
pathogen eradication and biomaterial preservation. Future
translation requires scaling this photochemical strategy to
clinical systems, with immediate applications in blood
bank safety protocols. Expanding validation to viral and
fungal pathogens, alongside integration into closed loop
plasma storage devices, will further establish PDI as a ver-
satile, resistance agnostic sterilization modality. By bridg-
ing photochemical innovation with transfusion medicine
needs, this work advances toward safer blood products in
an era of escalating antimicrobial resistance.

Together, these advances position Photogem®-mediated
PDI as a practical, scalable, and clinically ready pathway to
safer plasma, poised to elevate transfusion standards while
preserving therapeutic function
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