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METHODS FOR THE INACTIVATION OF MICROORGANISMS IN 
BIOLOGICAL FLUIDS, FLOW THROUGH REACTORS AND METHODS OF 
CONTROLLING THE LIGHT SUM DOSE TO EFFECTIVELY INACTIVATE 

MICROORGANISMS IN BATCH REACTORS 

FIELD OF THE INVENTION 

[001] The present invention relates to a method for determining an effec

tive dose of monochromatic or polychromatic light from one or more light 

sources to inactivate microorganisms present in a biological fluid, preferably a 

non-transparent fluid. Moreover, there is provided a method for the inactiva

tion of microorganism in a biological fluid in a flow-through-reactor. Further

more, the invention advantageously provides a flow-through-reactor with one 

or more thermostated light sources. The invention also provides a method of 

controlling the light sum dose of monochromatic or polychromatic light emitted 

from one or more light sources to effectively inactivate microorganisms pre

sent in a biological fluid in a batch reactor.  

BACKGROUND OF THE INVENTION 

[002] Treatment of fluids, such as biological fluids for nutritional, cos

metic, diagnostic or therapeutic purposes, by irradiation is a widely investi

gated approach to inactivate microorganisms. Examples of irradiation treat

ment currently being studied include short-wave ultraviolet light, long-wave 

ultraviolet light or visible light with photosensitizing compounds, and broad

spectrum high-intensity flash light.  

[003] For instance, the food spoiling microorganisms such as Salmonella 

spp., Listeria monocytogenes, Mycobacteriae or the enterohemorrhagic Es

cherichia coli strain 0157:H7 can readily contaminate fluids such as milk or
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fruit juices, fermented beverages, and processed beverages derived from 

them. Another example of contamination by microorganisms is the presence 

of protozoa, bacteria, and viruses in biological fluids, e.g. blood and its deriva
tives, or cell culture supernatants or lysates, from which medicines are ob

tained, which in turn may transmit these microorganisms to the recipient.  

[004] To inactivate these microorganisms, on a small laboratory scale, 

batch photoinactivation reactors have been developed. Such photoinactivation 
reactors are usually constructed as a cavity surrounded by an array of lamps.  

The sample is inserted into the cavity in a light-transparent container and ex
posed for a defined time. Additionally, the samples might be stirred to ensure 
homogeneous exposure. The cylindrical "Rayonet" and "Rayonette" reactors 

manufactured by the Southern New England Ultraviolet Company, Branford, 

CT, and the light-chamber photoinactivation reactors manufactured by Luz

chem Research Inc., Ottawa, ON, Canada, are typical examples of such 

photoinactivation reactors.  

[005] To ensure a thorough effective exposure of large volume of the fluid 

to be decontaminated, various flow-through reactors have been designed.  

These either spread the fluid to a thin film or a thin layer to minimize light in

tensity loss by self-absorption, or impose a transversal mixing on the longitu

dinally flowing fluid to effect an even illumination by transporting all volume 

fractions to the shallow illuminated outer liquid layer.  

[006] Caillet-Fauquet et al. (2004) describe a flow through UV-C irradia

tion method for inactivating bacteria and viruses using encephalomyocarditis 
virus spiked samples for biodosimetry or an in-house actinometry method for 

which no further details have been provided.  

[007] In the past, such aforementioned flow-through irradiation devices 

have been constructed as e.g., an inclined tube rotating axially around the 
tubular light source spreading the liquid on the inner wall into a thin free

flowing film (Habel and Sockrider 1947), a flat transparent cell squeezing the 
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flow into a thin layer, or a transparent helical tube coiled around the tubular 
light source (Oppenheimer et al. 1959). In a flow-through device of a diameter 
exceeding the light penetration depth, transversal mixing can be generated 
either as Dean vortices in a coil, or by motionless mixers such as baffles in a 
tube, or by toroidal Taylor vortices between two countercurrent cylinders, 
where the liquid flows through the annular gap in-between.  

[008] If the light penetration is limited, the liquid can be spread into a thin 
film passing the light source, as described in US Patents 5,567,616 and 
6,540,967. In liquid layers deeper than the light penetration depth, transversal 
mixing can in principle either be generated actively or passively.  

[009] A well-known principle for inducing active mixing is the generation 
of Taylor vortices between concentric countercurrent rotating cylinder sur
faces. These Taylor vortices are superimposed on the longitudinal flow, the 
result of which is known as Taylor-G5rtler flow. US Patent 6,576,201 dis
closes a cylindrical UV-C transparent flow-through cell with a static outer 
-transparent wall.and-a turning inner cylinder. In a liquid layer in-between, the 
liquid pumped through the cell is mixed by counter-current Taylor vortices. A 
continuous-wave or a pulsed laser-UV source is disclosed for illumination.  

[010] Another device intended for active mixing is a flow-through-reactor 
based on the Archimedean screw, where the liquid pumped by the rotating 
screw is mixed in the coils (Della Contrada 2004).  

[011] The passive generation of mixing can either be achieved by turbu
lence, or by flow obstacles, such as motionless mixing baffles, in the flow 
path. Older designs of inactivation reactors are based on the flow of the fluid 
through an annular gap between the outer wall of the tubular lamp (or its en
velope tube) and the inner wall of the concentric irradiation reactor. Such thin
layer irradiators are available commercially e.g. from Wedeco-Visa GmbH, 
Seewalchen, Austria.  

[012] Another effective technique of passive transversal mixing is the 
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generation of Dean vortices in curved tubes, especially in helically coiled 
tubes. For instance, a coil reactor for the disinfection of highly absorbing fluids 
such as milk has been described, where a quartz glass coil is wrapped longi
tudinally around a plurality of low-pressure Hg vapor lamps (Bayha 1952). A 
similar coil reactor for the photosensitized inactivation of viruses in vaccines 
and other biological fluids has been built from borosilicate glass, where the 
coil is mounted around an incandescent filament lamp (Hiatt 1960). The coil is 
cooled in a light-transparent water jacket. Although the special craftsmanship 
and the fragility of borosilicate or quartz glass have limited the use of such 
tubular reactors in the past, the availability of UV-translucent, UV-resistant, 
and chemically inert fluoropolymers alleviates the design and scale-up of such 
flow-through-reactors. The coil is wrapped around a concentric tubular light 
source, usually a low-pressure mercury lamp, and transversal mixing is ac
complished by the Dean vortices superimposing on the fluid flow. Such a heli
cal envelope-reactor is described in the US Patent application 2003/0049809 
Al. The dose received by the solution pumped through the reactor was calcu
lated from the lamp intensity measurement by ferrioxalate actinometry, the 
absorbance, and the residence time (Wang et al. 2004).  

[013] There have been several attempts in the past to determine the en
ergy of light effective during the irradiation. Light energy can be measured 
either by.a photosensitive electronic sensor, or by a photochemical reaction 
effected by the light photons, or by its inactivation of an indicator microorgan
ism present in or added to the biological fluid itself. Other theoretical methods 
comprise mathematical modeling simply by multiplying the residence time of a 
volume element with the intensity to calculate the dose, or in a more refined 
approach, by flow modeling to resolve residence time and dose.  

[014] Chemical actinometry measures the effect of light on a photochemi
cal reactant mixture (Kuhn et al. 1989; Favaro 1998). In general, established 
photochemical actinometers with known quantum yield and temperature de
pendence can surpass electronic devices in reproducibility and stability. Pho
tochemical reaction products should be measured on-line most conveniently 
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e.g. by spectrophotometry or chemical sensors (Gauglitz 1983).  

[015] A preferred approach employs total opacity of the actinometric solu
tion at the measured wavelength, so that the photochemical reaction occurs 
only at the very surface (Kuhn et al. 1989; Favaro 1998). Therefore sufficiently 
high reactant concentrations are preferred.  

[016] In a vaccine flow-through UV reactor for the inactivation of influenza 
viruses, the uridine actinometer was used to measure the lamp intensity 
(Zheleznova 1979).  

[017] Taylor-vortex generating devices have also been investigated as 
photochemical reactors for heterogeneous and homogeneous photochemical 
processes (Sczechowski et al. 1995, Forney and Pierson 2003). For the ac
tinometric examination of the reactor, either the ferroixalate or the io
dide/iodate actinometer was used. However, an absorbance-matching calibra
tion to determine the dose effective in the iodide solution was neither done nor 
proposed (Forney and Pierson 2003).  

[018] For UV-C measurement, the classical actinometers are uranyl ox
alate (Bowen 1949, Kuhn et al. 1989) and the ferrioxalate actinometer, but 
use of the first is limited by the Uranium radiotoxicity, and of the latter by UV
B, UV-A, and visible light sensitivity (Kirk and Namasivayam, 1983). Hydrogen 
sulfite or hydrogen cyanide adducts of triphenylmethane dyes also are as well 
known as UV-C-sensitive actinometers. For example, the colorless malachite 
green leucocyanide dissolved in ethanol does not show a long-wave UV or 
visible light sensitivity, but the green photo product absorbs additionally in the 
UV-C range (Calvert and Rechen 1952, Fisher et al. 1967). Azobenzene (Ac
tinochrome 2R 245/440) in methanol enables a reuse of the actinometric solu
tion (Gauglitz and Hubig 1981, 1984, 1985) as well as heterocoerdianthrone 
endoperoxide (Actinochrome 1 R 248/334) (Brauer and Schmidt 1983). De
spite the elegance of these complex organic compounds dissolved in organic 
solvents, it has been postulated that actinometric substances and solutions 
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should be non-toxic and non-hazardous.  

[019] Immediately after various ultraviolet lamps became available in the 
beginning of the 2 0 th century, acidic iodide solutions have been used as 
chemical actinometers (Bering and Meyer 1912). The low quantum yield of 
0.05 lead to the use of nitrous oxide (N20) as an electron scavenger (Dainton 
and Sills 1960, Rahn 1993). A more recent approach of opaque UV-C ac
tinometry is the iodate-stabilized photodecomposition of iodide (Rahn 1997, 
Rahn et al. 1999, 2003). The triodide formed from iodide photolysis at 253.7 
nm is determined spectrophotometrically at 352 nm or higher wavelengths 
(375 nm, 400 nm). This system has the advantage of insensitivity to wave
lengths over 300 nm.  

[020] The use of an actinometer solution has been proposed to replace 
UV-sensors by flow-through or static probes containing the actinometer solu
tion, which are inserted into the irradiation reactor. The concentrated ac
tinometer solution, e.g. the iodide/iodate actinometer according to US Patent 
6,596,542 or an uridine solution (Schulz et al. 2001) is pumped through a UV
transparent tube receiving the UV light from the lamp, or contained in a cell 
with a transparent window facing the UV lamp to be exposed for a defined 
time, and the photo products are then measured in a spectrophotometer.  
These sensors, however, measure only the fraction of radiation incident on 
them, but not the average fluence (light dose) effective on the fluid to be irra
diated while contained within the irradiation reactor.  

[021] The use of a water-soluble triphenyl methane dye (4,4',4"-tris-di-B1
hydroxyethylaminotriphenyl acetonitrile) as an added actinometer substance 
is described for the "cold-sterilization" of microorganisms in fruit ciders, juices 
and plant saps by flow-through UV-C irradiation (Koutchma and Adhikari 
2002). Equipment for this process is commercially available, e.g. the "Cider
Sure" or the "Sap Steady" thin-film irradiators manufactured by FPE Inc. of 
Macedon, NY, or the "Light Processed System" coiled tube irradiator manufac
tured by Salcor Inc., Fallbrook, CA. Ciders and juices obtained from squeezed 
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fruits show high turbidity from suspended particles, and high UV-C absorption 

from dissolved phenolic compounds and from ascorbic acid, and also a vis

cosity similar to protein solutions. Clarified apple juice has an absorption coef

ficient of 9/cm at 253.7 nm. The actinometer substance is added to the highly 

absorbing juice and irradiated in a collimated-beam apparatus, as used for the 

absolute UV inactivation kinetics determination of microorganisms in non

absorbing suspension (Bolton and Linden 2003). The absorption of the ac

tinometer photoproduct at 600 nm increases, but in fact the added actinome

ter substance will only receive the light quanta fraction corresponding to its 

absorbance fraction of the total absorbance. The effective dose is then calcu

lated from the destruction of the added actinometer dye. As it can be deduced 

from an "absorbed dose" of 190 mJ/cm2 inactivating no more than 3 logo col

ony-forming units (cfu) E. coli K12/mL in apple juice in a petri dish, the addi

tion of an actinoneter substance to the sample itself delivers obviously false 

results for the effective dose. In non-absorbing suspension, 5 logo cfu/mL E.  

coli are inactivated at - 10 mJ/cm 2 (Wright and Sakamoto 1999). However, 
the dose effective in the solution must be the same as the dose effective, on 

the microorganism. The proposed addition of an actinometer substance to an 

already absorbing medium is therefore not capable to accomplish an exact 

effective dose measurement.  

[022] The biological dosimetry using a photoinactivatable microorganism 

was the first method to determine the applied dose in the irradiation of 

plasma, although details on the dosimetry using Aerobacter aerogenes (out

dated name for Klebsiella pneumoniae) were not given. In addition, single

stranded DNA bacteriophages of the microviridae family such as S13 and Phi

X (phi chi) 174 give a linear decrease of titer with an increasing UV irradiation 

dose. -Biodosimetry based- on the inactivation -of bacteriophages (e.g. Phi-X 

174 or the single-stranded RNA bacteriophage MS2), or the inactivation of 

Bacillus subtilis spores, has been developed for testing flow-through ultravio

let water disinfectors. The dose-dependent un-attenuated inactivation rate of 

the bacteriophage Phi-X 174 in a dilute and UV-C transparent buffer suspen
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sion agitated horizontally in 33 mm petri dishes in the homogeneous radiation 

field of a 9 W UV-C lamp at an irradiance of 0,225 mW/cm2 was determined 

to be -0,44 (logio pfu/mL)/(mJ/cm 2) (Anderle et al. 2004).  

[023] The commercial thin-layer irradiator "CiderSure" (manufactured by 

FPE Inc., Rochester, NY) used for fruit juices, essentially consists of an outer 

stainless-steel tube and an inner quartz tube, both in concentric and parallel 

mount to the centered tubular UV light source, where the fluid flows longitudi

nally through the annular gap in-between. It is validated by biodosimetry for 

every type of fruit juice and cider to adjust the flow-rate required for a >5 logo 

colony forming units/mL reduction of E. coli 0157:H7. Additionally, the light 

intensity loss over time is compensated by flow rate correction because the 

dose H is usually assumed as intensity E x residence time t (FDA 2000).  

However, this biodosimetric validation alone would not enable an optimization 

of the flow-through-reactor to achieve a narrow residence-time distribution 

thus avoiding excessive over-irradiation of the fluid. Even with nutritional flu

ids, this should be avoided, because UV over-dosage can generate an unde

sired off-flavor rendering the product unpalatable.  

[024] With all the aforementioned flow-through-devices, there are how

ever rheological and technical limitations to overcome. Every volume element 

entering the irradiation zone is longitudinally dispersed into a faster flowing 

fraction, which receives a lower dose through its shorter residence time, and a 

slower tailing fraction, which receives a higher dose, and the volume fractions 

in between. Figure 7 in US Patent 6,576,201 gives an example of a resi

dence-time distribution dependent on the rotation rate of the inner cylinder in 

the Taylor vortex-generating cell. A dose too low can incompletely destroy the 

viable microorganisms and effect an incomplete inactivation. A dose too high 

can destroy the substances of interests, such as vitamins and flavors in 

juices, proteins in blood derivatives, or antigens in vaccines. Therefore it is 

desirable to optimize the irradiation process to make it sufficiently effective to 

destroy all target microorganisms and safe to preserve all substances of in

terest. A method to optimize such a process is therefore particularly desirable.  

8
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[025] Another technical limitation of the aforementioned flow-through and 

batch reactor devices is the aging of the light sources used, which can lose a 

fraction of their initial light output during their operating lifetime. To compen

sate for that effect, an integrating counter has been used to ensure a constant 

and reproducible light dosage, however irrespective of the absorbance of the 

solution to be irradiated (Rideal and Roberts 1951). Moreover, the inactivation 

may be discontinued during operation due to a malfunctioning of a least one 

of the light sources. Although this decay and/or the switching off is detectable 

with an electronic light-sensitive sensor alone, the determination of its effect 

on the light dose effective on the fluid to be treated would require a measure

ment of such a dose to establish the relation between lamp intensity, absorb

ance, and dose decay, and to compensate such a decay by changing other 

process variables such as the flow rate. These devices also require re

validation at certain time intervals to ensure a consistent and effective opera

tion. A method for measuring, controlling and compensating such fluctuations 

in light irradiation during light inactivation of microorganisms in a biological 

fluid, preferably in relationship to the absorbance of the biological fluid to be 

irradiated a batch reactor, and also a method for controlling that the inactiva

tion process is carried out effectively despite fluctuations of the light irradiation 

are therefore particularly desirable.  

[026] Moreover, the light sources develop a considerable amount of 

thermal energy during operation of the irradiation devices such as batch

reactors and flow-through-reactors. The heating of the lamps in turn leads to 

considerable fluctuations of the light emission. In the low-pressure Hg vapor 

lamp, for example, the major part of the lamp power is converted into heat, 
and only around a third into light emission. Although low-pressure Hg vapor 

lamps seldom overheat beyond 60*C, temperature-sensitive substances of 

interest can suffer damage even by moderate heat. Direct cooling of only the 
flow conduit in the photoinactivation reactor will not thermostat the lamp and 
stabilize the intensity, and an adjustment of the lamp voltage to stabilize the 

intensity would not remove the heat, or the excessive heat. Accordingly, it 
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would also be particularly desirable to develop flow-through-reactors which 
would be able to decrease the fluctuations of light irradiation caused by the 
heating of the light sources and which would preferably be able to keep the 
temperature of the lamp essentially constant or at least less fluctuating. Such 
a thermostatization has only been attempted with the 6-lamp centrifugal film 
irradiator as disclosed in US Patent 2,725,482 (Benesi 1956) where a water
cooled heatpipe for every lamp removed the excess heat. Other flow-through 
irradiators such as the Dill irradiator (US Patent 5,567,616), the baffled or 
other motionless mixer-elements containing tube type irradiator (US Patent 
6,586,172), or the helical tube-type irradiator (WO 02/38191) have obviously 
been intended and disclosed only without a direct lamp thermostatization. In 
US Patent 6,586,172 assisted air-flow cooling (ventilation) is envisaged, which 
is however less effective than direct liquid thermostatization. The effective
ness depends on the ambient air temperature. In free-flowing thin-film irradia
tors the stream of coolant air may evaporate the water in the biological fluid.  
Liquid lamp thermostatization may ensure immediate operation at the maxi
mum pathogenicidal intensity without burn-in time, as e.g. for low-pressure Hg 
vapor lamps with the maximum UV-C (253.7 nm) yield at 41.5*C, or may filter 
out infrared radiation, as e.g. from incandescent light sources, which would 
otherwise be absorbed and converted to excessive heat by the biological fluid.  

