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The majority of nosocomial infections are caused by bacteria with antimicrobial resistance and the formation of
biofilms, such as implant-related bacterial infections and sepsis. There is an urgent need to develop new stra-
tegies for early-stage screening, destruction of multidrug-resistant bacteria, and efficient inhibition of biofilms.
Organic dyes that absorb and emit in the near-infrared (NIR) region are potentially non-invasive, high-resolution,
and rapid biological imaging materials. In this study, a non-toxic and biocompatible indolizine squaraine dye
with water-solubilizing sulfonate groups (SO3SQ) is studied for bacterial imaging and photothermal therapy
(PTT). PTT is efficient in eliminating microorganisms through local hyperthermia without the risk of developing
drug-resistant bacteria. The optical properties of SO3SQ are studied extensively in phosphate-buffered saline
(PBS). UV-Vis-NIR absorption spectra analysis shows a strong absorption between 650 nm — 1000 nm. SO3SQ
allows for the wash-free fluorescence imaging of drug-resistant bacteria via NIR fluorescence imaging due to a
“turn-on” fluorescence property of the dye when interacting with bacteria. Although SO3SQ exhibits no toxicity
against both Gram-positive bacteria and Gram-negative bacteria, the PTT property of SO3SQ is efficient in killing
bacteria as well as inhibiting and eradicating biofilms. PTT experiments demonstrate that SO3SQ reduces 90% of
cell viability in bacterial strains under NIR radiation with a minimum inhibition concentration (MICgg) of >450
pg/mL. The PTT property of SO3SQ can also inhibit biofilms (BICgy = 1000-2000 pg/mL) and eradicate both
preformed young and mature biofilms (MBECgy = 1500-2000 pg/mL) as observed by crystal violet assays.

1. Introduction

Bacterial infections, such as implant-related bacterial infections and
sepsis, are major public health concerns that can cause fatal diseases.
[1,2] Infectious diseases account for about 25% of all deaths each year,
and in some developing countries this percentage is as high as 30-50%.
[3] These infections are mostly caused by drug-resistant and biofilm-
forming bacteria. [4] In particular, Staphylococcus aureus and Escher-
ichia coli are the most common microorganisms for infections associated
with foreign implants such as prosthetic joints, central venous catheters,
cerebrospinal fluid shunts, intracardiac devices, heart valve prostheses,
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and vascular grafts. [5,6] Furthermore, the widespread overuse of an-
tibiotics and the formation of biofilms worsens emerging severe global
health problems from drug-resistant bacteria. [7,8] Genetic mutations,
phenotypic changes, and the protection of the extracellular matrices in
biofilms play an essential role in developing penetration resistance to-
ward antibiotics, thus increasing antibiotic resistance. [9,10] Recently,
the World Health Organization (WHO) has prioritized pathogens that
are resistant to antibiotics, with Streptococcus pneumonia, Escherichia coli,
Salmonella typhi and Staphylococcus aureus classified as critical and of
high priority. [11] The Centers for Disease Control and Prevention
(CDC) has also identified antibiotic-resistant bacteria as a severe threat
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to public health. [12] This rapidly escalating threat has raised an urgent
need for early-stage detection and effective killing of pathogens that are
highly antibiotic resistant and their biofilms. Ideally, the combination of
imaging and treatment is particularly desired.

Traditional methods of identifying bacteria, such as culture and
colony counting, are time-consuming and labor intensive. They often
require a complex series of measurements and take weeks to obtain
reliable results. [13] To overcome these problems, the development of
fluorescent probes capable of identifying bacteria is of great attention.
[14,15] Inorganic fluorescent probes, such as inorganic nanoparticles,
quantum dots, and carbon-based nanoprobes, are widely used in bio-
imaging due to their high photothermal stabilities, strong absorptions,
and excellent electron transfer capabilities. [16,17] However, they
usually face the problem of long-term toxicity in the body. [18] Alter-
natively, fluorescent probes based on organic fluorescent dyes have been
considered to be one of the most effective fluorescent tools for bacterial
detection and imaging due to their high sensitivity [19,20] and selec-
tivity [21,22]. In addition, small organic molecules can be quickly
removed from the body. Their advantages include excellent biocom-
patibility, [23] ease of handling, [24] and ease of molecular structure
modification. [25,26] Furthermore, as an effort to increase sensitivity,
bacterial detection can be significantly improved by the introduction of
organic dyes that turn on fluorescence while interacting with bacteria.
[27,28] These switchable dyes have demonstrated many advantages for
imaging bacteria, including low background signal generation, high
specificity, and wash-free procedures.

