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Abstract

Pseudomonas aeruginosa (P. aeru-

ginosa) is a multidrug-resistant

human pathogen involved in

numerous infections. Understand-

ing the response of P. aeruginosa to various treatments is critical to developing

new ways for the antimicrobial susceptibly test and more effective treatment

methods. Conventional antimicrobial susceptibility tests lack molecular infor-

mation at the single bacterium level. In this study, we used label-free multi-

modal nonlinear optical microscopy to identify an autofluorescence signal

from pyoverdine, a siderophore of the bacteria, for quantification of

P. aeruginosa responses to antibiotics and blue light treatment. We also discov-

ered that the bleaching of the pyoverdine autofluorescence signals is correlated

with the inactivation of P. aeruginosa and is perhaps one of the mechanisms

involved in the blue light inactivation of P. aeruginosa.

KEYWORD S

blue light, coherent anti-Stokes Raman scattering, nonlinear optical imaging, Pseudomonas
aeruginosa, two-photon excitation fluorescence

Received: 16 September 2023 Revised: 10 November 2023 Accepted: 14 November 2023

DOI: 10.1002/jbio.202300384

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any

medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.

© 2023 The Authors. Journal of Biophotonics published by Wiley-VCH GmbH.

J. Biophotonics. 2024;17:e202300384. www.biophotonics-journal.org 1 of 11

https://doi.org/10.1002/jbio.202300384

https://orcid.org/0000-0002-7735-5614
https://orcid.org/0000-0003-1007-4049
https://orcid.org/0000-0002-9386-5630
mailto:boppart@illinois.edu
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.biophotonics-journal.org
https://doi.org/10.1002/jbio.202300384
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fjbio.202300384&domain=pdf&date_stamp=2023-12-15


1 | INTRODUCTION

Pseudomonas aeruginosa (P. aeruginosa) is a gram-negative,
rod-shaped bacterium that can cause pneumonia, septic
shock, urinary and gastrointestinal tract infections, as
well as skin and ear infections [1, 2]. It has a natural
resistance to many antimicrobial drugs and can develop
biofilms to protect itself from antibiotic treatment [3–5].
With the overuse of antibiotics and the lack of new anti-
biotic drug development over the past few decades, effec-
tive treatment of P. aeruginosa has become increasingly
challenging for public health. Recent advances in several
directions have encouraged the pharmaceutical industry
to address the escalating crisis.

The first needed advancement is to develop efficient
and accurate antimicrobial susceptibility tests for various
clinical microbiology and pharmaceutic applications.
Conventional methods to test the efficacy of an antimi-
crobial drug involve the spread plate method [6, 7], in
which the bacteria are usually cultured for 24 h or longer
to compare the colony-forming units or the size of zone-
of-clearing. This method is easy to conduct but requires a
longer incubation time for bacteria to grow, especially for
bacteria samples obtained from patients that are more
sensitive to environmental conditions. Additionally, the
spread plate method lacks molecular information and
single-cell resolution to understand treatment/resistant
mechanisms at the single-bacterium level. Therefore, it is
critical to develop new techniques for rapid evaluation of
the antimicrobial susceptibility of drugs to the bacteria
and molecular insights at the single-cell level. Several
new approaches have been implemented to speed up the
antimicrobial susceptibility test (AST) to a few hours
[8–10] or even within 30 min [11]. Recently developed
stimulated Raman scattering microscopy, when com-
bined with isotope metabolite feeding, was shown to rap-
idly detect antibiotic responses of multiple bacteria
within one cell cycle [12, 13], however with high instru-
ment cost and sophisticated procedures. Nevertheless,
optical microscopy methods can significantly shorten the
time required for AST while offering rich chemical infor-
mation about single bacterial cells.

