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The potential of bacterial contamination is commonly seen in biological and clinical laboratory surfaces,
creating a need to detect the presence of bacteria on a surface. Various bacterial species have been
found to naturally exist on surfaces, including Escherichia coli, Salmonella Typhimurium, and
Staphylococcus aureus that were investigated in this study. Bacterial presence was identified from labora-
tory surfaces using a smartphone and low-cost components without culturing or staining.
Autofluorescence from bacteria was quantified using a 405 nm LED as an excitation light source. A low-
cost acrylic film could isolate the autofluorescence emission. ImageJ was used to process and analyze
the images and quantify the emitted autofluorescence signal. This imaging platform successfully detected
the presence of all three bacterial species from the heavily used laboratory surfaces. A trend of decreasing
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fluorescence signal was observed with decreasing bacterial concentration, and the limit of detection was
10" CFU cm™. It could also distinguish from tap water, protein (bovine serum albumin), and NaCl solu-
tions. This preliminary work emphasizes the ability to detect autofluorescence signals of bacteria and

Published on 24 May 2022. Downloaded by University of Arizonaon 7/8/2022 8:55:02 PM.

rsc.li/analyst

Introduction

Bacterial species are commonly used or found in biological
and clinical laboratory settings, leading to the potential of bac-
terial contamination. Laboratory experiments and clinical
diagnoses may be influenced by bacterial contamination,
which would lead to erroneous measurements and inaccurate
results." Therefore, there is a need to detect bacterial presence
on laboratory and clinical surfaces.

Bacterial contamination can stem from various bacterial
species that have been found to commonly exist on surfaces,
including Escherichia coli, Salmonella enterica (including
serovar Typhimurium), and Staphylococcus aureus.>® It has
been reported that S. aureus can survive well on many different
surfaces.>* In addition, E. coli was found to be one of the top
five bacterial species on an anatomical model in a laboratory
setting® and exhibiting strong attachment to abiotic surfaces.’
All of these indicate that several bacterial species can survive
on surfaces in a laboratory environment. Therefore, a rapid
and low-cost bacterial detection method is needed to ensure
that a laboratory surface is free of bacterial contamination.
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non-microbial surface contaminants using a cost-effective and straightforward imaging platform.

Bacteria on laboratory surfaces have traditionally been
identified and quantified by swabbing the surface, dissolving
into a solution, and culturing them on selective or differential
media.® Colonies are counted visually to quantify their
amounts. While this method is low-cost and straightforward, it
requires an overnight culture to see the results. Nucleic acid
amplification techniques, most notably polymerase chain reac-
tion (PCR), have also been popularly used, reducing the assay
time to several hours. However, it requires specialized equip-
ment such as a thermal cycler and a gel electrophoresis system
(alternatively a real-time thermal cycler) and highly trained
personnel to extract the gene and operate such equipment.”
Antibody-based biosensors, typically incorporated on paper
strips or microfluidic devices, have also popularly been investi-
gated for bacterial detection.® However, they still require swab-
sampling and manual loading onto the platforms. All of the
above methods require sampling, manual sampling loading,
and material preparations (media, PCR kits, antibodies, etc.).
If we can detect the bacterial presence directly from the
surface with neither sampling nor staining, it will provide a
rapid and straightforward bacterial detection method from lab-
oratory surfaces. In addition, it will be beneficial if we can also
use a smartphone (specifically a smartphone camera) as an
optical reader device, which has been widely investigated for
numerous biosensing and medical diagnostics applications.’