Regarding Dbacterial eradication, chemotherapy and non-
chemotherapy are the two major strategies for killing drug-resistant
bacteria. [29] Chemotherapy employs multi-fold antibiotics, while
nonchemotherapy takes advantage of photodynamic therapy (PDT) and
photothermal therapy (PTT). [30] Because PTT kills bacteria by
increasing the temperature around bacteria, PTT is a preferred strategy
to kill bacteria as it does not develop drug resistance. Many materials
have been developed and used as photothermal agents, including inor-
ganic nanomaterials (based on Au, Ag, and CuS) and semiconductors
(based on graphene and carbon nanotubes). [31-33] Although some
progress has been made, superior photothermal agents with low toxicity
remain to be developed for rapid and effective antimicrobial photo-
thermal therapy. Desirably, organic materials have been shown to have
high PTT efficiencies as well as low toxicities. [34-36] In recent years,
near-infrared (NIR, 700-1000 nm) dyes have attracted increasing
attention for imaging and therapeutic applications. [37] The NIR region
is an ideal therapeutic window for in vivo applications due to minimized
absorption, photo scattering, and autofluorescence of biomolecules and
tissues in this region. As a promising antibacterial method, PTT has
shown clear advantages in killing bacteria and destroying the biofilm
structure. [35,38-40]

Squaraine dyes are a class of organic dyes with a central electron
deficient four member ring within a resonance stabilized zwitterionic
structures. [41] Due to their resonance zwitterionic properties and
planar structures, squaraine dyes exhibit strong absorption and emission
in the NIR region. [42] To increase the water solubility for biological
applications, the introduction of sulfonate groups is a practical
approach. [43,44] Squaraine dyes have been intensely studied for PDT.
[45] Ramaiah and co-workers reported that halogenated squaraine dyes
can efficiently generate singlet oxygen for PDT treatment while non-
halogenated squaraine dyes exhibit negligible singlet oxygen genera-
tion. [46] These halogenated squaraine dyes demonstrated increased
toxicity to both bacteria and mammalian cells upon excitation. Both
brominated and iodinated squaraine dyes induce cytotoxic effects and
DNA damage predominantly via singlet oxygen generation. [47] In vitro
cytotoxicity studies of iodinated bisbenzothiazolium squaraine dyes
with DLA live cells showed high cytotoxicity. [43] Although PDT
treatment has been promising for some applications, hypoxic cellular
microenvironments inherently compromise PDT efficacy. Thus, PTT is a
good alternative in hypoxic scenarios.
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In this work, an indolizine squaraine-based dye bearing sulfonate
groups (SO3SQ) is studied for the detection and killing of drug-resistant
bacteria by PTT. Escherichia coli (E. coli) and Methicillin-resistant
Staphylococcus aureus (MRSA) are used as model pathogens. The sensi-
tivity of SO3SQ for bacterial detection is exceptional as the dye exhibits
strong turn-on fluorescence upon interacting directly with bacteria and
minimal fluorescence in the background aqueous solution. At the same
time, the dye can eliminate bacteria and biofilms by absorbing and
converting NIR light into heat. SO3SQ also has the potential for deep
tissue penetration and low toxicity due to its absorption and emission in
the NIR region. This study represents a novel study of the fluorescent dye
SO03SQ that allows for wash-free imaging and killing of drug-resistant
bacteria under NIR radiation. The destruction of biofilms with SO3SQ
is also studied and demonstrated herein.

2. Materials and Method

SO3SQ was synthesized as previously reported. [48] The chemical
structure is shown in Fig. S1. Phosphate-buffered saline (PBS, 1x) is
used as an isotonic solution consisting of NaCl (137 mM), KCl (2.7 mM),
NapHPO4 (10 mM), and KHoPO4 (1.8 mM). The pH is further adjusted to
7.4 by adding HCl/NaOH accordingly using a pH meter. Nutrient Agar
(NA) and Nutrient Broth (NB) were purchased from Sigma-Aldrich (St
Louis, MO).

2.1. Microorganism and Cultural Conditions

The Gram-negative bacterial strain E. coli and Gram-positive bacte-
rial strain MRSA were employed in this study. These bacterial strains
were cultured in Nutrient Broth (NB), at 37 °C in a shaker for 6 h at 150
rpm and then prepared in secondary cultures to obtain the cells in their
exponential phase at 0.6-0.7 ODggg. The cells were pelleted by centri-
fugation at 1073 xg for 10 min and then resuspended in 1 mL of NB
media. The ODgq cells were then adjusted to 0.1 to maintain cell con-
centration up to 108 CFU/mL.

