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Blue Light Improves Antimicrobial Efficiency of Silver
Sulfadiazine Via Catalase Inactivation

Sebastian Jusuf1 and Ji-Xin Cheng, PhD1,2

Abstract

Background: Blue light exhibits the ability to deactivate catalase present in pathogens, significantly improving the
antimicrobial performance of compounds such as hydrogen peroxide (H2O2). However, H2O2 is not used within
clinical settings due to its short half-life, limiting its potential applications. In this study, we explore the usage of
Food and Drug Administration-approved and clinically used silver sulfadiazine (SSD) as a potential alternative to
H2O2, acting as a reactive oxygen species (ROS)-producing agent capable of synergizing with blue light exposure.
Materials and methods: For in vitro studies, bacterial strains were exposed to a continuous wave 405 nm light-
emitting diode (LED) followed by treatment with SSD for varying incubation times. For in vivo studies,
bacteria-infected murine abrasion wounds were treated with daily treatments of 405 nm LED light and 1% SSD
cream for up to 4 days. The surviving bacterial population was quantified through agar plating and colony-
forming unit quantification.
Results: Through a checkerboard assay, blue light and SSD demonstrated synergistic interactions. Against both
gram-negative and gram-positive pathogens, blue light significantly improved the antimicrobial response of
SSD within both phosphate-buffered saline and nutrient-rich conditions. Examination into the mechanisms
reveals that the neutralization of catalase significantly improves the ROS-producing capabilities of SSD at the
exterior of the bacterial cell, producing greater amounts of toxic ROS capable of exerting antimicrobial activity
against the pathogen. Additional experiments reveal that the incorporation of light improves the antimicrobial
performance of SSD within methicillin-resistant Staphylococcus aureus (MRSA)- and Pseudomonas aeruginosa
strain 1 (PAO-1)-infected murine abrasion wounds.
Conclusions: As an established, clinically used antibiotic, SSD can act as a suitable alternative to H2O2 in
synergizing with catalase-deactivating blue light, allowing for better translation of this technology to more
clinical settings and further implementation of this treatment to more complex animal models.
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Introduction

In recent decades, the proliferation of antibiotic resis-
tance has emerged as a ticking time bomb within the health

care community. Due to agricultural and medical overuse,
as well as slowing drug development, antibiotic resistance
has developed within a wide array of bacterial strains.1–3

The spread of resistance is estimated to not only increase the
mortality of infections but also induce severe economic

stress, increasing yearly global health care costs from $300
billion to more than $1 trillion by 2050.4–6 Given these
concerns, there is a need to develop alternative methods to
treat infections.

In the past few years, blue light phototherapy has emerged
as an exciting alternative to antibiotics due to its strong
antimicrobial capabilities against a wide variety of patho-
gens.7–9 Recent studies exploring the mechanisms of blue
light phototherapy have found that 405–410 nm light induces

1Department of Biomedical Engineering, Boston University, Boston, Massachusetts, USA.
2Photonics Center, Boston University, Boston, Massachusetts, USA.

Photobiomodulation, Photomedicine, and Laser Surgery
Volume 41, Number 2, 2023
ª Mary Ann Liebert, Inc.
Pp. 80–87
DOI: 10.1089/photob.2022.0107

80

D
ow

nl
oa

de
d 

by
 B

os
to

n 
U

ni
ve

rs
ity

 f
ro

m
 w

w
w

.li
eb

er
tp

ub
.c

om
 a

t 0
3/

08
/2

3.
 F

or
 p

er
so

na
l u

se
 o

nl
y.

 



the structural deactivation of catalase within both bacterial
and fungal species.10,11 Catalase, a commonly expressed
antioxidant enzyme found in aerobic organisms, is respon-
sible for converting the toxic reactive oxygen species (ROS)
hydrogen peroxide (H2O2) to water and oxygen.12 Com-
bining blue light with H2O2 was found to significantly im-
prove the antimicrobial effectiveness of H2O2 against
pathogens in both in vitro and in vivo conditions. Despite
this, H2O2 usage remains problematic, as H2O2 is not uti-
lized in clinical settings due to its extremely short half-life
and high potential oxygen production, rendering it unsuitable
for long-term treatments.13–15 Given these concerns, alterna-
tives to H2O2 are needed for potential clinical translation.

