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Simple methods of reducing the microbial load on surfaces in hospitals are needed to reduce the risk of
hospital-associated infections. Here we report on the ability of a cellulose acetate coating containing the
photosensitizers toluidine blue and rose bengal to kill microbes (Staphylococcus aureus, Escherichia coli,
Clostridium difficile, a bacteriophage, and Candida albicans) on its surface when illuminated with white light.

In the United Kingdom, approximately 1 in 11 inpatients at
any given time has an infection acquired in a hospital (9).
Internationally, figures suggest a similar trend, with prevalence
rates ranging from 4 to 10% (10). Hospital-acquired infections
can often lead to complications with existing illnesses, may
cause anxiety and discomfort, and can also lead to the death of
the patient. Furthermore, infected patients remain in hospital
on average 2.5 times longer than uninfected patients (11),
resulting in increased costs. Although it was previously be-
lieved that the inanimate environment played little or no role
in the transmission of infectious disease, this concept is now
being reconsidered (3). The Centers for Disease Control and
Prevention has now listed contact transmission—direct, from
body to surface, or indirect, via contaminated inanimate ob-
jects—as one of the main routes of microbe transmission (6).
The Department of Health (4) has also stated that “good
hospital hygiene is an integral and important component of a
strategy for preventing hospital-acquired infections.” Contam-
inated environmental surfaces can contribute to the spread of
microbes by acting as reservoirs from which personnel and
patients can contaminate their hands (14). The problem is not
only that such reservoirs exist but also that they can persist for
long periods due to the ability of some microorganisms to
survive on surfaces for days, weeks, and even months (8). It is
widely recognized that the usual means of attempting to reduce
the microbial load on environmental surfaces are ineffective.
Detergent solutions, for example, often become contaminated
during use, thus allowing the spread of microbes throughout
the hospital via mopheads and cleaning cloths (14). There is a
need, therefore, to develop new approaches to reducing mi-
crobial contamination of the hospital environment. One pos-
sible approach is to use light-activated antimicrobial agents
incorporated into polymers which could be applied as coatings
(either permanently or on a renewable basis) to hospital sur-
faces, provided that these could be activated by the ambient
light conditions found in hospitals. A number of studies have
shown that photosensitizers can retain their antimicrobial
properties when attached to polymers (1, 17). In this study, the

ability of such coatings to kill a range of microbes under light-
ing conditions likely to be present in hospitals has been inves-
tigated.

The light source used in this study was a General Electric
28-W Biax 2D compact fluorescent lamp that emits light across
the visible spectrum. This lamp has the same color-rendering
properties and spectral power distribution as the fluorescent
luminaires used in hospitals in the United Kingdom. Prominent
peaks were present at 435, 495, 545, 588, and 610 nm (Fig. 1A).
The lamp was fitted into a refrigerated incubator (LTE Scien-
tific Ltd., Oldham, United Kingdom) that maintained the tem-
perature at a constant 22°C. The light intensity was measured
using a digital luxmeter (Hagner Photometric Instruments
Ltd., Bosham, United Kingdom). The photosensitizers tolu-
idine blue O (TBO) and rose bengal (RB) were purchased
from Sigma (Poole, United Kingdom). The coatings were pre-
pared as follows. Cellulose acetate (Sigma) was dissolved in
acetone (50 mg/ml), and stock solutions of the photosensitizers
in acetone (100 �g/ml) were added to give a final concentration
of 25 �M for each photosensitizer. Aliquots (450 �l) of each
mixture were transferred to flat-bottom glass containers (di-
ameter, 18 mm), and the acetone was left to evaporate over-
night. The thickness of the coatings was measured using a
Starrett (Athol, Mass.) micrometer and was found to be 43.2 �
6 �m. The absorption spectrum of the coatings was determined
using a UNICAM UV 500 UV/visible spectrophotometer
(ThermoSpectronic) over the range 250 to 800 nm and is
shown in Fig. 1B, where it can be seen that strong absorbance
occurs between 500 nm and 675 nm, which includes three of
the main emission peaks of the light source.