2.2. Characterization

The 'H NMR spectra were recorded on a Bruker Ascend-400 (400
MHz) spectrometer and are reported in ppm using solvent as an internal
standard. SO3SQ was dissolved in PBS solutions at the various concen-
trations specified in the text. The absorbance was recorded using a
UV-Vis-NIR absorption spectrophotometer (UV-2600, UV-Vis spectro-
photometer, Shimadzu, Japan) to check the absorption of the dye from
200 nm - 1000 nm. Fluorescence spectroscopy was used to measure the
emission of the dye with excitation wavelengths ranging from 600 to
800 nm. All emission data were obtained using a Horiba PTI fluorimeter
(FluoroMax-4, Spectofluorometer, Horiba, Japan). The photothermal
characteristics of the dye were studied using an 808 nm wavelength
laser equipped with a thermal imaging camera.

2.3. Bacterial Imaging

Bacterial cultures (E. coli and MRSA) were grown overnight in NB at
37 °C. After that, the secondary cultures were inoculated in new NB
broth media to obtain cells in their exponential phase at 0.5-0.6 ODgq.
E. coli and MRSA were pelleted down and washed with PBS three times.
After washing, they were resuspended in PBS. Typically, the dye (10 pg/
mL) was then mixed with the bacteria (1:1 v/v) after resuspension and
incubated for 20 min. Finally, 50 pL of bacterial suspension mixed with
the dye was dropped on a glass slide and covered with a cover slip. After
drying for a few minutes, images were taken (Olympus I x 51) at 40x
magnification and captured with an Olympus DP70 camera.
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2.4. Antibacterial Activity of SO3SQ Against Bacteria (E. coli)

The antibacterial activity of SO3SQ was determined by double dilu-
tion of broth according to the guidelines recommended by the Clinical
and Laboratory Standard Institute (CLSI, USA). [49] Briefly, in a sterile
96-well plate, 50 pL of NB and 50 pL SO3SQ (in media) were added
initially in the first row of a 96-well plate. The other subsequent wells
were filled with 50 pL of media only. After that, serial dilutions were
made such that each well received 50 pL of the test dye with a final
concentration ranging from 3.90 to 2000 pg/mL. 5 x 10% CFU/mL of
bacterial suspension was added to each well to give a total volume of
100 pL. The bacterial suspension wells with no dye added was used as a
control. After that, the 96-well plate was incubated at 37 °C for 16-18 h.
The visible growth of bacterial cells was estimated at ODggg using a 96
well-plate reader. The minimum concentration at which no visible
turbidity was observed was taken as the minimum inhibitory concen-
tration (MIC). [50-52]

Percentage biofilm formation =
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2.8. Biofilm Inhibition Assay

The inhibitory effect of SO3SQ on biofilm formation was investigated
using the crystal violet assay. [51] The bacterial cultures were main-
tained in NB. The cell culture was maintained at an average of 108 CFU/
mL, and 50 pL of culture was added to a 96-well plate containing 50 pL
of SO3SQ solution at various concentrations ranging from 500 to 2000
pg/mL by serial double dilutions. The samples were then irradiated with
an 808 nm NIR laser equipped with a thermal imaging camera for 20
min, followed by incubation of the 96-well plate for 24 h at 37 °C. After
24 h, the free-floating planktonic cells were removed by washing three-
time with PBS, and then 0.1% (100 pL) of the crystal violet solution was
added to each well and incubated for 20 min. The crystalline violet so-
lution was then removed and washed three times with sterile PBS to
remove excess stains. [50-52] The dye was then dissolved in 100 pL of
ethanol, and the ODsgs nm was recorded. The percentage of biofilm
inhibition was calculated as follows:

(Control absorbance — sample absorbance) x 100

Control absorbance

2.5. Photothermal Effect of SO3SQ in PBS

In brief, a sterile 96 well-plate was taken in which a total volume of
100 pL of SO3SQ in PBS with a concentration ranging from (3.90-1000
pg/mL) was irradiated for 20 min using an 808 nm wavelength laser
equipped with a thermal imaging camera. The graph was plotted as
temperature (°C) versus time in 30 s intervals from the data obtained.