The antibiotic silver sulfadiazine (SSD) has emerged as
an ideal alternative to H2O2 for synergy with blue light.
As a Food and Drug Administration-approved antibiotic,
SSD is most often used for the treatment of infected burns
and wounds.16–18 SSD exerts its mechanism of action partly
through the binding of silver ions to amino, carboxyl, phos-
phate, imidazole, and thiol groups in proteins, triggering
protein denaturation and inactivation.19,20

However, this binding is believed to indirectly cause in-
tracellular ROS generation by disrupting proteins within
the bacterial respiratory chain.21 This ROS-generating
capability, alongside its clinical usage, makes SSD an ideal
compound to synergize with catalase deactivation. This
theoretical synergy can also potentially improve the overall
efficiency of the drug, helping minimize side effects such as
inhibited wound healing by improving bioburden clearance
and reducing the SSD application duration.22–24 Thus, we
hypothesize that light-induced catalase deactivation can
improve the efficiency of SSD within both in vitro and
in vivo environments.

Materials and Methods

Blue light source

Blue light was applied through a continuous wave 405 nm
light-emitting diode (LED) (M405L4; Thorlabs) focused
through a collimation adapter (SM2F32-A; Thorlabs). This
application of 405 nm light will henceforth be referred to as
CW-405. The CW-405 light beam was adjusted to obtain an
illumination zone of 1 cm2. Fluence was controlled via a
T-Cube LED Driver (LEDD1B; Thorlabs) and applied at a
constant 200 mW/cm2.

Bacterial strains

Wild-type Escherichia coli BW25113 and its catalase
negative mutant E. coli DkatGE were obtained through
Dr. Xilin Zhao of Rutgers University in New Brunswick,
New Jersey, USA. Methicillin-resistant Staphylococcus
aureus (MRSA) (USA300) and Pseudomonas aeruginosa
strain 1 (PAO-1) (ATCC 47085) were obtained through
Dr. Mohamed N. Seleem of Virginia Tech University in
Blacksburg, Virginia, USA.

SSD preparation

For in vitro studies, SSD salt (481181; Sigma–Aldrich)
was dissolved in diluted (0.7–1.4%) ammonium hydroxide
(NH4OH) (L13168; Alfa Aesar). For in vivo studies, topical
1% SSD cream (67877012450; Ascend) was used.

In vitro blue light catalase deactivation
and SSD treatment

Bacterial strains were cultured overnight in tryptic soy
broth (TSB) to stationary phase. The next day, bacteria was
resuspended and diluted in 1 · phosphate-buffered saline
(PBS) to an OD600 of 1.0. For light treatment, bacterial
aliquots were placed on a coverslip and exposed to
200 mW/cm2 of CW-405. For a checkerboard assay, 2 lL
droplets were treated for 0, 2.5, 5, 10, 20, and 40 min, di-
luted in 2 mL of TSB, and plated in a 96-well plate. Fol-
lowing this, SSD was diluted twofold from a concentration
of 64 lg/mL to concentrations of 32, 16, 8, and 4 lg/mL.
The assay was incubated at 37�C for 48 h before the OD600
was measured with a plate reader to identify the minimal
inhibitory concentration (MIC) of CW-405 and SSD alone
and in combination. Synergistic interactions were deter-
mined by calculating the fractional inhibitory concentration
index (FICI) defined by the following equation:25

MICComb
A

MICAlone
A

þ MICComb
B

MICAlone
B

¼ FICAþFICB¼FICI:

MICAlone refers to the MIC of isolated agents while
MICComb corresponds to the MIC of agents in combination.
For colony-forming unit (CFU) studies, 10 lL aliquots were
treated for 5 min (60 J/cm2). Once complete, the aliquot was
removed and diluted within 990 lL of either PBS or TSB.
Varying concentrations of SSD dissolved in around 1% of
NH4OH were then added to each dilution. To account for
the NH4OH within the SSD solution, equal amounts of low
concentration NH4OH were added to non-SSD-treated di-
lutions as well. Following the addition of SSD, samples
were incubated for up to 2 h within a 37�C incubator at an
RPM of 200. Once finished, samples were serially diluted
and plated onto tryptic soy agar plates. The resulting CFU
was then quantified.