The second advancement is to develop new treatment
methods for bacteria with improved antimicrobial effi-
cacy. Among the newly developed methods, photother-
apy has gained increasing attention due to its high
effectiveness, easy delivery, high penetration, and mini-
mal side effects [14, 15]. For example, blue light is one of
the most recognized spectral ranges of wavelengths for
the treatment of various bacterial infections. Blue light at
400 nm can inactivate P. aeruginosa [16–18], Enterobac-
teriaceae [19], and other bacteria [20]. Blue light is also
potentially effective in treating ear and skin infections

[21, 22]. Methicillin-resistant Staphylococcus aureus can
be effectively treated using 470 nm wavelength irradia-
tion [23] and H2O2 treatment [24, 25]. Although the effi-
cacy of blue light treatment of many bacteria strains is
well appreciated, the mechanisms behind blue light
bacterial inactivation are still elusive. Therefore, it is
necessary to understand the interaction of blue light
with the bacteria and how it affects the metabolism of
bacteria on the molecular level with high resolution.
Optical microscopy, being able to offer single-cell
images with molecular contrasts, becomes an ideal
candidate to address this need.

In this work, we used autofluorescence signals from
P. aeruginosa as an optical signature to evaluate the bac-
terial response to treatment methods including antibi-
otics and blue light. According to our observations,
autofluorescence signal intensities in the 450 nm fluores-
cence channel generated by the siderophore pyoverdine
can be correlated with treatment time. Additionally, we
revealed that pyoverdine molecules in P. aeruginosa can
be bleached by either two-photon absorption of 800 nm
femtosecond laser pulses or single-photon absorption of
405 nm blue light. This process is correlated with bacte-
rial inactivation. This study sheds new light on the
molecular-level understanding of the responses of
P. aeruginosa to antibiotics and blue light using optical
signatures from the bacteria.

2 | RESULTS

2.1 | Optical signatures of P. aeruginosa
to antibiotic treatment

To explore the optical signatures of P. aeruginosa, we
designed a multimodal nonlinear optical microscope that
allows simultaneous acquisition of coherent anti-Stokes
Raman scattering (CARS) and two-photon excitation
fluorescence (TPEF) signals at 450 nm from bacteria
cells. The microscopy system has been reported in a pre-
vious publication [26]. A description of the microscope
can be found in Section 4.1 and a schematic is shown in
Figure S1.

We first compared CARS and TPEF signals from
antibiotic-treated and untreated (control) P. aeruginosa.
Planktonic bacteria cells were treated with 60 μg/mL
penicillin and 50 μg/mL streptomycin for 24 h before
imaging. The antibiotic treatment effectively inactivated
bacterial populations and slowed down the growth of
bacteria. From Figure 1A–E, we found that although the
CARS signals from bacteria cells did not show noticeable
differences, the TPEF signals from antibiotic-treated bac-
teria decreased significantly. In Figure 1A,C, the TPEF
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images are displayed at the same intensity scale. The inten-
sity scale was adjusted to visualize the weak TPEF signals
after the antibiotic treatment, as shown in Figure 1D.
Figure 1F plots histograms of the averaged TPEF intensity
from single bacteria cells. Figure 1G compares the average
TPEF intensities from bacteria cells in the untreated (con-
trol) and antibiotic-treated conditions, which confirms the

reduction of TPEF intensity as an optical signature of the
antibiotic response of P. aeruginosa.

We also grew P. aeruginosa biofilms and investigated
the optical signals of the bacteria cells residing in the bio-
films. Figure 1H shows the untreated P. aeruginosa biofilm,
where bacteria cells form clusters and display heteroge-
neous TPEF signal intensities within the cluster. The cells

FIGURE 1 Autofluorescence signals from the treated and untreated bacteria. (A) CARS and TPEF images of untreated P. aeruginosa.

(B) Merged CARS and TPEF channels from images in panel (A). (C) CARS and TPEF images of 24 h antibiotic-treated P. aeruginosa.

(D) TPEF image in panel (C) after contrast adjustment. (E) Merged CARS and contrast-adjusted TPEF images of antibiotic-treated

P. aeruginosa. (F) TPEF intensity histogram of the treated and untreated P. aeruginosa. (G) Average TPEF intensity of the treated and

untreated P. aeruginosa. (H) CARS and TPEF images of untreated P. aeruginosa biofilm. (I) CARS and TPEF images of 24 h antibiotic-

treated P. aeruginosa biofilm. The scale bar in (A) applies to all images. ***p < 0.005.
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at the inner cores of the aggregations showed very low
TPEF signals in the 450 nm channel, while the cells at the
periphery part of the colony generated strong TPEF signals,
suggesting higher metabolic activities at the outer regions of
the colony. For the antibiotic-treated P. aeruginosa biofilm,
we did not observe cell clusters. The TPEF signals in the
450 nm channel were also much weaker compared to the
untreated biofilm, as shown in Figure 1I.