2.6. Photothermal Effect of SO3SQ Against Bacteria

The bacterial strains were cultured in NB and cell concentrations up
to 10® CFU/mL were maintained. [50] To check the effect of PTT on
bacterial viability, different concentrations of dye ranging from 62.5 to
2000 pg/mL were added to 5 x 10° CFU/mL bacterial strains cultures
and irradiated with NIR light for 20 min using an 808 nm wavelength
laser equipped with a thermal imaging camera in the 96-well plate. After
irradiation, the bacteria were sampled, cultured, and incubated for
16-18 h on Nutrient Agar (NA) plates. After 16 h, the bacteria colony
number was counted using a colony count reader. The irradiated bac-
terial samples without dye were taken as a control.

2.7. Live/Dead Imaging

Cell viability (live/dead staining) of bacteria killed after treatment
with SO3SQ under NIR radiation was assessed. [53] For this, in 100 mL
of PBS, a fluorescent dye solution containing 100 pg of acridine orange
and 100 pg of ethidium bromide was mixed and prepared. In a sterile 96-
well plate, 50 pL of NB and 50 pL SO3SQ (in media) were added and
mixed. After that, a two-fold dilution was made, and finally, 5 x 10°
CFU/mL of the bacterial suspension was added to each well to reach a
total volume of 100 pL. The samples were then irradiated with NIR light
for 20 min using an 808 nm wavelength laser equipped with a thermal
imaging camera. After irradiation, the cultures were mixed with 100 pL
of prepared fluorescent dye solution and incubated for 15 min. The
excess dye was removed by washing twice with PBS for 15 min. Lastly,
the cells were observed under a fluorescence microscope (Olympus
IX51) at 40x magnification, and captured images were obtained with an
Olympus DP70 camera. Controls without SO3SQ were subjected to the
same NIR irradiation with an equal volume of the media.

2.9. Photothermal Effect of SOsSQ on Preformed Young and Mature
Biofilms

To check the biofilm-eradication behavior and to analyse the mature
biofilm eradication concentration (MBEC) of SO3SQ under NIR irradia-
tion, biofilms were grown and formed in a 96-well plate by inoculating
108 CFU/mL bacterial cells at 37 °C for 6 h to form young biofilms and
for 24 h to form mature biofilms. [50-52] After biofilm formation,
planktonic cells were washed out with sterile PBS. Then, 100 pL of
SO3SQ solution (concentration ranging from 500 to 2000 pg/mL) was
added to each well, followed by irradiation for 20 min with an 808 nm
NIR laser equipped with a thermal imaging camera. After irradiation,
the 96-well plates were incubated at 37 °C for 24 h. After 24 h, a crystal-
violet assay was performed, as described in the previous section.

2.10. Imaging of Bacterial Biofilms using Fluorescence Microscopy

Biofilm formation was assessed by staining live/dead bacteria in
biofilms using double staining with AO and EB dyes (100 pg/mL) in the
dark for 15 min, as previously described in the above experimental
section.

3. Results and Discussion

In this study, all the experiments were performed in phosphate-
buffered saline (PBS) solvent. The absorption and fluorescence proper-
ties of SO3SQ in PBS solution are studied. The UV-Vis—NIR absorbance
of the SO3SQ in PBS solution at various concentrations is shown in Fig. 1
(a). The dye exhibits higher energy absorption features extending be-
tween 590 and 780 nm with two absorption peaks at 650 nm and 700
nm. A lower energy absorbance is also observed at 880 nm, which is
likely due to aggregate formation. Aggregation in aqueous solution has
been reported for other squaraine dyes with sulfonate groups. [43,44]
This hypothesis is supported by the fact that as the concentration of
SO3SQ increases, the ratio between the higher energy features and the
lower energy features changes dramatically. Under dilute conditions
(Fig. S2), the higher energy portion (~600-750 nm) of the observed
absorption profiles in PBS solvent are similar to the previous report for
SO3SQ in Hy0, DMSO, and MeOH. [48] As the concentration of the dye
increases, the higher energy features broaden, and the lower energy
absorption feature in the NIR predominates the absorption spectrum.
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Fig. 1. (a) UV-Vis-NIR absorption of varying concentrations of SO3SQ in PBS,

excitation wavelengths.

This feature could be useful for photothermal therapy as it is likely an
aggregate, which tend to be naturally non-emissive. The shift in the
absorption maxima to longer wavelengths places these dyes in the
optimal range for in vivo PTT applications. The aggregates in PBS could
be H-aggregate or J-aggregate in nature with suggested structures
shown in Fig. S3. H- and J-aggregates are common aggregation modes
for chromophores, including squaraines. [54,55] The pronounced
shoulder peak at 650 nm is indicative of H-aggregates, and the absorp-
tion peak near 875 nm is indicative of J-aggregates based on spectral
shifts only.

