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CHAPTER I 

INTRODUCTION 
 

1. BLOOD TRANSFUSION SAFETY 

Blood product safety is a major priority of blood suppliers. Transmission of viruses 
or other infectious agents can have deleterious effects for the transfused patients. 
To maximize the safety of blood products, various procedures are initiated 
starting as from the moment a person is willing to donate blood.1 

RECRUITMENT AND SELECTION OF VOLUNTEERS 

Before each blood donation, donors must fill a questionnaire as a control of good 
health and faithfulness. The questionnaire is meant to exclude high-risk behavior 
individuals, potential sick donors, and travelers to endemic areas for infections.  
Donors must be willing to give blood without any kind of remuneration. Almost all 
studies have shown that unpaid donors are safer than paid donors.2,3 Indeed, the 
latter failed more frequently than non-remunerated donors to mention illness or 
lifestyle involving risks.4 

SCREENING FOR INFECTION 

The presence of antigens or antibodies against Human Immunodeficiency virus 
(HIV) 1 and 2, Human T-lymphoma virus (HTLV) 1 and 2, Hepatitis C virus (HCV), 
Hepatitis B virus (HBV) and the presence of Treponema pallidum (Syphilis) is 
determined in donor blood samples. A major concern in the determination of 
antibodies is the window period. This is the period in which the presence of 
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infection is not detectable yet because the amount of either antibodies and/or 
antigens is below the detection limit. To shorten the window phase, more 
advanced techniques such as nucleic acid test (NAT) are used to detect the 
presence of viral genetic material from HIV, HCV5,6, West-Nile Virus (WNV; In 
North America)7,8 and HBV (Japan)9.  
Furthermore, besides these serological and molecular tests, additional 
precautions are taken. 
Plasma is kept in quarantine for at least 6 months until the donor, coming back for 
a new donation, is tested again for infection.10 If the donor is healthy and testing 
for infectious disease markers is negative, the plasma donation is released for 
transfusion. Platelet concentrates (PC) are cultured to detect bacterial 
contamination.11 
For cellular blood products that are destined to high-risk patients like severely 
immunocompromised patient, pregnant women, or neonates, detection of not 
routinely tested viruses such as Cytomegalovirus (CMV) and human B19 Parvo-
virus is performed to avoid, sometimes even fatal, transfusion complications.  

2. THE PERMANENT THREAT OF PATHOGEN CONTAMINATION   

A wide list of pathogens is permanently threatening the blood supply, whereas no 
screening test is available or readily available.  

New viruses or pathogens are emerging. Since the bird flu virus (H5N1) was 
discovered to be able to infect humans12, with fatal outcome in children and 
elders, increased attention was necessary to ensure the safety of the blood 
supply. Although it is not yet known if this virus can be transmitted through blood 
transfusion, travelers in regions where this virus spread out, were subjected to a 
temporarily deferral for at least 3 weeks as recommended by WHO.13,14 

Another example of an emerging virus is WNV, which emerged in 1999 for the 
first time in North America where it became endemic.15 In 2002, the virus was 
discovered to be transmitted through blood transfusion.16,17 Since 2003, routine 
detection for this virus was implemented for all blood donations in the USA.18,19 In 
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UK, the National Blood Service performs a test for this virus in donors who 
donates within 28 days of a visit to the USA or Canada.  In the Netherlands, such 
donors are temporarily suspended for donation during 60 days.  

Another potential danger for blood transfusion is prions. Prions are pathogenic 
proteins which can lead to Creutzfeldt-Jakob disease and its variant (CJD or 
vCJD).20. It is still unclear if prions are transmissible through blood transfusion.21,22 
Direct evidences were only obtained in animal experiments.23 In addition, no test 
is available to detect contamination of an individual with prions. To counterpart a 
potential epidemic, leukodepletion of blood components was implemented, as 
prions may be associated to leukocytes24; although this declaration was denied by 
other researchers.25 A deferral strategy was introduced to exclude blood donors 
who had received blood transfusion before 1980 or who resided in UK for longer 
than 6 months. 