Catalase rescue and salvaging

Overnight cultured PAO-1 and MRSA were subjected to
light treatment as described previously. Following treat-
ment, 100 lL of 1 mg/mL bovine catalase (C9322; Sigma–
Aldrich) was added to 900 lL of each suspension, adding
200–500 U of catalase to each solution. Next, 2 lg/mL of
SSD was added. The suspensions were incubated for 1 h at
37�C, plated, and quantified.

ROS detection and quantification

ROS production was quantified through a hydroxyl radi-
cal and peroxynitrite sensor (HPF) dye (H36004; Thermo
Fisher Scientific). Overnight cultured PAO-1 and MRSA
were treated to 60 J/cm2 of CW-405 and 2 lg/mL of SSD
in the process as described previously. Following SSD ad-
dition, 2 lM of HPF was added and suspensions were in-
cubated for 30 min at 37�C. Once complete, 100 lL of
suspension was transferred to a 96-well plate and fluores-
cence (n = 3) was quantified at an excitation/emission setting
of 490/515 nm. Background fluorescence was quantified by
adding 2 lM of HPF to PBS and incubating the solution in
37�C for 30 min. Measured fluorescence was normalized by
subtracting the background fluorescence.
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In vivo murine model

Murine abrasion wounds were generated following the
procedure established by Dong et al.10 Seven- to eight-
week-old BALB/c female mice (000651; Jackson Labora-
tory) were dorsally shaved and placed under isoflurane
anesthesia. 1 cm2 abrasion wounds were created by a No. 15
sterile scalpel. A 10 lL aliquot containing 106 CFU of log
phase MRSA or 108 CFU of log phase PAO-1 was applied
to the surface of each wound. Treatment began 2 h after
infection. For each bacteria tested, mice were separated into
four groups: untreated, light only, SSD only, and combi-
nation. Light treatment consisted of two 60 J/cm2 CW-405
treatments applied onto wounds with 5-min breaks between
treatments. A single light session would consist of 120 J/cm2

of exposure. For SSD treatment, 1% SSD cream was applied
directly to the wound surface. In the combination treatment
groups, mice would receive light treatment followed im-
mediately by SSD cream application.

For the MRSA wounds, the untreated, SSD only, and
combination groups consisted of n = 7 wounds, whereas the
light only group consisted of n = 5 wounds. The MRSA
groups were treated daily over 4 days for a total light dosage
of 480 J/cm2. Twenty-four hours after the last treatment,
MRSA-infected mice were euthanized and the wounds were
extracted, homogenized in 2 mL of PBS, and plated on
Staphylococcus aureus selective mannitol agar plates. For
the PAO-1 model, each group consisted of n = 4 wounds.
The PAO-1 groups were treated twice in the span of 24 h,
with 12-h breaks between sessions, totaling to a final dosage
of 240 J/cm2. Four hours after the last treatment, PAO-1-
infected mice were euthanized and wounds were removed,

homogenized, and plated on P. aeruginosa selective ce-
trimide agar plates. The resulting CFU was then quantified.

Statistical analysis

Student unpaired t-tests were used to conduct statistical
analysis via GraphPad PRISM version 9.0.0. Significance
(*) was set at p-values <0.05.

Study approval

Murine infected abrasion models were approved under
protocol PROTO201800535 by the Institutional Animal
Care and Use Committee (IACUC) at Boston University.

Results

Blue light and SSD exhibit synergistic response

To confirm synergy between blue light and SSD, a
checkerboard assay was performed on the model bacteria
E. coli BW25113 to identify the FICI in TSB (Fig. 1a). The
FICI can be used to determine the type of interactions be-
tween two agents, with synergistic interactions identified
though FICI values £0.5.26 E. coli was found to exhibit an
MIC of 480 J/cm2 for CW-405 and 32 lg/mL for SSD. In
contrast, the MICs of the agents in combination were found
to be 60 J/cm2 for CW-405 and 8 lg/mL for SSD. Based on
the FICI equation listed, these values correspond to an FICI
of 0.375, confirming the presence of synergy. To further
explore the capability of light to improve SSD performance,
the CFU of E. coli after light and SSD treatment was
evaluated. Following 1 h of incubation in PBS, both