[027] In 1960, one of the leading experts in thin-film UV-C-irradiated vac
cine technology stated: "In order to calculate the absolute quantity of energy 
involved in the virus inactivation itself, there must be some manner of quanti
tating the relative amounts of ultraviolet energy absorbed by the virus and the 
culture medium. This has not been possible as yet; furthermore the absolute 
exposure is dependent upon a number of variable factors: viscosity, tempera
ture, -surface tension- and- frictional resistance of flow' (Taylor 1960). While 
such protein solutions or virus suspensions are usually clear or very slightly 
opalescent colloids, other fluids may constitute suspensions of filterable solids 
in a liquid. An investigation of the effect of various clay minerals on the inacti
vation of Klebsiella aerogenes bacteria in water has demonstrated a protec

10



WO 2006/021314 PCT/EP2005/008467 

tion of the bacteria by UV-absorbing clays, but no such effect by UV

scattering clays (Bitton 1972). As recently shown for turbid apple cider and 

clear apple juice, the turbidity of such suspensions has the effect that at a 

similar apparent absorbance as measured in a spectrophotometer, microor

ganisms are inactivated faster in the turbid than in the clear fluid (Koutchma et 

al. 2004). The absolute exposure apparently depends also on the fraction of 

light scattered by the particles into the solution. Up until now no determination 

of the photochemically effective dose on microorganisms in a fluid sample has 

been reported in scientific or patent literature. Accordingly, a method for the 

determining the effective dose for inactivating microorganisms contained in a 

biological fluid, in particular a non-transparent biological fluid, preferably a 

method carried out in a flow through-reactor is desirable. Moreover, it is an 

object to provide a method for effectively inactivating microorganisms con

tained in a biological fluid, in particular a non-transparent biological fluid, pref

erably while leaving biologically active substances of interest unaffected.  

SUMMARY OF THE INVENTION 

[028] The solution to the above technical problems is achieved by the 

embodiments characterized in the claims and in particular, by providing in a 

first aspect of the invention a method for determining an effective dose of 

monochromatic or polychromatic light from one or more light sources to inac

tivate microorganisms present in a biological fluid, comprising measuring the 

effect of the monochromatic or polychromatic light on a dosimetric solution, 

wherein the inactivation is carried out in a flow-through-reactor.  

[029] According to another aspect there is provided a method for the in

activation of microorganism in a biological fluid in a flow-through-reactor, 

cornprising-irradiating the biological fluid-with an effective dose of monochro

matic or polychromatic light from one or more light sources, wherein the effec

tive dose is determined according to the method described in the preceding 

section and in detail below.  
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[030] According to another aspect there is provided a method for deter

mining an effective dose of monochromatic or polychromatic light from one or 

more light sources to inactivate microorganisms present in a non-transparent 

biological fluid, comprising measuring the effect of the monochromatic or 

polychromatic light on a dosimetric solution matching the turbidity of the bio

logical fluid at the photoinactivating wavelengths used, the turbidity and ab

sorbance of the biological fluid, the turbidity and the viscosity of the biological 

fluid, the turbidity and the absorbance and the viscosity of the biological fluid, 

the absorbance of the biological fluid, or the viscosity and absorbance of the 

biological fluid, based on a light dose calibration by i) irradiating the dosimetric 

solution in a layer of an optical path-length sufficiently thin to absorb only a 

fraction of the incident light at a predetermined defined irradiance for a de

fined time to apply a defined fluence (light dose) resulting in a change of a 

measurable physical or chemical magnitude, and ii) by reading out the dose 

corresponding to the change in the magnitude measured during or after the 

light irradiation of the dosimetric solution in the light irradiation reactor, 

wherein step i) is executed before step ii) or vice versa.  

[031] According to another aspect there is provided a method for the in

activation of microorganism in a non-transparent biological fluid, comprising 

irradiating the biological fluid with an effective dose of monochromatic or poly

chromatic light from one or more light sources, wherein the effective dose is 

determined according to the method described in the preceding section and in 

detail below.  

[032] According to still another aspect there is provided a UV

photoinactivation flow-through-reactor, in which one or more light sources are 

encased by an envelope thermostat, through which envelope thermostat a 

thermostated and essentially light-transparent liquid is flowing to remove heat 

from the lamp, thereby ensuring an essentially constant lamp intensity.  

[033] Moreover, it is further provided a method of controlling the light sum 

dose of monochromatic or polychromatic light emitted from one or more light 
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sources to effectively inactivate microorganisms present in a biological fluid in a batch 

reactor, comprising the steps of: 

[034] a) determining the absorption-dependent irradiation source target light sum 

dose based on the effective dose of monochromatic or polychromatic light to inactivate 

microorganisms present in the biological fluid, the irradiation light dose rate and the 

irradiation time necessary to effectively inactivate the microorganisms in the batch 

reactor; 

[035] b) recording the irradiation light dose rate and the irradiation time during 

inactivation of the microorganisms present in the biological fluid in the batch reactor; 

[036] c) calculating the absorption-dependent irradiation source light sum dose 

based on the measurements in step b); 

[037] d) comparing the absorption-dependent irradiation source light sum dose 

determined in step c) with the absorption-dependent irradiation source target light sum 

dose determined in step a); and.  

[038] e) discontinuing light exposure of the biological fluid once the absorption 

dependent irradiation source light sum dose is equal to or greater than the absorption

dependent irradiation source target light sum dose.  

[038a] A definition of the specific embodiment of the invention claimed herein 

follows.  

[038b] In a broad format, the invention provides a method for determining an 

effective dose of monochromatic or polychromatic light from one or more light sources 

to inactivate microorganisms present in a biological fluid, comprising measuring the 

effect of the monochromatic or polychromatic light on a dosimetric solution in a layer of 

an optical path-length sufficiently thin to absorb only a fraction of the incident light, 

wherein the inactivation is carried out in a flow-through-reactor, and wherein said 

dosimetric solution matches the absorbance coefficient of the biological fluid at the 

photoinactivating wavelengths used, the absorbance coefficient and the viscosity of the 

biological fluid, the absorbance coefficient and turbidity of the biological fluid, or the 

absorbance coefficient, viscosity, and turbidity of the biological fluid.  
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[039] Other objects, features and advantages of the present invention will become 

apparent from the following detailed description. It should be understood, however, 

that the detailed description and the specific examples, while indicating preferred em

bodiments of the invention, are given by way of illustration only. Various changes and 

modifications within the spirit and scope of the invention will also become apparent to 

those skilled in the art from this detailed description.  

BRIEF DESCRIPTION OF THE DRAWINGS 

[Text continues on page 14.  
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[040] The accompanying drawings, which are incorporated in and consti
tute a part of the specification, illustrate one embodiment of the invention, 
and, together with the general description given above and the detailed de
scription of this embodiment given below, serve to explain the principles of the 
invention. Thus, for a more complete understanding of the present invention, 
the objects and advantages thereof, reference is now made to the following 
descriptions taken in connection with the accompanying drawings in which: 

[041] Fig. 1 depicts the linear relation between an absorption coefficient 
and the iodide/iodate concentration (cf. Example 1).  

[042] Fig. 2 depicts the non-linear relation between increase in viscosity 
and polyvinylpyrrolidone concentration (cf. Example 1).  

[043] Fig. 3 depicts the calibration plot for the 2.5/cm model solution (cf.  
Example 1).  

[044] Fig. 4 depicts the calibration plots for the 4.5/cm, 7.5/cm and 10/cm 
model solutions'(cf 'Example 1): 

[045] Fig. 5 depicts the calibration plots for model solutions with defined 
molecular absorbance and the same solutions with 2 g bentonite/L to add tur
bidity from suspended particles (cf. Example 10).  

[046] Fig. 6 depicts the linear relationship between an absorption coeffi
cient and concentration (cf. Example 10).  

[047] Fig. 7 depicts the non-linear relationship between increase in vis
cosity and polyvinylpyrrolidone concentration (cf. Example 10).  

[048]- -- Fig. 8 depicts the-increase in absorbance with applied surface dose, 
and increase in sensitivity with KI/K103 concentration (cf. Example 10).  

[049] Fig. 9 depicts the sensitivity improvement with PVP (cf. Example 
10).  
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[050] Fig. 10 depicts the lamp intensity changes (cf. Example 15).  

[051] Fig. 11 depicts the dose-increase with error expressed as a y-axis 

constant (cf. Example 15).  

[052] Fig. 12 depicts an exemplary calibration device of the instant inven

tion (cf. Example 17).  

[053] Fig. 13 depicts a cross-section of a thermostated lamp fixture with 

light intensity and temperature sensors (cf. Example 18).  

[054] Fig. 14 depicts a cross-sectional view of tubular lamp thermostatiza

tion arrangements (Figs. 14a and 14b) for use with a thermostating liquid.  

Detailed description of the invention 

[055] In a first aspect the invention provides a method for determining an 

effective dose of monochromatic or polychromatic light from one or more light 

sources to inactivate microorganisms present in a biological fluid, comprising 

measuring the effect of the monochromatic or polychromatic light on a do

simetric solution, wherein the inactivation is carried out in a flow-through

reactor. Preferably, the effect of light on the dosimetric solution is determined 

by a method comprising measuring the effect of the monochromatic or poly

chromatic light on a dosimetric solution matching the absorbance of the bio

logical fluid at the photoinactivating wavelengths used, or the absorbance and 

the viscosity of the biological fluid, based on a light dose calibration by i) irra

diating the dosimetric solution in a layer of an optical path-length sufficiently 

thin to absorb only a fraction of the incident light at a predetermined defined 

irradiance for a defined time to apply a defined fluence (light dose) resulting in 

a.change of-a-measurable physical or chemical magnitude, and ii) by reading 

out the dose corresponding to the change in the magnitude measured during 

or after the light irradiation of the dosimetric solution in the light irradiation re

actor, wherein step i) is executed before step ii) or vice versa. Preferred em

bodiments are provided in Examples 1, 2, and 17.  
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[056] A microorganism refers to any microorganisms selected from spe

cies of the monera kingdom, spores of the species of the monera kingdom, 

non-pathogenic or microorganisms species of the fungi kingdom, spores of 

the species of the fungi kingdom, archaea, prokaryotes, preferably bacteria, 

eukaryotes, viruses to ensure that such or similar microorganisms are killed or 

reduced in activity, and bacteriophages. Preferably the viruses are selected 

from Parvoviridae viruses, Minute Murine Virus (MMV), Canine Parvovirus 

(CPV), Bovine Parvovirus (BPV), Porcine Parvovirus (PPV), Feline Parvovirus 

(FPV)), Circoviridae viruses, Circinoviridae viruses, Picornaviridae viruses, 

preferable Hepatitis A Virus (HAV) and Encephalomyocarditis Virus (EMV), 

Anelloviridae viruses, Encephalomyocarditis Virus (EMV)), Enteroviridae RNA 

viruses, Microviridae DNA bacteriophages, and Leviviridae RNA bacterio

phages. Preferred microorganisms are lipid-enveloped single-stranded or 

double-stranded, lipid enveloped or non-enveloped viruses.  

[057] A biological fluid refers to any natural or artificial biological fluid, 

such biological fluids comprising milk, whey and milk protein fractions, and the 

whole fluid and fractions of blood, blood products, plasma, plasma fractions, 

serum, fluids derived from blood, fluids derived from plasma, fluids derived 

from serum, fluids containing protein fractions, spinal and cerebral fluid, 

lymph, saliva, semen, urine, prokaryotic cell culture supernatant, eukaryotic 

cell culture supernatant, prokaryotic cell lysate, eukaryotic cell lysate, or liquid 

derivatives of such aforementioned fluids.  

[058] A particularly preferred biological fluid according to the invention is 

a therapeutic fluid which refers to any fluid intended for external, enteral or 

parenteral therapeutical use, which essentially is not transparent at the 

photoinactivating wavelength and sensitive to excessive dosage of photoinac

tivating radiant energy. These fluids include blood, blood products, plasma, 

plasma fractions, serum and fluids derived from blood, plasma and serum.  

Transparent and clear fluids such as water, physiological saline, Ringer's lac

tate, or glucose solution will tolerate over-irradiation and do not always require 

an exact light dosage.  
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[059] Another particularly preferred biological fluid according to the inven

tion is a cosmetic fluid which refers to any fluid intended for external use, 

which essentially is not transparent, i.e. absorbing or turbid, or absorbing and 

turbid, at the photoinactivating wavelength and sensitive to excessive dosage 

of photoinactivating radiant energy. Transparent and clear fluids, such as al

cohol-water fragrance, may tolerate over-irradiation and do not always require 

an exact light dosage.  

[060] A further particularly preferred biological fluid according to the in

vention is a nutritional fluid which refers to any fluid intended for oral or nasal 

intake, preferably for nutritional or thirst-quenching or refreshment use, which 

essentially is not transparent, i.e. absorbing or turbid, or absorbing and turbid, 

at the photoinactivating wavelength and sensitive to excessive dosage of 

photoinactivating radiant energy and includes milk, whey, milk products, prod

ucts derived from milk, fruit juices, products derived from fruit, vegetable 

juices, products derived from vegetable, native plant sap, transgenic plant 

sap, synthetic beverages, processed beverages, fermented beverages, and 

alcoholic beverages. Transparent fluids such as-tap water, bottled mineral 

water, or lemonade made from citric acid, carbon dioxide, and sugar dissolved 

in water will generally tolerate over-irradiation and do not always require an 

exact light dosage.  

[061] Another particularly preferred biological fluid according to the inven

tion is a diagnostic fluid or a fluid derived there from, i.e. liquid diagnostics and 

diagnostic kits such as antibody solutions or liquids containing components 

thereof. Transparent diagnostic fluids, such as distilled water, an inorganic 

salt buffer, or pro-coagulant calcium chloride solution, may tolerate over

irradiation and do not always require an exact light dosage.  

[062] The biological fluid according to the invention preferably is a bio

logical fluid which attenuates the pathogenicidal light to an extent that the light 

intensity is readily attenuated along the optical path length in the pathogen 

photoinactivation reactor. This attenuation may either be caused by molecular 
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chromophores contained in the biological fluid, such as amino acids, proteins, 

nucleotides, nucleic acids, or dyes, or of molecular chromophores of added 

substances, such as photosensitizers or photoprotectants, or by turbidity from 

light-scattering and absorbing macromolecules and suspended particles, or by 

a combination of all these contributing parameters. This attenuation depends 

on the optical path length. A fluid with a decadic absorption coefficient of 1/cm 

will absorb only 5.5% of the incident light in an shallow 0.5 mm liquid layer, 

and will therefore behave as essentially transparent, but will absorb 95.7% of 

the incident light in a 10 cm deep liquid layer. Preferably, any biological fluid 

that attenuates more than about 5%, preferably more than about 10%, even 

more preferably more than about 20% of the incident light along the reactor 

optical path length requires chemical dosimetry to determine the effective 

dose according to the invention. According to the exponential light attenua

tion, the initial intensity has become extinct to 1/1024 after the 10-fold half

optical path length d1/2, which reduces the initial intensity to 50%. Preferably, 

the biological fluids used for UV pathogen inactivation are highly opaque to 

UV light at about, 253.7 nm such as serum-free cell culture supernatant for 

vaccines (a253.7 = 5/cm, d1/2 = 0.06 cm), prothrombin complex eluate 

(Brummelhuis 1980) (a253.7 = 7,5/cm, d1/2 = 0.04 cm), fruit juices such as 

apple juice (a253.7 = 10/cm, d1/2 = 0.03 cm), or plasma (a253.7 = 25/cm, 

d1/2 = 0.012 cm). This means that after about 6 mm, preferably about 4 mm, 
more preferably about 3 mm, more preferably about 1.2 mm, the incident UV 

light energy has essentially been consumed completely, making these bio

logical fluids very opaque.  

[063] Biological fluids may contain natural or artificially added sub

stances, which do not cause or inhibit nucleic acid photodamage to microor

ganisms, but exert a beneficial protecting effect to preserve the components 

of interest upon light irradiation, and most notably upon UV-light irradiation, by 

acting as reactive oxygen radical quenchers, e.g. flavonoids such as rutin 

(Erdmann 1956, W094/28210), vitamins such as ascorbic acid (Erdmann 

1956), and creatinine (JP 11286453-A). However, if these additives supple
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ment an additional absorbance at the wavelength used, too little patho

genicidal light energy might actually reach the microorganisms, if the addi

tional absorbance is not compensated in the applied light dose. An excess of 

applied energy readily damages the proteins. Therefore the UV or visible light 

dose required for sufficient microorganism inactivation has not to be exceeded 

and must be calculated as accurately as possible, as detailed in Examples 1, 

2, 11, 12, and 15 to 17.  

[064] Light, monochromatic light, or polychromatic light refers to energy in 

the electromagnetic spectrum, preferably those wavelengths and frequencies 

within the UV and visible range.  

[065] The photochemical methods to inactivate such microorganisms 

used according to the invention comprise the irradiation with 

[066] short-wave ultraviolet light in the UV-C region between about 200 

and about 280 nm, preferably of a germicidal wavelength close to 

the maximum sensitivity of the nucleic acids at about 265 nm, 

[067] medium-wave ultraviolet light in the UV-B region between about 280 

and about 320 nm, 

~[068] long-wave ultraviolet light in the UV-A region between about 320 

and about 400 nm or visible light between about 400 and about 700 

nm in the presence of at least one natural or added photosensitizer, 

or 

~[069] pulsed monochromatic coherent or incoherent light, or pulsed 

broad-spectrum light in the aforementioned wavelength regions.  

Preferably, the light is emitted continuously.  

[070] According to a preferred embodiment of the method for determining 

an effective dose of light to inactivate microorganisms present in a biological 

fluid, about 100%, preferably about 80%, preferably about 60%, preferably 
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about 50%, preferably about 30%, or less of the incident irradiance is ab
sorbed along the optical path length.  

[071] The amount of light absorbed by such a biological fluid is expressed 
by the transmission or the absorbance at a defined wavelength I and optical 
path length d, usually 1 cm. From the transmission T, which cannot exceed 

100%, the decadic absorbance A is calculated by A = -logio T, and for d = 1 
cm, A becomes the decadic absorption coefficient al in units of 1/cm. In the 
most germicidal short-wave ultraviolet around 265 nm, the absorption can re
duce the maximum light penetration depth to less than 1 mm.  

