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Abstract. High-intensity narrow-spectrum (HINS) 405-nm light is a novel technology developed to address the
significant problem of health-care associated infection. Its potential for wound-decontamination applications is
assessed on mammalian cells and bacteria. The fibroblast-populated collagen lattice (FPCL) is used as an in vitro
model of wound healing, and the effect of HINS light on contraction is examined. Effects on cell proliferation,
morphological changes, and α-smooth muscle actin (α-SMA) expression are investigated. Bactericidal effects
are assessed using the bacterium Staphylococcus epidermidis. Low doses of HINS light were found to have no
significant inhibitory effects on FPCL contraction, cell proliferation, or α-SMA expression. Doses of up to 18 Jcm− 2

had no significant inhibitory effects on FPCL cell numbers, and this dose was shown to cause almost complete
inactivation of bacteria. These results show that HINS light has potential for disinfection applications without
adversely influencing wound healing. C©2011 Society of Photo-Optical Instrumentation Engineers (SPIE). [DOI: 10.1117/1.3561903]
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1 Introduction
Health-care associated infections (HAI) were estimated to have
cost the NHS $183 million in Scotland in 2007 with a prevalence
of 9.5% in patients admitted to hospital.1 The rise in prevalence
of HAI can partly be attributed to the increased use of antibiotics,
leading to antibiotic-resistant strains of many bacteria. Infection
of wounds can delay wound healing and is the principal cause
of death in burn victims. There is an increasing need for a
novel decontamination method capable of maintaining wound
sterility and decreasing the risk of infection, without hindering
the wound healing process.

High-intensity narrow-spectrum (HINS) light is a new dis-
infection method that utilizes the documented phototoxic effect
of 405-nm visible light without the need for additional pho-
tosensitiser molecules.2, 3 Previous studies have demonstrated
that 405-nm blue light can achieve photoinactivation of various
bacteria, including Staphylococcus aureus, methicillin-resistant
S. aureus, and Escherichia coli.4, 5 Bacterial inactivation is
thought to be the result of photostimulation of endogenous in-
tracellular porphyrins, which leads to the generation of reactive
oxygen species, notably singlet δ oxygen (1O2).

A HINS-light–based decontamination system has recently
undergone clinical evaluation at the Glasgow Royal Infirmary,
where it was developed as a background lighting system to pro-
vide continuous disinfection of air and exposed surfaces in the
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presence of patients and staff. The results demonstrated a sig-
nificantly greater reduction in levels of environmental bacterial
contamination than was achievable by normal disinfection and
control methods alone.6 The focus of the work reported here
is to investigate the potential of exploiting the difference in re-
pair mechanisms between mammalian cells and bacteria7, 8 such
that HINS light could be employed to maintain tissue sterility
without damaging the wound-healing cells. The effects of HINS
light on fibroblasts were assessed in terms of cell motility and
morphology, contraction of the lattice, and expression of the
contractile protein, α-smooth muscle actin (α-SMA). The bac-
tericidal effects of the maximum dose at which HINS light had
no inhibitory effect on fibroblast function was investigated using
Staphylococcus epidermidis, a bacterium commonly associated
with wound and prosthetic implant infections.

2 Methods and Materials
Fibroblast-populated collagen lattices (FPCLs) were formed
from type I acid-soluble collagen, which was extracted from
rat-tail tendons. Plain collagen gels [0.3% (w/v)] were formed
as described previously9 and seeded with 3T3 mouse fibroblast
cells at 2.5 × 104 cells/cm2. After 24 h, the FPCLs were trans-
ferred to a 90-mm dish and free floated in 13 ml Dulbecco’s
Modified Eagles Medium (DMEM) supplemented with 10%
fetal calf serum, penicillin/streptomycin, and nonessential
amino acids.
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The HINS-light system consisted of an array of nine narrow-
band blue-light LEDs (GE Lumination, Cleveland, OH), with
peak output at 405 nm and a 20-nm bandwidth at full width at
half maximum, attached to a heat sink supported by two pillars
above a molded base, which centralizes the position of the treat-
ment dish. The FPCLs were exposed to HINS light 24 h after
seeding. DMEM was removed and replaced with 10 ml phos-
phate buffered saline (PBS) for the duration of the treatment,
with treatments carried out using light intensities of 0.5, 1.8, and
15 mW cm− 2 for 1 h, giving a total dose of 1.8, 6.5, and 54 J
cm− 2, respectively. Light intensity was measured using a radi-
ant power meter (model 70260, Oriel Instruments, Irvine, CA)
and photodiode detector (model 1Z02413, Ophir, Andover, MA)
calibrated at 405 nm.