FIG. 1. Combination of catalase-deactivating CW-405 and SSD results in synergistic interactions within model bacteria
organism Escherichia coli BW25113. (a) Checkerboard assay of E. coli exposed to varying dosages of CW-405 and SSD
within TSB. Treatment with 60 J/cm2 of CW-405 and 8 lg/mL SSD results in an FICI of 0.375. FICI values less than 0.5
indicate synergistic interactions. (b) CFU measurements of bacterial population indicate combination of light and SSD
resulted in complete eradication, further confirming the synergistic interactions. In contrast, light or SSD alone has little
impact on the overall CFU. *p < 0.05, #below detection limit. CFU, colony-forming unit; FICI, fractional inhibitory con-
centration index; SSD, silver sulfadiazine; TSB, tryptic soy broth.
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60 J/cm2 light and 2 lg/mL SSD reduced the CFU of E. coli
by less than 0.5 log. In contrast, the combination treatment
completely eradicated the E. coli population beyond the
detection limit (Fig. 1b).

Next, the treatment was evaluated on gram-negative
P. aeruginosa (PAO-1) and gram-positive MRSA. PAO-1
treated to either CW-405 or SSD (2 lg/mL) experienced a
less than 0.5 log CFU reduction, whereas the combination-
treated samples experienced complete eradication (Fig. 2a).
MRSA treated to either CW-405 or SSD (5 lg/mL) resulted
in a 0.5 log CFU reduction, whereas the combination
treatment also demonstrated full eradication (Fig. 2b).

Within more nutrient-rich environments, the combination
treatment conducted on bacteria incubated within TSB for
2 h was found to require higher SSD concentrations to
achieve an improved response. For PAO-1, CW-405 alone
induced a 1 log CFU reduction, whereas treatment with
20 lg/mL of SSD induced a 0.5 log reduction. The combi-
nation treatment of PAO-1 resulted in a 3 log CFU reduction
(Fig. 2c). For MRSA, treatment with CW-405 and 50 lg/mL
of SSD resulted in a 1 and 0.5 log CFU reduction, respec-
tively, identical to the PAO-1 results. However, the com-
bination treatment of MRSA was slightly more effective
with a log CFU reduction of 4 (Fig. 2d).

Mechanisms of blue light and SSD synergy

To investigate the mechanisms behind light and SSD
synergy, the role of catalase against SSD activity was ex-

plored. In wild-type E. coli, combination treatments of CW-
405 and SSD (1 lg/mL) induced a 1 log CFU reduction
compared with the light-treated samples (Fig. 3a). However,
the same treatment applied to the catalase-negative mu-
tant E. coli DkatGE resulted in no significant differences
between the light-treated mutant and the combination-
treated mutant (Fig. 3b). Additional experiments revealed
that the addition of exogenous catalase completely neu-
tralized the effectiveness of the combination treatment
in both PAO-1 and MRSA. For PAO-1, the combina-
tion treatment alone resulted in the complete eradica-
tion of PAO-1, whereas the addition of catalase was
found to slightly increase the CFU by less than 0.5 log
(Fig. 3c).

For MRSA, while the combination treatment alone re-
sulted in a 2 log CFU reduction, the addition of cata-
lase resulted in no differences between the light- and
combination-treated samples (Fig. 3d). These results indi-
cate that increased ROS presence contributes to the in-
creased antimicrobial activity of SSD, which exogenous
catalase can neutralize. To confirm this, ROS levels were
measured through an ROS-detecting HPF dye. In PAO-1,
individual treatments of CW-405 and SSD increased HPF
fluorescence by a factor of 13.7 and 3.4, respectively. In
comparison, the combination treatment increased fluores-
cence by a factor of 27.7 (Fig. 3e). For MRSA, both CW-
405 and SSD individually increased fluorescence by a factor
of 1.5, whereas the combination treatment increased fluo-
rescence by a factor of 4.6 (Fig. 3f).

