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Introduction
Donor screening and advancements in infectious marker 
testing have significantly improved blood safety, however 
the risk of bacterial contamination remains, and a vari-
ety of other infectious agents including newly emerging 
viruses and parasites continue to threaten blood trans-
fusion safety (Brecher et al. 2003; Gehrie et al. 2019). 
Recent advancements have led to the development of a 
selection of chemical- and/or optical-based pathogen 
reduction technologies (PRTs) which proactively prevent 
and control infection transmission by inactivating blood-
borne pathogens before transfusion (Gehrie et al 2019; 
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Abstract
Bacterial contamination is the most prevalent infectious complication of blood transfusion in the developed world. 
To mitigate this, several ultraviolet light-based pathogen reduction technologies (PRTs), some of which require 
photo-chemicals, have been developed to minimize infection transmission. Relative to UV light, visible 405-nm light 
is safer and has shown potential to be developed as a PRT for the in situ treatment of ex vivo human plasma and 
platelet concentrates, without the need for photo-chemicals. This study investigates the effect of 405-nm light on 
human plasma, with focus on the compatibility of antimicrobial light doses with essential plasma clotting factors. 
To determine an effective antimicrobial dose that is compatible with plasma, prebagged human plasma (up to 
300 mL) was seeded with common microbial contaminants and treated with increasing doses of 405-nm light 
(16 mW cm−2; ≤ 403 J cm−2). Post-exposure plasma protein integrity was investigated using an AOPP assay, in vitro 
coagulation tests, and ELISA-based measurement of fibrinogen and Protein S. Microbial contamination in 300 mL 
prebagged human plasma was significantly reduced (P ≤ 0.05) after exposure to ≤ 288 J cm−2, with microbial loads 
reduced by > 96.2%. This dose did not significantly affect the plasma protein quality parameters tested (P > 0.05). 
Increased doses (≥ 345 J cm−2) resulted in a 4.3% increase in clot times with no statistically significant change in 
protein activity or levels. Overall, this study has demonstrated that the effective microbicidal 405 light dose shows 
little to no negative effect on plasma quality.
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Marschner and Dimberg 2019). These PRTs provide high 
antimicrobial efficacy and have shown to be clinically 
safe, however several studies have reported reductions 
in post-treatment blood components’ quality and func-
tionality, with emphasis on the functional impediment 
of coagulation factors in human plasma, and the require-
ment for more frequent PC transfusions in patients 
receiving PRT-treated products (Escolar et al. 2022; Geh-
rie et al. 2019; Hamzah et al. 2018; Klein 2005; Magron 
et al. 2018; Schlenke et al. 2014; Seltsam 2017). Further, 
use of ultraviolet (UV) light wavelengths and chemi-
cal photosensitizers have operational disadvantages as 
treatments require bag transfers and/or additive removal 
stages which increases processing times.

The ideal PRT would provide an optimal balance of 
antimicrobial activity and blood product compatibility, 
whilst being relatively inexpensive and simple to imple-
ment. Our research focuses on the development of a 
novel alternative PRT for the treatment of blood trans-
fusion products using visible, violet-blue 405-nm light. 
The inactivation mechanism of 405-nm light is driven 
by the photo-excitation process of intracellular porphy-
rin molecules within exposed microbial cells, which in 
turn generates reactive oxygen species (ROS) capable of 
widespread oxidative damage and cell death (Godley et 
al. 2005; Guffey et al. 2006; Hamblin et al. 2005; McKen-
zie et al. 2016; Ramakrishnan et al. 2016). The widespread 
inactivation capabilities of 405  nm light, reviewed by 
Tomb et al. (2018) are well established, with studies dem-
onstrating efficacy against a range of vegetative bacte-
ria, bacterial endospores, fungi, yeast, and under certain 
conditions, viruses (Enwemeka et al. 2008; Maclean et al. 
2013, 2009; Murdoch et al. 2013, 2012; Tomb et al. 2017).

