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Abstract
Systems capable of disinfecting air and surfaces could reduce the risk of infectious diseases transmission. Aim: to evalu-
ate the effectiveness of near-UV LED ceiling lamps, with a wavelength of 405 nm, in improving environmental hygiene. 
Between November and December 2020, we conducted an experimental study having a pre-post design in a kindergarten 
room in Siena where 4 ceiling lamps with 405 nm LED technology were installed. Twice per day, sampling was performed 
before (T0) and after treatment with near-UV (T1). We used between 8 and 12 pairs of contact plates to sample at various 
random spots each day. Air samplings were also performed. The plates were incubated at 22 and 36 °C. Significance was 
set at 95% (p < 0.05). The mean level of Colony Forming Unit (CFU) at T(0) was 249 (95% CI 193.1 – 305.0) at 36 °C 
and 535.2 (374.3 – 696.1) at 22 °C. The reduction was significant at T(1): by 65% at 36 °C and, 72% at 22 °C. Also, for air 
contamination: 95.3% (98.4—92.3). A dose threshold of about 5 J/cm2 was identified to have an 80% CFU abatement and 
remains nearly constant. The advantage of being able to use this technology in the presence of people is very important in 
the context of controlling environmental contamination.
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Introduction

During the pandemic period, every closed place could 
be dangerous. The ECDC shared often communicates 
to invite people to stay at home, avoid crowded places 
and apply non-pharmaceutical intervention (NPI) [1]. 
Not only COVID-19 is a reason to evade assemblies 
or ignore hygiene practices. Several studies focused 
on influenza or other airborne infection and how these 
microorganisms have spread through social network [2], 
interpersonal relationships, and schools [3]. The many 
hours spent in a classroom with other people with dif-
ferent contacts networks increase the risk of an infection 

outbreak [3, 4]. Recently, we have seen politicians' diffi-
culty in deciding whether closing schools is a good alter-
native. The control of viral transmission, especially in 
this case, is certainly fundamental, but at what price for 
students and workers? The ECDC says that the closure 
“should be used as last resort” [5], also because it alone 
is not sufficient to control the spread of the pandemic, 
as children often play an active role in the spread of this 
virus [6, 7]. But for future pandemics, the debate about 
closing schools might be 'easier' if these cultural and 
social places were safer through effective antimicrobial 
strategies. Traditional disinfection methods mainly con-
sist of using harmful chemicals or heat [8]. Despite their 
easy use and effectiveness, these disinfection methods 
are not always eco-friendly. Especially in this particu-
lar period, it is important to research new disinfection 
technologies to contain the spread of viruses and other 
infectious agents. UV radiation has long proven to be 
effective in disinfection due to its germicidal properties 
[9]. Commonly used in the hospital setting, the pandemic 
has accelerated the need to introduce this disinfection 
strategy into home, workplace, and school environment, 
using UV LEDs and lamps. An innovative on-chip UV 
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technology has also recently appeared [10]. The germi-
cidal properties of UV-C (100-280 nm) are now well-
known, but UV-C light cannot be used in the presence of 
people and in the long run tends to deteriorate various 
materials [11, 12].

Only recently have researchers focused on the inacti-
vation of microorganisms by visible light, particularly in 
the near-UV (nUV) part of the spectrum, which is char-
acterized by blue-violet colors in the wavelength range of 
400 to 440 nm. Although not as bactericidal as ultravio-
let light, visible shortwave light has several advantages, 
such as especially much greater biosafety for users and 
reduced photodegradation of materials [13, 14]. nUV 
is also used for medical treatment, such as infections 
and cancer [15, 16]. The main limitations of nUV tech-
nology are the low bactericidal effectiveness in shaded 
areas (when light is not direct) and the need of very long 
exposure times for the decontamination of UV-resistant 
bacterial strains and spores [17]. The germicidal effect of 
blue light occurs through photodynamic inactivation due 
to the photoexcitation of endogenous porphyrins, which 
act as photosensitizers. Porphyrin molecules, excited by 
the light, react with oxygen and cellular components to 
produce reactive oxygen species (ROS) that induce an 
accumulation of oxidative damage to the extent of cell 
death [18].