To further explore the possibility of aggregation in an aqueous so-
lution, the 'H NMR spectrum of SO3SQ in an aqueous solution (D,0) was
compared to the 'H NMR in an organic solvent (DMSO-dg, Fig. $4). The
'H NMR can be used to monitor aggregation since aggregates alter the
local chemical environment and mobility of molecules. These changes
can influence chemical shifts, peak broadening, as well as the shape and
intensity of the signals. [56] The 'H NMR spectrum of SO3SQ in
DMSO-dg exhibits chemical shifts and peak splitting similar to what was
observed in CD3OD-d4. [48] The 'H NMR spectrum of SO5SQ in DyO
exhibits broadened signals for all hydrogens and a significant change in
the chemical shifts. The J coupling could no longer be identified due to
the broadening of the signals. The 'H NMR spectra indicate that the dye
molecules could not move as freely in an aqueous solution as in
DMSO-dg. Confirming an aggregate structure is challenging though, and
realizing the geometry of the aggregate would require further evaluation
through additional experiments in the future.

Fig. 1 (b) shows the fluorescence spectra of SO3SQ (18 pg/mL) in PBS
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(b) Fluorescence emission spectra of PBS with SO3SQ (18.5 pg/mL) at various

with different excitation wavelengths of 600 nm, 650 nm, 680 nm, and
693 nm. The emission maxima is observed at 712 nm for all excitation
wavelengths, indicating that the same emissive species is responsible for
the observed emission spectrum. With increasing excitation wave-
lengths ranging from 600 nm to 693 nm, the intensity of the fluorescence
emission at the wavelength of 712 nm increases. This is because the
absorption maxima of the monomeric SO3SQ in PBS solution is near 700
nm. Exciting toward the absorption maxima increases the amount of
light absorbed and generates a more intense emission spectrum. Exci-
tation in the 800-840 nm range yielded no fluorescence emission, as
shown in Fig. S5, further indicating that the aggregate species may be
utilized for PTT.

The fluorescence of SO3SQ was then studied in the presence of E. coli
bacteria at a concentration of 10’ CFU/mL. The solutions were incu-
bated with different dye concentrations for 20 min. After that, the
fluorescence spectra were measured at 693 nm (Fig. 2 (a)). With the
addition of SO3SQ, the intensity of the fluorescence emission at 712 nm
increases. As a comparison, fluorescence spectra at excitation wave-
lengths of 650 nm (Fig. S6(a)) and 680 nm (Fig. S6(b)) were studied. It
was observed once again that 693 nm wavelength excitation gives a
higher fluorescence intensity compared to 650 nm and 680 nm wave-
length excitation.

The fluorescence intensity of SO3SQ was also monitored with con-
stant dye concentration and different concentrations of E. coli ranging
from 10! to 10% CFU/mL under excitation with a 693 nm laser. The
fluorescence intensity was observed to increase as the concentration of
bacteria increased (Fig. 2 (b)). No fluorescence was observed in the
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Fig. 2. (a) Fluorescence spectra of 107 CFU/mL E. coli in PBS with varying concentrations of SO3SQ using 693 nm excitation wavelength. (b) Fluorescence spectra of

10'-107 CFU/mL E. coli in PBS with SO3SQ at 693 nm excitation wavelength.
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E. coli solution without dye (Fig. S6 (c)). This result demonstrates that
S0O3SQ exhibits a turn-on fluorescence mechanism upon interacting with
E. coli. This unique fluorescent property is useful for bacterial imaging as
the turn-on fluorescence mechanism avoids the need for washing after
staining since the free dye provides minimal signal.