This decrease in autofluorescence signal can be used
as an optical signature to rapidly assess the antibiotic
response of P. aeruginosa. We monitored the TPEF sig-
nals from the P. aeruginosa cells after 5–10 and 30–
40 min of antibiotic treatment. Figure 2A,B shows histo-
grams of TPEF signals from bacteria cells. Next,
Figure 2C compares the average intensity values for dif-
ferent treatment durations. The results indicated a statis-
tically significant reduction of TPEF signal intensity after
antibiotic treatment of 30–40 min.

2.2 | Understanding the origin of the
optical signature

To further understand the TPEF signals generated by
P. aeruginosa, we magnified and overlaid CARS and
TPEF images. Figure 3A displays the CARS, TPEF,
and superimposed images from the untreated P. aerugi-
nosa. We found that the CARS signals and the strong
TPEF signals from the 450 nm channel did not overlap.
However, after antibiotic treatment, although the overall
TPEF signal intensity decreased, the CARS and TPEF sig-
nals perfectly co-localized and showed in yellow due to
the combination of the red CARS and green TPEF
pseudo-colors, as shown in Figure 3B. This feature sug-
gests that TPEF signals at 450 nm are likely generated
from different molecules before and after the antibiotic

treatment. Furthermore, the intensity distribution of
TPEF signals inside the bacteria cells before the antibiotic
treatment manifests strong signals at the edges of many
cells, as shown in Figure 3C–E. This indicates the mole-
cules that generate the TPEF signal are likely located
within or near the cell walls. Moreover, some cells have
a ‘dot-like structure’ with strong TPEF signals in the
450 nm channel inside the cells. This observation agrees
with many other reports, and these features are likely
siderosomes that are linked to pyoverdine synthesis
[27–29]. Pyoverdine is a siderophore produced by
P. aeruginosa and can help bacteria cells to chelate iron
ions from the environment [5]. It has an absorption
band at �400 nm and has a fluorescence emission signal
in the 400–500 nm range [30, 31]. P. aeruginosa produces
pyoverdine and trafficks it to and along the bacteria cell
walls, or enriches it within the siderosomes, or secretes it to
the environment [32–34]. These features and pathways
agree well with our observations in the 450 nm fluorescence
channel. Therefore, we hypothesize that pyoverdine con-
tributes to the strong fluorescence signals in the TPEF
450 nm channel for untreated P. aeruginosa. After treat-
ment, the TPEF signals are much weaker and colocalized
with most of the CARS signals. We believe such signals
are majorly contributed by nicotinamide adenine dinu-
cleotide hydrogen (NADH) which has an emission maxi-
mum around 450 nm [35–37]. Compared to pyoverdine,
NADH has a much smaller two-photon absorption cross-
section and weaker fluorescence emission [38]. The
CARS signals are primarily from proteins in cells. Before
treatment, the accumulation of pyoverdine in sidersomes
that have lower protein concentration results in the spa-
tial separation of TEPF and CARS signals. After treat-
ment, the remaining NADH mostly overlaps with
cellular proteins, giving co-localized TPEF and CARS
signals.

FIGURE 2 P. aeruginosa TPEF signals in response to antibiotic treatment. (A) Histograms of bacteria cell TPEF intensities for the

untreated (control, ctrl) and 5–10 min antibiotic-treated groups. (B) Histograms of bacteria cell TPEF intensities for the untreated and