New viruses are still discovered, thanks to advanced molecular techniques. 
SenV26, TTV27, and Hepatitis G virus28 were found to be transmissible through 
blood transfusion; however, no disease is associated with these infections.29 
HTLV-3 and HTLV-4 were recently discovered in rural Cameroon but it is not 
known yet if they can cause diseases.30 

People travel more, especially from western countries to developing countries 
where some diseases are endemic such as malaria-like diseases caused by 
infection with parasites Plasmodium or Babasia and Chagas disease caused by 
infection with parasite Trypanosoma cruzi. Infections with these pathogens are 
mostly asymptomatic, and blood donors which have journeyed in these regions 
are temporarily deferred for donations.31 However, a case of a very long 
incubation period before the appearance of detectable anti-Plasmodium 
antibodies was reported.32 Moreover, parasites carriers such as mosquitoes can 
be transported to other, non endemic-countries by plane, exposing airport 
workers to infection risks.33 

Besides the efforts made to minimize risks for virus and tropical parasite 
transmission, bacterial contamination of blood products remains a challenge. 
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About 17-22% of all reported transfusion-related fatalities in USA were caused by 
transfusion of contaminated blood products with bacteria.34 The frequency of 
clinical apparent sepsis through transfusion amounts 1 in 15.000 platelet units34 
and 1 in 10.4 million red blood cell (RBC) units35. Only PCs are cultured for bacteria 
but the standard techniques available to detect the presence of bacteria last 
several days. If the post-donation cultured sample is negative, PC can be released 
with the mention “negative to date”. However, if the cultured sample appeared to 
be positive after that time, hospital employees are informed of the bacterial 
contamination and asked to inform about transfusion reactions. In addition, the 
red blood cell concentrate (RBCC) originated from the same donor is recalled and 
discarded.  

However, this strategy cannot completely prevent the transfusion of a 
contaminated product and served rather to determine the frequency of bacterial 
contamination in related blood products. Other attempts to reduce 
contamination by diversion of the first 20 ml of blood withdrawal and 
improvement of skin disinfection at time of donation have been introduced. As 
the majority of contaminating bacteria were shown to originate from skin flora36, 
this new regulation has been shown to reduce the frequency of bacterial 
contaminated blood products.37 

In summary, stringent selection of donors, deferral strategies and the use 
of highly sensitive tests make that blood transfusion has never been so safe. In 
industrialized countries, residual risks of infection through blood transfusion 
amount lower than 1 in 205.000 for HBV, 1 in 270.000 units for HCV and 1 in 3.1 
million units for HIV, and almost inexistent for HTLV and Treponema pallidum.38-40 
However, the safety of blood products is not only challenged by the well known 
viral infections mentioned above, but also by increased donor travel, patients 
health conditions, and the time of infection of the blood donor. Emerging 
pathogens raise the concern as tests are either not available or supplementary 
tests must be required to ensure a pathogen-free product for high-risk patients. 
Infection can develop in an unexpected way (long incubation period). Bacterial 
contamination tests last too long. Considering the wide range of pathogens, it 
may be unrealistic to implement test for each of them. Increased costs and time 
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consuming leading to longer storage of labile blood cells prior to release may have 
enormous consequences on the blood supply. Finally, it is clear that, even though 
blood transfusions are presently considered to be very safe, continuous efforts 
are necessary to keep it safe. 

3. UMBILICAL CORD BLOOD: A PARTICULAR BLOOD PRODUCT 

Umbilical cord blood cells can be used for hematopoietic stem cell transplantation 
and tissue engineering e.g. megakaryocyte and RBC expansion. 

Normally, during the gestation, placenta acts as a filter that protects the fetus 
from opportunistic infections. That is why cord blood is in principle considered as 
free from infections.41 However, this filter does not always work perfectly and 
contamination from mother to child occurs.42-47 