The organisms used were Staphylococcus aureus NCTC
6571, a methicillin-resistant strain of S. aureus (NCTC 13143),
Escherichia coli NCTC 10418, Candida albicans (clinical iso-
late), Clostridium difficile 630 (clinical isolate), and bacterio-
phage �X174 (host organism, E. coli ATCC 13706). This par-
ticular bacteriophage was used because it has previously been
used as a model virus in transmission studies and it has a
stability comparable to the most resistant human-pathogenic
viruses, such as the poliovirus (12). All bacteria (except for C.
difficile) were maintained by weekly subculture on nutrient
agar (Oxoid, Basingstoke, United Kingdom), while Candida
albicans was subcultured weekly on Sabouraud dextrose agar
(Oxoid). C. difficile was subcultured every 5 days onto brain
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heart infusion agar (Oxoid) supplemented with 5% horse
blood, Clostridium supplement (Oxoid), and 10 �g/ml tetracy-
cline. The phage was propagated and titered according to
ATCC guidelines, and the resulting stock suspension was
stored at 4°C. For experimental purposes, bacteria (except for
C. difficile) were grown aerobically in nutrient broth, while
Candida albicans was grown in Sabouraud dextrose liquid me-
dium (Oxoid); all were incubated at 37°C for 16 h. C. difficile
was grown overnight in brain heart infusion (Oxoid) at 37°C in
an anaerobic cabinet (Don Whitley Scientific Ltd., United
Kingdom). All organisms (except for the phage) were centri-
fuged, resuspended in an equal volume of phosphate-buffered
saline (PBS), and then further diluted 1:1,000 in PBS. The
resulting bacterial suspensions contained approximately 106

CFU/ml, while the count for Candida albicans was approxi-
mately 105 CFU/ml. In some experiments, S. aureus was resus-
pended in human saliva instead of PBS. The saliva was used
undiluted without any further processing. For the bacterio-
phage, a 1:1,000 dilution of the stock suspension in PBS was
used to give a PFU-per-milliliter count of around 106.

To determine the effectiveness of the photosensitizer-con-
taining coatings, aliquots (250 �l) of each microbial suspension
were placed on each of four photosensitizer-containing coat-
ings in the glass containers, the mouths of which were then

covered with transparent cling film. Two of these were exposed
to light (L� S�), while the other two were kept in the dark (L�

S�). In addition, microbial suspensions were also inoculated
onto four control coatings (containing no photosensitizer), two
of which were exposed to light (L� S�) and two of which were
kept in the dark (L� S�). After incubation of the coatings in
the refrigerated incubator at 22°C for 2, 4, 6, or 16 h, survivors
were enumerated by viable counting of serial dilutions of the
microbial suspension. Serial dilutions were prepared in sterile
PBS, and 25-�l aliquots were plated on nutrient agar (for S.
aureus and E. coli), Sabouraud dextrose agar (for Candida
albicans), brain heart infusion agar supplemented with 5%
horse blood, Clostridium supplement, and tetracycline (for C.
difficile), or mannitol salt agar (for S. aureus when suspended in
human saliva). Following incubation at 37°C under aerobic
conditions (except for C. difficile, which was incubated anaer-
obically), the resulting colonies were enumerated. In the case
of the bacteriophage, the number of PFU was determined as
follows. Aliquots (30 �l)of each dilution were added to 300 �l
of the host organism, E. coli ATCC 13706 (mid-exponential
phase: 0.5 ml of overnight culture inoculated in 10 ml of nu-
trient broth and grown to an optical density of around 0.7 at
600 nm) in polypropylene phage tubes. Following incubation of
the tubes at room temperature for 30 min, 3 ml of 0.5%
nutrient agar (kept at 42 to 45°C) was added to each. Tubes
were inverted and then poured evenly onto prewarmed nutri-
ent agar plates. Plaques were counted after overnight incuba-
tion of the plates at 37°C.

In order to assess whether there had been any leaching of
the photosensitizers out of the coating, in each experiment 1.0
ml of PBS was placed on a photosensitizer-containing coating,
and following illumination, the absorbance of this solution at
the peak absorbance of the photosensitizers (632 nm and 545
nm for TBO and RB, respectively) was measured. In all of the
experiments, the absorbance of the solutions was found to be
extremely low (A632, �0.009; A545, �0.003).