[072] The light sources used for the methods and reactors according to 

the invention are usually tubular, based on a metal-vapor discharge lamp.  
Low-pressure metal vapor lamps, which generate only a modest amount of 

heat, are preferable for biological fluids, which can be sensitive to heat, espe
cially excess heat. The emission from such a lamp is preferably monochro
matic, as from the low-pressure sodium-vapor lamp with its orange light at 589 
nm, or the low-pressure mercury vapor lamp with its UV-C light at 253.7 nm.  

The latter can also be coated inside with a phosphor to obtain e.g. a fluores

cent white, actinic blue+UVA, blacklight UV-A, or UV-B broadband or narrow

band emission spectrum. Other pathogenicidal light sources suitable for the 
invention comprise medium and high pressure metal vapor lamps, flash dis

charge tubes, water-submersed arcs, lasers, excimer lamps, light-emitting 
diodes, incandescent lamps, and the like.  

[073] The total absorbance of such a biological fluid as measured in a 
spectrophotometer may be composed of the molecular absorbance by the 

molecular chromophores and in the case of hazy, cloudy or turbid fluids addi

tionally of the turbidity, i.e. the light scattering and attenuation by colloidally 
dispersed macromolecules and suspended particles. For suspensions of par
ticles (e.g. cellular debris) in absorbing solutions such as unfiltered and turbid 
fruit ciders, the turbidity can be measured by subtracting the absorbance of 
the clarification-filtered cider from the absorbance of the unfiltered cider (cf.  
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Example 10).  

[074] Photosensitizers are substances which either react directly with the 
microorganisms, such as psoralen and its derivatives, or which generate a 
reactive molecule from another component present in the solution, such as 
singlet oxygen from dissolved oxygen, or a solvated electron from the solvent.  
The latter class of photosensitizers comprises phenothiazine dyes, acridines, 
flavins, porphyrins, and phtalocyanines.  

[075] The sensitivity of the microorganism towards light depends on its 
genome size, its nucleic acid type, and its ability to repair the inflicted photo
damage. In general, spores of molds and bacteria as well as eukaryotic cells 
are most resistant, viruses are less resistant, and vegetative bacteria are most 
sensitive. The fluence required to reduce the microorganism viability to about 
the desired orders of magnitude is therefore different for different microorgan
isms. The fluence is the energy incident onto an area, e.g. a cross-sectional 
area of the microorganism, which absorbs and uses only a fraction of this en
ergy during exposure -(Bolton 1999). The term light-dose is also commonly 
used as an alternative for fluence.  

[076] If a microorganism is irradiated in a non-absorbing suspension at a 
known fluence rate (light power per area) for a defined time, the light dose 
applied on the microorganism can be calculated, and the dose-dependent 
inactivation rate can be determined (Bolton and Linden 2003). The inactivation 
rate constants have thus been determined for many microorganisms, some of 
which are used as indicator microorganisms to indicate the efficacy of a pho
tochemical treatment process.  

[077] The biological fluid can however contain concomitant substances, 
which can absorb, or particles, which can scatter the pathogenicidally effective 
light, such as proteins, vitamins and phenolic compounds, or fat liposomes 
and cell debris. Most of the incident light is consumed by these concomitant 
substances or shielded by the particles, and only a fraction of the light actually 
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reaches and becomes effective on the target microorganism. Therefore the 
irradiation time necessary to inactivate such a microorganism in such a bio
logical fluid to the desired order of magnitude exceeds the time to achieve the 
same inactivation in a non-absorbing aqueous suspension of that microorgan
ism and can be taken into account using the methods according to the pre
sent invention.  

[078] A wide variety of natural screening compounds protect organisms 
from the deleterious effects of intense high-energy light. These might however 
act not only by the capturing and quenching of light-generated radicals or ex
cited molecules, but also by simple absorption of the photobiologically active 
light spectrum. The addition of such presumably protective additives, e.g. of 
reactive oxygen species quenchers such as flavonoids or ascorbic acid, to a 
transparent or an already absorbing biological fluid according to the invention 
can therefore result in additional absorbance and reduced light penetration, if 
the additive absorbs at the germicidal wavelengths. The addition of 0.1 or 
0.5% ascorbic acid to apple juice exposed in a flat 0.2-mm deep flow-through 
cuvette by a Hanovia Bio-Steritron lamp decreased the residence time
dependent inactivation rate of microorganisms to ~ 50% and - 20% of the 
juice without additives (Mack et al. 1959).  

[079] In a preferred embodiment of the present invention, the effective 
dose is measured using chemical dosimetry. A dosimetric solution is a solu
tion prepared from reagents, which undergo a substantial photochemical reac
tion at the wavelengths to be measured, thereby generating a photoproduct 
that can be measured. The photoproduct can be measured with sufficient 
sensitivity in layers thin in relation to the absorption coefficient of the solution, 
so that only a small fraction of the incident radiation is absorbed within this 
layer, thereby enabling a fluence determination because light energy radiating 
onto an area of a layer passes the layer practically unabsorbed. Preferred 
embodiments are provided in Examples 1 to 6, 10 to 13, and 15 to 17.  

[080] A number of chemical actinometers are generally known and are 
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sufficient to use the invention. For example, a dosimetric solution suitable for 
the UV-C irradiation can be selected from the group consisting of alkali met
als, alkaline earth metal and ammonium salts of iodide, and aqueous uridine 
phosphate.  

[081] A feature of the present invention is that the method for validation of 
devices used for the photoinactivation of microorganisms allows to apply a 
dosimeter solution with a predetermined absorbance at the irradiation wave
length, or preferably with a predetermined absorbance and a predetermined 
viscosity to match the absorbance or both the absorbance and the viscosity of 
the biological fluid to be light-irradiated for microorganism inactivation at the 
irradiation wavelength.  

[082] A number of UV-C-sensitive chemical dosimeters especially suit
able for concentrated, i.e. highly absorbing, biological fluids can be used with 
the instant invention. For example, diluted potassium iodide-potassium iodate 
actinometers, preferably, but not limited to, containing 6.96 mM KI and > 
1.16 mM K1O 3, possess a high absorbance corresponding to the absorbance 
of such a biological fluid, for example, but not limited to, a253.7 at least about 
2/cm, a high quantum yield, and a high specific extinction coefficient of triio
dide. This dosimeter solution can be prepared with the corresponding concen
trations of potassium iodide and potassium iodate to match absorption coeffi
cients of biological fluids preferably, but not limited to, with an absorption coef
ficient a253.7 at least about 2/cm, and it is usable in thin layer cuvettes, pref
erably, but not limited to, with an optical path length of about 0.1 to about 1 
mm, preferably of about 0.1 to about 0.7 mm, more preferably of about 0.1 to 
about 0.5 mm, more preferably of about 0.1 to about 0.3, more preferably of 
about 0.3 to about 1 mm, more preferably of about 0.5 to about 1 mm, more 
preferably of about 0.7 to about 1 mm. By the addition of polyvinylpyrrolidone 
(PVP), which is known for its stabilizing effect on tri-iodide, the sensitivity of 
the iodide/iodate solution is increased, and the viscosity of the protein solution 
may be matched with great accuracy.  

23



WO 2006/021314 PCT/EP2005/008467 

[083] Another preferable UV-C-sensitive chemical dosimeter especially 

suitable for dilute, i.e. low-absorbing, biological fluids is a sodium benzoate 

actinometer, which allows fluorimetric determination of the photo product in a 

thin layer-fluorescence cell, and which can be diluted for example, but not lim

ited to, to match absorption coefficients, a253,7 from about 0.1/cm to about 

2/cm, preferably from about 0.4/cm to about 2/cm, more preferably from about 

0.8/cm to about 2/cm, preferably from about 1.2/cm to about 2/cm, more pref

erably from about 1.6/cm to about 2/cm, for thin-layer fluorescence cuvettes 

preferably, but not limited to, with an optical path length of at least about 1 x 

10 mm.  

[084] Still another preferable UV-C-sensitive chemical dosimeter espe

cially suitable for very dilute, i.e. almost non-absorbing biological fluids is a 

potassium peroxodisulfate/tert-butanol actinometer, which also can be diluted 

to match absorption coefficients preferably, but not limited to, of a253,7 up to 

about 0.5/cm. The dosimeter solutions are preferably, but not limited to, used 

in cuvettes with 0.5 to 1 cm, preferably of about 0.7 to about 1 cm path length.  

The photoproduct, hydrogen ions, can be measured using a pH meter by im

mersion of a suitable, preferably miniaturized, pH electrode.  

[085] In a preferred embodiment of the invention, the dosimetric solution 

can comprise agents or combinations of agents such as alkali metal iodide, 

alkaline earth metal iodide, ammonium iodide, aqueous uridine phosphate, 

alkali metal benzoate, alkaline earth metal benzoate, ammonium benzoate, 

alkali metal peroxodisulfate, alkaline earth metal peroxodisulfate, ammonium 

peroxodisulfate, tert-butanol, polyvinylpyrrolidone, bentonite, mica, montmoril

lonite, nontronite, hectorite, kaolinite, halloysite, dickite, a clay mineral, chalk, 

silica, fumed silica, baryte, gypsum, talcum, magnesia, alumina, bismuth oxy

chloride, zinc oxide, an alkaline earth sulphate, an alkaline earth carbonate, 

an alkaline earth phosphate, an alkaline earth hydroxyphosphate, an alkaline 

earth halogen phosphate, an insoluble silicate, an insoluble alumosilicate, an 

insoluble carbonate, an insoluble sulphate, an insoluble phosphate, an insolu

ble hydroxyl phosphate, a halogen phosphate, a perfluorinated hydrocarbon 
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or a derivative thereof, a perfluorinated carboxylic acid or a salt thereof, and 

polyvinylpolypyrrolidone.  

[086] Preferably, the dosimetric solution can comprise a diluted potas

sium iodide-potassium iodate actinometer, a diluted potassium iodide

potassium iodate-polyvinylpyrrolidone actinometer; preferably the dosimetric 

solutions match the absorbance of the biological fluid at the photoinactivating 

wavelengths used, or the absorbance and the viscosity of the biological fluid.  

[087] If the biological fluid's turbidity, which may contribute to the overall 

absorbance, has to be matched, than a suitable turbidity-causing additive 

comprising without limitation minerals such as bentonite, montmorillonite, 

mica, montmorillonite, nontronite, hectorite, kaolinite, halloysite, dickite, any 

other suitable clay mineral, silica, fumed silica, chalk, gypsum, baryte, or 

polymers such as polyvinylpolypyrrolidone (PPVP) may be added to the di

luted and absorbance- and/or viscosity-matching potassium iodide-potassium 

iodate-polyvinylpyrrolidone actinometer or to any other suitable actinometer.  

Preferably, the dosimetric solution can comprise a diluted sodium benzoate 

actinometer. More preferably, the dosimetric solution may also comprise a 

diluted absorbance-matching potassium peroxodisulfate/tert-butanol ac

tinometer.  

[088] The dosimetry reagents are small dissolved molecules present in a 

considerable excess, which will easily diffuse to the irradiated zone. Accord

ingly, the dosimetry reagents will be converted by the incident light photons to 

the photochemical reaction product. With lamps operating at essentially con

stant intensity, the same number of light photons will irradiate the reactor vol

ume and will apply essentially the same effective dose (mJ/cm 2) in a given 

time interval yielding a certain chemical dose rate ((mJ/cm 2)/min). Intensity of 

the lamps can be taken into account by controlling the total irradiating lamp 

dose. For a protein solution with bacteriophages or viruses, the dose rate will 

preferably be essentially the same for a given absorbance and viscosity.  
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[089] The decadic absorption coefficient of a biological sample solution 

can be measured in a spectrophotometer in a cuvette sufficiently thin to keep 

the absorbance within the spectrophotometer's measurement range. The ab

sorption coefficient is calculated by dividing the result by the optical path 

length (typically in centimeters), and the Napierian absorption coefficient is 

calculated by multiplying the decadic absorption coefficient with the natural 

logarithm of 10.  

[090] The viscosity can be determined by measurement of the flow-time 

in a capillary viscosimeter and multiplying the result with the capillary visco

simeter constant as it is generally known in the art.  

[091] The optical path length of the thin-layer cuvette used with the ab

sorption-matching diluted actinometric solutions can preferably be kept small, 

so that only a small fraction of incident light is absorbed within the cuvette.  

[092] By calibrating using partially-absorbing diluted actinometric solu

tions in such thin layers, fluence may preferably be applied with the greatest 

accuracy possible. The absorption can be, for example, 27.3% for a solution 

with the decadic absorption coefficient at 253.7 nm a253.7 = 15/cm in a 0.02 cm 

cuvette, or 19.9% for a solution with a253.7 = 2/cm in a 0.1 cm cuvette, which 

means that the dose effective through the optical path length is 72.7% of the 

incident irradiant energy for the first and 80.1% for the latter (Morowitz 1950).  

Accordingly, the Morowitz correction factor is 72.7% for the first example 

given and 80.1% for the second. The self-absorption error can thus be easily 

calculated and corrected. For an accurate calibration, it is in general advisable 

not to use Morowitz correction factors below 50%, which means that the cu

vette optical path length should not exceed the distance, where the light in

tensity-h-as been reduced to 25% of its initial value.  

[093] For establishing a dosimetric calibration plot, a light source with a 

known irradiance can be measured, for example, by electronic radiometry, 

spectroradiometry, or chemical actinometry with a concentrated and fully ab
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sorbing actinometer solution. After determination of the irradiance incident 

from the light source, a cuvette containing the diluted absorbance-matching or 

absorbance- and viscosity-matching dosimetric solution is irradiated at a de

fined geometry and irradiance for a defined time to apply a defined surface 

dose, and the obtained actinometric signal is measured and plotted against 

the light dose.  

[094] This calibration can be accomplished by using, for example, a lamp, 

a shutter within the optical path to expose the cuvette for a defined exposure 

time, and a cuvette mounted parallel to the lamp at the end of the optical path.  

Such shutters are used, for example, as film-plane shutters in photographic 

cameras, and the shutter mechanism is accurately controlled by mechanical 

clockwork, or preferably by an electronic oscillator. The oscillator-driven shut

ter and the fixed cuvette position ensure a reproducible and accurate expo

sure of the cuvette. To produce this, a commercially available 35 mm or me

dium format film single-lens reflex or rangefinder camera body can be modi

fied by attachment of a lamp fixture to the camera lensmount, and attachment 

of a cuvette to an aperture milled into the camera back. Preferably, the aper

ture in the camera back itself should have dimensions enabling the entire sur

face of the cuvette to be illuminated, while the edges of the aperture act as a 

partial collimator. To improve stability of lamp intensity and the actinometric 

quantum yield, the lamp and the cuvette insert can be thermostated by such 

devices as a fan, a circulating liquid, or a Peltier element.  

[095] The device for calibration may preferably comprise a light source, a 

light exit aperture allowing the light to radiate into an collimator aperture, a 

shutter, and a cuvette slot mounted in a thermostated housing with a light en

trance aperture allowing light to radiate onto the cuvette or optical cell contain

ing the dosimeter solution. A preferably thermostated mount may be provided 

for the attachment of radiometer sensors, wherein light radiates simultane

ously from the light source both through the shutter onto the cuvette and 

through the aperture onto the entrance window of the sensor, to monitor the 

light source through the calibration process, or to check the time-constant 
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properties of such a sensor by comparison with an actinometer solution ac

cording to the state-of-the-art contained in the simultaneously exposed the 

cuvette or optical cell. Very preferably the shutter is driven by an accurate 

timer to achieve an exact and reproducible exposure time of the cuvette or 

optical cell. A preferred calibration device is shown in Figure 12. The prefera

bly tubular lamp (T) mounted in a housing (U) is preferably thermostated or 

current-stabilized, very preferably both thermostated and current-stabilized, to 
achieve an essentially constant light radiance through the calibration process.  

As indicated in Fig. 12, the thermostatization is preferably achieved by a light

transparent liquid flowing past the lamp. The light, indicated by the arrows 

pointing away from the lamp, is radiating through an aperture (V) past the 

time-controlled opened shutter (W) onto the cuvette inserted together with its 

distance adapter, if the cuvette is thinner than the maximum space in the 

holder, into the cuvette holder (X), which is preferably thermostated. The cu

vette containing the actinometry or the model dosimetry solution is accurately 

and precisely exposed during the opening of the shutter. An optional aperture 

(Y) located on a place other than that for the aperture (V), but preferably in a 

way so that the light radiates spatially similar from the lamp into both aper

tures (V and Y), may accommodate an electronic sensor (Z), such as prefera

bly, but not limited to, one of the sensors used for the reactor radiometry, pro

viding an accurate method to recalibrate the sensor based on the ratio of the 

intensities preferably measured simultaneously by actinometry in the cuvette 

holder (X) and by radiometry with the sensor (Z). The sensor (Z) may also be 

used for the monitoring and recording of the lamp intensity during the calibra

tion exposure, and for the subsequent intensity correction, if the lamp intensity 

changed during this calibration exposure. The use of such a device for cali

bration is also described in Example 17 and can also be applied to check and 

re-calibrate radiometer sensors by attaching a mount for a radiometer sensor 

to the lamp fixture, so that light emitted from the lamp can be measured simul

taneously by the actinometer cuvette and the radiometer sensor.  
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[096] According to a preferred embodiment of the method for determining 

an effective dose of light to inactivate microorganisms present in a biological 

fluid, the defined fluence can be modified by changing the defined irradiance 

and/or by changing the defined time determined by the flow rate of the bio

logical fluid in the flow-through-reactor. The defined fluence can also be al

tered by changing the wavelength or spectrum of wavelengths of the emitted 

light since the susceptibility of the microorganisms to irradiation based inacti

vation at a given intensity of light emission is also a function of the wavelength 

or spectrum of wavelengths of the light.  

[097] To achieve a higher flow-rate the manufacturer Wedeco Visa AG of 

the aforementioned thin-layer irradiators recommends increasing the flow

through capacity either by connecting several single irradiators serially, or by 
using them in a parallel configuration. The dose can be increased by a longer 

residence time through using a lower flow rate, or by increasing the number of 

serially connected irradiators at an essentially constant flow-rate. To improve 

flow characteristics, a helical flow guide can be inserted in the annular gap 

(Harrington and Hills 1968). Static mixing by baffles is used in the blood proc

essing apparatus described in US Patent 6,586,172, which uses assisted air 

flow cooling for the removal of heat from the UV lamp.  

[098] In this regard, a more efficient method with a higher degree of mix

ing will narrow the residence time distribution and increase the inactivation 

rate. Such a higher degree of mixing can be achieved for example, but not 

limited to, by the imposition of transversal mixing on the longitudinal flow, as 

effected statically by baffles, or the dynamically by the generation of Taylor

vortices or Dean-vortices.  