To ensure the safety of cord blood transplants, routine viral detection is 
performed in maternal blood. Tests for the detection of HIV1/2, HCV, HBV, 
HTLV1/2, Treponema pallidum are standard. A recall after 6 months helps to 
determine if the umbilical cord blood donor (the baby) has not developed any 
congenital diseases [source Eurocord]. A major problem with umbilical cord blood 
donation is the high rate of bacterial contamination. Contamination takes 
principally place at delivery and during the cord blood collection. Depending on 
the sample size and the method of testing, up to 13% of cord blood stem cell 
(CBSC) products have been found to be positive in bacterial cultures.48,49 No case 
of sepsis or bacterial contamination related complications were reported after 
stem cell transplantation. This is probably due to the low bacteria titers (1-10 
CFU/ml) contaminating cord blood product. As cord blood products are stored at 
very low temperature (-190°) until transplantation purposes, bacteria cannot 
grow to clinically significant levels. However, bacterial contamination of cord 
blood products may limit expansion protocols. Cord blood hematopoietic 
progenitor cells culture and expansion may create conditions in which low 
numbers of contaminating bacteria may reach levels of clinical significance, 
compromising cell growth and exposing immuno-compromised patients to high 
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risks of infection. Therefore for such purposes, pathogen-free cord blood products 
are required.  

Efforts to minimize the risks of bacterial contamination, for example by stringent 
disinfection and intensive monitoring of clean areas, did not reduce the rate of 
microbial contamination.50 In addition, the addition of antibiotics in vitro 
appeared to be unsuccessful and gave a new opportunity for contamination.51 In 
general, the use of antibiotics is preferably avoided, considering the development 
of bacteria resistance to this kind of antimicrobial agents.52 Recently, the FDA 
guidelines and Netcord FACT Standards requested the release of pathogen-free 
CBSC products for unrelated transplantation.53 In case of contamination, the 
product should be discarded. This may be a problem in case the cord blood is 
from a related donor, intended for transplantation e.g. to a diseased sibling and 
for patients from ethnic minorities. Indeed, the cord blood bank has an advantage 
on bone marrow donations because it may help to reduce the shortage in stem 
cell products for non-Caucasian patients. Mothers originating from immigrant 
populations are easily reachable through regular maternity controls whereas 
those persons are largely less represented among blood and bone marrow 
donation institutions. Some of the cord blood donations from ethnic minorities 
may have a particular HLA typing. The discard strategy because of contamination 
may lead to the loose of these valuable products. As for common blood products, 
pathogen inactivation may represent an approach to circumvent the problem of 
microbial contamination.  

4. PATHOGEN INACTIVATION  

Since pathogens involved in transfusion-transmitted infection are very 
heterogeneous, a non-specific approach of inactivation of a broad range of 
pathogens would be desired.  The ideal method to ensure the production of 
pathogen-free blood products should be a method that inactivates at once a 
broad range of pathogens in blood products. Such method of decontamination is 
commonly but often wrongly referred to as sterilisation. Sterilisation is a process 
that destroys or removes all microorganisms (pathogenic or not) from an object or 
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a solution. A sterilized item cannot support life in any form. Despite platelets and 
RBCs do not contain a nucleus and thus are not able to reproduce themselves, 
they anyway have an active respiratory metabolism thereby they are living cells, 
forming the essential therapeutic components of the blood products. Treatment 
of cellular blood products to inactivate pathogens must be applied in such a way 
that the therapeutic effect of the blood cells such as platelets and RBCs remain 
intact. Therefore, the common sterilization procedures are not suitable for PC and 
RBCC. However, pathogen inactivation procedures that will have a broad 
antimicrobial activity while preserving all blood components will represent a 
proactive approach to blood safety. The challenge of pathogen inactivation is to 
reduce maximally the greatest number of potential pathogens in blood without 
significantly compromising the cellular or protein constituents or introducing 
some new toxicity, carcinogenicity, or teratogenicity.54 

PRINCIPLES OF PATHOGEN INACTIVATION TECHNIQUES 

I. METHODS OF EVALUATION 

The key requirement in the evaluation of the efficacy of pathogen inactivation 
strategies is to show that the procedure is effective in reducing the risk of 
infection by pathogens.  

Potential infectivity is determined by several measures. Genomic equivalents refer 
to the number of viral particles detected by molecular techniques. The tissue 
culture infectious dose (50%) TCID50 refers to the dose of viral particles in a tissue 
culture assay capable of infecting 50% of susceptible cells or animals. The term 
TCID50 log10 reduction is usually used to define the degree of pathogen reduction. 
Although the “acceptable” log10 reduction number for a given organism is not 
standardized, experience suggests the fewer than 4 log reductions may be 
insufficient and greater than 6 log10 reduction is ordinarily sufficient.54 However, 
in practice a 6 log10 reduction order is not always possible to demonstrate 
because of the limitations in inocula for some specimens; thereby a maximal of 5 
log10 reduction can be demonstrated. As no all conceivable organisms can be 
tested, different classes of organisms are selected to cover the range of potential 
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pathogens. Model viruses are used in place of pathogens that cannot be cultured 
in vitro (table 1). 