The Mann-Whitney U test was used to compare the number
of survivors in the various suspensions (L� S�, L� S�, L� S�)
with the number of survivors from the control samples (L�

S�). A P value of �0.05 was considered statistically significant.
In none of the experiments did exposure of the microbial
suspensions to the coatings in the dark result in a significant
reduction in the viable count of the suspension. Similarly, il-
lumination of the microbial suspensions on the surfaces of the
photosensitizer-free cellulose acetate coatings did not exert a
microbicidal effect.

Following illumination for 2 h, the TBO-RB coating was
able to achieve a 99.6% reduction in the viable count of a
suspension containing approximately 2 � 106 CFU/ml of S.
aureus (Table 1). After 6 h of illumination, a 100% kill was
obtained (Table 1). A 100% kill of a methicillin-resistant strain
of the organism was also achieved after 6 h of illumination
(Table 1). S. aureus was also susceptible to killing when sus-
pended in human saliva; no viable cells remained in a suspen-
sion containing 4.1 � 106 CFU/ml following 16 h of illumi-
nation. This is encouraging, because aerosols and droplets
derived from oral and respiratory secretions are an impor-
tant mode of transmission of infectious agents in a clinical
setting (15).

C. difficile also proved to be susceptible to killing by the

FIG. 1. (A) Emission spectrum of the 28-W fluorescent lamp used
in the study. (B) Absorption spectrum of cellulose acetate coatings
containing toluidine blue (25 �M) and rose bengal (25 �M).
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illuminated coating: a 100% kill of a suspension of the organ-
ism (consisting mainly of vegetative cells) containing 5.19 �
106 CFU/ml was achieved after 4 h of illumination (Table 1). In
contrast, the gram-negative organism E. coli appeared less
susceptible, and little killing was observed after 6 h of illumi-
nation. However, illumination for 16 h resulted in 100% kills of
a suspension containing approximately 2 � 106 CFU/ml of the
organism (Table 1). It has been reported repeatedly that gram-
positive bacteria are more susceptible to photodynamic inac-
tivation than gram-negative bacteria, irrespective of which
photosensitizer is used (16). The results obtained using photo-
sensitizer-containing coatings in the current study support
these findings. It is thought that the lower susceptibility of
gram-negative bacteria is attributable to the presence of the
outer membrane, which intercepts photogenerated reactive ox-
ygen species (7). Candida albicans also appeared to be less
susceptible than S. aureus to killing: an 88% reduction in the
viable count of a suspension containing 1.99 � 105 CFU/ml was
achieved after 16 h of illumination (Table 1).

Bacteriophage �X174 was susceptible to killing when the
coatings were illuminated; a 91% reduction in the viable count
of a suspension containing 1.34 � 106 PFU/ml was achieved
after 16 h of illumination (Table 1). In terms of its ability to
persist in the environment in an infectious state, bacteriophage
�X174 has been shown to resemble the most resilient human-
pathogenic viruses i.e., parvoviruses and polioviruses (12).

One possible problem associated with the use of such coat-
ings is “photobleaching” of the photosensitizers, which can
result from degradation of the photosensitizer by the singlet
oxygen generated (5). However, when the photosensitizer-con-
taining coating was exposed to seven cycles of alternating light
and dark periods (16 h of light and 8 h of darkness), no
reduction in its bactericidal activity was detectable; a 5.7 log10

reduction in the viable count of a suspension of S. aureus
(2.3 � 106 CFU/ml) was obtained after 6 h of illumination.
These findings suggest that photobleaching, at least in the
short term, would not be a problem. If longer periods of light/
dark or continuous light exposure did result in photobleaching,
then it would be necessary to renew the coating on a regular
basis, perhaps by spraying with a solution of the coating in a
volatile solvent.