30–40 min antibiotic-treated groups. (C) Average intensities of P. aeruginosa TPEF signals for different treatment time. ***p < 0.005.
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To validate this hypothesis, we measured the UV–VIS
spectrum from the bacteria and compared the results
with a pure pyoverdine solution. As shown in Figure 4A,
the pyoverdine molecule has a strong absorption band at
�400 nm, which can also be found in the P. aeruginosa
solution, though at much weaker signal intensities. Fur-
thermore, we noticed that the P. aeruginosa in our cul-
ture conditions did not produce pyocyanin, another
fluorescent molecule with absorption peaks at 380 nm
and 700 nm [39]. Pyoverdine-mutant bacteria were used
to further confirm the pyoverdine production by
P. aeruginosa. We compared the parent (PAO) and
pyoverdine-mutant strains (pvdA and pvdD mutants).
The pvdA and pvdD genes encode ornithine hydroxylase
and non-ribosomal peptide synthetase related to

pyoverdine synthesis in P. aeruginosa [32, 40]. The parent
strain showed a strong absorption peak at �400 nm from
the background removed UV–VIS spectra, while the pyo-
verdine mutant strains lacked this UV–VIS signature
peak (Figure 4B).

Furthermore, a drop of planktonic bacterial solution
from each sample was inoculated onto agar plates, incu-
bated for 12 h of growth, and illuminated with blue light
for fluorescence excitation. The PAO strain shows a very
strong fluorescence signal, while the mutant strains are
non-fluorescent (Figure 4C). Figure 4D shows CARS and
TPEF images of the PAO and two mutant strains, from
which much weaker TPEF signals were visible from the
images of the pvdA and pvdD mutant bacteria. Figure 4E
quantifies the fluorescence intensities in the TPEF

FIGURE 3 Localization of the TPEF signals in P. aeruginosa. (A) CARS, TPEF, and the combined images of the bacteria cells for the

control group. (B) CARS, TPEF, and the combined images of the bacteria cells for the 24-h antibiotic-treatment group. (C) Magnified TPEF

image of a P. aeruginosa cell from the control group. (D) and (E) Intensity profiles along line 1 and line 2 in panel (C), respectively.
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channels in Figure 4D. Collectively, these results indicate
that pyoverdine contributes to the strong autofluores-
cence signals detected in the 450 nm TPEF channels
before the antibiotic treatment.

2.3 | Blue light responses of
P. aeruginosa

Besides generating strong autofluorescence signals in the
450 nm channel, we observed photobleaching of pyover-
dine by the 800 nm femtosecond laser continuous expo-
sure. Figure 5A displays time-lapse TPEF images of
P. aeruginosa cells. Cells with a strong TPEF signal in the
450 nm channel showed a significant signal decrease

after continuous imaging, while the cells with low TPEF
signals exhibited stable signals after the same exposure
time (Figure 5B). Video S1 shows the photobleaching of
the autofluorescence signals during imaging. This obser-
vation suggests that pyoverdine molecules, which pro-
duce strong autofluorescence signals, are likely bleached
by the two-photon absorption of the 800 nm pulses. Since
NADH molecules also have autofluorescence signals in
the 450 nm region and usually do not have rapid photo-
bleaching in this laser power range, the weak TPEF auto-
fluorescence signals from cells are attributed to NADH.
Another possible origin of the weak autofluorescence sig-
nal is from pyoverdine molecules that are away from the
focal plane, which would experience much less two-
photon absorption-induced photobleaching.

FIGURE 4 Absorption and autofluorescence properties of P. aeruginosa and the pyoverdine mutant bacteria strains. (A) UV–VIS
spectra of the pure pyoverdine at 0.16 mg/mL (black) and the P. aeruginosa solution (red). (B) UV–VIS spectra of the PAO (black), pvdA

mutant (blue), and pvdD mutant (red) groups after background slope subtraction. (C) A photo showing the autofluorescence signals from

the PAO, pvdA mutant, and pvdD mutant groups under blue light illumination. (D) CARS, TPEF, and combined images of three