To date, 405-nm light has successfully demonstrated its 
potential as a PRT for human plasma and platelet con-
centrates suspended in plasma (PCs) using a range of 
bacteria, a yeast and more recently, the blood-borne par-
asites Trypanosoma cruzi and Leishmania donovani, and 
an enveloped virus, human immunodeficiency virus-1 
(HIV-1) (Jankowska et al. 2020; Kaldhone et al. 2024; Lu 
et al. 2020; Maclean et al. 2020, 2016; Ragupathy et al. 
2022; Stewart et al. 2020). Proof-of-concept studies also 
showed the capacity for 405-nm light to reduce patho-
gens in human plasma in situ within the transfusion bag. 
This procedure also eliminates the need for additional 
photosensitizers (Lu et al. 2020; Maclean et al. 2020, 
2016).

A recent report utilising low volume (250  µL)  plasma 
samples demonstrated broad-spectrum microbial inacti-
vation, while preserving plasma protein integrity (Stew-
art et al. 2020), however, demonstrable scale-up of the 
treatment is required to ensure there is potential for this 
technology to be utilised for pathogen reduction of pre-
bagged volumes. Additionally, to date, the effect of 405 

light on coagulation factors present in plasma have not 
been evaluated for in vitro functional parameters, which 
is a critical step for any PRT to be successful (for both 
plasma, and PCs suspended in plasma). Accordingly, 
the primary focus of this study is on assessing the light 
effect on microbial reduction of prebagged plasma (up 
to 300 mL volumes), and assessment of the in vitro func-
tional parameters of plasma coagulation factors following 
treatment with antimicrobial doses.

Materials and methods
Human plasma
Human plasma (TCS Biosciences Ltd (UK)) was stored 
at −18  °C and thawed at ambient room temperature for 
∼ 2  h prior to experimentation. The transmissibility of 
human plasma was found to be in the region of 0.38–
0.7% at 405 nm (Fig. 1A) using UV–Vis spectrophotome-
try (Biomate-5, Thermo Spectronic). For light exposures, 
100  and 300  mL human plasma was suspended in 150 
and 450 mL blood bags (Grifols, UK).

Microbial cultures and artificial contamination of human 
plasma
The organisms used in this study were: Staphylococ-
cus aureus NCTC 4135, Staphylococcus epidermidis 
LMG 10273 (Gram-positive bacteria); Escherichia coli 
NCTC 9001, Pseudomonas aeruginosa NCTC 9009, and 
Acinetobacter baumannii LMG 1041 (Gram-negative 
bacteria); and Candida albicans DSM 1386 (a yeast). 
Cultures were obtained from the National Collection of 
Type Cultures (NCTC, Colindale, UK), Belgian Coordi-
nated Collections of Microorganisms (LMG, Bruxelles, 
Belgium) and the Leibniz Institute DSMZ-German Col-
lection of Microorganisms and Cell Cultures (DSM, 
Braunschweig, Germany). Organisms were cultured 
at 37  °C for 24  h under rotary conditions (120  rpm), in 
nutrient broth (Oxoid Ltd., UK), except for S. epidermi-
dis and C. albicans which were cultured in tryptone soya 
broth, and malt extract broth with 0.1% yeast extract 
(Oxoid Ltd., UK), respectively. Broths were centrifuged 
at 3939×g for 10  min and the cell pellets re-suspended 
and serially-diluted in phosphate buffered saline (PBS; 
Oxoid Ltd, UK) to 105 colony-forming units per millilitre 
(CFU mL−1). This microbial suspension was then used to 
spike the prebagged human plasma to achieve a contami-
nation level of ∼ 103 colony-forming units per millilitre 
(CFU mL−1) in 100  mL volumes of prebagged plasma. 
Scaled up testing using 300  mL prebagged plasma was 
then conducted using S.  aureus, E.  coli and C. albicans 
(representative of a Gram positive, Gram negative, and 
yeast species, respectively), and were prepared using the 
same procedure.
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Violet-blue 405-nm light system
Exposure of prebagged human plasma was conducted 
using a prototype light treatment system (US Patent 
Application No. 62/236, 706, 2015), composed of an 
incubator shaker with a top-mounted light source. The 
light source contained light emitting diode (LED) arrays 
(LZ4-00UB00-U7, Osram LED Engin, USA), with a cen-
tre wavelength of 405 nm (∼ 17 nm FWHM), shown in 
Fig. 1B, powered in parallel by a 15 V LED driver (Model 
HLG-80H-15, Mean Well, Netherlands). The 405-nm 
light source was held in a fixed position, 12 cm above the 
base of the shaker plate, where the plasma bags were hor-
izontally positioned. During exposures, plasma bags were 
held at 22  °C under continuous agitation, 84  rpm). The 
optical profile of the light distribution across the blood 
bag, measured using a radiant power meter and photodi-
ode detector (LOT-Oriel Ltd, USA), is shown in Fig. 1C. 
An average irradiance of ~ 16  mW cm−2 was measured 
across the bag surfaces, taking into account a 26% 