Virus Family 
Virus 
Group 
RNA/DNA 

Size 
(nm) 

Model 
for 

Pseudorabies virus (PRV) Herpesviridae Lipid-env.  
DNA 

100-
200 

HBV, 
CMV 

Duck Hepatitis B virus 
(DHBV) 

Hepadnaviridae Lipid-env.  
RNA 

40-45 HBV 

Bovine viral diarrhorea 
virus (BVDV) 

Flaviviridae Lipid-env.  
RNA 

37-50 HCV, 
WNV 

Porcine Parvovirus (PPV) 
Canine Parvovirus (CPV) 

Parvoviridiae Non lipid-
env. DNA 

18-26 Human 
Parvo-
B19 

Vesicular Stomatitis 
virus (VSV) 

Rhabdoviridae Lipid-env.  
RNA 

100 HIV 

 Table 1: Viruses, their properties and their use as model 

II. CHEMICAL TREATMENTS 

The combination of organic solvent and detergent (SD) is widely used for 
pathogen inactivation. The combination most often used is TNBP (tri-(n-butyl)-
phosphate) with Triton-X100.55  TNBP acts as an organic solvent which removes 
lipids from the membranes, while Triton X-100 is a non-ionic detergent which 
stabilizes TNBP and disrupts lipid bilayers for easier extraction of lipids. Solvent 
and detergent must be removed because the chemical reaction is non-selective. 
The detergent keeps the lipids from the membranes in suspension in order to be 
removed before the final product is transfused.  

Lipid-envelop viruses as HIV, HBV and HCV or bacteria are sensitive to this 
treatment and are inactivated in an irreversible way. Non-lipid enveloped viruses 
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like Hepatitis A virus (HAV) and human B19 parvo-virus are insensitive to the SD-
treatment. This chemical treatment is only suitable for pathogen inactivation in 
plasma products. As the SD treatment disintegrates plasma membranes, it is not 
suitable for pathogen inactivation of cellular blood components. Therefore, 
alternative methods to inactivate pathogens without affecting the therapeutic 
blood cells were developed. For the treatment of RBC, Pen 110 and Frangible 
Anchor Linker Effector compounds S-303 are under investigation. 

Pen 110 is an alkylating ethyleneamine oligomer of low-molecular weight, highly 
water-soluble, and positively charged, diffusing readily through cell membranes 
and having a high selectivity for nucleic acid guanine bases. The disruption of 
nucleic acid replication forms the biochemical basis for pathogen reduction by the 
Inactine Pen 110 process.56,57 Pen 110 is capable of inactivating a broad spectrum 
of viruses, bacteria, protozoa, and mycoplasma in RBCC56,58-62 RBC membrane 
integrity seems to be maintained in Pen 110-treated RBCs. Hemolysis was less 
than 1% after 42 days of storage at 4°C. In vivo RBC recovery after autologous 
transfusion of treated RBCs in healthy subjects was comparable with the 
untreated control group.62 Alteration of RBC surface antigens was not detected 
and neoantigens formation was not identified during subsequent testing. 
However, phase III clinical trials were halted when antibody formation was 
reported in repeatedly transfused patients. All other clinical studies have been 
suspended.54 