This work aims to detect autofluorescence from bacteria
using a smartphone camera and low-cost components (a light-
emitting diode and an acrylic film) towards low-cost and
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straightforward bacteria detection from laboratory surfaces.
Intrinsic fluorescence (autofluorescence) can be generated
from bacterial species’ cellular constituents, such as trypto-
phan in proteins, nucleic acids, lipofuscins, and especially
porphyrins.'®*" Such autofluorescence allows for the detection
of bacteria without fluorescence staining.'*™*

In this study, a bacterial autofluorescence imaging setup was
created to detect surface-level bacterial contaminants. A smart-
phone platform was used to image a laboratory surface, utilizing
the smartphone’s advantages of being cost-effective and easy to
image."®"” A single 405 nm light-emitting diode (LED) was used
as a fluorescence excitation light source, and an acrylic film was
used as a low-cost optical bandpass filter. A 405 nm LED was
chosen due to its ability to excite bacterial species."*° More
specifically, porphyrins produced by bacteria are commonly
used as a fluorescent biomarker that gets optimally excited by
the 405 nm LED.'®*"?? This 405 nm excitation should be
specific to bacteria but not to tryptophan in proteins and nicoti-
namide adenine dinucleotide (NAD) (all excited by deep UV
from 260-280 nm).>* Indeed, the 405 nm excitation generated
fluorescence emissions from all three bacterial species, while it
did not induce significant autofluorescence from other fluores-
cing controls, including tap water, salt solution, and protein
solution. This study aimed to create a smartphone platform
that can detect bacterial species without fluorescence staining.
This imaging setup can potentially be applied in the future to
scan surfaces and identify bacterial presence on that surface.
This practice can then limit the bacterial contamination found
on the surfaces in laboratory and clinical settings.

Materials and methods
Bacteria culture

Three bacteria species were examined, including Escherichia coli
K12 lyophilized powder (Sigma, St Louis, MO, USA), Salmonella
enterica serovar Typhimurium Z005 strain (ZeptoMetrix, Buffalo,
NY, USA), and methicillin-susceptible Staphylococcus aureus
(MSSA, ZeptoMetrix, Buffalo, NY, USA). E. coli was cultured by
first adding 10 mL of lysogeny broth (LB) to a 15 mL centrifuge
tube. Next, a small scoop of about 1 ug of E. coli powder was
added to the LB and mixed. The centrifuge tube was loosely
sealed and then parafilmed on the cap. This tube was incubated
for 24 h at 37 °C. The same procedure was completed to culture
S. Typhimurium and S. aureus.

The concentration of each species was validated using a
spectrophotometer, through measuring the optical density
(OD) value at 600 nm from the miniature spectrophotometer
(USB4000; Ocean Optics; Dunedin, FL, USA). The stock solu-
tion contained mostly LB and the bacterial density was deter-
mined to be approximately 10° CFU mL™". Serial dilutions
were made to obtain bacterial concentrations of 10’ CFU
mL~", 10° CFU mL™, 10° CFU mL™*, and 10* CFU mL™", using
DI water. The intensity value of a blank cuvette of 1 mL of DI
water was measured as a control, since the serial dilutions
were made with DI water. While LB should be consumed
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during bacterial culture, small amount of LB should still be
present in each dilution, e.g., 10% LB in 10’ CFU mL™", 1% in
10° CFU mL™, 0.1% in 10° CFU mL™*, and 0.01% in 10* CFU
mL~". There should be no residual LB in the experiments
without LB, which is the main focus of this research.

A 10 pL drop was placed onto a surface (microscope slide or
laboratory desk), and then the placed droplet was measured to
be about 1 cm” A conversion was made to determine the
surface concentration (CFU ecm™?) from the volumetric concen-
tration (CFU mL™"). Since 10 pL created 1 cm” surface, 10°

CFU mL ™" became equivalent to 10° CFU cm™>.