reduction in irradiance due to transmission through the 
blood bag material. Prebagged human plasma was treated 
with this fixed irradiance for treatment times up to 7 h, 
with the applied dose calculated using the equation:

	

Dose
(
Jcm−2) =Average irradiance

(
Wcm−2)

× Exposure time (seconds)
� (1)

Microbial reduction of prebagged human plasma (100 and 
300 mL volumes) using 405-nm light
To assess microbial reduction, exposures were first 
conducted using 100  mL prebagged human plasma to 
demonstrate the broad-spectrum efficacy. To reflect a 
more clinically realistic volume, tests were then scaled 
up to treat 300  mL volumes of prebagged human 
plasma, spiked with S. aureus, E. coli and C. albicans. 
In each case, the prebagged seeded plasma was treated 
with ~ 16  mW cm−2 405-nm light for up to 7  h (≤ 403  J 

Fig. 1  Optical characterization of human plasma, and the 405-nm light exposure system for the treatment of prebagged human plasma. a Optical trans-
mission of human plasma measured between 300 and 500 nm using a UV–Vis spectrophotometer. Analysis shows the slight variation in transmissibility 
of samples from different batches (n = 8). b Optical emission spectrum of the 405-nm LED arrays used in the light unit, captured using a high-resolution 
spectrometer (HR4000, Ocean Optics Inc, Germany) and SpectraSuite software (Version 2.0.151). c Irradiance profile across the blood bag surface with an 
average irradiance of ~ 16 mW cm−2 measured, taking account of the loss of light transmission through the blood bag material (plotted using OriginPro 
2018 software)
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cm−2), with 10  mL plasma held in identical conditions 
but foil-covered (dark control). The temperature of 
human plasma was monitored throughout the exposure 
period using a thermocouple, to ensure human plasma 
remained at 22  °C during treatment. Post-exposure, 
plasma samples were plated using nutrient agar, with the 
exception of S. epidermidis which was plated on tryptone 
soya agar, and malt extract agar with 0.1% yeast extract 
for C. albicans, and incubated at 37 °C for 24 h. Surviving 
microorganisms were enumerated with results recorded 
as mean microbial load (CFU mL−1, n ≥ 4 ± SD).

Plasma protein compatibility of 300 mL light-treated 
prebagged plasma
Assessing post-exposure oxidative stress levels in human 
plasma using AOPP assay
An advanced oxidation protein products (AOPP) assay, 
which uses Chloramine-T as a marker of oxidative pro-
tein damage, was conducted on the plasma. The AOPP 
assay kit (ab242295; Abcam), was used in accordance 
with manufacturer’s instructions. In summary, treated 
and non-treated plasma samples were diluted in PBS 
(1:10). 200  µL diluted plasma (n = 3), and standards 
of Chloramine-T (0–100-µM), were transferred to a 
96-well plate and 10  µL of Chloramine Reaction Initia-
tor was added to all wells. The plate was shaken for 5 min 
(120  rpm, room temperature) and 20  µL Stop Solution 
was added. Absorbance at 340  nm was measured, and 
AOPP levels expressed as µM of Chloramine-T equiva-
lents, with values corrected for dilution factor.

Assessing post-exposure clotting functionality using PTT and 
APTT assays
The stability of clotting factors in treated and non-treated 
plasma was measured using Prothrombin Time Test 
(PTT; AlphaLabs (UK)) and Activated Partial Thrombo-
plastin Test (APTT; Enzyme Research Laboratories (UK)) 
assays, to assess the functionality of extrinsic-common 
and intrinsic-common coagulation cascades, respec-
tively. Methodology was followed as per manufacturer’s 
instructions. Tests (n = 3) were conducted with time to 
clot manually recorded in seconds using a stopwatch.