[099] To measure the effective light dose, for example, a volume of the 

dosimetric solution equal to the product volume is irradiated in the irradiation 

device, and a small sample volume is drawn at a defined time and filled into 

the thin-layer cuvette, and the light-generated reaction product is measured.  

The signal obtained from the irradiated dosimetry solution used is recorded, 
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and compared with the corresponding calibration plot. The dose is then read 
out from the calibration plot. Alternatively, at least one means for measuring 
the effective light dose is contained in the reactor. In the case of a flow
through-reactor such means may be fitted before and after the irradiation in
activation zone.  

[100] The calibration of an UV-C irradiation device by absorption- and 
viscosity matching or absorption and turbidity- and viscosity-matching chemi
cal dosimetry can for example be done experimentally on a very simple UV-C 
flow-through irradiator, such as a helically coiled UV-transparent tube 
wrapped around the illuminating low-pressure Hg vapor lamp.  

[101] The chemical method of dosimetry with actinometric solutions is 
able to measure an average light dose (fluence) applied to the sample volume 
filled into a thin-layer cuvette. The photochemical reactants are usually pre
sent in excess, any local surplus of the photochemical reaction product is 
readily mixed and diluted, and the concentration of the reaction product in
creases in an -ideally linear ratio to the number of photons applied.  

[102] Generally, the same number of photons will inactivate the same 
fraction of the remaining viable microorganisms per volume or titer, and any 
decrease in the logarithm of the titer is linear. Furthermore, a local excess of 
light intensity cannot reduce the number of viable microorganisms to less than 
zero, while a locally insufficient light dose will leave a residual number of vi
able microorganisms present in the sample.  

[103] Preferably the method further comprises monitoring the intensity of 
the one or more light sources during the irradiation in order to determine an 
irradiating dose. More preferably the light is in the UV range, preferably in the 
UV-C range. Radiometric monitoring of a light source is a conventional prac
tice for flow-through devices. Lamp power can be continuously monitored and 
the signal displayed or recorded. Advantageously the optical path between 
the light source and the radiometric sensor is not obscured by the fluid to be 
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treated, so that the fluid does not attenuate the light intensity. If such an at
tenuation cannot be avoided due to design constraints, the un-attenuated 
lamp intensity has to be measured preferably before and after the irradiation 
of the fluid, so that an average intensity can be calculated.  

[104] To establish a dosimetric calibration plot, the chemical dosimetry 
solution is spread into a thin film of defined depth, and absorbs only a small 
fraction of incident light. The film is exposed to a light dose and undergoes a 
substantial and quantifiable change by conversion of a chemical species to 
yield a light absorption or a fluorescence emission at a defined wavelength, or 
a pH increase. The actinometric signal is measured and plotted against the 
light dose.  

[105] The corresponding solution can then be irradiated in a mixed batch 
volume, and a volume is drawn and the light-generated reaction product is 
measured. The signal obtained from the irradiated dosimetry solution is re
corded and compared with the corresponding calibration plot. This will yield 
an effective dose corresponding to a signal increase in the dosimetric calibra
tion plot. The dose rate is then calculated as dose-increase divided by the 
irradiation time unit. The effective dose is the dose as defined above.  

[106] The dosimetric solution simulates a target protein solution because 
the dosimetric solution has the same absorbance at defined wavelengths as 
the protein solution and preferably also the same viscosity. Measuring con
version of chemical species formed by light, such as triiodide, can be corre
lated with an effective UV-dose. Chemical dosimetry ensures that protein so
lutions with different absorbances will receive the same effective target UV 
dose. For details it is referred to Examples 1 to 5 and 6.  

[107] According to a preferred embodiment of the method for determining 
an effective dose of light to inactivate microorganisms present in a biological 
fluid, the method further comprises determining the dose-distribution by titra
tion of the number of viable microorganisms before and after, or before, dur
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ing and after irradiating the biological fluid spiked before or during, or before 
and during the irradiation with the viable microorganisms. In another embodi
ment, the biologically effective light dose (fluence) is determined by biodo
simetry, which refers to a determination by the photoinactivation of microor
ganisms. Biodosimetry can be done with batch as well as with flow-through
irradiation devices and has been conventionally used as a suitable method for 
measurement of residence time distribution (Quails and Johnson 1983) and 
light dose distribution (Cabaj and Sommer 2000). A preferred embodiment are 
described in Examples 3 to 6, and 12 to 17.  

[108] In a preferred embodiment, biodosimetry can be used in combina
tion with chemical dosimetry to determine mixing efficiency (cf. Example 3 to 6 
and 12 to 17).  

[109] Preferably, the biological fluid according to the invention may con
tain microorganisms selected from species of the taxonomic monera kingdom, 
spores of the species of the monera kingdom, non-pathogenic or microorgan
isms species of the fungi kingdom, spores of the species of the fungi kingdom, 
archaea, prokaryotes, preferably bacteria, eukaryotes, viruses to ensure that 
such or similar microorganisms are killed or reduced in activity, and bacterio
phages.  

[110] Preferably the viruses are selected from Parvoviridae viruses, Min
ute Murine Virus (MMV), Canine Parvovirus (CPV), Bovine Parvovirus (BPV), 
Porcine Parvovirus (PPV), Feline Parvovirus (FPV)), Circoviridae viruses, Cir
cinoviridae viruses, Picornaviridae viruses, preferable Hepatitis A Virus (HAV) 
and Encephalomyocarditis Virus (EMC), Anelloviridae viruses, Enteroviridae 
RNA viruses, Microviridae DNA bacteriophages, and Leviviridae RNA bacte
riophages.  

[111] To ensure that the components of interest such as proteins and 
other important biological molecules are preserved in the biological fluids sub
jected to light inactivation treatment according to the invention, the biological 
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activity of the proteins or e.g. of vitamins can be measured using functional 

assays for such analytes generally known in the art, such as the elastase in

hibition assay described in Example 4 or the amidolytic FX assay as de

scribed in Examples 13 and 16. These activity assay analytes may preferably 

be included into the biodosimetric solutions. Preferably, the absorbance, vis

cosity and/or turbidity of the biodosimetric fluid is adjusted such that the do

simetric solution including the added activity assay analytes matches the ab

sorbance, viscosity and/or turbidity of the biological fluid determined after the 

activity assay analytes have been added to the fluid. Such assays ensure that 

while effectively inactivating the contaminating microorganisms, the biological 

fluid and/or its components of interest retain the desired biological activity.  

[112] Microorganisms, such as bacteriophages, viruses, and bacteria 

ideally exhibit exponential decay in viability. This means that a given dose will 

inactivate the same fraction of viable microorganisms, for example, if 1 

mJ/cm2 reduces the initial titer to 1/10th, then 2 mJ/cm 2 to 1/100th, 3 mJ/cm 2 

to 1/1000th, and so on. If all microorganisms were exposed equally by trans

porting all microorganisms only once to the irradiation zone, then all microor

ganisms would receive an inactivating hit. However, even the smallest micro

organisms such as single-stranded DNA bacteriophages are large particles (~ 

25 nm) compared with proteins, and are moved by convection and flow of the 

protein solution. In a reactor, some microorganisms are transported during a 

defined time interval several times to the irradiation zone, while others only 

once, and others not at all. So the inactivation rate, based on the chemically 

determined dose-rate, increases with mixing. Accordingly, the faster the mi

croorganism inactivation proceeds, the shorter the necessary irradiation time, 

and the smaller the required effective dose has to be. Therefore, protein or 

other biological activity will preferably be retained at a higher mixing effi

ciency.  

[113] Biodosimetric inactivation by a microorganism titer of a biological 

fluid spiked before or during, or before and during the irradiation with the vi

able microorganisms is measured before, during and/or after UV-irradiation.  
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For example, this can be accomplished by counting the number of residual 

colonies of viable bacteria, or lysed bacteria plaques which correspond to the 

number of bacteriophages still alive. The titer of viable microorganisms as 

colony- or as plaque-forming units (cfu and pfu, respectively) is then calcu

lated as logo ((cfu or pfu) x 10dilution factor) per mL of diluted sample volume 

titrated on a petri dish.  

[114] The biodosimetry allows validation that different protein solutions 

have been irradiated with essentially the same effective dose at the same 

mixing efficiency when the phage inactivation rate (log [number phages inacti

vated]/effective UV dose) is similar or essentially identical. Biodosimetry is 

particularly suitable for validation of different samples if these do not contain 

any substances toxic or inhibitory to the microorganisms or their hosts. Ac

cordingly, biodosimetry can be used with virtually all biological fluids.  

[115] In another preferred embodiment of the invention biodosimetry can 

be performed using microorganisms as defined above.  

[116] The biological'fluid can be irradiated in thin-film or in transversally

mixed tubular reactors, for example. If the light does not radiate directly onto 

the fluid surface, the material of the fluid-containing conduits in the light

irradiated inactivation zone has to be essentially transparent to the photoinac

tivating wavelengths. For UV light having less than about 350 nm, borosilicate 

glass, and for UV light having less than about 300 nm, specialty glasses, such 

as iron-free borosilicate glass, phosphate glass, high-silica glass, or fused 

quartz glass are sufficiently transparent, as well as some specialty plastics, 

preferably fluoropolymers, are particularly preferred. A wide variety of micro

organism photoinactivation reactors can thus be designed to treat fluids of 

different opacity at different flow-rates. The fluid can comprise at least one 

additive to reduce damage and loss of biological activity or a substance of 

interest in the fluid.  

[117] In a preferred embodiment of the method for determining an effec
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tive dose according to the invention, the method can be performed in conjunc

tion with at least one other sterilization or microorganism inactivation method.  

Various inactivation, sterilization, disinfection or preservation methods are 

known, such as, but not limited to, thermal and non-thermal methods, or the 

addition of chemical preservatives. Different types of microorganisms can 

have different susceptibilities to different treatments. Therefore, combinations 

of different treatments to ensure inactivation of all the different viruses present 

are often necessary. A particular benefit of the irradiation treatment of the 

present invention is that certain types of virus, which are resistant to other 

readily available treatments, are susceptible to irradiation treatment.  

[118] In another embodiment, the instant method for determining an ef

fective dose according to the invention is used in combination with various 

other known methods for sterilization of biological fluids and viral inactivation.  

Various methods are well known in the art and include conventional wet heat 

treatment or pasteurization comprising incubation of fluid at an elevated tem

perature for a given period of time with or without stabilizers, as generally 

used for albumin. An alternative is dry heat treatment comprising incubation of 

freeze-dried fluid components at an elevated temperature for a given period of 

time as used for components such as Factor VIII. Another method includes 

ultra-filtration and solvent detergent treatment. With this method the fluid is 

intimately admixed with a solvent detergent system such as 1 % tri(n

butyl)phosphate (TNBP) and 1% Triton X-100 or Tween 80, and incubated 

together for a given period of time followed by removal of the solvent deter

gent system, conveniently by hydrophobic chromatography. Details of solvent 

detergent treatments are described in WO 94/28120; and U.S. Patent Nos.  

4,946,648; 4,481,189; and 4,540,573.  

[119] In another embodiment of the instant method for determining an 

effective dose according to the invention is used in combination with a solvent 

detergent treatment. One feature of solvent detergent treatment is that it can 

give rise to significant increases in the absorbance of fluids treated. Therefore 

the ability of the present invention to achieve effective viral inactivation in flu
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ids with relatively high absorbance is a particular advantage.  

[120] In another embodiment of the invention, the instant method for de

termining an effective dose according to the invention, the biological fluid 

comprises at least one additive, to reduce damage and/or loss of biological 
activity of the fluid. Various protective additives are known of this type such as 

vitamin E for protecting cells against damage, ascorbate to protect against 
loss of functional activity of plasma constituents, and quenchers of free radi

cals and active forms of oxygen including histidine, rutin, quercetin and other 
flavonoids, and other stabilizers such as sugar alcohols including mannitol 

and amino acids for reducing loss of functional activity of blood components.  

Because the generation of singlet oxygen would require dissolved oxygen, the 

removal of oxygen dissolved in the solution, e.g. by evacuation, before irradia
tion and replacement of air during irradiation by an inert gas, e.g. by nitrogen, 

can exert a beneficial effect on substances of interest. In case the protective 
additives have an influence on the susceptibility of the microorganisms to irra

diation, in order to account for the effect of the protective additives on the ef

fective dose for inactivating microorganisms, dosimetry may be adjusted as 
set forth e.g. in Example 16.  

[121] According to the method of the invention the effective dose is the 

dose, which inactivates essentially all, preferably at least about 99.9%, more 

preferably 99.99%, even more preferably 99.999% of the microorganisms 
present in the biological fluid. Even more preferred is that the method is oper

ated in a flow-through reactor. Preferred embodiments are provided in Exam

ples 2, 5, 6, 11, 15, and 17.  

[122] According to another aspect of the invention there is provided a 

method for determining an effective dose of monochromatic or polychromatic 
light from one or more light sources to inactivate microorganisms present in a 

non-transparent biological fluid, comprising measuring the effect of the mono

chromatic or polychromatic light on a dosimetric solution matching the turbid
ity of the biological fluid at the photoinactivating wavelengths used, the turbid
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ity and absorbance of the biological fluid, the turbidity and the viscosity of the 

biological fluid, the turbidity and the absorbance and the viscosity of the bio

logical fluid, the absorbance of the biological fluid, or the viscosity and ab

sorbance of the biological fluid, based on a light dose calibration by i) irradiat

ing the dosimetric solution in a layer of an optical path-length sufficiently thin 

to absorb only a fraction of the incident light at a predetermined defined irradi

ance for a defined time to apply a defined fluence (light dose) resulting in a 

change of a measurable physical or chemical magnitude, and ii) by reading 

out the dose corresponding to the change in the magnitude measured during 

or after the light irradiation of the dosimetric solution in the light irradiation re

actor, wherein step i) is executed before step ii) or vice versa.  

[123] In a preferred embodiment the biological fluid is a fluid as defined 

above.  

[124] A non-transparent biological fluid within the meaning of the inven

tion preferably relates to a colloidal biological fluid which appears visually 

clear or hazy, but display light scattering along the optical path e.g. of a light 

beam. Preferably the colloidal biological fluid contains particles of a size in a 

colloidal dispersion between about 0.1 nm and about 100 nm, preferably be

tween about 1 nm and about 100 nm, more preferably between about 10 nm 

and about 50 nm. Even more preferably, the light scattering is enhanced near 

the molecular absorption maximum of a colloidally dispersed macromolecule 

contained in a colloidal biological fluid, so that scattered light may contribute 

to pathogen photoinactivation. For a preferred colloidal biological fluid such as 

a protein solution, it is possible to extrapolate the fraction of the total absorb

ance contributed by the turbidity by extrapolation from turbidity measurements 

at non-absorbed wavelengths to the absorbed wavelength. The molecular 

absorbance has then to be calculated by subtraction of the extrapolated tur

bidity from the spectrophotometrically measured total absorbance. To simu

late the scatter properties of such a colloidal dispersion in a colloidal biological 

fluid, it may be possible to fractionate a turbidity-causing agent as described 

above such as a clay mineral by sedimentation, and use the fraction of the 
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desired particle site, to match the turbidity in a dosimetry model solution.  

[125] It is even more preferred if the non-transparent biological fluid is a 

biological fluid containing suspended particles having particle sizes of at least 

about 100 nm which are generally known in the field and described in detail 

above. Turbidity of such a biological fluid such as apple cider or citrus or 

vegetable juice can, for example, be determined by absorbance measurement 

before and after removal of the suspended particles through e.g. filtration or 

centrifugation. The absorbance of the clarified solution without any suspended 

particles is caused by the molecular chromophores. The difference between 

the measured absorbance values of the turbid fluid and the clarified fluid is the 

turbidity.  

[126] It is also preferred if the non-transparent biological fluid is a liquid 

emulsion such as milk, which is a fat-in-water-emulsion, scattering light in a 

way that turbidity contributes most to the total light attenuation. For UV do

simetry model emulsions comprising reagents as described above, chemically 

inert and UVtransparent emulsifiers and emulgated liquids would be required, 

preferably perfluorinated carboxylic acid salts and perfluorinated hydrocar

bons or derivatives thereof.  

[127] In order to adjust the dosimetric solution to match the absorption 

and turbidity of a non-transparent biological fluid, in a first step the absorb

ance of the non-transparent biological fluid is determined at the photoinactiva

tion wavelength used (turbid absorbance value). Then, upon removal of the 

turbid components of the biological fluid, preferably by filtration, the absorb

ance of the biological fluid is determined again at the photoinactivation wave

length (non-turbid absorbance value). A dosimetric solution having an absorp

tion value at the photoinactivation wavelength matching the non-turbid ab

sorbance value is prepared. Preferably the dosimetric solution's viscosity 

value also matches the viscosity of the biological fluid, in which fluid the turbid 

components have been removed. The preparation of such dosimetric solu

tions has been described in detail above. Subsequently, a turbidity-causing 
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agent described in detail above, is added so that the absorbance value of the 

dosimetric solution matches the turbid absorbance value at the photoinactiva

tion wavelength. Further details for the calibration of such dosimetric solutions 

and preferred embodiments of the invention can be derived from Examples 4 

and 10.  

[128] According to a preferred embodiment of the method for determining 

an effective dose of light to inactivate microorganisms present in a non

transparent biological fluid, about 100%, preferably about 80%, preferably 

about 60%, preferably about 50%, preferably about 30%, or less of the inci

dent irradiance is absorbed along the optical path length.  

[129] According to another preferred embodiment, the defined fluence 

can be modified as described above. Preferably the method further comprises 

monitoring the intensity of the one or more light sources during the irradiation 

in order to determine an irradiating dose. More preferably the light is in the UV 

range. Such monitoring has also been explained in detail above.  

[130] Preferably, the method for determining an effective dose of light to 

inactivate microorganisms present in a non-transparent biological fluid further 

comprises determining the dose-distribution by titration of the number of vi

able microorganisms before and after, or before, during and after irradiating 

the biological fluid spiked before or during, or before and during the irradiation 

with the viable microorganisms as detailed above. In another embodiment, the 

biologically effective light dose (fluence) is determined by biodosimetry, pref

erably by a combination of chemical dosimetry and biodosimetry as has been 

described in detail above. Preferably the method further comprises monitoring 

the intensity of the one or more light sources during the irradiation in order to 

determine an irradiating dose-as described--in detail above. More preferably 

the light is in the UV range, even more preferably in the UV-C range.  

[131] Preferably the dosimetric solution is a solution as described in detail 

above.  
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[132] Even more preferably, the dosimetric solution comprises a diluted 
potassium iodide-potassium iodate actinometer, or a diluted potassium iodide
potassium iodate/polyvinylpyrrolidone actinometer, or a diluted sodium ben
zoate actinometer, or a diluted potassium peroxodisulfate/tert-butanol ac
tinometer.  