In this study we investigated the ability of a fluorescent lamp,
similar to those used in United Kingdom hospitals, to activate
photosensitizers embedded in a coating and thereby kill mi-
crobes in its vicinity. The results obtained demonstrate that it
is possible to use light emitted by a fluorescent lamp to render
cellulose acetate coatings containing TBO and RB effective at
killing a range of microbes. TBO and RB were chosen for
incorporation into the coating because together they are able
to absorb strongly at many of the prominent wavelengths emit-
ted by fluorescent lamps of the type commonly used in hospi-
tals in the United Kingdom. The coatings were formed follow-
ing evaporation of the solvent (acetone), and it is assumed that
each photosensitizer molecule is embedded in the cellulose
acetate layer, thereby trapping it but allowing the 1O2 mole-
cules generated upon exposure to light to diffuse out and
thereby interact with, and kill, any microbes associated with the
surface of the coating. The leakage experiments carried out in
the study demonstrated that the amounts of TBO and RB
released from the coatings were extremely small. It is unlikely,
therefore, that the microbicidal effect observed could be at-
tributed to the photosensitizers leaching out of the coatings
and being activated while in the bacterial suspension.

The data presented here demonstrate the feasibility of using
a coating containing photosensitizers to photoinactivate mi-
crobes. Moreover, the levels of killing achieved (up to a 6.7
log10 reduction) should be more than sufficient for surface
disinfection, since microbial densities encountered on hospital
surfaces are generally much lower. One study, for example,
showed that between 4 and 7 CFU/cm2 of S. aureus were
present on the surfaces of rooms occupied by patients infected
with the organism (13). Regulations governing lighting in hos-
pitals in the United Kingdom specify minimum light levels for
various locations within hospitals (2). For example, ward cor-
ridors need to have a minimum light intensity of 200 lx, while
in Accident and Emergency examination rooms and operating
theaters, light intensities of 1,000 and 50,000 lx, respectively,
are necessary. Since the light intensity used in this study was
3,700 � 20 lx, the light-activated coating described and tested
here would be of particular use in examination rooms and
operating theaters, where light intensities are highest. How-
ever, it is also possible that these coatings could achieve ap-

TABLE 1. Effects on viable counts of contact with a cellulose acetate coating containing toluidine blue and rose bengala

and exposed to light from a 25-W fluorescent lamp

Organism
Light

exposure
time (h)

Viable count (CFU/ml)b under the following conditionc: % Reduction in
viable count

(L� S� vs L� S�)

Log10 reduction in
viable count

(L� S� vs L� S�)L� S� L� S� L� S� L� S�

Staphylococcus aureus 2 1.84 � 106 1.99 � 106 1.58 � 106 7.71 � 103* 99.6 2.4
Staphylococcus aureus 6 2.21 � 106 1.8 � 106 1.86 � 106 0* 100 6.3
Methicillin-resistant

Staphylococcus aureus
6 2.69 � 106 2.81 � 106 3.02 � 106 0* 100 6.4

Clostridium difficile 4 5.19 � 106 2.63 � 106 1.57 � 106 0* 100 6.7
Candida albicans 16 1.99 � 105 2.18 � 105 2.33 � 105 2.39 � 104* 88 0.9
Bacteriophage �X174 16 1.34 � 106 9.13 � 105 8.15 � 105 1.2 � 105* 91 1.1
Escherichia coli 6 1.96 � 106 1.85 � 106 1.9 � 106 1.48 � 106* 24 0.1
Escherichia coli 16 1.92 � 106 1.79 � 106 2.09 � 106 0* 100 6.3

a Each at 25 �M.
b Asterisks indicate that the viable count was significantly different (P � 0.05) from that for the L� S� condition by the Mann-Whitney U test.
c L� S�, microbial suspension in contact with photosensitizer-free coatings and not illuminated; L� S�, microbial suspension in contact with photosensitizer-

containing coatings and not illuminated; L� S�, microbial suspension in contact with photosensitizer-free coatings and illuminated; L� S�, microbial suspension in
contact with photosensitizer-containing coatings and illuminated.
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preciable kills under lower light intensities if the illumination
time were increased to produce higher light energy doses, e.g.,
by leaving lights on for 24 h per day. Alternatively, lamps
emitting a higher light intensity could be used. Overall, these
coatings show potential as self-disinfecting surfaces. The next
step will be to perform a detailed evaluation of the activity of
the coatings in the hospital environment.

This work was supported by a grant from the Charles Wolfson
Charitable Trust.
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