Imaging procedure

Acrylic film (#389; Color Filter Booklet; Edmund Optics, AZ,
USA) was used as a low-cost optical bandpass filter, allowing
only the wavelengths from 480 to 520 nm to pass through. The
acrylic film was placed in front of the smartphone camera. The
specific acrylic film was chosen after trial and error to be the
optimal filter for isolating the autofluorescence signal. A
smartphone camera (Samsung Galaxy S20 FE 5G; Samsung
Electronics America, Inc., NJ, USA) was used to image bacterial
droplets on surfaces. Any surface that was used to image was
thoroughly cleaned with ethanol directly prior to imaging, to
ensure that there were not any outside sources contributing to
the autofluorescence signals. In order to simulate a real-life
bacterial contamination, the droplets were placed on micro-
scope slides or laboratory desks, and left to dry for
1-1.5 hours, after all the solvents were evaporated. The “pro”
mode of the smartphone camera was used in taking images
which allowed for the manual control: white balance = 2300 K,
ISO = 200, shutter speed = 2 s. The smartphone was placed
10 cm above the droplets, perpendicularly. Initially, the use of
the smartphone flashlight and another bandpass filter was
proposed but was not chosen due to a low signal intensity at
405 nm. A 9 V battery was used to power the 405 nm LED,
which was held 20 cm away from the droplets to minimize
light reflectance (Fig. 1). The optimal distances of the smart-
phone and the LED from the droplet were chosen by the
process of trial and error to ensure the images obtained were
not under- or over-saturated.

Each bacteria species was diluted 10-fold three times to
obtain concentrations of each species from 107 CFU mL™" to
10* CFU mL™", or the equivalent surface level concentrations
of 10° to 10° CFU ecm™2. These were the final concentrations
used for imaging. For laboratory desk experiments, a black lab-
oratory desk surface was cleaned with ethanol right before
each imaging session. Then, six 20 pL droplets of each bacteria
dilutions were placed onto the clean desk surface and allowed
to dry for approximately 1-1.5 h, depending on when the dro-
plets become fully dry. After the droplets were dry, images
were taken by a smartphone with the acrylic film and the
405 nm LED irradiating from the side (Fig. 1).

We also used a commercial UV flashlight (Vansky UV
Flashlight; purchased from Amazon) for comparison purposes.
It contained 51 LEDs with the peak emission at 395 nm
according to the manufacturer. While it is designed to detect
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Fig. 1 Bacteria autofluorescence imaging set up on a laboratory desk. Acrylic film (as a low-cost optical bandpass filter) is placed in front of the
Samsung S20 camera to isolate the autofluorescence signal. A 405 nm LED is used to excite the bacteria droplet from the side. 10 pL bacterial dro-
plets are added on a microscope slide (shown in the figure) or directly on a laboratory desk surface.

pet urine and bugs, it may also induce autofluorescence to
bacteria, although the manufacturer did not advertise such
capability. An identical imaging procedure was used. The
removal of the acrylic film ensures the duplication of the
intended usage of this UV flashlight, since this device would
typically be used to detect stains to the naked eye. Due to the
high intensity of the UV flashlight, it was placed 50 cm away
from the droplets, and images were taken.

Experiments without LB

While LB has been used to culture bacterial samples, LB may
not be found in practical samples. In addition, it is known
that LB itself exhibits autofluorescence, albeit not intensely.
Therefore, after completing the experiments with the LB-cul-
tured bacteria samples on microscope slides, additional
experiments were performed with the bacteria samples whose
LB was removed. 500 pL of each bacteria species in the growth
media was removed and placed into a clear 2 mL centrifuge
tube. Each species was spun in the microcentrifuge (Galaxy
16D; VWR, Radnor, PA, USA) at 6000 rpm for 8 min. The super-
natant of each tube was removed, around 495 pL, and then the
same amount (495 pL) of DI water was added and used to
resuspend each bacteria pellet. The concentration of each
species was then determined using the same steps as
described previously.

Image analysis

Image]J (US National Institutes of Health; Bethesda, MD, USA)
was used to process and analyze the images taken by the
smartphone. Images were first cropped to isolate the droplet
and then were split into blue, green, and red channels. Since
the expected autofluorescence was in the green wavelength
range, only the green channel was used to analyze the images,
as shown in Fig. 2. Image] generated the pixel intensities
(ranging from 0 to 255; 8-bit) for all pixels, and provided the
number of pixels (x;) at specific pixel intensity (i), e.g., 20
pixels showing the intensity of 100, 30 pixels showing the
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Green channel
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Fig. 2 Smartphone images (raw and green channel) of the bacteria dro-
plets with vs. without an acrylic filter. Clearer fluorescence can be
observed with an acrylic filter.