This study aims to evaluate the effectiveness of an 
nUV LED ceiling light in disinfecting the air and surfaces 
in a kindergarten at night when no people are present.

Materials and methods

Setting and study design

This experimental study, having a pre-post design, was con-
ducted between November and December 2020 in 13 days 
in a room (about 47  m2) at “San Benedetto” kindergarten 
placed in Siena (Italy).

Four ceiling lamps were installed in one room 
(Figs. 1a and b). Bacterial contamination sampling points 
were placed in the floor, 2.70 m from the lamps. Other detec-
tion points were placed above some desks about 70 cm high.

Ceiling lamp

Each lamp consists of an array of 68 white LEDs (Nichia 
NVSW219FT) and 12 nUV at 405  nm (Luminus SST-
10-UV) produced by Ugolini & C srl. The two types of 
LEDs can be used separately but also simultaneously to have 
both the effect of illumination (white LEDs) and disinfection 
(nUV LEDs). It was decided to turn on only the white LEDs 
during the daily activities and the nUV LEDs in the evening 
(during closing hours), after the routine disinfection opera-
tions, without the presence of operators. This alternation has 
been adopted as a principle of precaution since the devices 
were in prototype form. The nUV LEDs were controlled by 
a timer that automatically turned them on at 7:00 pm and 
turned off at 7:00 am the following morning.

Fig. 1  Kindergarten room with 
normal illumination (a) and 
nUV light (b)
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Stages of activities

In a preliminary stage, we selected 12 positions and meas-
ured the irradiance and the radiant flux, with a portable 
spectrophotometer (AvaSpec-ULS2048CL-EVO-USB3, 
Avantes, Apeldoorn, Netherlands), in every spot (Fig. 2). 
Surfaces were sampled by using contact plates (Rodac), 
filled with generic plate count agar medium (Oxoid, Bas-
ingstoke, United Kingdom). Two samples were carried out 
for each spot to incubate at 22 and 36 °C.

During the first seven days, sampling was carried out on 
the 12 selected spots. We subsequently reduced the number 
of spots from 12 to 8, using only the most representative 
ones and randomizing daily sampling in the different expo-
sure areas. Different exposure times were selected: 8, 12, 
and 36 h. Microbial contamination was measured at each 
selected spot before system turn-on, at T(0), and after nUV 
treatment. As in the preliminary phase, two Rodac plates 
were used to sample each spot which were then incubated at 
two different temperatures (22 °C and 36 °C) to promote the 
growth of psychrophilic and mesophilic microorganisms. We 
also covered the area next to each spot with a white opaque 
plastic lid and performed post-exposure sampling to assess 
the real nUV germicidal effect and exclude confounding 
environmental factors. As a final control, to determine the 
environmental microbial population in the room, we per-
formed 2 additional sampling days, maintaining the same 
spots unchanged but keeping the nUV lights off all night 
long. For 13 days, 2  m3 of air from the sealed room were 
aspirated at a speed of 120 L/min using two microbiological 
air samplers (Sas Microflow α Aquaria), which were set to 
automatically start before and after the nUV light exposure, 
to estimate the reduction of the environmental microbial 
contamination in the air. Then, the plates were incubated at 
36 °C for 48 h. During nUV exposure, the room had closed 
doors and windows.