3.1. Bacterial Imaging using SO3SQ

Applications using the increase in fluorescence emission of SO3SQ
upon targeting Gram-positive and Gram-negative bacterial strains were
verified by conducting in-vitro fluorescence microscopy experiments
using SO3SQ with planktonic cultures of MRSA and E. coli. First, a ~ 107
CFU/mL bacterial sample was stained with SO3SQ in PBS buffer for 20
min to bind the dye with the bacteria. After SO3SQ treatment, bacterial
cells were directly used for fluorescence microscopy imaging without
washing. SO3SQ was observed to bind with both the Gram-positive and
Gram-negative bacteria, giving fluorescence as shown in Figs. 3 (a) and
(b), respectively. As expected, strong fluorescent staining was observed
for both genera, although Gram-negative strains tended to show less
staining, indicating either a weaker interaction with the surface of the
Gram-negative bacteria cells or an interaction that does not promote
radiative pathways. As a control for the imaging, MRSA was incubated
without SO3SQ and demonstrated no fluorescence, as shown in Fig. 3
(c). SO3SQ was also observed to exhibit little to no detectable

(b)

(c)
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fluorescence without bacteria present under the same excitation wave-
length as shown in Fig. S7. The targeting mechanism of SO3SQ binding
to the bacteria is likely hydrophobic in nature, with the hydrophobic
core of SO3SQ preferentially interacting with the hydrophobic compo-
nents of the bacterial cell membrane. Specifically, SO3SQ could interact
with the amphipathic lipopolysaccharide (LPS) for Gram-negative bac-
teria and peptidoglycans for Gram-positive bacteria. [57,58]

3.2. Antibacterial Activity of SO3SQ Against Bacteria

Biocompatibility is a concern with any dye used in biology. Most
natural and synthetic dyes currently used for microbial fluorescent
staining are toxic or carcinogenic and are harmful to animals, humans,
and the environment. [59-61] To check the toxicity of the SO3SQ
against pathogens, we used the broth double dilution method against
E. coli and MRSA with different concentrations of SO3SQ without irra-
diation. [49] As given in supplementary data (Fig. S8), visible growth of
microorganisms was observed with SO3SQ present at concentrations
ranging from 31.25 to 2000 pg/mL along with a control without dye in a
96 well-plate. Previous results suggest that SO3SQ is not toxic to animal
cells, [48] and herein it is demonstrated that the same is true for bac-
terial cells. This finding indicates that without NIR irradiation, SO3SQ
possesses little to no toxicity and has a high biocompatibility for bac-
terial imaging.

Fig. 3. Fluorescence images of MRSA and E. coli treated with SO3SQ under the excitation of 604-632 nm red light. Fluorescence images of (a) MRSA and (b) E. coli at
107 CFU/mL stained with SO5SQ. (c) Fluorescence images of MRSA at 10”7 CFU/mL in the absence of SO3SQ (control). (i) Bright field image of bacteria, (ii) greyscale
fluorescence image of bacteria, and (iii) redscale fluorescence image of bacteria. Images taken at 40x magnification. (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Photothermal characteristics of SO3SQ at different concentrations
(0-1000 pg/mL) in PBS solution.

3.3. The Photothermal Effect of SO3SQ in PBS

Near-infrared (NIR) light (690-1100 nm) is widely used for photo-
thermal therapy (PTT) owing to its specific lesion therapeutic efficacy
and reduced side effects on normal tissues. [25,62,63] Based on the NIR
absorption exhibited by the SO3SQ aggregate, an 808 nm laser light is
selected as the excitation light source to measure photothermal effects.
The photothermal conversion results of SO3SQ in PBS at different con-
centrations under NIR laser irradiation over a 20-min period are shown
in Fig. 4. The results indicate that the photothermal behavior is
concentration-dependent. After being exposed to NIR light, the tem-
perature of the solution undergoes a rapid (< 5 min) increase from 22 °C
to 60 °C at a 1000 pg/mL dye concentration. The temperature reached
by the solutions also appears to be proportional to the amount of SO3SQ
in the solution. At higher concentrations of SO3SQ (500 pg/mL and
1000 pg/mL), the temperature reaches >55 °C, which proves that SO3SQ
has an excellent photothermal conversion efficiency. The control solu-
tion of PBS without dye shows a faint rise of 0.5-1 °C, demonstrating
that SO3SQ is imperative for the PTT effect. In each case, the maximum
temperature saturation is achieved within 5 min and is observed to
decrease gradually over the next 15 min, presumably due to photo-
bleaching of the dye.

3.4. Photothermal Effect of SO3SQ Against Bacteria

Laser irradiation-assisted photothermal therapy (PTT) converts
infrared light energy into heat, which rapidly kills bacterial cells by
increasing local temperature. [64,65] PTT is of interest because NIR
lasers can be applied non-invasively and focused on a desired position.
To date, the bactericidal efficacy of PTT is relatively low, despite
numerous efforts to improve results with topical treatment of infections.
[18] SO3SQ was observed to rapidly (<5 min) generate temperatures up
to 60 °C under NIR irradiation as discussed in the previous section,
demonstrating excellent properties for PTT. For this reason, SO3SQ was
investigated for its ability to kill bacteria under 808 nm laser irradiation.