Raw image

With
acrylic filter

intensity of 101, etc. The following equation calculated the
average intensity, where the denominator represents the total
number of pixels, and the numerator represents all pixel inten-
sities summed up. As shown in the equation, pixel intensities
<10 were not counted.

255
> (I x x)
=10

255

> X

i=10

Average intensity =

Results and discussion
Bacteria species with LB imaged on microscope slides

Three different species of bacteria in LB were used for this
experiment: E. coli, S. Typhimurium, and S. aureus. Each
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species was diluted from 10° CFU em™> (stock concentration)
to 10° CFU ecm™?, and 6 droplets of each bacterial species at
each concentration were placed on a microscope slide. The
average intensity of each droplet was plotted against bacterial
concentrations, as shown in Fig. 3. A diluted LB was the nega-
tive control for this experiment; LB was diluted in DI water. A
linear decreasing trend was observed for the Gram-positive
bacteria, S. aureus, whereas the Gram-negative bacteria, E. coli
and S. Typhimurium, showed exponential decay. Nonetheless,
all the bacterial species had a greater average intensity than
the negative control, and it was confirmed that the autofluores-
cence was due to the presence of bacteria. The limit of detec-
tion (LOD) was 10° CFU cm™>. Lower concentrations (not
shown here) did not show significant differences from NC.
When the bacteria solution is diluted with DI water, the
droplets form a ring-shaped structure (Fig. 3 on the top) due
to the hydrophobicity of bacteria. The bacteria move towards
the droplet’s edges (three-phase borderline or contact line) to
minimize their interactions with water molecules. Bacterial
adhesion to hydrophobic surfaces has previously been demon-
strated,** to minimize the entropy penalty provided by water
molecules. At the three-phase borderline, the interaction with
water molecules is minimized, where the bacteria are adsorbed
to and pinned. Prior research has shown that E. coli and
S. Typhimurium are more hydrophobic than S. aureus.”>>°
Greater hydrophobicity of E. coli and S. Typhimurium can be
attributed to their Gram-negative cell walls compared to Gram-
positive S. aureus.”” While Gram-positive cell walls are charac-
terized by one thick peptidoglycan wall, Gram-negative cell
walls possess an additional second outer membrane made of
particularly hydrophobic lipopolysaccharides. This explains
the steeper exponential decay in E. coli and S. Typhimurium
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average intensities. High-level accumulation of such hydro-
phobic bacteria at the droplet’s edges upon dilution would
greatly diminish the intensity from the overall droplet.
Although S. aureus is also hydrophobic, the fluorescence
signal is more spread out upon dilution, causing a more linear
decrease in average intensity.

Bacteria species with LB imaged on laboratory desks

Bacterial droplets were placed on a laboratory desk to rep-
resent a practical laboratory spillage. Similar trends were
observed, and the LOD was again 10° CFU cm™> (Fig. 4). A
black laboratory desk was chosen as it is standard in most lab-
oratories. It also decreased the light reflection that might influ-
ence the average intensity. Microscope slide (glass) and labora-
tory desk (wood) are both hydrophilic surfaces, which causes
the diluted bacteria to spread more with low contact angles,
which is ideal for autofluorescence imaging. Bacterial concen-
trations did not significantly vary the droplet sizes. Since there
was an overlap between the negative control and 10° CFU cm™
bacteria, in the next set of experiments, LB was removed from
the solution to eliminate fluorescent signals from LB.

Selection of controls

One of the main goals of this work was to observe surface con-
taminants in a laboratory environment. Therefore, several solu-
tions that could be found in a laboratory setting were chosen
as controls. Tap water was selected as it is commonly found on
laboratory surfaces, typically around the sink area. Salt solu-
tion was chosen as another control due to its possibility of
being commonly found on a laboratory surface. In addition,
proteins, specifically bovine serum albumin (BSA) that are
commonly used in biological laboratories, would offer an
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Fig. 3 Box and whisker plots of average intensities for bacteria droplets (suspended in LB and diluted in DI water) placed on microscope slides.
Example images of E. coli droplets at various concentrations are shown in the top. Bottom shows the box and whisker plots of E. coli,