To measure contractile function of the fibroblasts, dishes
containing FPCLs were placed on standard graph paper,
illuminated by a light box and an image was captured daily.
Image-processing software (ImageJ, National Institute of
Health)10 was used to calculate the area of the gel. To test via-
bility of fibroblast cells after exposure to HINS light, propidium
iodide (20 μg/ml) and acridine orange (100 μg/ml) were used
to stain FPCLs at 24, 48, and 120 h after exposure and analysis
was performed using a Zeiss AxioImager ZI microscope. The
MTT [3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide] assay was used to quantify cell number as described
by Ho et al.9 Immunoblotting was used to establish the effect
of HINS light on the expression of α-SMA in fibroblasts.
Proteins were separated by polyacrylamide gel electrophoresis
and transferred to polyvinylidene fluoride membranes for
immunoblotting (Millipore, Billerica, MA). The membrane
was probed with rabbit polyclonal α-SMA antibody at 1 μg/ml
(AbCam, Cambridge, UK) and anti-rabbit IgG secondary
antibody (Sigma-Aldrich, St Louis, MO). Membranes were
developed using an alkaline phosphatase detection system
(Bio-Rad, Hemel Hempstead, UK), which were then scanned
and the optical density analyzed using ImageJ.

The HINS-light intensity used for bacterial inactivation ex-
periments was defined by the maximum intensity that did not
have an inhibitory effect on fibroblast function, as determined
by the MTT collagenase assay. S. epidermidis NCTC 10956
was inoculated into 100 ml tryptone soya broth (Oxoid, Bas-
ingstoke, UK) and cultivated at 37 ◦C under rotary conditions
(125 rpm) for 18 h. The broth was centrifuged at 4300 g for
10 min, and the pellet was resuspended in 100 ml PBS. This sus-
pension was diluted in PBS to give a population density of 103

colony-forming units per milliliter (CFU/ml), and 1 ml exposed
to 5 mW cm− 2 HINS light in the central four wells of a 24-well
plate. Postexposure, 100 μl of exposed suspension was manu-
ally spread onto tryptone soya agar plates, colonies were counted
with the aid of a colony counter, and results were converted into
viable CFU/ml. Control samples were also set up and subject to
identical conditions but not exposed to 405-nm HINS light.

3 Results and Discussion
HINS-light exposure has an intensity-dependent inhibitory
effect on fibroblast function. One-hour exposures to low inten-
sities of HINS light (0.8 and 1.8 mW cm− 2) have no significant
inhibitory effect on FPCL contraction [Fig. 1(a)]. There is also

Fig. 1 (a) Contraction curves of FPCL control (�) and treated for 1 h
at 0.5 (�), 1.8 (�), and 15 mW cm− 2 (●) on day 1 of contraction. (b)
MTT assay results for FPCLs treated for 1 h. (c) Optical density analysis
of α-SMA protein bands in western blot. Exposure intensities in (B)
and (C) are 0.5 (�), 1.8 (�) and 15 mW cm− 2 (❚). n = 3 ± SEM,
* indicates significant difference from control at each time point (P
< 0.05, ANOVA followed by Dunnett’s test).

no significant decrease in cell number as measured by the MTT-
collagenase assay [Fig. 1(b)], and expression of the α-SMA
protein, a well-established marker of fibroblast contractile
activity was unaffected [Fig. 1(c)]. These findings suggest that
at these doses, HINS light has little or no inhibitory effect on
fibroblast viability or function.

HINS-light doses of 54 Jcm− 2, delivered over 1 h at
an intensity of 15 mW cm− 2, have a noticeable effect on
fibroblast function. Contraction of FPCLs halts within 24 h
of exposure, and the cells do not appear to recover contractile
function significantly within 140 h of the exposure [Fig. 1(a)].
Investigation of the number of cells present on the FPCL
following exposure shows that within 24 h, there is an ∼80%
reduction in cell number and no significant recovery within
120 h [Fig. 1(b)]. Expression of the α-SMA protein is also
inhibited by this higher intensity of HINS light [Fig. 1(c)].

Microscopic imaging of the FPCL confirmed that low intensi-
ties of HINS light have no obvious effect on fibroblast morphol-
ogy. Exposure to 15 mW cm− 2 caused a visible and prolonged
decrease in cell number and also showed that cells lose their clas-
sic elongated fibroblast morphology following exposure (Fig. 2).

Results of experiments carried out using 1-h exposures at 0.5,
1.8, and 15 mW cm− 2 indicated that there was a critical point
between 1.8 and 15 mW cm− 2 at which FPCL contraction be-
comes inhibited by the 405-nm HINS light. In order to determine
the maximum intensity at which HINS light did not cause an
inhibitory effect, FPCLs were exposed to 3.6–15 mW cm− 2 for
1 h, giving a dose range of 13–54 Jcm− 2, and the subsequent ef-
fects on FPCLs were assessed using the MTT-collagenase assay.
The maximum intensity at which HINS light did not cause an
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Fig. 2 Microscropy images of HINS-light–treated FPCLs stained with
propidium iodide and acridine orange. (a) Control, (b) 1.8, and
(c) 15 mW cm− 2 exposed FPCLs at 24 h postexposure; (d) control,
(e) 1.8, and (f) 15 mW cm− 2 exposed FPCLs at 120 h postexposure.
Scale bars are 200 μm. All exposures were for 1 h.

inhibitory effect was established as 5 mW cm− 2 [Fig. 3(a)], and
this intensity was therefore used in the inactivation experiments.