P. aeruginosa strains. (E) Average TPEF intensities of the three bacteria samples.
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Blue light has been reported as an effective photother-
apy method to inactivate P. aeruginosa [16, 18]. Since two-
photon absorption of 800 nm laser pulses can photobleach
the strong pyoverdine autofluorescence signals of
P. aeruginosa, we hypothesize that 400 nm blue light would
have a similar effect on pyoverdine photobleaching. We
designed a blue light treatment device as shown in
Figure S2. This device uses a 405 nm LED and can focus the
light onto a 10 � 10 mm2 area. The maximum output of the
LED is 1 W, while the maximum light intensity at focus on
the sample is 200 mW. We treated 200 μL of planktonic
P. aeruginosa in a 1.5 mL microcentrifuge tube by directly
exposing the sample under the blue light for different time
durations and observed the decrease of autofluorescence sig-
nal from P. aeruginosa at 450 nm as a function of treatment
duration (Figure 5C). The decrease in averaged autofluores-
cence signals suggests that autofluorescence molecules in
P. aeruginosa are photobleached by the 405 nm blue light.
Note that due to the differences in light source and beam
size, LED blue light treatment results in a much slower
photobleaching effect compared to laser scanning of the
femtosecond lasers. A much higher energy density of femto-
second laser pulses gives a faster photobleaching effect com-
pared to the blue LED treatment.

Next, we studied the efficacy of blue light inactivation
on P. aeruginosa. An illustration of the experimental pro-
cedure in treating bacteria cells is shown in Figure 6A.

We dispensed 200 μL of planktonic P. aeruginosa in brain
heart infusion (BHI) broth media and treated the bacteria
with 0.2 W/cm2 for different time durations. Then, a drop
of bacteria solution was placed on an agar plate and
incubated for 5 h. The results showed that blue light
treatment of 15 min can effectively inactivate the
P. aeruginosa (Figure 6A). To further evaluate the treat-
ment efficacy of blue light for pre-grown bacteria, we
designed a new 3D method based on the vertical pene-
tration of bacteria through polyethylene filters
(Figure 6B). P. aeruginosa was first cultured on agar
plates for 24 h before being treated with blue light for
different time durations. Then, filters removed from fil-
tered pipette tips were placed on the treated surfaces
for 20 h of growth. Active bacteria can penetrate
through the filter better. After removal of the filters fol-
lowed by 20 h of growth, we illuminated the filters
under the blue light source and compared the penetra-
tion depth of the bacteria into the filters by measuring
the fluorescence signals from the bacteria. As shown in
Figure 6B, the blue light after a 10-min exposure can
reduce the penetration of P. aeruginosa into the filter;
the extended light treatment of 15 min or longer can
further inactivate the P. aeruginosa grown on agar.

Using the method described in Figure 6A, we com-
pared the effect of blue light treatment for the PAO and
pyoverdine mutant strains. The averaged bacterial

FIGURE 5 Photobleaching of TPEF signals in P. aeruginosa. (A) Time-lapse TPEF images of bacteria cells using the 800 and 1040 nm

laser beams for excitation. The top row is the large field-of-view while the bottom row shows magnified areas in corresponding squares from

the top row. (B) Averaged TPEF intensities as a function of imaging time selected from two areas in panel (A). (C) Normalized, averaged

TPEF signal from P. aeruginosa after 40 mW blue light treatment for different treatment time lengths.
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intensity variations (scattering signal collected by a cam-
era) are compared in Figure 6C. A more effective inacti-
vation and reduced bacteria growth were found for the
PAO strain, giving less light scattering under room
light. We found that the PAO strain, which produces
pyoverdine, is more vulnerable to blue light treatment
than the pyoverdine mutant strains. This suggests that
bleaching of pyoverdine by blue light is one of the
mechanisms for P. aeruginosa inactivation.

3 | DISCUSSION

From label-free nonlinear optical imaging of treated and
untreated (control) P. aeruginosa cells, we discovered a
450 nm autofluorescence signal as an optical signature to
rapidly evaluate bacteria responses to antibiotic and blue

light treatments. Our studies show that this optical signa-
ture is likely associated with the presence of pyoverdine,
a siderophore responsible for iron chelating. Pyoverdine
has been identified as a potential target for reducing the
virulence of P. aeruginosa [41, 42]. We revealed
antibiotic-reducing and blue-light-bleaching effects on
pyoverdine. We found that pyoverdine bleaching by blue
light is likely associated with blue light-based bacteria
inactivation since the pyoverdine-producing bacteria
strain is more susceptible to blue light treatment compared
to the pyoverdine mutant strains. Our findings help to bet-
ter illustrate mechanisms behind inactivation processes
and to design better ways for more effective treatment.