For microbiological reduction of surface contamina-
tion, descriptive statistics were performed including the 

stratification by doses (irradiance and time of exposition) 
into quartiles (25, 50, and 75 percentiles). Results were 
expressed as the percentage reduction, mean differences, and 
logarithmic reduction mean with a 95% confidence inter-
val. A moving average filter with 10 points was developed 
to smooth Colony Forming Unit (CFU) reduction data as a 
function of the dose. The data were organized by associating 
the doses with the percentage reduction in bacterial load and 
sorting them by increasing doses. The controls (dose = 0), 
were used for statistical comparison with the nUV irradiated 
data. To test at what dose the differences between the irradi-
ated data (sorted by increasing doses) and the non-irradiated 
controls were statistically significant at 95%, we repeatedly 
applied the Mann–Whitney test with moving windows of 
10 data points for successive dose values. To account for 
statistical dependence between successive comparisons, we 
used Bonferroni correction. Two polynomial curves were 
fitted to experimental data at 36 and 22 °C. Mean and per-
centage pre-post CFU reduction and 95% CI were calculated 
on environmental air samplings. To test whether confound-
ing factors could influence any difference in microbiological 
counts in air, before and after treatment, pre-post sampling 
was also performed with the ceiling lamps off. The Wilcoxon 
test was used to evaluate the statistical differences between 
T(0) and T(1) at the 95% significance level. Analysis was 
conducted using Matlab R2021a and Stata Ver. 16 software.

Results

Table 1 shows the irradiances in the sampling points.
A total of 520 Rodac plates were used for the entire length 

of the study: 130 matching points, 130 Rodac plates at T (0) 
and 130 Petri dishes at T (1), incubated at 36 °C and, simi-
larly, 130 matching points at 22 °C. The mean level of con-
tamination at T (0) was respectively 249 CFU (95% CI 193.1 
– 305.0) at 36 °C and 535.2 CFU (374.3 – 696.1) at 22 °C; 
at T (1) we had a mean significant (p < 0.001) reduction both 

Fig. 2  Schematic representa-
tion of the real space setting of 
kindergarten
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at 36 and 22 °C. At 36 °C we had a mean of 87.4 CFU (56.3 
– 118.6), and at 22 °C 149.6 CFU (83.7 – 215.4). In percent-
age the reduction between T (0) and T (1), for the whole 
study period, was 65% at 36 °C and 72% at 22 °C.

The first, second, and third quartiles (25, 50, and 75 
percentiles) had respectively, doses up to 6.93, 13.08, and 
22.28 J/cm2. Table 2 summarises the microbiological results, 
stratified by dose range.

As far as nUV radiation doses (J/cm2) are concerned, a 
threshold was identified for both samples incubated at 22 
and 36 C° of about 5 J/cm2, where a percentage of about 60% 
CFU reduction is statistically significant (Bonferroni correc-
tion to Mann–Whitney test, p < 0.05) and beyond which the 
system tends to a plateau value of between 80 and 90% CFU 
reduction (Figs. 3 and 4).

Figure 5 shows the air sampled CFUs, using the SAS and 
incubating at 36C°, pre-post use of the ceiling lamp. Mean CFU 
reduction on air samplings was 153 (93–213) corresponding to 
95.8% (93.7%-96.8%). No significant differences (p > 0.05) were 
detected between T(0) and T(1) if the lamps were always off, 
confirming that the decrease of microbial contamination was 
influenced when the lights were on.

Discussion

The use of systems that attenuate environmental contamination 
is becoming more widespread due to research demonstrating 
their role in preventing care-related infections [19, 20]. The 
scientific literature has focused primarily on disinfection of 
clinical and critical environments; however, the presence of 
individuals in confined spaces is an element that increases the 
risk of cross-contamination and potentially infection. Particular 
attention is emerging especially because of the recent SARS-
CoV-2 pandemic. The setting and period of the investigation 
allowed for a study that would have been difficult to conduct in 

a non-pandemic scenario. The context of a kindergarten, where 
children are not wearing masks and have promiscuous behav-
iours, highlights, even more, the possibility of contamination; 
the disinfection system under consideration could help, assisted 
by routine cleaning, to increase hygiene levels.