Determination of post-exposure fibrinogen and Protein S 
levels
Human Fibrinogen SimpleStep (ab241383, Abcam) and 
Human Protein S (ab125969, Abcam) enzyme-linked 
immunosorbent assays (ELISAs) were used to quan-
titatively measure fibrinogen and Protein S content in 
plasma, respectively. Treated and non-treated plasma 
samples (n = 3) were serially diluted in Sample Diluent 
(1:100,000) prior to testing. ELISAs were used in accor-
dance with manufacturer’s instructions. The concen-
tration of target protein in human plasma samples was 

calculated using the standard curve with values corrected 
for dilution factor.

Results
Microbial reduction in prebagged human plasma
Figure  2 illustrates the efficacy of 16 mW cm−2 405-nm 
light for inactivation of A) S. aureus, B) S. epidermidis, C) 
E. coli, D) P. aeruginosa, E) A. baumannii and F) C. albi-
cans contamination at approximately 103 CFU mL−1 in 
100-mL prebagged human plasma. All organisms were 
significantly reduced (P < 0.05) after exposure to an ini-
tial dose of 58 J cm−2. Inactivation kinetics of S. aureus, 
S. epidermidis, P. aeuroginosa, A. baumannii and C. albi-
cans were similar, with most of the inactivation (> 97%) 
achieved after exposure to 115 J cm−2 (P = 0.032, 0.036, 
0.035, 0.010 and 0.00, respectively). Contamination lev-
els continued to decrease for the remainder of the expo-
sure period with near-complete inactivation (≤ 10 CFU 
mL−1) observed following exposure to 288 J cm−2. The 
reduction of E. coli followed a similar trend but required 
slightly increased doses, with > 95% inactivation by 173 J 
cm−2.

Results from the exposure of 300 mL prebagged human 
plasma seeded with S.  aureus, E.  coli and C.  albicans 
(approx. 103  CFU mL−1) to 16  mW cm−2 405-nm light 
are presented in Fig. 3. Of the organisms tested, C. albi-
cans was the most susceptible to inactivation with 99.4% 
reduction achieved by 173 J cm−2 (P = 0.035). Inactivation 
kinetics for bacteria showed S. aureus to be reduced by 
99.1% with 230 J cm−2 and 96.2% reduction of E. coli by 
288 J cm−2 (P = 0.012 and 0.018 respectively).

Assessing post-exposure oxidative stress using AOPP assay
Results (Fig. 4) show that there was no significant differ-
ence in the AOPP levels, indicative of general oxidative 
stress, between treated and non-treated plasma samples 
following exposure to the maximum applied dose of 403 J 
cm−2 (P > 0.05). The levels of AOPP of treated and non-
treated samples fluctuated within the region of 25.5–
29.2 µM, likely due to natural sample-to-sample variation 
in fibrinogen content, over the treatment period. AOPP 
levels in non-treated control plasma remained relatively 
constant (P = 0.371). These results suggest that 405  nm 
light doses up to 403 J cm−2 do not induce oxidative pro-
tein damage in treated plasma.

Assessing post-treatment clotting functionality using PTT 
and APTT assays
PTT and APTT assays were performed to assess the sta-
bility of extrinsic-common and intrinsic-common coagu-
lation pathways, respectively. Figure 5A shows that there 
was no significant difference in PTT values between 
300  mL prebagged human plasma treated with doses 
up to 403  J cm−2 and non-treated controls (P > 0.05). 
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Fig. 2  Broad-spectrum microbial reduction of 100 mL prebagged plasma using 405-nm light, as a function of dose. 100 mL prebagged human plasma 
seeded with contamination at ∼103 CFU mL−1 (A S. aureus; B S. epidermidis; C E. coli; D P. aeruginosa; E A. baumannii and F C. albicans) was treated with16 
mW cm−2 405-nm light, under agitation (84 rpm; 22 °C), Data represents mean microbial load in CFU mL−1 (n =  ≥ 3, ± SD) with (*) representing a signifi-
cant decrease in the microbial load in treated plasma when compared to the equivalent non-treated control [P ≤ 0.05; 2-sample t-test (Minitab v18)]. (#) 
represents the % survival after exposure to 403 J cm−2
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Results from the APTT assay (Fig.  5B), demonstrate 
that clotting times for 300 mL prebagged human plasma 
treated with doses up to 288  J cm−2 are similar to non-
treated controls, with APTT values remaining relatively 
stable between 84 and 90  s (P > 0.05). A slight increase 
in APTT values was detected in human plasma treated 
to doses ≥ 345  J cm−2, with clotting times prolonged by 
a maximum of 4.3% compared to non-treated controls. 
These results suggest that exposure to 405 nm light doses 
up to 403 J cm−2 have little to no effect on the coagula-
tion properties of prebagged human plasma. In gen-
eral, trends from clotting assays showed slight increases 
in clotting times over the 7  h treatment period in both 
treated and non-treated samples, however the change 
was insignificant in both cases (P > 0.05).