S. Typhimurium, and S. aureus droplets at various concentrations (all in CFU cm™

magnitude of LB.
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Bacteria suspended in LB on laboratory desks
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Fig. 4 Box and whisker plots of average intensities for bacteria droplets (suspended in LB and diluted in DI water) placed on laboratory desks.
Example images of E. coli droplets at various concentrations are shown in the top. Bottom shows the box and whisker plots of E. coli,

S. Typhimurium, and S. aureus droplets at various concentrations (all in CFU cm™

magnitude of LB.

excellent comparison to bacteria. BSA also emits fluorescence
signals at 550 nm when excited with a 380 nm light source.>
The autofluorescence of BSA can be attributed to its two trypto-
phan residues: Trp-134 and Trp-212 - both demonstrate intrin-
sic fluorescence.”® Finally, since each bacteria species was sus-
pended in LB or resuspended in DI water, both were also used
as controls depending on the experiments.

Bacteria species resuspended in DI water imaged on laboratory
desks

The same three species of bacteria, E. coli, S. Typhimurium,
and S. aureus, were used in this set of experiments. The main
difference in these experiments is the removal of LB from the
bacteria samples. In the previous set of experiments, it was
determined that some of the autofluorescence signals were
coming from the presence of LB. Due to this, additional experi-
ments were run to test the autofluorescence intensity of seri-
ally diluted LB (ESI Fig. 17). Autofluorescence was observed for
all serially diluted LBs with the expected decreasing trend.

To remove any interference from the culture media, LB was
removed as described in the experiments without LB section to
ensure no autofluorescence from LB. This removal ensured
that none of the signals was coming from LB. In order to
ensure that the resuspended bacteria were still alive, a 107 CFU
mL~" sample of each resuspended (in DI water) bacterial
species were plated on a LB agar plate and left in the incubator
overnight. As a control, a 10" CFU mL ™" concentration of each
bacterial species suspended in LB were plated on a LB agar
plate and incubated overnight as well. The colonies formed in
both the control and the resuspended bacteria were similar,
therefore the bacteria detected on the laboratory desk were
still alive and the results in Fig. 5 were not affected. In
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Fig. 5 Box and whisker plot of the average intensities of each bacteria
species, E. coli, S. Typhimurium, and S. aureus, at the concentrations of
10°, 10%, and 10® CFU cm™2. LB was removed from bacterial samples. A
smartphone, a 405 nm LED, an acrylic film, and green channel images
were used. The controls of tap water (0.8—1.2 ppm), DI water, NaCl solu-
tion (1 pg mL™), and BSA solution (1 pg mL™) are also plotted. These
control concentrations are equivalent to 10 ng cm~2, approximating the
LOD of bacteria, 10* CFU cm™2.

addition, various control samples were also tested, as
explained in the previous section. Fig. 5 represents the average
intensity values of each bacteria species, E. coli, S.
Typhimurium, and S. aureus, at concentrations of 10°, 10*, and
10° CFU ecm™ for each species. In this set of experiments, 10°
CFU ecm™? concentration was not tested since the LB removal
decreased the stock concentration to 10’ CFU mL™" (=10°> CFU