The use of nUV light has proven optimal in consistently 
and substantially reducing airborne and surface contaminants. 
The results on surfaces allow us to observe a significant reduc-
tion in the environmental contamination in samples incubated 
both at 22 and 36 °C. Several studies confirm the efficacy of 
nUV: Maclean M. et al. had demonstrated that the gram-neg-
ative had required longer exposition than gram-positive [21].

The duration of exposure certainly improves environmen-
tal hygiene, a feature already noted by several studies [22, 23]. 
M. Maclean et al., in a study about the effects of high-intensity 
narrow-spectrum light (HINS-light) on staphylococcal contami-
nation levels in hospital rooms, show that a period of extended 
light exposure leads to a significant reduction in bacterial load. 
Also, in the same study, the proportion of MRSA recovered iso-
lates was significantly lower (62.5%) after exposure than before 
treatment (87.5%) [23]. In addition, decontamination of spores 
that may be present in the air requires longer exposure time at 
405 nm and much higher doses of radiation than the previously 
mentioned microorganisms, as described by Maclean et al. in a 
study investigating the persistent problem of resistance of Bacil-
lus and Clostridium endospores to disinfection treatments and 
their susceptibility to nUV light [17].

Another advantage of nUV is the absence of surfaces 
damage, as happens instead with UV-C light. This property 
is very important, especially for consecutive days of expo-
sure, necessary for a better microbial load reduction [24, 25].

The nUV ceiling light proved to be an effective tool in 
reducing microbial growth in daily environments [19], when 
correctly designed to be organized in multiple source light-
ing systems, where some important parameters must be pre-
cisely defined depending on the spaces to be disinfected: i) 
the number of nUV sources and ceiling lights, ii) the expo-
sure time, iii) the distance from the light source, iv) the light 
power and v) the obstacles in the environment.

As shown in Table 2, we found no direct proportionality 
between the dose supplied by the ceiling nUV light and the 
reduction of environmental contamination. Realspace experi-
ments with nUV (405 nm) ceiling lamps on contaminated plates 
showed that microorganisms have resistance against this type 
of radiation non-proportional to the irradiation dose applied. A 
dose threshold of about 5 J/cm2 is identified before which the 
lamp is not effective and after which it rapidly reaches values 
of over 80% CFU abatement and then remains nearly constant 
(Fig. 3 and Fig. 4). Considering the environment in which the 
experiment took place, high doses of nUV radiation (J/cm2), 
over about 20 J/cm2, did not provide any further significant 
improvement in the level of disinfection, which already per-
forms around 90% reduction in environmental microbial load. 

Table 1  Irradiance measured at 
selected exposure points

Point Irradiance 
(µW/cm2)

1 172.0
2 148.6
3 674.8
4 231.1
5 240.6
6 359.7
7 312
8 682.9
9 519.1
10 515.4
11 284.3
12 96.4
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This is presumably due to non-specific microbial fauna in the 
environment. This makes nUV technology particularly suit-
able as a defensive barrier to the proliferation of microbial 
infections, which can also be used in the presence of people 
and pets [26–28]. The nUV, anyway, had demonstrated a good 
efficacy to reduce different types of microorganisms. In addi-
tion, different strains may respond differently to the same nUV 
dosage, depending on the environmental conditions that may 
influence different responses to irradiation and the conditions 
in which the same microorganism is treated [24]. In a compara-
tive study, Murdoch et al. show how Listeria monocytogenes 
is more susceptible and rapidly inactivated than Salmonella 
enterica when treated on agar surfaces or in liquid suspension 
but less susceptible to 405 nm light when treated after drying on 

PVC and acrylic surfaces [24]. The inactivation data reported 
in this study can be compared with data obtained by Maclean 
et al. [21], which also reports that L. monocytogenes is less 
susceptible than most medically significant Gram-positive (i.e. 
Staphylococcus, Streptococcus, and Clostridium species).