S-303 (N,N-bis(2-chloroethyl)-2-aminoehtyl-3-[(acridin-9-yl)amino] propionate 
dihydrochloride) is an alkylating agent derived from a quinacrine mustard and 
belongs to a class of compounds called frangible anchor-linked-effectors (FRALE). 
The molecule consists of three components: an acridine ring, a planar compound 
that reversibly intercalates with double-stranded and single-stranded DNA and 
RNA; a bi-functional alkylating moiety that crosslinks DNA and RNA strands; and 
an alkyl ester linker that hydrolyses when exposed to neutral pH.63 The compound 
is rapidly taken up by cells, bacteria and viruses. S-303 molecule becomes active 
as a result of pH change attendant upon admixture with the blood component 
and induces DNA and RNA cross-linkage inhibiting pathogen replication and 
transcription. Extracellular reactions are minimized by the inclusion of a 
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glutathione quenching agent. The alkyl ester linker spontaneously degrades 
releasing S-303 that diffuses outside of cell and is absorbed by an appropriate 
compound.64 S-303 binds to other proteins and cell membranes as well as to 
nucleic acids, and up to 20% can potentially remain bound to the surface or 
contained within the RBCs.54 S-303 has demonstrated pathogen inactivation of a 
wide range of viruses, bacteria, and protozoa.65 No unexpected toxicities have 
been described. Assays for RBC storage lesions (extracellular potassium (K+) 
leakage, plasma free hemoglobin (Hb), adenosine triphosphate (ATP), 2,3-
diphosphoglycerate (2-3 DPG), glucose, and lactate) are comparable to control 
RBCs. The RBC function appears to be normal, and in-vivo survival studies with 
radioactive chromate labeling comply with the required standard of at least 75% 
recovery at 24 hours. However, as seen with Inactine Pen110 treatment, phase III 
clinical trials were halted when antibodies to residual RBC bound S-303 were 
discovered in 2 subjects.66 Additional studies have revealed that 1% of patients 
and healthy donors that had never been exposed to S-303 had naturally occurring 
antibodies that reacted with S-303 treated RBC. Modifications have been made to 
the S-303 treatment process to reduce the amount of RBC bound S-303 in 
attempts to eliminate immunoreactivity and immunogenicity. Preliminary finding 
indicate that RBCs from the modified S-303 treatment process were crossmatch-
compatible with the anti-S-303 antibodies formed after exposure to the original S-
303 formulation as well as the anti– S-303 antibodies found in the patients and 
donors never exposed to S-303. The antibodies do not appear to impair RBC 
survival or to pose any clinical problem.67  

PHOTOCHEMICAL TREATMENT  

In photochemical treatment, light is used as a source of energy for intermolecular 
reactions, which consists of a reaction between the light-excited molecule and a 
different non-excited molecule. A good example of intermolecular reaction is the 
photoaddition of furocoumarins to pyrimidines.68 By the use of psoralens (family 
of furocoumarins), photochemical treatment can be applied in cellular blood 
components. Psoralens are molecules that can intercalate into DNA base pairs. 
Upon activation by UVA-light (320 – 400 nm), formation either of monofunctional 
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adducts (single strand) or bifunctional adducts (interstrand cross-links) with DNA 
takes place. These adducts block the replication and transcription machinery and 
cause cell death.69  

INTERCEPT, the S-59 amotosalen system, can currently be applied in PC.70 It has 
been evaluated in clinical trials which, albeit not unequivocally, demonstrated 
comparable platelet transfusion requirements and posttransfusion platelet 
increments between photochemically treated platelets and control platelets.71 
Application in plasma is currently under investigation.70 Functional quality of 
plasma proteins (factor VII, factor VIII, von Willebrand factors, metalloprotease, 
fibrinogen, protein C, protein S, and antithrombin) decreased slightly but  were 
considered still sufficient for therapeutic use.72 Antibodies against neo-antigens 
have not been detected thus far. Clinical trials are ongoing.54 

Platelet and plasma are substantially transparent above 300 nm, but hemoglobin 
present in RBC has several absorption bands in the range 300-630 nm. Therefore 
photoactivated compounds for use in RBCC should exhibit significant absorption 
outside this spectrum (i.e. at longer wavelengths) and for this reason psoralens 
like S-59 cannot be used for pathogen inactivation in RBCC treatment.  