Determination of post-exposure fibrinogen and Protein S 
levels
Results from the fibrinogen and Protein S assays are 
shown in Fig.  6A and B, respectively. Minimal reduc-
tions were observed throughout the exposure period, 
with a maximum reduction of 6.5% for fibrinogen, after 
288 J cm−2 (P = 0.306), and 5.7% for Protein S, after 403 J 
cm−2 (P = 0.326). Nevertheless, no change in fibrino-
gen or Protein S content was found to be significant at 
any point throughout the exposure period (P > 0.05). 
Fibrinogen content was relatively stable throughout the 
treatment period, with slight variations in the region of 
0.63–0.67  mg  mL−1 and 0.65–0.71  mg  mL−1 for treated 
and non-treated human plasma, respectively. Protein S 
content slightly varied between 5.84–6.17  μg  mL−1 and 

Fig. 3  Microbial reduction of 300 mL prebagged human plasma using 405-nm light treatment, as a function of dose. Whole-bag plasma was spiked with 
A S. aureus, B E. coli and C C. albicans at approx. 103 CFU mL−1 and exposed to 16 mW cm−2 under constant agitation (84 rpm; 22 °C). Data represents mean 
CFU mL−1 (n ≥ 4 ± SD), with (*) representing significant differences between treated and non-treated samples [P =  < 0.05; paired t-test (Minitab v18)]. (#) 
notes the % microbial reduction achieved by A 230 J cm−2, B 288 J cm−2 and C 173 J cm−2
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5.85–6.46  μg  mL−1 for treated and non-treated human 
plasma throughout the exposure period, respectively.

Discussion
It is essential that a pathogen reduction treatment is 
capable of broad-spectrum antimicrobial efficacy and 
that these antimicrobial doses do not significantly impact 
the safety, quality, or effectiveness of the treated blood 
components. Results demonstrating the compatibil-
ity of 405-nm light as a microbicidal treatment for pre-
bagged human plasma are described for the first time in 
this paper, with demonstration of the ability to reduce 
contamination in prebagged plasma up to volumes of 
300 mL, and a range of proteomics tests assessing the sta-
bility and functionality of 405-nm light treated plasma. 

With microbial contamination being an infectious risk 
of ex vivo human platelet concentrates (PCs) stored in 
plasma at room temperature, this pilot study provides 
strong evidence of the broad-spectrum antibacterial effi-
cacy for advancing to trials utilising large volume platelet 
concentrates.

Preliminary compatibility studies in an earlier study 
indicated that low volume (250 µL) human plasma sam-
ples treated with an effective microbicidal dose of 360  J 
cm−2 showed no signs of protein degradation via gel 
electrophoresis analysis and advanced oxidation protein 
products (AOPP) assay (Stewart et al. 2020). In the pres-
ent, significantly scaled-up study, further positive results 
were obtained, with no signs of oxidative protein dam-
age detected via the AOPP assay in prebagged 300-mL 