[133] It is further preferred that if the dosimetric solution contains a turbid
ity-causing agent described above. The dosimetric solutions are preferably 
adjusted to the absorbance, or absorbance and turbidity, or absorbance and 
viscosity and turbitity of the biological fluid at the photoinactivation wavelength 
as described in detail above and in Examples 4 and 10.  

[134] The microorganisms useable according to the method of the inven
tion have also been described above.  

[135] Preferably, the method for determining an effective dose of light to 
inactivate microorganisms present in a non-transparent biological fluid may be 
carried out in conjunction with at least one other sterilization or microorganism 
inactivation method introduced above. More preferably the biological fluid 
comprises at least one additive to reduce damage and loss of biological activ
ity of the fluid as described above. Even more preferably the method is per
formed with a solvent detergent treatment as shown above.  

[136] According to the method of the invention the effective dose is the 
dose defined above.  

[137] It is even more preferred that the method is operated in a flow
through reactor, preferably in a flow-through-reactor, comprising irradiating 
the biological fluid with an effective dose of monochromatic or polychromatic 
light from one or more light sources, vhereinfthe effectiv-e dose is determined 
according to the method described in detail above and in Examples 3, 5, 16, 
and 17.  

[138] In addition, in another aspect of the invention there is provided a 
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method for the inactivation of microorganism in a non-transparent biological 
fluid, comprising irradiating the biological fluid with an effective dose of mono
chromatic or polychromatic light from one or more light sources, wherein the 
effective dose is determined according to the method as detailed above. Such 
methods may be operated in any kind of irradiation reactor, preferably in 
batch-reactors or flow-through-reactors (cf. Example 3 to 6, 12, 13, and 15 to 
17).  

[139] Preferably, in the method of determination the effective dose and 
the methods of inactivation, a UV-photoinactivation flow-through-reactor is 
used in which one or more light sources are encased by an envelope thermo
stat, through which envelope thermostat a thermostated and essentially light
transparent liquid is flowing to remove heat from the lamp, thereby ensuring 
an essentially constant lamp intensity. Preferably the flow-through reactor is a 
reactor type selected from the group consisting of a gravity-driven thin-film
generating type, a turbulent actively mixed flow type, a centrifugally driven 
thin-film-generating type,.a coiled tube, type, a baffled tube type, a motionless 
mixer tube type, a turbulent statically mixed flow-tube type, a laminar-tube 
type, and a turbulent flow-tube type, all of which are described in detail below.  

[140] In still another aspect of the invention there is provided a UV
photoinactivation flow-through-reactor, in which one or more light sources are 
encased by an envelope thermostat, through which envelope thermostat a 
thermostated and essentially light-transparent liquid is flowing to remove heat, 
preferably excess heat, from the lamp, thereby ensuring an essentially con
stant lamp intensity. Preferably the liquid film is a film of a biological fluid.  
Even more preferably the light emitted by the one or more light sources is 
used to photoinactivate the biological fluid. Preferably the envelope thermo
stat is composed of a material containing or consisting of UV-translucent, UV
resistant, and essentially chemically inert quartz glass, preferably borosilicate 
glass, and a translucent, UV-resistant, and essentially chemically inert poly
mer, such as fluoropolymer.  

41



WO 2006/021314 PCT/EP2005/008467 

[141] Excessive heat within the meaning of the invention would preferably 

be any thermal or infrared energy sufficient to heat up the biological fluid in 

the reactor, preferably in the optical path of the reactor, to a temperature 

causing undesired activation or loss of biological activity and finally irreversi

ble denaturation of the fluid constituents. This temperature may depend on 

the fluid's composition and on the presence of stabilizers. For most enzymes 

and coagulation proteins heating the biological fluid to the physiological tem

perature optimum at about 370C may lead to undesired activation and subse

quent consumption. More preferably, excessive heat refers to a temperature 

of the biological fluid in the reactor where most unstabilized plasma proteins 

will aggregate, i.e. at temperatures of about 55 to about 600C or higher. In 

overheated fruit juices, and the like, an off-flavor may develop.  

[142] Preferably the flow-through-reactor according to the invention is a 

reactor type selected from the group consisting of a gravity-driven thin-film

generating type such as the Dill irradiator, a coiled tube type (Bayha 1951), a 

baffled or-other motionless mixer-elements containing tube type, a turbulent 

statically mixed flow-tube type, a laminar-flow tube type, and a turbulent flow

tube type as described in detail above.  

[143] The flow-through-reactors according to the invention provide stabili

zation of the lamp intensity to achieve an essentially constant radiant power 

through the irradiation process, reducing irradiance fluctuations associated 

with reactors known in the art (cf. Examples 7, 8, and 13). Further means for 

stabilizing light irradiance include voltage adjustment (Cortelyou et al. 1954) 

which can be used in combination with thermostatization. Direct thermostati

zation of the light source, as introduced by the flow-through-reactors accord

ing to the invention, does however warrant both an essentially constant lamp 

intensity and the removal of heat, preferably excessive heat. Preferably, ther

mostatization is achieved by pure (distilled or de-ionized) water or by any 

other light-transparent, light-insensitive, non-toxic and non-inflammable liquid.  

Preferably, the temperature and/or the flow rate of the thermostatization liquid 

in the thermostat envelope may also be adjusted in response to measured 
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temperature deviations from the desired lamp temperature, which allows regu
lation of the degree of cooling of the lamp(s), depending on the degree of the 
deviation of the actual lamp temperature from the target temperature.  

[144] Preferably, light sources are also used for reactors having a fluid 
depth exceeding the light penetration depth, such as stirred batch reactors, or 
actively or passively mixing flow-through-reactors.  

[145] According to preferred embodiments of a flow-through-reactor ac
cording to the invention two modes to thermostat a low-pressure metal vapor 
lamp by a liquid are introduced in Figures 14a and 14b, which depict the 
cross-sectional view of the corresponding arrangements. Liquid thermostati
zation of the entire radiant lamp surface ensures an even lamp wall tempera
ture distribution by avoiding condensation of metal vapor at cold spots as 
possible with the state-of-the-art metal heat pipe cooling (Benesi 1956), and 
also prevents the deposition of dust on the lamps which is associated with air 
ventilation based lamp cooling (US Patent 6,586,172).  

[146] In Fig. 14a, the tubular lamp (A) is surrounded by an inner envelope 
tube (B) and an outer envelope tube (C), which are preferably mounted con
centrically and fabricated of a material sufficiently transparent at the patho
genicidally photoinactivating light wavelength. Between the lamp (A) and the 
inner envelope tube (B) there is a gap (D) preferably filled either by a gas or 
evacuated, the width of which may be chosen to optimize the sufficiently 
transparent thermostating liquid's (E) temperature, the liquid flowing through 
the gap between the inner envelope tube (B) and the outer envelope tube (C), 
so that overheating of the biological fluid is avoided. The width of the fluid
bearing gap (E) may be optimized to ensure an efficient removal of heat ac
cording to the needs of the application desired. This arrangement is particu
larly preferable for helical tubular flow-through reactors as described in US 
Patent application 2003/0049809 Al, where the preferably concentric tubular 
flow conduit is attached directly or preferably very closely to the lamp's enve
lope tube. This arrangement is also very preferable for the use of high

43



WO 2006/021314 PCT/EP2005/008467 

intensity Hg amalgam lamps, which compared to normal low-pressure Hg 
lamps emit a threefold UV-C (253.7 nm) surface radiance. However, at a lamp 
wall temperature optimum of around 800C, this would require an effective pro

tection of the biological fluid from such high and denaturing temperatures.  
Such a protection can be achieved by optimization of the gap width (D) de
termining the heat transfer effectiveness to the thermostating liquid (E).  

[147] In another preferred embodiment, a simplified arrangement (Fig.  

14b) omitting the inner envelope tube and the air gap is provided, thus achiev
ing a direct thermostatization of the lamp (A) by the thermostating liquid (E) 
flowing in the gap between the lamp (A) and the outer envelope tube (C). This 

arrangement is particularly preferable for low-pressure Hg vapor lamps emit
ting the maximum UV-C (253.7 nm) surface radiance at a lamp wall tempera

ture around 400C, if a sufficient thermally insulating distance to the irradiation 

reactor avoids overheating of the biological fluid to be treated.  

[148] Most preferably, a gravity-driven thin-film irradiator such as the Dill 

irradiator and its derivatives, or a helical tube or helical envelope irradiator 

would operate more safely and gently at an essentially constant light intensity 

without excessive warming of the product, if the light source used for the illu

mination of such a reactor is thermostated by a flowing liquid. Even more 
preferable such flowing liquid thermostatization of the light sources is also 
used for reactors having a fluid depth exceeding the light penetration depth, 

such as stirred batch reactors, or actively or passively mixing flow-through

reactors.  

[149] Any given UV-dose can be measured in mJ/cm2. Irradiating dose is 

the total lamp power over time. However, only part of this irradiating dose will 

become effective as measured by chemical dosimetry and inactivation of bac
teriophages. For example, a 30 L batch reactor can require an irradiating lamp 
dose that is about 1000 times higher than the effective target dose. As shown 

above, determination of an effective dose by chemical dosimetry also yields 

irradiation time. In the case of slightly changing lamp power, the irradiation 
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time can be replaced by the irradiating dose. This is determined by recording 
lamp intensity during the irradiation runs of the model dosimetry solutions.  
While the virucidally effective target dose is determined, intensity counts are 

summed up over the irradiation time to obtain the radiometric target lamp 
dose corresponding to the effective target dose. Control of the process by ir
radiating lamp dose can compensate for changes in lamp power and can in
crease the accuracy of the instant method.  

[150] In another aspect of the invention there is provided a method of 

controlling the light sum dose of monochromatic or polychromatic light emitted 
from one or more light sources to effectively inactivate microorganisms pre

sent in a biological fluid in a batch reactor, comprising the steps of: 

[151] a) determining the absorption-dependent irradiation source target 

light sum dose based on the effective dose of monochromatic or 

polychromatic light to inactivate microorganisms present in the bio

logical fluid, the irradiation light dose rate and the irradiation time 
necessary to effectively inactivate the microorganisms in the batch 
reactor; 

[152] b) recording the irradiation light dose rate and the irradiation time 

during inactivation of the microorganisms present in the biological 
fluid in the batch reactor; 

[153] c) calculating the absorption-dependent irradiation source light sum 
dose based on the measurements in step b); 

[154] d) comparing the absorption-dependent irradiation source light sum 

dose determined in step c) with the absorption-dependent irradia

tion source target light sum dose determined in step a); and 

[155] e) discontinuing light exposure of the biological fluid once the ab
sorption-dependent irradiation source light sum dose is equal to or 
greater than the absorption-dependent irradiation source target light 
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sum dose. Preferably the method is continued until the absorption

dependent irradiation source light sum dose is essentially equal to 

the absorption-dependent irradiation source target light sum dose 

despite irradiation light dose rate variations and/or intermediate 

switching off of at least one of the one or more light sources. More 

preferably, the effective dose is determined as described in detail 

above. Even more preferably, the recording of the irradiation light 

dose rate and the irradiation time is carried out using at least one 

electronic radiometer, at least one chart recorder, and/or at least 

one sum counter.  

[156] A preferred embodiment of the method is described in Examples 7, 

8, and 15. Preferably the methods also accounts for irradiation fluctuations.  

[157] The target light sum dose may preferably be determined as follows: 

First the batch reactor is validated for different model dosimetric solutions 

having different absorption coefficients to determine the effective dose rate (in 

(mJ/Cr 2 )/Mrn, the irradiation light dose rate (in (mJ/cm 2)/min, and the irradia

tion time necessary for a given effective dose. The effective dose of mono

chromatic or polychromatic light to inactivate microorganisms present in the 

biological fluid is determined preferably by chemical dosimetry as has been 

described in detail above. Then the irradiation light dose rate and irradiation 

time are monitored as described in detail in the next paragraph. The absorp

tion-dependent irradiation source light sum dose is calculated as the radiome

ter sum signal increases over the irradiation time. In general, the irradiation 

light dose rate is orders of magnitudes higher than the chemical dose rate, 

because the radiometer sensors receive the UV light practically un-attenuated 

by any absorbing medium. The irradiation time for a given absorption

dependent irradiation source target light sum dose effective in the biological 

fluid is multiplied by the absorption-dependent irradiation source light dose 

rate to calculate the absorption-dependent irradiation source target light sum 

dose as the irradiation parameter.  
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[158] Preferably the recording of the irradiation light dose rate and the 
irradiation time is carried out using standard equipment such as at least one 
electronic radiometer, at least one chart recorder, and/or at least one sum 
counter as detailed above and in Example 7 and 8. Lamp power (irradiation 
light dose rate) can be continuously monitored and the signal displayed or 
recorded. Advantageously the optical path between the light source and the 
radiometric sensor is not obscured by the fluid to be treated, so that the fluid 
does not attenuate the light intensity. If such an attenuation cannot be avoided 
due to design constraints, the un-attenuated lamp intensity has to be meas
ured preferably before and after the irradiation of the fluid, so that an average 
intensity can be calculated. The electronic radiometer preferably comprises a 
drift-insensitive photoelectric radiometer sensor. Such recording permits cal
culation of the absorption-dependent irradiation source light sum dose based 
on the measurements of the irradiation light dose rate over irradiation time.  
Even if the irradiation fluctuates or is temporarily discontinued, such setup 
allows accurate determination of the absorption-dependent irradiation source 
light sum dose the biological fluid has been exposed -to. In a preferred em
bodiment, by comparison of the absorption-dependent irradiation source light 
sum dose with the absorption-dependent irradiation source target light sum 
dose it is possible to determine or even anticipate the time point when the ir
radiation inactivation may be discontinued in order to make sure that the bio
logical fluid essentially received the effective dose of irradiation to effectively 
inactivate the microorganisms while at the same time the method preferably 
also ensures that the biological fluid is essentially not affected by being ex
cessively exposed to the irradiation. To this end the means for comparing the 
absorption-dependent irradiation source light sum dose with the absorption
dependent irradiation source target light sum dose may be connected to a 
switch which turns of the power supply of the light source employed to irradi
ate the biological fluid. Alternatively any other means effective to discontinue 
exposure of the biological fluid to the irradiation is also suitable and is gener
ally known in the art.  
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[159] Preferably, the method is continued until the absorption-dependent 
irradiation source light sum dose is essentially equal to the corresponding ab
sorption-dependent irradiation source target light sum dose despite irradiation 
light dose rate variations and/or intermediate switching off of at least one of 
the one or more light sources. Such an absorption-dependent irradiation 
source target light sum dose can also be derived from interpolation between 
absorption-dependent irradiation source target sum light doses determined for 
different absorbances. The method has been described in detail in Example 6 
and 7.  

[160] Batch irradiation has the advantage over the flow-through irradiation 
methods that the entire batch volume is exposed by mixing to an average in
tensity until effective inactivation of all microorganisms has been achieved 
(Brooks 1920).  

[161] A batch irradiation reactor may either comprise a container for the 
fluid to be treated, which is at least partially fabricated of a material essentially 
and sufficiently transparent at the photoinactivating- pathogenicidal wave
length, and which is illuminated from light sources mounted outside, or a ves
sel for that fluid, where the contained fluid volume is either irradiated from light 
sources mounted above the liquid surface, or by light sources immersed into 
the fluid. The entire volume is stirred and mixed so that an essentially effec
tive and homogeneous exposure of all volume fractions to the photoinactivat
ing pathogenicidal light is assured. Until present no such reactor has been 
applied in practice due to the lack of a suitable process validation and control 
method.  

[162] Preferably, the external light sources radiate the light onto the irra
diation container such that the lamp sensors are not obscured by the absorb
ing fluid to be treated and the essentially un-attenuated light intensity is thus 
received by the sensors, lamp intensity measurements are preferably made 
continuously. The radiometric target lamp dose increases in a linear ratio with 
the absorption of the protein solution. Lamps operating at a lower intensity will 
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take more irradiation time to reach the radiometric target lamp dose.  

[163] The following examples illustrate embodiments of the invention, but 
do not limit the scope of the invention in any manner.  

Example 1: Absorption coefficients of the iodideliodate actinometer so
lution at high dilution and dosimetric response of the iodideliodate ac
tinometer solutions 

[164] A solution containing 0.24 M KI and 0.04 M K1O 3 in 0.01 M borate 
buffer, pH = 9.25, was diluted 0.2-, 0.4-, 0.6- and 0.8-fold with 0.01 M borate 
buffer and the absorption measured in a 0.1 mm cuvette. Figure 1 shows that 
the absorption coefficient depends in a linear ratio (a25 3.7 = 69/cm x dilution 
factor) on the concentration.  

[165] Solutions containing 10 g polyvinylpyrrolidone K90 (PVP K90; aver
age molar mass 360000 Da) in 1 L 0.01 M and 50 g PVP K25 (average molar 
mass 29000 Da) in 0.1 M borate buffer were diluted 0.2-, 0.4-, 0.6-, 0.8- fold in 
the corresponding bufferand-the'viscosity of the dilutions and the buffer were 
measured in a Schott 0.40 mm Ubbelohde capillary viscosimeter thermo
stated at 22.8*C. It can be seen from Figure 2 that the viscosity increases with 
the concentration in a non-linear ratio.  

[166] Dosimetry solutions with a decadic absorption coefficient a253,7 

2.5/cm and a viscosity of 1 cp (0.00852 M KI + 0.00142 M K10 3 + 1.543 g 
PVP K25/L), 4.5/cm and 1 cp (0.01548 M KI + 0.00258 M K1O 3 + 1.543 g PVP 
K25/L), 7.5/cm and 1 cp (0.02591 M KI + 0.00432 M KIO 3 + 1.543 g PVP 
K25/L), and 10/cm and 1.25 cp (0.03478 M KI + 0.00580 M K10 3 + 1.916 g 
PVP K90/L) were prepared in 0.1 M borate buffer, pH = 9.25, and calibration 
plots were recorded by incremental exposurein thin layer cuvettes (0.5 mm 
for 2.5/cm; 0.2 mm for 4.5/cm, 7.5/cm, and 10/cm) in a calibration device as 
described in Example 18 and above. The Morowitz correction factor (Morowitz 
1950) was applied to correct for the self-absorption in the thin layer cuvette 
containing the model solution. Figure 3 depicts the calibration plot for the 
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2.5/cm model solution and Figure 4 the calibration plots for the 4.5/cm, 7.5/cm 

and 10/cm model solutions.  