PHOTODYNAMIC TREATMENT 

A special form of photochemical reactions is photosensitization.  Photosensitized 
reactions can occur when a mixture of at least two compounds is irradiated: one 
compound absorbs the light but the other is chemically altered. The term 
photodynamic refers to oxygen-requiring photosensitized reactions in biological 
systems.73  

In photodynamic reactions, oxygen (O2) acts as an intermediate transporting 
electrons or energy between the light-absorbing molecule and the altered 
molecule.73 Figure 1 shows a schematic overview of the successive reactions 
involved in a photodynamic process. The light absorbing molecule is referred to as 
the photosensitizer (P). The altered molecule is termed a substrate (S). After 
absorption of light, the photosensitizer is transformed from its singlet electronic 
ground state (1P0) to an electronically excited state (1P*) (equation 1). Via 
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intersystem crossing, the short-lived singlet excited stated is converted to the 
triplet excited state (3P*) (equation 2) which has lower energy than the singlet 
excited state, but the lifetime of the triplet excited state is much longer (typically 
> 500 ns).74 

There are two mechanisms by which the triplet excited state photosensitizer can 
react with biomolecules: type I and type II reactions.  
In a type I reaction, 3P* can either abstract an electron from, or donate an 
electron to a substrate molecule (S). This reaction produces radical forms of both 
the photosensitizer and the substrate (equations 3). The substrate radicals (S1

-) 
can react with other oxygen, to give oxidized forms of the substrate (equation 4). 
The photosensitizer radicals (P+) can react with oxygen to give superoxide radical 
(O2

-•; equation 5) which can rapidly oxidize cellular targets (S2) (equation 6).  

Type II reaction can occur when the energy difference between the triplet excited 
state and the ground state of the photosensitizer exceeds 94.5 kJ/mol.  3P* can 
then directly transfer its energy to ground state oxygen (3O2), thereby generating 
the highly reactive singlet oxygen (1O2) (equation 7). 
The photosensitizer returns to its ground state without being chemically altered 
and is able to repeat the process of energy transfer to oxygen many times. Singlet 
oxygen can react with a variety of cellular components such as amino acids 
(cysteine, histidine, tryptophan, tyrosine and methionine), nucleoside (mainly 
guanine) and unsaturated lipids.75 Because of the short lifetime of 1O2, damages 
are induced at, or close to, the sites where the photosensitizer is activated. 

Figure 1: Schema of type I and type II photodynamic reactions 
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5. PHOTOSENSITIZERS USED FOR PATHOGEN INACTIVATION OF RBC  

OPTIMAL PHOTOSENSITIZER PROPERTIES 

Photosensitizers used for pathogen inactivation should have a high selectivity for 
the pathogens so that the pathogens are inactivated without altering the quality 
of cells. For RBC containing blood products, the sensitizer should absorb light of a 
long wavelength (> 600 nm) to avoid absorption by hemoglobin. An extra 
advantage of the use of long wavelength light is the greater penetration of the 
light in tissues and cell containing suspensions. During the past 15 years, a 
number of photosensitizers have been studied for their ability to inactivate 
pathogens in cellular blood products.  

PHENOTHIAZINES 

Phenothiazinium photosensitizers are efficient producers of singlet oxygen. The 
Phenothiazinium dye Methylene Blue (MB) is positively charged and planar 
molecule with affinity for nucleic acids and the surfaces of viruses.76,77 Upon UV 
light exposure, most enveloped viruses are inactivated; however, non-enveloped 
viruses are more resistant to treatment. As the photosensitizer is easily reduced 
by biological systems to a neutral species MB has a low antibacterial and 
antiprotozoa activity.78,79 Because of its virucidal activities, MB has been used in 
Europe for approximately 15 years for pathogen inactivation of single unit plasma. 
Millions of MB single units of plasma have been transfused without unexpected 
adverse outcome.80  

Methylation of this dye results in Di-Methyl-Methylene Blue (DMMB) which is 
considerably more bactericidal in-vitro than MB and less susceptible to 
reduction.77 DMMB (Fig.3) is a more hydrophobic dye with a permanent positive 
charge and can pass through the cellular plasma membrane.81 The photosensitizer 
intercalates into DNA82 and is a highly efficient photobactericide against a wide 
range of bacteria and against both extra- and intracellular viruses and non-
enveloped species upon light activation at wavelength >600 nm.83,84 However, up 
to one-half of an added DMMB is associated with RBCs. This binding is responsible 
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for the photoinduced hemolysis.76. The use of quinacrine which inhibits 
photosensitizer binding to RBC membranes was shown to enhance VSV 
inactivation and to diminish hemolysis of photo-treated RBCs.82 However, DMMB 
exhibited (dark) toxicity85 and post-treatment removal of the molecules e.g. by 
filtration is required before transfusion.  