FIG. 2. CFU measurements of
CW-405 (60 J/cm2)-treated (a)
Pseudomonas aeruginosa (PAO-1),
and (b) MRSA following incuba-
tion with SSD in PBS. Light or
SSD alone has little impact on
overall CFU, whereas the combi-
nation of the two agents results in
complete eradication. In nutrient-
rich conditions, CFU measurements
of CW-405 (60 J/cm2)-treated (c)
P. aeruginosa (PAO-1), and (d)
MRSA following incubation with
SSD in TSB indicate that while
higher dosages of SSD are re-
quired, improved performance with
CW-405 still occurs. ****p < 0.0001,
**p < 0.01, *p < 0.05, #below de-
tection limit. MRSA, methicillin-
resistant Staphylococcus aureus;
PAO-1, Pseudomonas aeruginosa
strain 1; PBS, phosphate-buffered
saline.
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In vivo murine model

A murine infected abrasion model was used to deter-
mine the effectiveness of blue light and SSD within in vivo
conditions. Infected wounds (Fig. 4a) were fully covered
with SSD to maximize exposure (Fig. 4b). CFU counts of
MRSA wounds (Fig. 4c) indicate that while the light treat-
ment alone had no significant effect on the bioburden of the
MRSA wounds, SSD-treated MRSA wounds saw a near
fourfold increase in bioburden. Despite this, the combina-
tion treatment resulted in an 85% decrease in MRSA bio-
burden (Fig. 4d). For PAO-1-infected wounds, CFU
measurements (Fig. 4e) indicated that individual CW-405 or
SSD treatment had no significant effect on the bioburden.
Combination-treated wounds, however, experienced a 98%
reduction in CFU bioburden, constituting a significant im-
provement in effectiveness (Fig. 4f).

Discussion

Based on their FICI, the combination of catalase-
deactivating blue light and SSD exhibited strong synergistic
interactions. The effectiveness of this treatment was further
validated by the complete eradication of multiple bacterial
strains within PBS upon treatment with both light and low
dosage SSD. In comparison, the individual treatments of
light or SSD exerted minimal impact on the bacteria, at most
exerting a CFU log reduction of 0.5. These observed inter-
actions between CW-405 and SSD behaved identically to
the synergy observed between light and H2O2, indicating
that SSD can act as a viable alternative to H2O2.10

Like H2O2, catalase deactivation allowed for bacterial
eradication through SSD at sub-MIC concentrations, with
P. aeruginosa reported to have an MIC range of 16–32lg/mL
while MRSA strains have a range of 64–128 lg/mL.27

FIG. 3. Mechanisms of CW-405
and SSD synergy. The combination
of CW-405 (60 J/cm2) and low
concentration SSD results in (a) a 1
log reduction in wild-type Escher-
ichia coli but (b) no significant re-
duction in catalase-negative E. coli
DkatGE mutants. Further investi-
gation in the possible role of cata-
lase in the synergy reveals that the
addition of exogenous bovine cat-
alase completely neutralizes the
synergistic effects of CW-405 and
SSD in both (c) PAO-1 and (d)
MRSA. The impact of catalase
deactivation on the ROS produc-
tion of SSD was further explored
through an ROS-detecting HPF
dye. When applying the combina-
tion treatment to (e) PAO-1 and (f)
MRSA, HPF dye reveals significant
increases in ROS fluorescence for
the combination-treated samples.
****p < 0.0001, *p < 0.05, ns, no
significance, #below detection lim-
it. HPF, hydroxyl radical and per-
oxynitrite sensor; ROS, reactive
oxygen species.
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Even within nutrient-rich environments, the improved effi-
ciency of SSD by CW-405 was found to remain, although
requiring higher concentrations of SSD. The greater SSD
dosage needed to achieve improved efficiency can be at-
tributed to the active metabolism of bacteria within the
media, as exposure to sublethal ROS sources would trig-
ger the overexpression of oxidative stress defense genes in
response.28–30 Despite this, CW-405 incorporation signifi-
cantly improves the performance of SSD by 3–4 log com-
pared with the antibiotic alone.

The fact that light had no impact on the SSD activity in
catalase-negative E. coli mutants indicates that it is the
specific removal of catalase that contributes to the synergy

between light and SSD. This is supported by the complete
neutralization of the combination treatment observed by
the addition of exogenous bovine catalase, which not only
demonstrates the importance catalase plays as a defense
mechanism against SSD but also indicates that the intra-
cellular ROS produced indirectly by SSD can diffuse out of
the cell into the exterior environment.21

Without catalase presence, the intracellular ROS pro-
duced by light- and SSD-treated cells are likely increas-
ing ROS levels within the bacterial environment, further
propagating oxidative damage to surrounding cells. This
increased ROS concentration caused by catalase removal
is supported by the higher ROS levels detected within