Fig. 4  Levels of advanced oxidation protein products (AOPPs) detected in 300 mL prebagged plasma following exposure to 16 mW cm−2 405-nm light 
(≤ 403 J cm−2). The concentration of AOPPs is expressed as µM of Chloramine-T equivalents, marker of oxidative damage, with values corrected for dilu-
tion factor. Data represent mean (n = 3 ± SD). No significant changes in AOPP levels were detected in treated plasma when compared to the equivalent 
non-treated control [P > 0.05; 2-sample t test (Minitab v18)]
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volumes of human plasma treated with light doses up to 
403 J cm−2. It was expected that post-treatment fibrino-
gen levels would be unaffected since AOPP levels are a 
strong indicator for the stability of fibrinogen (Selmeci 
et al. 2006). Results from the fibrinogen ELISA con-
firmed this, with no significant changes in fibrinogen 
levels detected following exposure to doses up to 403  J 
cm−2. From these results, it appears that visible 405 nm 
light has a less adverse effect on the integrity of fibrin-
ogen compared to UV-light, even when over 65× the 
dose is applied (403 J cm−2 405 nm light versus 6 J cm−2 

UV-light), with reports stating that UV-light based PRTs 
can potentially reduce fibrinogen in human plasma by 
up to 21% (Hornsey et al. 2009). The level of Protein S, 
an essential anti-clotting agent, was unaffected follow-
ing exposure to antimicrobial doses up to 403  J cm−2 
at > 94%, is similar to that of plasma treated with com-
mercially available PRTs (Bubinski et al. 2021; Hornsey 
et al. 2009). The results of this study are also supportive 
of those in a recent study by Jackson et al (2024) which 
assessed the activities of a range of other coagulation fac-
tors (FV, FVII, FVIII, FIX, FX, FXI) in PCs and platelet 

Fig. 6  Fibrinogen (A) and Protein S (B) levels in 405 nm light treated 300 mL prebagged human plasma (≤ 403  J cm−2). Data represents the mean 
concentration of fibrinogen in human plasma (n = 3 ± SD). No significant differences were detected between treated and non-treated controls [P > 0.05; 
2-sample t test (Minitab v18)]

 

Fig. 5  Assessment of the clotting functionality of 300 mL prebagged plasma treated with 405-nm light treated prebagged human plasma using A PTT 
and B APTT assays. Time to clot for human plasma treated with 16 mW cm−2 405 nm light for doses up to 403 J cm−2 (7 h) compared to non-treated con-
trols. Data represents mean time to clot (n = 3 ± SD) with (*) representing significant increase in clotting times between treated and non-treated human 
plasma [P ≤ 0.05; 2-sample t-test (Minitab v18)]
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poor plasma (PPP) using a dose of 270 J cm−2. The study 
demonstrated that 405 nm light exposure did not drasti-
cally effect activity of coagulation factors in PCs, but in 
some cases, differences were more notable in PPP, sug-
gesting possible interplay between platelet surface and 
coagulation factors yields a protective effect on factor 
functions (Jackson et al 2024).

This study also provides further proof-of-concept 
results for the broad-spectrum microbicidal efficacy of 
405-nm light for treatment of 300 mL prebagged human 
plasma, with near-complete inactivation (≤ 10  CFU 
mL−1) of the three representative organisms (Gram+ and 
− bacteria, and a yeast). Further, a wider panel of organ-
isms tested in 100  mL prebagged volumes (Fig.  2) also 
demonstrated similar inactivation, supporting results 
of previous studies using lower volume, 250  µL, plasma 
samples (Stewart et al. 2020). As the transmissibility of 
405-nm light in platelets stored in plasma is within the 
same region as human plasma, at 0.1–0.3% compared to 
0.38–0.70% (based on data from this study and (Maclean 
et al. 2020)), we envision that similar microbial reduc-
tions would be observed in prebagged platelets stored in 
plasma.

The previous small-scale study by Stewart et al (2020) 
demonstrated that 405-nm light was capable of inactivat-
ing bacteria seeded at a range of densities (101–108 CFU 
mL−1) in small volume (250 µL) human plasma samples, 
with a fixed dose of 360  J cm−2 achieving 95.1–100% 
inactivation across all contamination levels. As natu-
rally occurring levels of bacterial contamination in blood 
products are typically low, ranging from 10  to  100 cells 
per unit prior to storage, low level contamination at 
approximately 103 CFU mL−1 was selected for investiga-
tion in the present study (Figs. 2, 3) to reflect a realistic 
clinical scenario in large prebagged volumes (Hillyer et al. 
2003).