It should be noted that the same radiant dose on commonly 
used surfaces, such as tables, chairs, tools, etc., which are much 
closer to the light source, can be achieved in considerably less 
time, especially if the triggering effect is considered.

Despite the aforementioned advantages of using this type 
of radiation, we have to remember that it does not substitute 
sanitation procedures of surfaces, which remain a necessary 
step to be undertaken in concert with nUV to assure safer 
environments for their occupants.

Fig. 3  Dose-dependent CFU 
percentage reduction after nUV 
exposure of the samples incu-
bated at 22 °C.  R2 ranges from 
0 to 1 and represents the fitting 
accuracy (0 = null; 1 = perfect) 
of the polynomial model (green 
line)

Fig. 4  Dose-dependent CFU 
percentage reduction after nUV 
exposition of the samples incu-
bated at 36 °C.  R2 ranges from 
0 to 1 and represents the fitting 
accuracy (0 = null; 1 = perfect) 
of the polynomial model (green 
line)

Fig. 5  Air sampling pre/post 
nUV exposure
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Interestingly, the results achieved from the air tests also 
showed a significant reduction of airborne contaminants 
(about 96%—Fig. 5).

It is appropriate to specify that this technology is not suit-
able for real-time treatment in the presence of people; the 
wavelength of 405 nm cannot make the air healthier in a 
short time, nor with the air dynamics, and because of air-
flows that can be generated by opening windows and doors. 
The usefulness of this approach should be understood in a 
context where, without air movement, in a “closed” context, 
it is desired to present occupants an environment in which, 
at the time of entry, the air is healthier.

LEDs having desired wavelengths allows for creating 
specific conditions of use; moreover, there is a progressive 
improvement of performance and reduction of expenditure 
that makes these systems more and more oriented to products 
addressed to large markets and no longer niche. However, it 
remains essential to know the limits of the technology and the 
context of its use so as not to brag about its benefits. In this 
regard, although nUV light at 405 nm is considered safe [29], 
LEDs can emit longer and shorter wavelengths than they are 
centered for, which could cause harmful effects, such as pho-
toretinitis or pupil constriction [30, 31]. Wavelengths shorter 
than 400 nm are attentive to possible photobiological risk. It 
is important to know how to manage the problem of these 
exceeding doses through: i) the proper selection of LEDs 
with preference toward those that have a narrow wavelength 
around the peak and no or less radiant energy below the 
wavelength of 400 nm; ii) the adjustment of emission powers 
so as not to exceed the recommended doses over time so as 
not to engender photobiological hazards; iii) the management 
of exposure times relative to the distance of any operators 
from the light source so as not to have legislative barriers to 
their use [14]. Precautions should also be taken in the instal-
lation of light sources so that the irradiation of target surfaces 
is as homogeneous and disinfectionally effective as possible. 
To this end, it is conceivable to have more light sources for 
a better distribution of energy even if of lower radiant power 
compared to a few sources with a higher power. As shown by 
the study, going well beyond 5 J/cm2 does not produce sig-
nificant increases in microbiological abatement. More light 
sources can also reduce the impact of the aforementioned 
shadow zone limitation, which is unavoidable in technolo-
gies that use light as a disinfectant source. In addition, using 
plastic caps to recreate darker areas near the sampling point 
allowed us to make a direct comparison, at the same light 
intensity, between the fully irradiated and shaded surfaces.

A detailed and clear risk management manual is another 
important element for the safe use of these light sources.

An inherent limitation of our research is the inability to 
know the type of bacterial/fungal species growing; however, 
a distinction was made between mesophile and psychrophile 
contamination, and the system was effective in both cases.

Conclusion

The nUV ceiling lamps have proven to improve significantly 
environmental hygiene in a real setting such as a kinder-
garten. Appropriate precautions on installing and managing 
nUV light make this technological approach effective and 
safe, even in the presence of humans and pets.
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