FIG. 4. MRSA- and PAO-1-infected murine abrasion wound models were used to evaluate the effectiveness of blue light
and SSD combination treatment. (a) 1 cm2 abrasion wounds were generated on the dorsal flanks of BALB/c mice and
infected with bacterial loads. (b) When applying 1% SSD cream to infected wounds, it was ensured that the wound would be
covered by the SSD cream. MRSA-infected wounds treated with daily application sessions of CW-405 (120 J/cm2) and 1%
SSD cream for 4 days were (c) quantified via CFU plating on mannitol salt agar and (d) found to exhibit minor average
improvement from the combination treatment in comparison to the untreated wounds. In PAO-1-infected wounds, wounds
treated with CW-405 (120 J/cm2) and SSD cream twice in 24 h and (e) plated on cetrimide agar were (f) found to improve
the efficacy of PAO-1 significantly, with a near 2 log reduction in CFU population observed from the untreated group. In
both murine models, SSD alone was found to be either ineffective in the case of PAO-1-infected wounds or beneficial to
bacterial growth in the case of MRSA-infected wounds. **p < 0.01, *p < 0.05.
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combination-treated bacteria. For PAO-1 and MRSA, the
combination treatment fluorescence increased 62% and 53%
over the added individual fluorescence of CW-405 and SSD,
respectively. The increased ROS availability caused by the
absence of catalase would provide more opportunities for
the ROS to exert their antimicrobial activity on the cell,
therefore increasing the efficiency of SSD following expo-
sure to light.

Interestingly, the MRSA HPF fluorescence was found to
be significantly lower than the PAO-1 fluorescence. The
lower fluorescence is likely caused by the presence of ad-
ditional antioxidants such as the membrane-bound staphy-
loxanthin pigment in MRSA neutralizing the ROS before
they can react with HPF.31,32 This pigment also likely
contributes to the higher SSD resistance observed in MRSA.

While light and SSD exhibited clear synergy within an
in vitro environment, in vivo studies showed promising re-
sults as well. Combination treatment in both MRSA- and
PAO-1-infected wounds significantly enhanced the antimi-
crobial activity of SSD and achieved significant bioburden
reduction compared with their untreated counterparts. In
contrast, individual light treatments did not significantly
differentiate from untreated samples for both bacterial
models. While SSD only treatment had no effect on PAO-1-
infected wounds, MRSA wounds treated with SSD alone
were observed to experience a 401.1% increase in bio-
burden. This increase in MRSA population can likely be
attributed to a combination of factors, such as the tendency
for mice to lick their own or other mice’s back in response
to cream application.33 Such interference would signifi-
cantly reduce the SSD concentration available on the wound
and lead to subinhibitory dosages, resulting in potential
growth driven by the hormetic effects of subinhibitory an-
tibiotic concentrations.34,35

Regardless, infected wounds exhibited greater vulner-
ability to combination treatment, with PAO-1 infections
demonstrating greater sensitivity to the treatment, achieving
a near 2 log CFU reduction compared with the less than 1
log CFU reduction observed in MRSA. The sensitivity of
PAO-1 to the combination treatment suggests that cata-
lase deactivation may provide a way of resensitizing SSD-
resistant P. aeruginosa to the drug, reviving the usage of
the drug against previously resistant strains.36,37 In addition,
the increased effectiveness of SSD with light can allow for
lower dosages and durations of SSD to be used against in-
fected wounds, further minimizing potential side effects
such as wound healing inhibition.22 The effectiveness of this
treatment can also provide a strong foundation for additional
studies examining the effectiveness of this treatment on
other types of infected wounds, such as chronic wounds or
diabetic ulcers.38,39

Conclusions

Overall, by combining catalase-deactivating blue light
with SSD, we have established a nondrug-reliant method of
sensitizing pathogens to an established clinical antibiotic.
The improved effectiveness of SSD with CW-405 was found
within a broad spectrum of pathogens in both PBS and
nutrient-rich conditions. Application of CW-405 and SSD
was also found to be effective within in vivo environments,
providing a foundation for the incorporation of light into

traditional treatments. By establishing SSD as a viable al-
ternative to H2O2 in blue light synergy, we can provide a
potential direction for the development of new antimicrobial
agents that could be created to specifically synergize with
light-induced catalase deactivation.
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