The inactivation results from this study show that almost
complete kill of a 3-log10 S. epidermidis population is achieved
after 1 h exposure to 5 mWcm− 2 HINS-light [Fig. 3(b)]. Pre-
vious data by Maclean et al.4 demonstrates that complete kill
of staphylococcal bacterial species suspended in PBS can be
achieved when exposed to high-intensity 405-nm light, and it
is likely that this would have been the case if a slightly longer
exposure time had been applied; however, the aim of these ex-
periments was to determine the bactericidal effect of HINS light
within the parameters of intensity and time that did not inhibit
fibroblast function. Although in this case complete bacterial in-
activation was not achieved, future work will aim to increase the
bactericidal efficacy of doses of HINS light that are nondamag-
ing to mammalian cells.

S. epidermidis, a Gram-positive, coagulase-negative bac-
terium that is part of the normal skin flora, is a common
cause of wound infection.11 Traditionally, a bacterial count of
>105 CFU/ml is associated with an increased incidence of
infection and inhibited wound healing;12, 13 however, as few
as 10 colony-forming units have been reported to cause deep
infection.14 In the present study, a population of 103 CFU/ml
was used in the inactivation experiments, as determined in a re-
cent study by Reinis et al. to be the minimal infective dose of S.
epidermidis on tested biomaterials.15 Although a relatively low
density, this would be greatly in excess of numbers of staphylo-

cocci that could contaminate a wound by environmental trans-
mission. A recent study has, for example, demonstrated that the
levels of staphylococcal bacteria contaminating environmental
surfaces in a hospital isolation room had a mean value of only
3.5 CFU/cm2.6 Consequently, there may be potential for the
application of HINS light to maintain the sterility of wounds
during periods of wound exposure without having a detrimental
effect on the wound-healing process.

Although we have demonstrated that 5 mW cm− 2 HINS
light effectively inactivates S. epidermidis, the sensitivity of
a range of other clinically important microorganisms to this
dose of HINS light needs to be investigated. Other investiga-
tions using HINS light have shown significant reductions in
populations of bacteria from a variety of genera (Staphylo-
coccus, Clostridium, Escherichia, Streptococcus, Acinetobacter,
Proteus, Pseudomonas, Propionibacterium, and Helicobac-
ter) by various combinations of intensity and dose of blue
light.4, 16–18 The mechanisms responsible for the bactericidal
effect include the involvement of porphyrins, but there may be
other mechanisms involved.

The inactivation of bacteria in environments that more closely
replicate the wound bed must be investigated. Lambrechts et
al. have shown that the introduction of human blood plasma
and human albumin serum reduces the sensitivity of a range
of bacteria to photodynamic inactivation (PDI) with exogenous
photosensitisers.19 Spesia et al. experienced a similar reduction
in effectiveness of PDI when exposing E. coli in the presence
of blood plasma.20 The effect of protein absorption on bacterial
inactivation by HINS light is yet to be established. This initial
study has been carried out on the 3T3 mouse fibroblast cell
line. To establish safety of HINS light in the context of wound
disinfection, in vitro effects on primary human dermal fibrob-
lasts, skin epithelial cells, and other cell types involved in the
wound-healing process should also be investigated.

4 Summary
The results show that exposure of 3T3 fibroblast cells to 1 h
of HINS light with intensities of 5 mW cm2 and below does
not have an inhibitory effect on fibroblast function. This result
implies that exposing an open wound to these intensities for
1 h would not have a detrimental impact on the wound-
healing process. It has also been shown that a 1-h exposure to

Fig. 3 (a) MTT assay results for FPCLs treated for 1 h from 3.6 to 15 mW cm− 2. Exposures of >5 mW cm− 2 resulted in significant decrease in
cell number. * indicates significant decrease in cell number as compared to exposure at 5 mW cm− 2 (P < 0.05, ANOVA followed by Dunnett’s
comparison, n = 4 ± SEM) (B) Inactivation of S. epidermidis exposed to 1 h of 5 mW cm− 2 HINS light. � indicates control, � indicates exposed
bacteria. * indicates significant difference from control (P < 0.05, ANOVA followed by Dunnett’s comparison, n = 4 ± SEM).
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5 mW cm− 2 of HINS light causes significant inactivation of
the wound pathogen S. epidermidis. Although further work is
required to extend these investigations, the results demonstrate
that HINS-light treatment merits further investigation as a po-
tential tool to help maintain the sterility of a wound or as a
technique that could be used to aid wound disinfection.
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