Whilst these dose levels are relatively high compared to 
existing UV-light based technologies (typically delivering 
doses in the region of 3 J cm−2) treatment by 405 nm light 
eliminates the need for additive photosensitive agents, 
which lengthens the processing times required to remove 
the additive chemicals to reduce the risk of adverse reac-
tion in recipients (Irsch and Lin 2011; Liu and Wang 
2021).

To treat or prevent bleeding in patients, it is impor-
tant to ensure that an antimicrobial treatment of blood 
transfusion products has little to no effect on the stabil-
ity and functionality of clotting factors. Prothrombin 
Time (PTT) and Activated Partial Thromboplastin Time 
(APTT) tests were used to assess potential changes in 
coagulation activity in 405-nm light treated human 
plasma. Analysis of PTT results (Fig.  5a) indicates 
that 405-nm light has minimal effect on clotting fac-
tors involved in the extrinsic (factor VII) and common 

coagulation (factors I, II, V and X), with no significant 
differences in time to clot detected between treated and 
non-treated human plasma following exposure to doses 
up to 403  J cm−2 (P > 0.05). The time to clot, measured 
via the APTT assay, was slightly higher in human plasma 
treated with 405-nm light doses ≥ 345 J cm−2, suggesting 
that intrinsic clotting factors (factors VIII, IX, XI, and 
XII) may be more photo-sensitive compared to extrinsic 
and common coagulation pathway factors. Nevertheless, 
the overall impact on clotting activity, with a maximum 
prolongation of 4.3% over the treatment period, is rela-
tively low in comparison to clinically approved, UV-light 
based PRTs that have shown to prolong clotting times by 
up to 24% (Hornsey et al. 2009).

In this report, microbial inactivation and compatibility 
studies were conducted using a fixed 405 nm light treat-
ment using an irradiance of 16 mW cm−2, however pre-
vious studies have demonstrated antimicrobial efficacy 
in human plasma using a range of irradiances between 
5 and 100 mW cm−2 (Maclean et al. 2016; Stewart et al 
2020). Research has shown that use of lower irradiances 
is more germicidally energy efficient compared to higher 
irradiances for pathogen reduction of human plasma and 
platelets stored in plasma. This is thought to be due to 
a threshold level of photons that can interact with por-
phyrins at any one time, referred to as the as the free 
porphyrin to photon ratio (Maclean et al 2020; Maclean 
2016). Whilst an important consideration, the method of 
dose delivery must be selected in line with the applica-
tion type, as the irradiance level directly influences the 
exposure time required to apply an effective antimicro-
bial dose. It is envisioned that the method of dose deliv-
ery may be adjusted to suit the practical application, as 
per Eq.  1, i.e. utilising higher irradiances (and therefore 
shorter treatment times) for rapid decontamination pre 
or post-storage, or lower irradiances to continuously 
irradiate prebagged plasma or platelets stored in plasma 
during the inventory period in hospitals. Nevertheless, 
future work is required to assess how varying the dose 
delivery regime may impact the compatibility of 405-nm 
light with human plasma, and platelet concentrates sus-
pended in plasma.

In conclusion, these results indicate that effective anti-
microbial light doses up to 403 J cm−2 cause little to no 
changes to protein stability or in vitro functionality of the 
factors tested in this study (fibrinogen, Protein S, AOPP, 
PTT, APTT). This indicates the potential for doses in the 
region of 270 J cm−2, previously shown to be capable of 
viral and parasitic inactivation in human plasma (4-log 
and 9-log reductions respectively), to be applied without 
comprising plasma quality (Jankowska et al. 2020; Ragu-
pathy et al. 2022). Further, 405-nm light has also shown 
potential compatibility with human platelets stored in 
plasma, a more sensitive cellular blood component, using 
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antimicrobial doses up to 288  J cm−2, with the recovery 
of treated and non-treated platelets shown to be statically 
similar in a murine model (P > 0.05) (Maclean et al. 2020). 
This study, together with previous results, provides fur-
ther evidence supporting the potential compatibility 
of antimicrobial doses of 405-nm light for treatment of 
plasma.
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