Bacterial cells (E. coli and MRSA) were incubated with SO3SQ for 20
min, then irradiated with an 808 nm laser at a power density of 0.7 W/
em? for 20 min. After 20 min of irradiation, the bacterial cells were
plated on agar plates and incubated for 12-16 h. The bactericidal ability
of SO3SQ was quantified by a standard plate count assay via counting the
number of viable bacteria after incubation under NIR irradiation treat-
ment. It can be seen that the number of viable bacteria decreased
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significantly as the dye concentration increased under NIR irradiation
when compared to the non-irradiated bacterial cells with SO3SQ and the
irradiated bacterial cells without SO3SQ as shown in Fig. 5 (a) and Fig. 6
(a) for E. coli and MRSA, respectively. These results confirm the excep-
tional bactericidal properties of SO3SQ via the PTT effect. Temperature
versus time curves for both of the bacterial strains in PBS with SO3SQ
reach temperatures >55 °C (Fig. 5 (b) and Fig. 6 (b)).

Quantitative evaluation results show that bacteria cells treated with
SO3SQ without laser irradiation remain 100% viable at each SO3SQ
concentration. However, the cell viability significantly decreased from
94.1% to 0% and 93.1% to 0% for E. coli and MRSA, respectively, as the
SO3SQ concentration increases from 62.5 to 2000 pg/mL with laser
irradiation, as shown in Fig. 5(c) and Fig. 6 (c). From this data, it is found
that concentrations >450 pg/mL of SO3SQ kill over 90% of bacteria
under NIR radiation. At concentrations >1000 pg/mL of SO3SQ, 100%
of bacteria are killed for both E. coli and MRSA. The minimum inhibitory
concentration (MICgqg) is 450 pg/mL, presumably due to temperatures
being generated above 48 °C, which irreversibly damages bacteria by
destroying their proteins/enzymes and suppressing their essential
intracellular reactions. [66]

3.5. Live/Dead Assay

The viability of live/dead cells for E. coli and MRSA was assessed
using AO and EB fluorescent dyes to monitor the qualitative effect of
SO3SQ killing the bacteria using PTT. When examined under a fluores-
cence microscope to confirm live/dead cells, live bacterial cells
appeared green and dead cells appeared red, as shown in Figs. 5 (d) and
6 (d). This is due to the differences in permeability of the two dyes in the
intact/damaged membrane. The two imaging conditions, one containing
SO3SQ under NIR illumination and the other having no SO3SQ under
NIR illumination, were analyzed using ImageJ software. SO3SQ under
808 nm laser irradiation was observed to kill nearly 100% of bacteria at
higher concentrations (2000 pg/mL).

3.6. Biofilm Inhibition

Biofilms increase bacterial viability by forming an impermeable
layer, generating resistance to antibiotic treatment, and eluding the
host’s immune response while allowing the bacteria to grow. [10] Bio-
films are much more challenging to treat with antibiotics due to the
limited penetration of therapeutic agents into the biofilm matrix. PTT
could be one way to prevent the formation of biofilms since it does not
require direct penetration of the biofilm and instead works by heating
the surrounding area. For this reason, the ability of SO3SQ to disrupt
biofilm formation using PTT is evaluated using crystal violet staining.

The inhibition of several bacterial biofilms was monitored at varying
concentrations of SO3SQ under NIR light, along with the inhibition of
untreated biofilms, which were monitored as controls. Concentrations of
SO03SQ ranging from 500 to 2000 pg/mL were observed to decrease
E. coli and MRSA biofilm formation from 79% to 0% and 67% to 0%,
respectively. The untreated biofilms were deemed to have 100% for-
mation (Fig. 7 (a), (b)). The inhibition of biofilm activity is expressed via
the concentration of a material that inhibits 90% of biofilm formation
(BICgg). BICqq for SO3SQ was determined to be >1000 pg/mL in both
E. coli and MRSA bacterial strains. The local temperature increase
induced by PTT was thus sufficient to inhibit biofilm formation by
killing the bacteria present, further exemplifying the importance of the
PTT effect of SO3SQ on planktonic bacteria.