P. aeruginosa can also produce pyocyanin, a blue
toxin associated with biofilm formation [43, 44]. This
molecule also generates fluorescence signals in the
450 nm channel [45]. However, we did not detect

FIGURE 6 Blue light treatment of bacteria and proposed evaluation method for efficacy. (A) Illustration of the blue light treatment method

for P. aeruginosa solutions (left) and treatment results using 200 mW blue light (right). The treatment was performed for 15, 20, and 60 min. The

bacteria were allowed to grow for 5 hr on agar plates. For the photo taken from the 60 min treatment, a circle was drawn on the photo to show the

drop location. Each drop contained 10 μL bacteria solution. (B) Illustration of the blue light treatment method for P. aeruginosa pre-grown bacteria

colonies on agar plates. (left) and the treatment results (right). Photos were taken under both room light and blue scattering light. (C) Bacteria

growth inhibition for the PAO, pvdA mutant, and pvdD mutant groups. The scattered light intensity was used to quantify the bacteria growth.
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measurable pyocyanin production from our bacteria
strains, which was confirmed by the UV–VIS spectra.
Pyocyanin is usually produced in the later stage of
P. aeruginosa growth. In this study, the bacteria were cul-
tured and harvested for imaging within the first 48 h.
The production of pyocyanin and pyoverdine share the
same precursor [46]. Therefore, in later stages,
the increased pyocyanin production is possibly linked to
reduced pyoverdine generation by the cells. Further stud-
ies on the correlations between the two autofluorescence
molecules will be carried out in the future.

The methods presented in this study rely on the sidero-
phore autofluorescence signals from P. aeruginosa. One lim-
itation is that they do not apply to nonfluorescent bacteria.
However, many clinically important bacteria are fluores-
cent [47], making the methods demonstrated in this work
applicable in these conditions. In addition, although this
research is mostly focused on fluorescence signal characteri-
zation, the CARS microscopy feature can potentially aid in
understanding the bacteria responses to treatment, similar
to what has been presented for stimulated Raman scatter-
ing microscopy [12, 13]. Other nonlinear optical imaging
modalities such as transient absorption microscopy can also
be integrated to further understand bacterial pigments [24].

4 | MATERIALS AND METHOD

4.1 | Nonlinear optical microscope

Both CARS and TPEF imaging were performed on a lab-
built multimodal nonlinear optical microscope. Briefly, a
tunable femtosecond laser (Chameleon Discovery,
Coherent) output a fixed 1040 nm laser beam and a fre-
quency tunable laser beam. We set the tunable wave-
length to 800 nm as the pump and applied the fixed
wavelength at 1040 nm as the Stokes to excite the C-H
Raman transition for CARS imaging. The combined laser
beams were sent to a 2D galvo-scanner (Cambridge Tech-
nology) for 2D beam scanning. A 60� water immersion
objective lens (UPlanApo 60�, NA = 1.2) was used for
laser focusing. The resolution of the CARS and TPEF
microscope was �300 nm. The CARS signals were
detected using a photomultiplier tube (PMT) (H7422-40,
Hamamatsu) in the forward direction. The filter for
rejecting input laser beams and fluorescence signals for
CARS imaging was a narrow bandpass filter (650/13 nm,
FF01-650/13/25, Semrock). The TPEF signals were
acquired in the epi-direction using a second identical
PMT. The dichroic mirror for signal separation had a cut-
off wavelength of 785 nm (Di02-R785-25x36, Semrock).
The filter for TPEF signal selection was a bandpass filter
centered at 450 nm (FF01-451/106-25, Semorck). Signals

from the PMTs were amplified and inverted by a pre-
amplifier (PMT-4V3, Advanced Research Instruments
Corp.) for each channel. The amplified signals were then
acquired by a high-speed data acquisition card (PCIe-6351,
National Instruments). The image acquisition and laser
scanning were controlled by LabVIEW-based software.

Both 800 and 1040 nm laser pulses were used for non-
degenerate TPEF excitation and simultaneous CARS imag-
ing. Both laser pulses were � 150 fs and �20 mW at the
sample and were scanned at a pixel dwell time of 10 μs.
Note that continuous imaging of the nontreated cells with
this laser power can result in the photobleaching of pyo-
verdine autofluorescence signals. Images acquired in
Figures 1–4 were acquired in the first frame of laser scan-
ning. For the photobleaching using femtosecond lasers,
the same laser power and pixel dwell time were used. Con-
tinuous laser scanning and signal acquisition were per-
formed for 45 s.