Example 2: Determination of the irradiation dose effective in a helical 

flow-through-reactor 

[167] A floating immersion lamp for water tank UV disinfection (Microfloat 

1/0, Aqua Concept GmbH Karlsruhe, Germany) equipped with an 11 W UV-C 

lamp in a 23 mm diameter envelope tube was mounted upside down and a 

17.5-cm long fluoropolymer coil with a coil diameter of 7/8 inch (2.22 cm), 5

mm tube diameter and 0.63-mm wall thickness (manufactured by Markel 

Corp., Plymouth Meeting, PA, USA, from Hyflon MFA produced by Solvay 

Solexis S. p. A., Bollate, Italy) was wrapped tightly around the lamp so that 

the 15 cm-illumination length was fully used by the coil. A Dr. Gr6bel UV

Elektronik RM-12 Radiometer with a daylight-blind UVC-TLB sensor mounted 

at the middle of the coil was used to check the lamp intensity when the coil 

was rinsed with deionized water before the start and after the end of the do

simetry-measurement-Using an Ismatec BVP peristaltic pump with a ISM719 

three-roller pump head and silicon rubber tubing with a wall thickness of 5 mm 

ID x 1.5 mm, the model solutions were pumped through the coiled tube reac

tor at flow rates of 100, 200, 300, 400, 500, and 600 mL/min, and the dose 

read out in the calibration plot from the absorption in a 0.2 mm cuvette at 367 

nm.  

Table I 

mL/min UV-dose UV-dose UV-dose UV-dose 
2.5/cm 4.5/cm 7.5/cm 10/cm 
mJ/cm 2  mJ/cm2  mJ/cm 2  mJ/cm 2 

600 27.37 16.27 9.27 not done 

500 35.02 20.84 11.51 not done 

400 41.34 23.82 13.57 notdone 

300 55.49 31.74 18.01 14.57 

200 82.32 47.49 27.53 22.10 
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100 158.90 90.25 53.06 43.07 
RM-12 start 10.16 start 10.70 start 11.07 start 11.28 
reading end 9.81 end 10.78 end 11.15 end 11.30 
(mW/cm 2) mean 9.99 mean 10.74 mean 11.11 mean 11.29 

[168] The correlation of the UV-dose to the inverse flow rate ( residence 
time in min/mL) is linear with a correlation coefficient R2 > 0.999.  

Example 3: Irradiation of human serum albumin and ai-antitrypsin for 
virus inactivation in the MFA coil based on chemical dosimetry and blo
dosimetry 

[169] Human serum albumin (20%) was diluted with 20 mM phosphate
buffered 0.15 M NaCl (phosphate-buffered saline, PBS) and bacteriophage 
Phi-X 174 lysate (- 1 x 109 plaque-forming units (PFU)/mL) added in a 1:100 
(v/v) spiking ratio to obtain a protein solution with an absorption coefficient of 
a253,7 = 7.5/cm and a viscosity of 1.05 cp. The solution was pumped through 
the MFA coil as described in Example 2. The lamp intensity was measured as 
in Example 2 (with an average intensity of 11.40 mW/cm 2). Phi-X 174 titers of 
0.9 mL sample solution were determined after serial decadic dilution by titra
tion on the host bacteria. The inactivation rate was calculated from petri 
dishes having at least 10 up to 200 lytic plaques. The applied doses were cor
rected for the radiometric intensity (irradiation/dosimetry) ratio.  

Table 2 

mL/min log1o pfu Phi-X 174/mL UV dose (mJ/cm2) 
unirradiated 7.36 0.00 
200 (0.05 = 1 pfu/0.9 mL) 28.25 
300 -1.05- 18.48 
400 2.90 13.92 
500 3.42 11.81 

[170] From the corresponding bacteriophage titers it can be seen that a 
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dose-dependent inactivation rate of -0.3369 logo pfu/(mJ/cm2) is achieved.  

[171] Human a-antitrypsin (ar-proteinase inhibitor, ARALAST*) was ob
tained purified from plasma and diluted to an absorption coefficient of a253.7 = 

4.5/cm. The bacteriophage spiking ratio was 1:100 (v/v). The mean lamp in
tensity was 11.45 mW/cm 2. The applied doses were corrected for the radio
metric intensity (irradiation/dosimetry) ratio. Antitrypsin activity was deter
mined by the neutrophil elastase inhibition assay.  

Table 3 

mL/min logo pfu Phi-X 174/mL Alog1o UV dose Elastase 
pfu/mL (mJ/cm 2) inhibition 

(% of unirradiated) 

unirradiated 6.66 0.00 0.00 100.00% 
600 1.12 -5.53 17.34 94.31% 

500 0.82 -5.83 22.21 93.09% 
400 0.00 -6.66 25.39 97.74% 

300. 0.00 -6.66 33.83 89.02% 

200 0.00 -6.66 50.62 98.37% 
100 0.00 -6.66 96.20 90.36% 

[172] It can be seen that by application of chemical dosimetry and biodo

simetry for a flow-through irradiation process, the lowest dose can be deter
mined where a complete inactivation of target microorganisms is achieved.  

Example 4: Irradiation of apple juice for UV pasteurization in the MFA 
coil based on chemical dosimetry 

[173] Apple juice (a253,7 = 10.1/cm, 1 = 1.25 cp) was purchased pasteur
ized. Baker's yeast (Saccharomyces cerevisiae) was purchased fresh in food 

grade quality, and 50 mL of the apple juice were seeded with 100 mg fresh 

baker's yeast and incubated for 3 h at 370C. The pasteurized apple juice was 
spiked with the yeast suspension (9.5 mL to 950 mL juice) and irradiated at a 

flow rate of 100, 150, and 200 mL/min. The mean lamp intensity was 11.46 
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mW/cm 2. The dose for 150 mL/min was interpolated from the results obtained 
in Example 2. The applied doses were corrected for the radiometric intensity 
(irradiation/dosimetry as in Example 2) ratio. The yeast cells were titrated at 
ambient light in orange serum agar, and residual infectivity was determined by 
a fermentation test of 50 mL unirradiated and irradiated juice incubated at 
37'C for up to 72 h. Flavor was evaluated on the unirradiated and the irradi
ated samples (neutral = pasteurized apple juice).  

Table 4 

mL/min logo cfu UV dose fermentation flavor 
S. cerevisiae/mL (mJ/cm 2) in 50 mL at 37'C 

detected after 
unirradiated 5.60 0.00 16 h neutral 
200 3.40 22.60 24 h sI. smoky 
150 3.35 29.60 40 h sL. smoky 
100 0.52 44.08 64 h smoky 

[174] From the results it can be seen that the relatively high dose of > 40 
mJ/cm 2 necessary to inactivate.> 5 log1o cfu/mL baker's yeast in highly UV-C 
absorbing apple juice can be accurately evaluated by chemical dosimetry.  

Example 5: Use of dosimetry and biodosimetry for the evaluation of a 
Taylor vortex-generating flow-through-reactor 

[175] A Taylor vortex reactor equipped with an outer quartz tube (7 cm 
inner diameter, 2.7 mm wall thickness, 13.2 cm in height) and a rotating con
centric inner stainless steel cylinder (diameter 54.85 mm) with a total volume 
of 196.1 mL was illuminated from the side with up to six low-pressure mercury 
lamps, each mounted in a quartz envelope tube immersed into a concentric 
toroidal water bath with a concentric inner quartz window, and equipped with 
a stainless steel reflector behind. The flow rate of the liquid passing the verti
cally mounted cell upwards could be adjusted by a Watson-Marlow 505 U 
peristaltic pump. The rotation rate of the cylinder was also adjustable. Cooling 
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water from a thermostat was pumped through the lamp envelope water bath 
to keep the lamp temperature and the UV-C-output essentially constant. After 
each change of an experimental parameter, 5 cell volumes were pumped 
through the cell before a sample was drawn.  

[176] The flow rate was changed while the rotation rate was kept constant 
at 60 rpm. The UV dose was measured by the model solutions given in Ex
ample 2. At 60 rpm, the following doses displayed in table 5 were measured 
with 6 lamps: 

Table 5 

mL/min UV-dose UV-dose 
2,5/cm 4,5/cm 
mJ/cm2  mJ/cm 2 

288.0 24.51 not done 
230.4 29.83 17.07 
172.8 38.49 20.79 
115.2 55.27 30.60 
86.4 70.25 41.58 
57.6 100.28 58.57 
36.8 138.31 71.97 

[177] The correlation between residence time (=1/flow rate) and dose is 
not linear, which indicates the actively increased residence time dispersion 
(as depicted in US Patent 6,576,201, Fig. 7) at low flow rates and high rota
tion rates.  

[178] The model solution of Example 2 (a253,7 = 10/cm, h = 1.25 cp) was 
pumped through the cell and illuminated with 6- lamps with the flow rate kept 
constant while the inner cylinder rotation rate was changed. The results are 
displayed in Table 6.  

Table 6 
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rpm UV dose UV dose 
Taylor (mJ/cm 2) at (mJ/cm 2) at 
cell 48 mL/min 67,2 mL/min 
45 29.51 23.47 

60 32.09 23.67 

75 31.69 22.47 

90 31.41 25.72 

105 31.59 notdone 

[179] The model solution of Example 2 (a253.7 = 7.5/cm, 1 = 1 cp) was 

pumped through the cell and illuminated with 6 lamps with the flow rate kept 

constant at 192 mL/min while the rotation rate was changed. The bacterio

phage-spiked albumin solution as described in Example 3 was then irradiated 

and the bacteriophage titer determined. The results are displayed in Table 7.  

Table 7 

rpm UV dose logo pfu Phi-X 
Taylor cell (mJ/cm?) 174/mL 
unirradiated 0.00 6.85 

30 10.41 not done 

60 11.12 4.60 

90 11.12 4.48 

120 10.98 4.89 

150 11.25 4.94 

180 10.90 4.84 

240 10.89 4.98 

300 10.90 5.08 

[180] The same model solution was pumped through the Taylor cell at 

varying flow rates and a constant rotation rate of 60 rpm. The dose was 

measured and a linear correlation with the residence time was obtained. The 

bacteriophage-spiked albumin solution as described in Example 3 was then 

irradiated and the bacteriophage titer determined. The average lamp intensity 
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of he six lamps was measured during the dosimetry and the phage irradiation 

to calculate the radiometric correction factor. The results are displayed in Ta

ble 8.  

Table 8 

mW/cm 2  lamp 1 lamp 2 lamp 3 lamp 4 lamp 5 lamp 6 avg.  

dosimetry 12.96 10.42 10.95 14.85 11.59 13.30 12.35 

phages 13.20 10.73 11.05 15.18 11.70 13.03 12.48 

[181] The radiometric correction factor, by which the doses determined at 

the dosimetry had to be multiplied to calculate the doses effective during the 

bacteriophage irradiation, was determined to be 1.011.  

Table 9 

flow rate residence UV dose UV dose logio pfu inactivation 
(mL/min) time (mJ/cm2) (mJ/cm 2) Phi-X 174/mL Alog1o 

(min/mL) dosimetry phages pfu/mL 
unirradiated 0.00 0.00 7.29 0.00 

153.6 0.00651 12.75 12.89 4.65 -2.64 

192 0.00521 10.24 10.36 5.05 -2.24 

259.2 0.00386 7.65 7.73 5.35 - 1.93 

384 0.00260 5.11- 5.17 5.86 -1.43 

768 0.00130 2.28 2.31 6.51 - 0.78 

[182] From the corresponding bacteriophage titers displayed in Table 9 it 

can be seen that a dose-dependent inactivation rate of approximately -0.2 

(logio pfu/mL)/(mJ/cm 2) is achieved.  

[183] A similar experiment was done with a model solution (a253.7 = 

2.6/cm, r = I cp) and only 2 lamps. Then a bacteriophage-spiked albumin 

solution with the same absorption and viscosity was irradiated. The radiomet

ric correction factor (bacteriophage solution/dosimetry) was 0.988. The results 
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are displayed in Table 10.  

Table 10 

flow rate residence UV dose UV dose logo pfu inactivation 
(mL/min) time (mJ/cm 2) (mJ/cm 2) Phi-X 174/mL Dlog1o 

(min/mL) dosimetry phages pfu/mL 
unirradiated 0.00 0.00 7.00 0.00 

153.6 0.00651 14.68 14.50 3.46 -3.54 

192 0.00521 11.90 11.75 3.79 -3.21 

259.2 0.00386 8.83 8.72 4.45 - 2.55 

384 0.00260 6.06 5.99 5.11 -1.89 

768 0.00130 3.06 3.02 5.90 -1.10 

[184] A similar experiment at a constant flow rate of 192 mL/min and a 

variable inner cylinder rotation rate was done with a bacteriophage-spiked 

albumin solution (a253,7 = 4.5/cm, il = 1.05 cp) based on a dosimetry with the 

corresponding model solution. Here, an additional sample was drawn from the 

front volume leaving the cell (which has a lower dose due to its shorter riesi

dence time). The results are displayed in Table 11.  

Table 11 

rpm UV dose logo pfu Phi-X Inactivation 
Taylor cell (mJ/cm 2) 174/mL (Dlog1o pfu/mL) 
unirradiated 0.00 6.82 0.00 

60 (start) 16.79 2.98 -3.84 

60 18.40 2.55 -4.27 

90 18.22 3.03 -3.80 

120 18.06 3.64 -3.19 

150 17.99 3.74 -3.08 

180 18.22 3.91 -2.91 

240 18.10 not done 

300 18.24 not done 
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30 18.70 not done 

[185] From the results obtained by the combination of chemical and bio
logical dosimetry it can be seen that the residence time dispersion (as de
picted in US Patent 6,576,201, Fig. 7) can be measured by a combined appli
cation of these methods.  

Example 6: Validation of batch reactors using chemical dosimetry, bio
dosimetry, and radiometry 

[186] A large-scale microorganism inactivation photoinactivation reactor, 
having a cylindrical quartz tube (25 cm inner diameter, 5 mm wall thickness, 
75 cm length), a flat top lid and a bulged bottom milled from stainless steel 
and equipped with filling and sampling ports, and a stacked propeller stirrer 
with three three-blade propellers and a wiper blade at each outer blade edge, 
was surrounded with 10 water-thermostated UV-C-lamps (Philips TUV 55W 
HO) mounted in lamp boxes as described in Example 18, with each lamp 
monitored with a Dr. Groebel UVC-SE radiometer sensor. The maximum ca
pacity of this reactor is 30 L. The lamp power was recorded using a radiome
ter sensor for each lamp on a chart recorder, and the relative lamp power nor
malized to the first run set as 100%.  

[187] In the 30 L photoinactivation reactor, albumin solution spiked with 
bacteriophage Phi X 174 (a253.7 = 7.1/cm, i = 1.05 cp) was irradiated after a 
dosimetry calibration with a model solution of the same absorbance and vis
cosity. A stirring speed of 90 rpm was set. A dose rate of 1.1634 mJ/cm 2 had 
thus been determined, and bacteriophage inactivation samples were drawn 
every 2 min 8 s up to 17 min 4 s, i.e. at dose increments of 2.48 mJ/cm 2 up to 
a target dose of ~ 20 mJ/cm 2. Samples were simultaneously drawn at a bot
tom and a top sampling port to investigate the homogeneity of mixing. The 
results are displayed in Table 12.  

Table 12 
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UV dose logo pfu/mL logio pfu/mL 
(mj/cm2) (top) (bottom) 
0.00 7.84 7.87 

2.48 6.85 6.69 

4.96 5.91 5.79 

7.45 4.61 4.79 

9.93 3.51 3.82 
12.41 2.98 2.98 

14.89 2.09 1.93 
17.38 (1.00) (1.19) 

19.86 (0.05) (0.35) 

[188] From the bacteriophage titers > 10 pfu/0.9 mL a top inactivation rate 

of -0.3940 log1o (pfu/mL)/(mJ/cm 2) and a bottom inactivation rate of -0.3912 

log1o (pfu/mL)/ (mJ/cm 2) were determined. An average dose-dependent inac

tivation rate of -0.3926 logo (pfu/mL)/(mJ/cM 2) indicates a good homogeneity 

and an effective mixing, and a narrower dose-distribution compared with the 

flow-through inactivation rates of -0.3369 log1o pfu/(mJ/cm 2) in Example 3 and 

of approximately -0,2 logo pfu/(mJ/cm 2) in Example 4. Compared to the un

attenuated bacteriophage inactivation rate of -0,44 log1o pfu/(mJ/cm 2) the 

batch irradiation shows the most homogeneous and uniform exposure of the 

microorganisms to the UV-C light due to the most effective mixing.  

[189] A laboratory-scale microorganism inactivation photoinactivation re

actor, consisting essentially of a cylindrical quartz vessel (7 cm inner diame

ter, 3 mm wall thickness, 13 cm in height) with a flat plastic top lid with sam

pling ports and a bulged plastic bottom, and equipped with a stacked impeller 

stirrer withrnear-wall wiper blades (2 impellers, adjustable stirring speed), was 

illuminated from the side with two 10 W low-pressure mercury lamps. The 

maximum capacity of this reactor is 450 mL. The lamp intensity was recorded 

by a digital dual sensor-radiometer (Dr. Groebel UV-Elektronik RM21with 

UVC-SE sensors) on a computer. The dose increment during the biodo

simetry irradiation was calculated from the multiplication of the lamp dose in
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crement in the biodosimetry sampling time interval times by the chemical do
simetry dose rate and division of the result by the lamp dose rate obtained 
during the dosimetry calibration.  

[190] In the 450 mL photoinactivation reactor, the same bacteriophage
spiked antitrypsin solution as in Example 3 was irradiated after a dosimetry 
calibration with the same model solution as in Example 2 had been done. The 
dose rate was 2.5989 (mJ/cm 2)/min, and samples were drawn every 1 min 1 s 
up to 8 min 8 s. The elastase inhibiting activity at a dose of 20 mJ/cm2 was 
97% of the unirradiated solution. The results are displayed in Table 13.  

Table 13 

UV dose (mJ/cm2) log1o pfu Phi-X 174/mL Alog10 pfu Phi-X 174/mL 
0.00 7.28 0.00 
1.83 6.11 -1.17 
4.45 5.02 -2.26 
7.02 4.01 -3.27 
9.65 2.80 -4.48 
12.24 1.75 -5.53 
14.87 (0.82) -6.46 
17.46 (0.00) -7.28 
20.05 (0.00) -7.28 

[191] A dose-dependent inactivation rate of -0.4406 logo 
(pfu/mL)/(mJ/cm 2) indicates a good homogeneity and an effective mixing, and 
a narrow dose-distribution apparently effects a reduction of -5. 53 log1o 
pfu/mL even at 12.24 mJ/cm 2 compared with 17.34 mJ/cm 2 in the flow
through method described in Example 3.  