RIBOFLAVIN 

Riboflavin is a natural compound, a proven and accepted non toxic agent known 
as vitamin B2 an essential dietary requirement in humans. The Riboflavin 
molecule is a polycyclic planar molecule with a sugar side chain that confers water 
solubility. The planar portion of the molecule is capable of intercalating into the 
bases of DNA and RNA of pathogens, and absorbing visible light (max absorption 
at 475 nm and 444 nm) or UV light. Light-activated, intercalated riboflavin oxidizes 
guanine in nucleic acids, a process preventing replication of the pathogen’s 
genome.86 Especially type I reaction (formation of radicals through electron 
transfer) are involved in the photoreaction of Riboflavin.87  

Upon light activation, the photosensitizer breaks down to secondary 
photosensitizers Lumichrome and Lumiflavin.88,89 The advantages of these 
photoproducts are that they are also naturally generated in situ by light 
transmitted through the skin and eyes and are naturally excreted by the human 
body.90 

The particularity of Riboflavin is that this photosensitizer is sensitive to UV light 
and blue light (250 - 500 nm) and not to red light (> 600 nm), therefore Riboflavin 
seems not very, suitable for pathogen inactivation of RBCC. In contrast, Riboflavin 
was shown to be effective in inactivating pathogens in this blood product. A 
reduction of 4 to 7 log10 of extra- and intracellular HIV, BVDV, and PRV was 
obtained after treatment with Riboflavin. The non-enveloped PPV which has a 
tight-capsid, was more resistant. The antibacterial efficacy of Riboflavin was 
demonstrated with the inactivation of S. aureus, E. coli, K. pneumoniae, and Y. 
enterocolitica.91 However, for this, it was necessary to reduce the RBCC 
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hematocrit to 30-37% instead of normally used 60% before the suspension was 

subjected to visible light (λ = 450 nm).64,86,91,92,93 

PORPHYRINS 

Porphyrins are a class of deeply colored red or purple pigments, of natural or 
synthetic origin, which vary in their substituent around the same basic skeleton. 
The latter is an aromatic macrocyclic ring consisting of four pyrrole rings, linked 
together by four methane bridges (Fig.2). Porphyrins are probably the most 
important class of compounds in biological systems because of their central role 
in photosynthesis, biological oxidation and reduction, and oxygen transport.74,94  

The interest for porphyrins in clinical use rose when a mixture of porphyrin, called 
Hematoporphyrin derivatives (HpD), and later a purified form of HpD known as 
Photofrin was found to localize in tumour cells, making it useful in detecting and 
treating cancers.95-97To improve therapies and diminish side effects, in particularly 
long lasting skin photosensitivity, the development of new photosensitizers was 
necessary. In photodynamic treatment of cancer, red light (>600 nm) is usually 
used because long wavelength enter deeper in tissue. Since porphyrins have only 
a small absorption band in this region, research was focused on the synthesis of 
new photosensitizers with a strong absorption in the red.98 This resulted to a 
second generation of photosensitizers, among which phthalocyanines and meso-
substituted porphyrins appeared to be promising for RBCC decontamination. 

 

Figre 2. Basic skeleton of porphyrin 
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I. Phthalocyanines 

Phthalocyanines are porphyrin derivatives with an increased aromatic structure. 
They absorb intensively in the visible region with a maximum absorption around 
670-680 nm and to a lesser extend in the near-ultraviolet region (see spectrum, 
Fig.4).74 Therefore phthalocyanines are suitable for application in RBCC. The most 
effective molecules in inactivating pathogens were silicon phthalocyanine (Pc4) 
and chloro-aluminium sulfonated phthalocyanine (AlPcS4) (Fig.3).  