This journal is © The Royal Society of Chemistry 2022
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em™?). The average intensity value of each bacteria species at
10° CFU cm™? was higher than its counterpart at 10* CFU
em™>. This decrease in the average autofluorescence intensity
is analogous to the results shown in Fig. 4. Finally, images
were taken for each bacterial species at 10° CFU cm >
however, no signal was detected (zero intensities). The inten-
sity of DI water was also zero since there was no LB contribut-
ing to the autofluorescence. This leads the LOD to be 10* CFU
em™>. The traditional method of swabbing a surface typically
would have a LOD of 10* CFU mL™", which would be equi-
valent to 10*> CFU cm > for a surface concentration.>® Although
a lower limit of detection would be more ideal, the observed
LOD may be sufficient in identifying moderate-to-severe bac-
terial contaminations, in a low-cost, time effective, and simple
manner. Besides, the method required neither swabbing nor
culturing. Fig. 5 also includes the average intensity values of
each of the controls. The controls of NaCl (model salt) and
BSA (model protein) were made at 1 ug mL™", representing the
surface concentration of 10 ng cm™>. This concentration is
equivalent to the LOD of 10* CFU cm™2, since 1 CFU bacteria
was approximated to be 1 pg. This conversion was made based
on the standard dry mass of an E. coli cell, 1 pg, assuming that
one cell will form 1 CFU.*° Tap water was also used; according
to the local water supplier, its chlorine level is regulated from
0.8 to 1.2 ppm (=0.8 to 1.2 pug mL™"). Again, this chlorine con-
centration is equivalent to 8-12 mg cm™ 2. The presence of
chlorine in the tap water is hypothesized to create some auto-
fluorescence signal, as previously demonstrated,®" which can
also be observed in Fig. 5 and 6. As mentioned earlier, BSA
contains tryptophan that is responsible for the fluorescence
signal observed in Fig. 5. However, 405 nm optimally excites
porphyrins in bacteria but not tryptophan in BSA (optimally
excited at 280 nm),>* and hence the bacterial species emits a
higher fluorescence signal. The average intensity for each
control is lower than the average intensity values for the 10°
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Fig. 6 Experiments were repeated with a commercial UV flashlight
instead of a 405 nm LED. Blue channel images were used. All other con-
ditions are identical to those shown in Fig. 5.
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CFU cm™ and 10* CFU cm™> concentrations. This result
demonstrates a difference in the average autofluorescence
intensities between bacterial species and non-microbial
controls.

Experiments with a commercial UV flashlight

A UV flashlight was purchased and used to image each bac-
teria species, E. coli, S. Typhimurium, and S. aureus, from 10°
through 10° CFU em™ and each of the controls mentioned in
the previous section. Fig. 6 displays the average intensity
values obtained for each bacteria species and controls. Since
the excitation was UV at 395 nm, the blue channel was ana-
lyzed instead of the green channel.*>** In addition, the com-
mercial UV flashlight provided a higher light intensity com-
pared to the 405 nm LED. Therefore, the UV flashlight was
placed further away from the droplets as described in
materials and methods to prevent over-saturation in the fluo-
rescence signal. The UV flashlight could not detect any of the
bacteria species at a concentration of 10* CFU cm™* and
below, leading to the zero values that appear in Fig. 6.
Although the wavelength of the flashlight was similar to our
system’s light source, it was not optimized for collecting the
bacterial autofluorescence and the high number of LEDs in
the flashlight and its distance from the droplet prevents it
from exciting the droplet as precisely as the single 405 nm
LED in our system. While the bacterial samples at 10° CFU
cm ™ showed strong blue intensities, all three control samples
- tap water, NaCl solution, and BSA solution - also showed
strong blue signals, which rendered this method unable to
identify bacterial presence on laboratory desk surfaces.

Conclusions

Bacteria contaminations in biological and clinical laboratory
settings are common due to the nature of the research or hos-
pital-wide microbial infection. However, there are no known
methods to effectively detect bacteria on laboratory surfaces
using autofluorescence signals. In this work, a smartphone
platform was implemented to create an imaging setup that
could image autofluorescence signals emitting from various
bacteria species (E. coli, S. Typhimurium, and S. aureus) and
controls (tap water, salt solution, and protein solution). Only a
low-cost acrylic film and an LED were necessary, in addition to
a smartphone. The images were processed through Image] to
obtain average intensity values that could be compared against
each other. When comparing bacteria species and controls
using our imaging setup, the bacterial species exhibited an
overall higher average intensity value than the controls test.
The limit of detection was 10 CFU cm™>. Whereas the UV
flashlight was unable to differentiate between bacteria and
controls, making our imaging setup a superior method. This
preliminary work highlights the ability of cost-effective
materials, such as a smartphone platform, a 405 nm LED, and
an acrylic film, to image potential laboratory surface contami-
nants. Future work should include the development of a
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smartphone application that allows for analyzing images and
detecting bacterial presence directly from the smartphone.
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