4.2 | Image analyses

Image analyses were performed using ImageJ. Raw
images were saved as .txt files, mainly containing
400 � 400 pixels. CARS and TPEF images were displayed
in pseudo colors for better demonstration. Merging image
channels, plotting image line profiles, and particle analy-
sis were performed using ImageJ functions. Time-lapse
TPEF images showing photobleaching of pyoverdine in
bacteria cells were collected continuously at 2.2 s per
frame, and selected frames are displayed in Figure 5.

4.3 | P. aeruginosa cultures and mutant
strains

P. aeruginosa was purchased from ATCC (ATCC 14203)
and was cultured in brain heart infusion (BHI) broth
(BD 237500, Fisher Scientific) and on agar (BD 241830,
Fisher Scientific), following the protocol provided by the
manufacturer. BHI broth was prepared by mixing 18.5 g
of the BHI powder with 0.5 L of distilled (DI) water and
autoclaving the solution at 250 �F for 15 min. BHI agar
was prepared by mixing 26 g of dehydrated BHI
agar powder with 500 mL of DI water while heating
(180 �F) and stirring to obtain a suspension having a final
pH of 7.3. The BHI agar solution was then autoclaved at
250 �F for 15 min, cooled, and poured into different Petri
dishes. BHI agar plates were checked for visual contami-
nation before use. P. aeruginosa bacteria were streaked
on agar plates and incubated at 37�C under 5% CO2.

Planktonic P. aeruginosa cultures were prepared fol-
lowing the overnight growth of bacteria colonies on BHI
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agar. An inoculation loop was used to remove a single
P. aeruginosa colony from the agar plate, which was then
seeded into a conical tube with 10 mL BHI media, allow-
ing for growth over 24 h at 37�C inside an incubator
before being prepared for imaging or treatment.
P. aeruginosa biofilms were prepared using the same bac-
terial suspension, diluted in fresh BHI media (5 mL) at a
1:6 volumetric ratio. This solution was then incubated at
37�C for different time durations with a maximum of
48 h. Next, the biofilm mass was transferred into culture
dishes or glass coverslips for treatment and imaging.

The PAO, pvdA mutant (PA2386, lacZbp01q2E02),
and pvdD mutant (PA2399, lacZbp02q4E07) P. aeruginosa
strains were obtained from the Manoil Lab P. aeruginosa
Mutant Library [48, 49]. The strains were cultured simi-
larly using the previously mentioned methods. UV–VIS
spectra were measured using a commercially available
spectrophotometer (GeneQuant 100, Biochrom) and dis-
posable UV-transparent cuvettes.

4.4 | Antibiotic and blue light
treatments

Penicillin–streptomycin (100�, containing 6 mg/mL pen-
icillin and 5 mg/mL streptomycin) was purchased from
ThermoFisher Scientific. For treatment of 24 h duration,
a 1� concentration of the antibiotics was used. For treat-
ment performed in Figure 2, a 100� concentration of the
antibiotics was applied. A blue LED with a 1 W output
was purchased from Thorlabs (M405L4, Thorlabs) and
powered by an LED driver (LEDD1B, Thorlabs). The
driver controlled the output power of the LED. The
irradiance of the incident light on the surface was
0.04–0.2 W/cm2, based on the optical beam area of 1 cm2.
The cells were treated for different time lengths
(10–60 min) to monitor the changes in autofluorescence
signals. The spectrum of the LED was measured by a
spectrum analyzer (OSA201C, Thorlabs). Two lenses
(AC254-035-A-ML and AC254-040-A-ML) were used to
focus the LED light onto a 10 mm � 10 mm square area
for treatment.

4.5 | Photos from bacteria samples

Photos from bacteria samples after growth were taken
with a CCD camera with a fixed background. For the
autofluorescence images, the samples were illuminated
under the blue LED after removing the lenses. The
photos were taken without the ambient light present.
ImageJ was also used to perform the analysis of the
photos. Images for comparison were all taken at the
same time in the same ambient light environment.
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