Pc4 is a hydrophobic molecule which targets the lipid envelope of pathogens. 
Formulated into liposomes to maximize delivery into viruses with minimum 
distribution to RBCs, Pc4 was able to inactivate HIV-1 is three forms:  cell-free 
virus, cell-associated virus and virus in latency infected cells, and to inactivate 
both enveloped and non-enveloped viruses.99,100 AlPcS4 is a water-soluble 
derivative which is efficient in cell-free lipid-enveloped virus inactivation, but not 
capable of inactivating intracellular virus.101,102 However, with both 
phthalocyanines RBC damage was apparent which required the addition of 
antioxidant such as vitamin E or a mixture of antioxidants containing either 
tocopherol succinate and carnitine or Trolox, Mannitol and glutathione to 
diminish the extensive hemolysis, K+ efflux and binding of IgG to phototreated 
RBCs.100,103-105 

II. Meso-substituted porphyrins 

The growing interest in the meso-substituted porphyrins began when besides 
their photosensitizing properties106, their capacity to intercalate into DNA was 
discovered.107 Their potential antimicrobial effect was shown by Merchat et 
al.108,109; especially cationic meso-substituted porphyrin were able to inactivate 
both Gram-positive and Gram-negative bacteria. 

Meso-substituted porphyrins absorb radiant energy intensively in the UV region, 
at their Soret band (400-410 nm) and to a lesser extent in the long visible bands 
called the Q bands (580 – 650 nm) (see spectrum, Fig.4).74 Again their capacity to 
absorb red light make these porphyrins suitable for application in RBCC. 
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In this thesis, 5 different meso-substituted porphyrins, from which the most 
powerful was the mono-phenyl-tri-(N-methyl-4-pyridyl)-porphyrin chloride (Tri-
P(4)) (Fig.3) were studied for their pathogenical potential in RBCs (chapter 3). 
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Figure 3. Main photosensitizers used in this thesis 
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Figure 4. Absorption spectrum in Methanol of Hemoglobin and photosensitizers Tri-
P(4) and AlPcS4. 

 

6. CURRENT STATUS OF PATHOGEN INACTIVATION OF RBC 

Many different techniques were studied to inactivate microorganisms in RBCC. 
Most of the treatments are able to induce a considerable reduction of viable 
pathogens. However, too much damage to the RBCs, such as hemolysis, RBC 
aggregation105, K+ leakage, enhanced transbilayer mobility of lipids110 and IgG 
binding111 are induced by pathogen inactivation techniques, especially the one 
based on the use of light. To reduce the damage to the RBCs, various antioxidants 
had to be added to the RBC suspension before treatment.100,104,105 Such additives 
may have side-effects and may have to be removed before transfusion.  

Besides the direct damage to RBCs, several treatments have shown to induce 
antibodies against either the agent added to the suspension or to the treated 
RBCs.  Despite encouraging in-vitro results concerning the efficacy of S-303 and 
P110 treatments to inactivate a broad spectrum of pathogens while preserving in-
vitro RBC qualities (Hb, ATP, 2-3 DPG level and storage time) and in-vivo survival, 
unexpected results in clinical trials showed up which resulted to their suspension. 
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The future of both S-303 and PEN110 as pathogen inactivation methods for RBCC 
is uncertain until the immunogenicity is understood and resolved.54  For 
Riboflavin, extended animal studies are required to ensure the absence of 
neoantigenicity to Riboflavin and its breakdown product before proceeding 
clinical studies.64 

7. OUTLINE OF THIS THESIS 

This thesis describes different studies regarding the photo-decontamination of 
RBC and Cord-blood-derived stem cell products. Besides the inactivation of 
pathogens, major efforts were taken to preserve the therapeutic quality of the 
treated blood products. By using the photosensitizer DMMB, we tried to identify 
the target for RBC damage induced by photodynamic treatment (PDT). Based on 
this, we evaluated the possibility to protect the RBCs against photo-damage 
without reducing the virucidal capacity of the photo-treatment (Chapters 2 and 
3). A series of meso-substituted porphyrins were tested for their potential to 
inactivate viruses in RBCC. From the series, one photosensitizer Tri-P(4) stood out 
as a very promising compound to be applied in pathogen inactivation in RBCC  
(Chapters 4 and 5). Photosensitization with Tri-P(4) was further tested in Cord-
blood derived stem cell products (Chapter 6). Since the treatment did not seem to 
affect the viability of leukocytes, the potential immunomodulatory effect on 
leukocytes was investigated (Chapter 7).  
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