Along with biofilm inhibition, the efficacy of SO3SQ with respect to
biofilm destruction/eradication by PTT was also investigated using
preformed biofilms allowed to grow for 6 h (young biofilms) and 24 h
(mature biofilms) (Fig. 7 (c), (d), (e), and (f)). Under NIR irradiation,
concentrations of SO3SQ ranging from 500 to 2000 pg/mL were
observed to eradicate young biofilms from a percent biofilm remaining
of 86% to 2% and 83% to 1.2% for E. coli and MRSA, respectively. The
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Fig. 5. The photothermal activity of SO3SQ against E. coli at different concentrations ranging from 0 to 2000 pg/mL. (a) Colonies of bacteria cultured on agar plate
after photothermal activity, (b) temperature vs time graph showing NIR irradiated E. coli with SO3SQ in PBS, (c) percentage of viable cells remaining in different
concentrations of dye after photothermal exposure. All the experiments were performed in triplicate and repeated three times. (Mean + SD < 5%). (d) Fluorescence
images of bacteria treated without (left) and with (right) SO3SQ under NIR radiation. Green cells are live cells stained with acridine orange (AO) while red cells are
dead cells stained with ethidium bromide (EB). Images were taken at 40x magnification. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

mature biofilms are eradicated from a percent biofilm remaining of 95%
to 8% and 92% to 6% for E. coli and MRSA, respectively. In this way, the
eradication of the biofilms via PTT appears to be slightly more effective
at eradicating young biofilms as opposed to mature biofilms. The biofilm
eradication concentration (MBECgy) of SO3SQ was determined to be
1500 pg/mL for young biofilms for both E. coli and MRSA, and 2000 pg/
mL for mature biofilms for both E. coli and MRSA.

Biofilms grown from adhered biomasses after 6 h and 24 h showed no
change in biomass from samples treated with SO3SQ in the absence of
NIR radiation. However, when the SO3SQ treated biofilms were exposed
to NIR radiation for 20 min, the bacterial biomass decreased to <10%,
demonstrating that the inherent colonizing properties of bacterial

biofilms were severely impaired during treatment

After treatment, the adhesive properties and characteristic
morphology of the biofilm were completely destroyed. The antibiofilm
activity of SO3SQ indicates that the heat produced by NIR radiation in
the presence of SO3SQ completely disrupts the structure of the biofilm.
These results suggest that SO3SQ should have practical applications for
disrupting biofilms in medical implants under NIR irradiation as has
been shown previously in the literature. [65]

To verify the percentage of living bacteria in the biofilm, live/dead
staining was performed. [67] It has been observed that SO3SQ effec-
tively inhibits biofilm formation under NIR irradiation, as shown in
Fig. 8. The SO3SQ concentration at BICgy is used to prevent the
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dead cells stained with ethidium bromide (EB). Images were taken at 40x magnification. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

formation of biofilms in both strains. The PTT effect of NIR irradiated
S03SQ was effective in inhibiting biofilm formation compared to control
populations.

4. Conclusions

Multidrug-resistant bacteria are a severe threat to human health
worldwide. Many of these bacteria often form biofilms that aid in their
survival of antibiotics and facilitate the development of drug-resistant
variants. This study investigates a non-toxic and biocompatible indoli-
zine donor-based squaraine dye (SO3SQ) for bacterial imaging and the

killing of bacteria and biofilms via PTT under NIR light. The optical
properties of the dye were studied in PBS. The UV-Vis-NIR absorption
spectra demonstrate single monomeric behavior at low concentrations
with an absorption feature at 700 nm, and aggregate-type behavior at
higher concentrations with an absorption feature past 900 nm. SO3SQ
allows for the wash-free fluorescence imaging of drug-resistant bacteria
via NIR fluorescence imaging due to a “turn-on” fluorescence effect of
the dye when interacting with bacteria. SO3SQ showed little to no
toxicity against bacteria under non-irradiated conditions. SO3SQ was
observed to be an effective antibacterial agent via the PTT effect against
both Gram-negative and Gram-positive bacteria with a MICgg of >450
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Fig. 8. Viability of bacterial cells (E. coli and MRSA) treated with SO3SQ under NIR radiation in biofilms. Biofilms without SO3SQ are used as a control. (a) Bright-
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pg/mL when irradiated with a laser light of 808 nm. The PTT effect of
SO3SQ was observed to inhibit biofilm formation and eradicate both
young and mature biofilms, as confirmed by live/dead imaging and
crystal violet assays. These findings provide a multifunctional role for
S03SQ in drug-resistant bacterial imaging, as well as antibacterial and
antibiofilm activity for implant-related functions.
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