Example 7: Determination of an absorption-dependent irradiation source 
target light sum dose of the 30 L reactor by the combined use of chemi
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cal dosimetry and radiometry to ensure a lamp-failure safe robust proc
ess 

[1921 The 30 L reactor described in Example 5, but equipped with 9 indi
vidually switchable thermostated lamps with reflectors, was validated with 10 
different model dosimetric solutions and 4 lamps (a253.7 = 3/cm to 12/cm in 
1/cm increments, rl = 1.15 cp) to determine the effective dose rate (in 
(mJ/cm2)/min, the irradiating light dose rate (in (mJ/cm2)/min, and the irradia
tion time necessary for an effective dose of 20 mJ/cm2. The irradiation inten
sity of the lamps was monitored with electronic radiometers and recorded with 
a chart recorder, and a sum counter was installed to sum up the signals from 
all radiometers during the irradiation. The absorption-dependent irradiation 
source light sum dose is calculated as the radiometer sum signal increase 
with the irradiation time. The irradiation light dose rate is orders of magnitudes 
higher than the chemical dose rate, because the radiometer sensors receive 
the UV light practically unattenuated by any absorbing medium. The irradia
tion time for a given target dose effective in the solution, e.g. 20 mJ/cm2, is 
multiplied by the irradiation light dose rate to calculate the absorption
dependent irradiation source target light sum dose as the irradiation parame
ter. The results are displayed in Table 14.  

Table 14 

Absorption coefficient X253.7 Absorption-dependent 
(1/cm) irradiation source light 

sum dose Hiamp for 20 
mJ/cm 2 

3 13393 
4 18204 

5 25230 
6 29942 

7 33770 
8 38310 
9 43704 
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10 48085 

11 54620 

12 60027 

[193] From Table 14 it can be seen that the absorption-dependent irradia

tion source light sum dose of the lamp correlates in a linear relation with the 

absorbance, expressed by the formula Hiamp = 5058.9xa253.7 - 1413 with a 

correlation R2 = 0.9972 close to unity. The absorbance-dependent irradiation 

source target light sum dose, which itself is independent of any change in in

tensity, is therefore the ideal parameter for a robust irradiation process to en

sure that the appropriate target dose has been applied. The irradiation proc

ess is controlled by the absorption-dependent irradiation source light sum 

dose in a way that upon attaining this pre-determined absorption-dependent 

irradiation source target light sum dose, which is interpolated to every absorb

ance in the validation range, the lamps are turned off to terminate the irradia

tion.  

Example 8: Simulation of lamp failure during the absorption-dependent 

irradiation source target light sum dose-controlled irradiation process 

and demonstration of the correct applied target dose effective in the so

lution 

[194] A model solution (a253.7 = 8/cm, il = 1.15 cp) was irradiated in the 30 

L reactor as described in Example 5. Two experiments were done in which 

after 10 min one of the four lamps was switched off and either replaced by 

turning on a different lamp, or not by continuing and terminating the irradiation 

only with 3 lamps. The irradiation light dose rates were determined by chemi

cal dosimetry, and upon attaining the absorption-dependent irradiation source 

target light sum dose Hiamp = 39058 mJ/cm2 as calculated from the formula in 

the validation described in Example 6, the lamps were turned off, and a sam

ple was drawn to determine the dose effective in the solution.  
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[195] In the first experiment with the replacement of the lamp after 10 min 

with another lamp, the absorption-dependent irradiation source light sum dose 

was reached after 16 min 43 s, and a dose of 19.7 mJ/cm2 was measured in 

the model solution. In the second experiment without lamp replacement, the 

absorption-dependent irradiation source light sum dose was reached after 19 

min 55 s, and a dose of 19.9 mJ/cm 2 was measured in the model solution.  

[196] From the effective doses measured after the irradiation time, which 

was required to attain the pre-determined absorption-dependent irradiation 

source target light sum dose, it can be seen that the absorption-dependent 

irradiation source target light sum dose-controlled process is even insensitive 

and robust against failure of a lamp during the irradiation process, because 

the absorption-dependent irradiation source target light sum dose ensures the 

application of the correct effective dose.  

Example 9: Adjustment of model solutions to match the absorption and 

the turbidity of turbid fluids with high and low molecular absorbance 

[197] Naturally turbid apple cider was filtered through a 0.22 pm syringe 

filter. The absorbance of the unfiltered cider at 253.7 nm was 18/cm, while the 

filtered clear cider had only 10.4/cm, both with a viscosity of 1.25 cp.  

[198] To a iodide/iodate/PVP model solution matching the absorbance 

and the viscosity of the filtered cider (a253,7 = 10.4/cm, i = 1.25 cp), bentonite 

was added to match the turbidity of the turbid cider. A concentration of 2 g 

bentonite was found to add the turbidity of 7.6/cm. The results are displayed 

in Table 15.  

Table 15 

bentonite a253,7/cm bentonite a253,7/cm bentonite a253,7/cm 
g/L gL g/L 

0 10.4 0.4 12.3 1.5 17.0 

0.1 11.0 0.5 12.5 2.0 18.0 
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0.2 11.5 0.75 13.3 2.5 18.4 

0.3 11.9 1.0 15.6 

[199] The calibration plots as depicted in Figure 5 showed only a slight 

decrease in sensitivity with the turbid solution, for which the Morowitz correc
tion factor (Morowitz 1950) for both absorbance and turbidity had been ap

plied. For a solution with an absorption coefficient of 2.6/cm and a viscosity of 

1 cp (= 1.543 g PVP K25/L), 2 g bentonite/L were added to achieve a total 

absorbance of 9.3/cm. As seen from Fig. 5, there was also no relevant differ
ence in the calibration plot. 100 mL of the clear and the turbid model solutions 
were irradiated in a stirred 4 cm quartz test tube inserted into the same lamp 
housing as described in Example 5 to be illuminated with 2 facing lamps or 1 

lamp. Samples of 1 mL were drawn every 4 minutes during the irradiation time 
of 40 min. The lamp intensities were recorded during each irradiation, with the 

second irradiation of the 18/cm solution having the 1.0416-fold lamp intensity 
of the first irradiation of 10.4/cm solution, and the second irradiation of the 
9.3/cm solution having the 0.9928-fold lamp intensity of the first irradiation of 

the 2.6/cm solution The dose rates theoretically depending on the inverse ab
sorption coefficient 1/a did not show the expected difference of 100% for 

10.4/cm and 57% for 18.0/cm or 100% for 2,6/cm and 28% for 9.3/cm, but 

instead the difference was (with 2 lamps) 1.748 (mJ/cm 2)/min for 10.4/cm and 

1.603 (mJ/cm 2)/min divided by 1.0416 = 1.539 (mJ/cm 2)/min for 18.0/cm, i.e.  

88% for the turbid solution with the high molecular absorbance, and (with 1 

lamp) 3.415 (mJ/cm 2)/min for 2.6/cm and 1.854 (mJ/cm 2)/min divided by 
0.9928 = 1.868 (mJ/cm 2)/min, i.e. 55% for the turbid solution with the low mo

lecular absorbance. This demonstrates that the additional turbidity scatters 
the light into the solution, which is measurable by chemical dosimetry.  

Example 10: Absorption coefficients of the iodideliodate actinometer 

solution at high dilution, dosimetric response of the iodide/iodate ac

tinometer solutions, and stabilization of the UV-C generated tri-iodide by 

polyvinylpyrrolidone.  

64



WO 2006/021314 PCT/EP2005/008467 

[200] A solution containing 0.24 M KI and 0.04 M in 0.01 M borate buffer, 

pH = 9.25, was diluted 0.2-, 0.4-, 0.6- and 0.8-fold with 0.01 M borate buffer 

and the absorption measured in a 0.1 mm cuvette. Fig. 6 shows that the ab

sorption coefficient depends in a linear ratio (a25 3.7 = 69/cm x dilution factor) 

on the concentration.  

[201] A solution containing 10 g polyvinylpyrrolidone K90 (PVP K90; av

erage molar mass 360000 Da) in 1 L 0.01 M borate buffer was diluted 0.2-, 

0.4-, 0.6-, 0.8- fold and the viscosity of the dilutions and the buffer were 

measured in a Schott 0.40 mm Ubbelohde capillary viscosimeter thermo

stated at 22.80C. It can be seen from Fig. 7 that the viscosity increases with 

the concentration in a non-linear ratio.  

[202] Dilutions of the stock solution containing 0.24 M KI and 0.04 M in 

0.01 M borate buffer, pH = 9.25, were prepared to a defined absorption at 

253.7 nm of 6.1/cm (0.0212 M KI + 0.0035 M K10 3 + 0.95 g PVP K90/L; for 

prothrombin complex eluate from DEAE sephadex anion exchange gel 

(Brummelhuis 1980) and 16/cm (0.06 M KI + 0.01 M K1O 3 + 6.25 g PVP 

K90/L; for a 2.5% (w/v) fibrinogen solution), and filled into the 0.2 mm cu

vettes. The thin-layer calibration was done by placing the cuvette filled with 

the dosimetry solution for a defined time under a CAMAG TLC lamp with a 

known irradiance (measured with the Rahn actinometer) at the cuvette posi

tion. The absorbance was measured at 367 nm. From Fig. 8 it can be seen 

that the absorbance increases with the applied surface dose, and that the 

sensitivity increases with the K/KlO 3 concentration.  

[203] A dosimetry solution containing 0.06 M K and 0.01 M K10 3 in 0.01 

M borate buffer, pH = 9.25, with an absorption coefficient of a253.7 = 16/cm, 

and a solution with thesanie KI and KlO3-concentration and 6.25 g polyvi

nylpyrrolidone (PVP) K 90/L were prepared. The thin-layer calibration was 

done by placing a 0.2 mm cuvette filled with the dosimetry solution for a de

fined time under the CAMAG TLC lamp as described above. The absorbance 

was measured at 352 nm (KI + Kb03 only) or 367 nm (KI + K10 3 + PVP). From 
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Fig. 9 it can be seen that PVP improves the sensitivity of the method.  

Example 11: Determination of the irradiation time in a batch photoinacti
vation reactor with fixed geometry with actinometric dosimetry solu
tions.  

[204] Dosimetry solutions with decadic absorption coefficients a253,7 of 
2.1/cm (0.0072 M KI + 0.0012 M K1O 3 + 0.5 g PVP K90/L, for FVIII concen
trate), 6.1/cm (see Example 10), 10/cm (0.0346 M KI + 0.0058 M K10 3 + 1.21 
g PVP K90/L; for a 2% (w/v) immunoglobulin G solution), and 16/cm (see Ex
ample 10) were prepared and calibration plots recorded as described in Ex
ample 6. A quartz test tube 4 cm in diameter was filled with 100 mL dosimetry 
solution, stirred with a magnetic stirrer bar on a magnetic stirrer, and irradi
ated between 2 low-pressure mercury vapor lamps equipped with polished 
stainless steel reflectors. At predefined intervals, samples were drawn and 
filled into the 0.2 mm cuvettes for spectrophotometric measurement, and the 
dose was read out from the calibration plot. The dose-rate was then calcu
lated as (mJ/cm 2)/min, and the inverse dose rate, i.e. the specific irradiation 
time per unit dose as min/(mJ/cm 2). The results are displayed in Table 16.  
The constant k1 for the relation between the absorption coefficient and the 
(specific) irradiation time can be calculated: 

t = k1 x a 

Table 16 

solution a253.7 = 2.1/cm 6.1/cm 10/cm 16/cm 
dose-rate 14.40 3.68 2.71 1.56 
((mJ/cm 2)/min) 
Specific 0.0694 0.2714 0.3688 0.6410 
irradiation time 
(min/(mJ/cm 2 )) 
constant k, (ave- 0.0330 0.0445 0.0369 0.0401 
rage = 0.0386) 

[205] By calculation of the linear regression of the specific irradiation-time 
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depending on the absorption coefficient a linear correlation of R2 = 0.989 is 
obtained. This result demonstrates that the dosimetry based on absorption
and viscosity-matching model solutions with thin-film calibration is suitable for 
the validation of stirred batch photoinactivation reactors.  

Example 12: Inactivation of MMV and Phi-X 174 in thin layer- and batch 
irradiation.  

[206] MMV stock solution from cell culture supernatant (~ 108 tissue
culture infectious doses (TCIDso)/mL) and bacteriophage Phi-X 174 lysate (
1 x 109 plaque-forming units (PFU)/mL) from propagation in Escherichia coli 
were diluted in 20 mM phosphate-buffered 0.15 M NaCl (phosphate-buffered 
saline, PBS) and 2.5 mL were irradiated with different UV-C doses in 32 mm 
polystyrene petri dishes shaken horizontally under a CAMAG TLC lamp. The 
irradiance at the sample surface distance was determined with a Dr.. Groebel 
RM21-radiometer with a daylight-blind UV-C sensor, and the self-absorbance 
of the solution measured in a spectrophotometer to correct for the effective 
fluence (UV dose). (Morowitz 4950). MMV and Phi-X 174 titers were deter
mined by titration on host cell culture and host bacteria respectively. The re
sults are displayed in Table 17.  

Table 17 

UV dose logo pfu Phi-X 174/mL UV dose logio TCID50 MMV/mL 
(mJ/cm 2 ) (mJ/cm 2 ) 

0.00 6.41 0 6.54 
2.25 5.79 2 5.31 
4.50 4.37 4 4.42 

6.75 3.46 6 3.52 
9.00 2.36 8 2.93 
11.25 1.35 10 2.37 

12 1.44 
Inactivation -0.468 -0.405 

rate log1o(pfu/mL)/(mJ/cm 2) log1 o(TCI D5o/mL)/(mJ/cm2) 
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[207] Into a 100 mL quartz bottle with a 4 cm stirrer bar 80 mL MMV- or 
Phi-X 174-spiked protein solution (prothrombin complex DEAE sephadex elu
ate, Ua25 3.7 = 6.9/cm) were filled, placed on a magnetic stirrer, stirred at ~ 250 
rpm, and irradiated from the side with a CAMAG TLC lamp. The calibration 
was done with a model solution (a253.7 = 6.9/cm) as described in Example 11.  
Samples for virus or bacteriophage titration were drawn at time intervals cal
culated after the measured dose-rate and titrated to determine the titer of sur
viving infectious virus or bacteriophage. The results are displayed in Table 18.  

Table 18 

UV dose log1o UV dose logo 
(mJ/cm 2) (pfu Phi-X 174 /mL) (mJ/cm 2) (TCID5o MMV /mL) 

0.00 7.27 0.00 6.77 
1.69 5.96 6.86 3.46 
3.37 5.52 13.70 0.61 
5.06 4.78 
6.74 3.95 
8.42 3.11 
10.10 2.39 
11.79 1.28 

inactivation -0.480 -0.425 
rate log1 o(pfu/mL)/(mJ/cm 2) log1o(TCI D5o/mL)/(mJ/cm 2) 

[208] From the inactivation rates of Phi-X 174 and MMV it can be de
duced that their sensitivity to UV-C light at 253.7 nm is similar. Therefore Phi
X 174 was used as a biodosimeter. It can also-be seen that the inactivation 
rates for the UV-C-absorbing liquid in the batch-stirred device are almost the 
same due to efficient method of mixing ensuring the transport of the microor
ganisms to the irradiation zone.  
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Example 13: Use of dosimetry and biodosimetry for the optimization of a 
stirred batch-reactor.  

[209] The 450 mL batch reactor (7 cm inner diameter, 3 mm wall thick
ness, 13 cm in height) as described in Example 6 equipped with a stacked 
impeller stirrer (3 impellers, adjustable stirring speed) was illuminated from the 
side with two low-pressure mercury lamps, each mounted in an envelope of 
two concentric quartz tubes and equipped with a stainless steel reflector be
hind. Cooling water from a thermostat was pumped through the lamp enve

lope to keep the lamp temperature and the UV-C-output constant.  

[210] The stirring rate was adjusted to 60 rotations per minute (rpm) (slow 
stirring), 150 rpm (medium-fast stirring), and 240 rpm (fast stirring). The UV 
dose-rate for the irradiation of 450 mL absorption- and viscosity-matching 
model solution for bacteriophage-spiked prothrombin complex eluate (a 253.7 = 

8.0/cm, -q = 1,15 cp, 27,83 mM KI, 4,64 mM KI0 3, 1,3 g PVP K90/L in 0,1 M 

borate buffer, pH = 9,25) was determined as described in Example 11. It was 

discovered that higher borate concentrations ( 0,1 M) than given in the litera

ture (0,01 M) effect a higher sensitivity and a better stability of the dosimeter 
solution. The bacteriophage-spiked prothrombin complex eluate was irradi

ated and the bacteriophage inactivation determined as described in Example 
12. As an additional parameter, the activity of coagulation factor X (FX) was 
measured using the amidolytic assay for doses of 0, 10, 15, 20, 25, 50, 75, 
and 100 mJ/cm 2.The results are displayed in Table 19.  

Table 19 

stirring rate 60 rpm 150 rpm 240 rpm 

UV-C dose-rate (dosimetry) -4.770- 1.794 1.799 
((mJ/cm 2 )/min) 
Phi-X 174 inactivation rate (biodosimetry) -0.277 -0.399 -0.460 
(log1 o(pfu/mL))/(mJ/cm 2) 
UV-C dose required to inactivate 18.05 12.53 10.87 
5 log1o(pfu/mL) 
FX inactivation rate (U FX/mL)/(mJ/cm 2) -0.0054 -0.0048 -0.0051 
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FX inactivation at 20 mJ/cmz (% unirradiated) 88 88 89 

[211] From this experiment, it can be seen that the optimization of a virus 

inactivation batch photoinactivation reactor can be done by model solution 

dosimetry and biodosimetry, because both methods of validation give informa

tion about the effectiveness of mixing. It is also evident that at the highest stir

ring rate possible for a protein solution (to avoid the generation of foam), the 

fastest microorganism inactivation will be achieved. The benefit of such an 

optimization is that with the most effective mixing, the safety margin for the 

virus inactivation at a target dose e.g. of 20 mJ/cm 2 is the highest, or the tar

get dose can be reduced to conserve additional biological activity of the pro

tein.  

Example 14: Validation and process monitoring for the batch irradiation 

of prothrombin complex eluate using chemical dosimetry, biodosimetry, 

and radiometry.  

[212] The 30 L virus inactivation photoinactivatiori as described in Exam

ple 6 with a stacked impeller stirrer with three three-blade impellers and a 

wiper blade at each outer blade edge, was surrounded with 10 water

thermostated UV-C-lamps (Philips TUV 55W HO) mounted in a thermostated 

lamp box as described in example 18, each monitored with a Dr. Groebel 

UVC-SE radiometer sensor. The lamp power was recorded using a radiome

ter sensor for each lamp on a chart recorder, and the relative lamp power 

normalized to the first run set as 100%.  

[213] 29.5 L prothrombin complex eluate were spiked with 0.5 L Phi X

174 lysate (- 4 x 109 pfu/mL) from E. coli. The resulting solution had an ab

sorption coefficient of a253.7 = 6.0/cm. The reactor dose-rate was determined 

prior to the virus inactivation experiments with an absorption- and viscosity

matching model solution as described in Example 11 containing 20.87 mM KI, 

3.48 mM K10 3, and 1.304 g PVP K90/L in 0,1 M borate, pH = 9.25, with a 

dose rate of 1,3435 (mJ/cm 2)/min at a stirring speed of 90 rpm and a lamp 
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dose rate relative to the first bacteriophage irradiation run of 98.5%. An irra
diation time of 14 min had been determined for a target dose of 20 mJ/cm 2, 
and an essentially constant dose-rate was assumed. To demonstrate the ef
fect of the lamp power as an error source, the lamp temperature was lowered 
for the third run from 280C to 24.50C to reduce the lamp power to about 90% 
of the maximum. The inactivation rate of Phi-X 174 (based on the assumed a 
constant dose rate) was determined as described in Example 12 and ex
pressed as (log (pfu/mL))/(mJ/cm 2). The results are displayed in Table 20.  

Table 20 

run No. 1 (= run No. 2 run No. 3 
100%) 

lamp power 100% 101.4% 89.3% 
Phi-X 174 inacti- -0.4272 -0.4331 -0.3742 

vation rate k 
(uncorrected) 

Phi-X 174 inacti- -0.4272 -0.4275 -0.4190 
nation rate, 

corrected for 
lamp power 

[214] It can be seen that the lamp power is a parameter of the batch irra
diation process, and that both dosimetric dose-rates and biodosimetric inacti
vation rates have to be normalized to the lamp power.  

Example 15: Process design for the batch irradiation of protein solu
tions based on a radiometric target dose determined by dosimetry and 
radiometry.  

[215] The 450 mL photoinactivation reactor described in Example 6 was 
validated for the dose-rates and irradiation times for the irradiation of model 
solutions with absorption coefficient of 6.0/cm, 7.0/cm, 8.0/cm, 9.0/cm and 
10.0/cm. A sample volume of 450 mL was stirred at 200 rpm. The lamps 
turned on and the dose rate was determined by the measurement of model 
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solution samples drawn at 3, 6, 9, 12, 15, 18, 21, and 24 min. The lamp inten
sity was monitored and recorded by a dual-head radiometer connected to a 
computer.  

[216] Fig. 10 shows that the lamp intensity reaches its maximum 3 min
utes after being turned on, and that the dose applied during the first 3 minutes 
is lower than the essentially constant dose-increase applied in the following 3 
minute time-intervals. Fig. 11 shows the corresponding dose-increase with the 
error expressed as the y-axis constant below zero. Therefore, the y-axis con
stant of the dose-rate equation was added to the target dose (20 mJ/cm 2) to 
obtain the corrected augmented target dose, the irradiation time calculated by 
dividing the augmented target dose by the dose-rate, and the lamp intensities 
measured in 1 second intervals (mW/cm 2) summed up over the irradiation 
time to obtain a target radiometric lamp dose (mJ/cm 2) depending on the ab
sorption coefficient. The results are displayed in Table 21. The constant k2 

can be calculated: 

Q= k2x a 

Table 21 

absorption coefficient a253.7  6.0/cm 7.0/cm 8.0/cm 9.0/cm 10.0/cm 

target radiometric lamp dose 11879 13674 16038 18660 21102 
Q (mJ/cm 2) 

constant k2 (average = 2024) 1980 1953 2004 2073 2110 

[217] From the above table it can be seen that the radiometric target lamp 
dose increases with the absorption coefficient in a linear ratio (R2 = 0.996).  

Example 16: Dosimetric compensation for the UV-C absorbing effect of 
ascorbate tested as protectant from photodenaturation.  
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[218] To FEIBA DEAE sephadex G50 eluate (18.2 mg protein/mL), so
dium ascorbate was added to a concentration of 1 mmol/L. The absorption 
coefficient a253.7 of the ascorbate-added FEIBA eluate was 16/cm compared 
to 7.3/cm for the native eluate.  

[219] For chemical dosimetry, model solutions containing 0.0254 M KI, 
0.0042 M K1O 3 and 1.61 g PVP K90 /L 0.1 M borate buffer, pH = 9.25 (for 
a25 3.7 = 7.3 cm) and 0.06 M KI, 0.01 M K10 3 and 1.61 g PVP K90/L 0.1 M bo
rate buffer, pH = 9.25 (for a253.7 = 16/cm) were prepared, calibration plots 
were recorded with 0.2 mm thin-layer cuvettes, and 110 mL were irradiated in 
the batch photoinactivation reactor described in Example 11 with 1 lamp (for 
a253.7 = 7.3/cm with a dose rate of 1.41 (mJ/cm 2)/min) and 2 lamps (for a253.7 
16/cm with a dose-rate of 1.33 (mJ/cm 2)/min). 110 mL of both the native 
FEIBA eluate and the ascorbate-added FEIBA eluate were irradiated at the 
respective dose-rate, and samples were drawn at 5; 10; 15; 20; 25; 30; and 
35 mJ/cm 2. Factor X (FX) activity was determined as in Example 13. The re
suits are displayed in Table 22.  

Table 22 

UV dose FX activity FX activity 
(mJ/cm 2) (% unirradiated) (% unirradiated) 

FEIBA FEIBA + 1 mM 
native Na-ascorbate 

0 (unirradiated) 100 100 
5 94 101 
10 95 93 
15 86 98 
20 89 91 
25 84 85 
30 85 89 
35 84 88 
FX inactivation -0.0045 -0.0043 
rate (R2 = 0.7886) (R2 = 0.7727) 
(U/(mJ/cm 2 )) 
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[220] From the above table, it can be seen that there is no relevant differ
ence in the FX inactivation rate (U FX/(mJ/cm 2)) between the native and the 
ascorbate-added FEIBA eluate. Therefore, ascorbic acid, which is itself highly 
UV-C absorbing, does not exert a photoprotective action on the FX protein. As 
demonstrated, such an increase by an additive in UV-C absorbance can be 
easily compensated by the described absorbance-matching chemical do
simetry.  

Example 17: Calibration of a dosimeter solution with an lamp-intensity
and quantum yield-stabilized and exposure time-controlled calibration 

device.  

[221] For reproducible and accurate exposure of a dosimeter solution in 
the thin-layer cuvette, a cuvette slot with a water-thermostated jacket was 
mounted onto the hinged back of a single lens reflex camera, and an aperture 
was milled into this back to expose the cuvette through the camera shutter.  
The camera's lens bayonet was mounted on the flange of a lamp housing 
containing a low-pressure mercury vapor lamp in a water-thermostated quartz 
glass jacket.  

[222] The lamp thermostating temperature was controlled with an exter
nally circulating water thermostate to operate the lamp at its maximum UV-C 
output. The cuvette slot temperature was set within the range of the defined 
quantum yield of the iodide/iodate actinometer as given by Rahn (1997) and 
controlled with an externally circulating water cryostate. The camera shutter 
was set to 1 s exposure time and the shutter accuracy was determined using 
a photodiode connected to the microphone plug of a computer sound card.  
The shutter was found to maintain a constant exposure time of 1.000 ± 0.002 
S.  

[223] For the determination of the irradiance effective at the cuvette en
trance window, the 0.6 M iodide/0.1 M iodate actinometer solution (Rahn 
1997), which absorbs all incident photons completely, was filled into the 0.2 
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mm cuvette and exposed incrementally for 1, 2 and 3 s in the thermostated 
cuvette slot to ensure an essentially constant quantum yield. Before the expo
sure, the spectrophotometer absorbance at 352 nm was set to zero, and after 
each exposure step, the absorbance increase was measured in the spectro
photometer at 352 nm. From the absorbance increase, the concentration of 
triiodide, from the temperature-dependent quantum yield, the number of inci
dent photons, and from the photon energy and the cuvette cross-sectional 
area, the irradiance E was calculated. E (in mW/cm 2) can thus be calculated 
from the absorbance increase Dabs at the exposure time t (in s), the cuvette 
surface A (in cm2) and the cuvette volume V (in L), the extinction coefficient e 
at the optical path length d (264.5 for 0.01 cm), the energy W/einstein at 253.7 
nm = 471528 J, and the quantum yield 0 = 0.7545 at 210C (Rahn 1997), the 

according to the formula E = (Aabs x V x W x 1000)/(e x A x 0 x t). So after 1 
s exposure time, an absorbance increase of 0.0392 corresponded to an ir
radiance of 0.9262 mW/cm 2, after cumulative 2 s, the cumulative absorbance 
increase of 0.0781 corresponded to 0.9227 mW/cm 2, and after 3 s, a cumula

-tive absorbance increase-of- 0.1170 corresponded to 0.9215 mW/cm 2. The 
average irradiance was 0.9235 mW/cm 2 with a standard deviation of 0.0020 
mW/cm 2, demonstrating a very precise exposure for calibration by the elec
tronically controlled shutter.  

[224] A dosimeter solution corresponding to an UV-C absorbance of a253,7 

= 6.5/cm and a viscosity of 1.16 cp was filled into a 0.2 mm cuvette and ex
posed in 3 s increments up to 75 s. After every exposure increment, the ab
sorbance increase at 367 nm was read out with the unirradiated solution as 
the blank. The obtained calibration plot correlated with a second-order equa
tion where the absorbance at 367 nm depends on the exposure fluence H.  
The results are displayed in Table 23.  

abs(367 nm, 0.2 mm) = AxH2 + BxH + C 

Table 23 
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coefficient 
A -0.0000257179 

B 0.0074523297 

C 0.0006009852 

correlation 

Rz 20.999986 

[225] The correlation R2 close to unity indicates the precision of the cali
bration plot recorded by the means of an electronically controlled shutter. The 
second-order equation has the additional advantage that for an absorption 
value determined e.g. at the dose-rate measurement as described in Example 
18, a plausible solution of this equation can be calculated easily. Calibration 
plots may also be segmented and such a second-order equation may be cal
culated for each segment to obtain a correlation R2 as close to unity as possi
ble. An example of such calibration device is provided in Fig. 12.  

Example 18: Temperature-stabilization of an UV-lamp as usable in a re

actor described in Examples 2, 4 - 6, 13, and 14 

[226] Philips TUV55 HO lamps (55 W, 28 mm diameter, 900 mm length) 
were mounted in a lamp box (Fig. 13) with a stainless-steel housing (1) con
taining three lamps (2) in concentric thermostating envelope quartz glass tube 
(3), so that the the thermostating water flows in the gap between the quartz 
glass envelope tube (3) and the stainless steel wall (1). Every lamp is moni
tored by a Dr. Groebel UVC-SE radiometer sensor (4) and the temperature is 
measured by a PT1 00 probe (5). At the front side of the steel housing there is 
a quartz glass window through which the UV-C light radiates onto the reactor 
vessel. The quartz tube had an inner diameter of 30 mm and a wall thickness 
of 3 mm. Water was pumped at a flow of 6 L/min from a circulating cryostat.  
The temperature was increased from 15 to 300C and the light intensity meas
ured in ~ 0.50C intervals. The results are displayed in Table 24.  

Table 24 
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T (*C) E (mW/cmz) T ('C) E (mW/cm2) T (0C) E (mW/cm') 
15.1 6.585 20.2 7.235 25.6 7.470 

15.6 6.675 20.6 7.275 26.1 7.435 

16.1 6.755 21.1 7.295 26.6 7.455 

16.6 6.795 21.6 7.345 27.1 7.465 

17.1 6.905 22.1 7.385 27.6 7.450 

17.6 6.955 22.6 7.400 28.1 7.450 

18.1 7.045 23.1 7.420 28.6 7.435 

18.6 7.075 23.6 7.425 29.1 7.405 

19.1 7.120 24.1 7.435 29.6 7.390 

19.6 7.175 25.1 7.405 30 7.370 

[227] The maximum intensity was attained at 270C, which as a gentle 
temperature would not overheat the product, in contrast to direct thermostati
zation, where the cooling water temperature has to be around 400C. By an 
increase of the air gap between the lamp surface and the inner tube of the 
thermostating envelope and the water flow rate, even lower temperatures can 
be effective in assuring the maximum lamp UV-C intensity. Around or next to 
such a thermostated lamp, every type of flow-through-reactor or batch reactor 
can be operated without the danger of product damage by heat, in particular 
by excessive heat.  
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The claims defining the invention are as follows: 

1. A method for determining an effective dose of monochromatic or polychromatic 

light from one or more light sources to inactivate microorganisms present in a 

biological fluid, comprising measuring the effect of the monochromatic or 

polychromatic light on a dosimetric solution in a layer of an optical path-length 

sufficiently thin to absorb only a fraction of the incident light, wherein the 

inactivation is carried out in a flow-through-reactor, and wherein said dosimetric 

solution matches the absorbance coefficient of the biological fluid at the 

photoinactivating wavelengths used, the absorbance coefficient and the 

viscosity of the biological fluid, the absorbance coefficient and turbidity of the 

biological fluid, or the absorbance coefficient, viscosity, and turbidity of the 

biological fluid.  

2. The method according to claim 1, comprising measuring the effect of the mono

chromatic or polychromatic light on a dosimetric solution matching the 

absorbance of the biological fluid at the photoinactivating wavelengths used, or 

the absorbance and the viscosity of the biological fluid, based on a light dose 

calibration by i) irradiating the dosimetric solution in a layer of an optical path

length sufficiently thin to absorb only a fraction of the incident light at a 

predetermined defined irradiance for a defined time to apply a defined fluence 

(light dose) resulting in a change of a measurable physical or chemical 

magnitude, and ii) by reading out the dose corresponding to the change in the 

magnitude measured during or after the light irradiation of the dosimetric 

solution in the light irradiation reactor, wherein step i) is executed before step ii) 

or vice versa.  

3. The method according to claim 2, wherein along the optical path length 50% or 

less of the incident irradiance is absorbed.  

4. The method according to claim 2 or claim 3, wherein the defined fluence can be 

modified by changing the defined irradiance and/or by changing the defined 
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time determined by the flow rate of the biological fluid in the flow-through

reactor.  

5. The method according to any of claims 1 to 4, further comprising determining 

the dose-distribution by titration of the number of viable microorganisms before 

and after, or before, during and after irradiating the biological fluid spiked before 

or during, or before and during the irradiation with the viable microorganisms.  

6. The method according to any one of claims 1 to 5, further comprising monitoring 

the intensity of the one or more light sources during the irradiation in order to 

determine an irradiating dose.  

7. The method according to any one of claims 1 to 6, wherein the light is in the UV 

range.  

8. The method according to any one of claims 1 to 7, wherein the dosimetric

solution comprises an agent or a combination of agents selected from the group 

consisting of alkali metal iodide, alkaline earth metal iodide, ammonium iodide, 

aqueous uridine phosphate, alkali metal benzoate, alkaline earth metal 

benzoate, ammonium benzoate, alkali metal peroxodisulfate, alkaline earth 

metal peroxodisulfate, ammonium peroxodisulfate, tert-butanol, polyvinyl

pyrrolidone, bentonite, mica, montmorillonite, nontronite, hectorite, kaolinite, 

halloysite, dickite, a clay mineral, chalk, silica, fumed silica, baryte, gypsum, 

talcum, magnesia, alumina, bismuth oxychloride, zinc oxide, an alkaline earth 

sulphate, an alkaline earth carbonate, an alkaline earth phosphate, an alkaline 

earth hydroxyphosphate, an alkaline earth halogen phosphate, an insoluble 

silicate, an insoluble alumosilicate, an insoluble carbonate, an insoluble 

sulphate, an insoluble phosphate, an insoluble hydroxyl phosphate, a halogen 

phosphate, a perfluorinated hydro-carbon or a derivative thereof, a 

perfluorinated carboxylic acid or a salt thereof, and polyvinylpolypyrrolidone.  

9. The method according to any one of claims 1 to 8, wherein the dosimetric 

solution comprises a diluted potassium iodide-potassium iodate actinometer.  
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10. The method according to any one of claims 1 to 8, wherein the dosimetric 

solution comprises a diluted potassium iodide-potassium iodate/polyvinyl

pyrrolidone actinometer.  

11. The method according to any one of claims 1 to 8, wherein the dosimetric 

solution comprises a diluted sodium benzoate actinometer.  

12. The method according to any one of claims 1 to 8, wherein the dosimetric 

solution comprises a diluted potassium peroxodisulfate/tert-butanol actinometer.  

13. The method according to any one of claims 1 to 12, wherein the micro

organisms are selected from the group consisting of species of the monera 

kingdom, spores of the species of the monera kingdom, species of the fungi 

kingdom, spores of the species of the fungi kingdom, prokaryotes, eukaryotes, 

and viruses.  

14. The method according to claim 13, wherein the viruses are selected from the 

group consisting of Parvoviridae viruses, Minute Murine Virus, Canine 

Parvovirus, Bovine Parvovirus, Porcine Parvovirus, Feline Parvovirus, 

Circoviridae viruses, Circinoviridae viruses, Picornaviridae viruses, Hepatitis A 

Virus, and Encephalomyocarditis Virus, Anelloviridae viruses, Encephalo

myocarditis Virus, Enteroviridae RNA viruses, Microviridae DNA bacterio

phages, and Leviviridae RNA bacteriophages.  

15. The method according to any one of claims 1 to 14, wherein the method is 

performed in conjunction with at least one other sterilization and/or micro

organism inactivation method.  

16. The method according to any one of claims 1 to 15, wherein the biological fluid 

comprises at least one additive to reduce damage and/or loss of biological 

activity of the fluid.  

17. The method according to any one of claims 1 to 16, wherein the method is 

performed with a solvent detergent treatment.  
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18. The method according to claim 5, or any one of claims 6 to 17 when dependent 

on claim 5, wherein the effective dose of light to inactivate microorganisms 

present in a biological fluid is a dose which inactivates at least about 99.9% of 

the viable microorganisms in the biological fluid.  

19. The method according to any one of claims 1 to 18, wherein the biological fluid 

is a fluid selected from the group consisting of milk, whey, milk products, 

products derived from milk, fruit juices, products derived from fruit, vegetable 

juices, products derived from vegetable, native plant sap, transgenic plant sap, 

synthetic beverages, processed beverages, fermented beverages, alcoholic 

beverages, blood, plasma, plasma fractions, serum, fluids derived from blood, 

fluids derived from plasma, fluids derived from serum, fluids containing protein 

fractions, spinal fluid, cerebral fluid, lymph, saliva, semen, urine, prokaryotic cell 

culture supernatant, eukaryotic cell culture supernatant, prokaryotic cell lysate, 

eukaryotic cell lysate, a fluid intended for external therapeutical use, a fluid 

intended for enteral therapeutical use, a fluid intended for parenteral 

therapeutical use, a fluid intended for external cosmetic use, and a fluid 

intended for diagnostic use.  

Date: 29 November 2010 
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