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ABSTRACT: Antimicrobial photodynamic inactivation represents a promising
and potentially greener alternative to conventional antimicrobials, and a solution
for multidrug-resistant strains. The current study reports the development and
characterization of tetra-substituted diazirine porphyrin covalently bonded to
polyethylene terephthalate (PET) and its use as an antimicrobial surface. The
diazirine moiety on the porphyrin was activated using a temperature of 120 °C,
which initiated a C−H insertion mechanism that irreversibly functionalized the
PET surface. Activation of the surface with white LED light in phosphate-buffered
saline (PBS) led to singlet oxygen generation, which was detected via the
degradation of 9,10-anthracenediylbis(methylene)dimalonic acid (ADMA) over
time. The bactericidal effect of the 1O2-producing surface against Staphylococcus
aureus was determined qualitatively and quantitatively. The growth of the
pathogen beneath porphyrin-functionalized PET coupons was reduced; moreover,
the PET coupons resulted in a 1.76-log reduction in cell counts after exposure to white LED light for 6 h. This is a promising
material and platform for the development of safer antimicrobial surfaces, with applications in healthcare, food packaging, marine
surfaces, and other surfaces in the environment.

1. INTRODUCTION
Unwanted growth of microorganisms, including bacteria and
other potential pathogens, poses a risk to human health due to
the variety of infections and diseases they can cause.1 The
growth of pathogenic microorganisms is a global problem in a
variety of sectors, including drinking water disinfection,
medical settings, and the food industry.2−5 Current tech-
nologies used to combat the issue of bacterial growth include
the use of environmentally persistent halogenated cleaners and
chlorination technologies that create harmful disinfection
byproducts in water treatment.2,5 Throughout the COVID-
19 pandemic, an increase in the disinfection of indoor and
outdoor spaces using chlorine or chlorinated disinfectants has
resulted in an increase in chlorine concentration in some lakes
in China, highlighting the far-reaching environmental impacts
of consumer choices of household and industrial cleaners.6

Another growing concern is the contribution of chlorinated
cleaning agents to antibiotic resistance in bacteria.7 Globally,
700 000 deaths occur due to drug-resistant infections, a
number that is expected to increase to 10 million by 2050 in
the absence of effective alternatives.8 The ability of resistant
microorganisms to survive on different surfaces facilitates their
spread, resulting in hospital-acquired infections (HAI) and
foodborne diseases.9,10 One approach that is being explored is
the investigation of the antimicrobial properties of plants that

have been traditionally used and prepared by the Indigenous
peoples to treat skin infections.11 Another approach is the
development of functionalized antimicrobial surfaces, which
have the potential to significantly reduce infections and
microbial dissemination and alleviate the problem of
discharging antimicrobials into waterways.12−14 Several
approaches involve the design of modified or engineered
surfaces. One of the most common strategies is the chemical
modification of surfaces through coating or immobilizing
photoactive antimicrobials on the polymeric matrix (e.g.,
nanoparticles, nanofibers, films, and silicon dioxide).15 For
instance, photosensitizers such as rose bengal and methylene
blue immobilized on either thin polymeric films of polystyrene
or silicon tablets showed great ability to inactivate bacteria.16,17

Boron-dipyrromethane (BODIPY) derivatives coated on
polylact ic acid or covalent ly attached to poly-
(dimethylsiloxane) kill microbes and eradicate biofilms.18,19
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Recent work on cationic polylysine chains grafted on tannic
acid showed a switch in antibacterial proprieties and the release
of fouling based on pH.13 Numerous porphyrin derivatives are
widely used for the functionalization of materials, as they
induce a powerful antimicrobial effect.20−23

Functionalizing surfaces using agents with a nonspecific
mechanism for microbial inactivation avoids putting selective
evolutionary pressure on organisms.24 A particularly promising
method for producing nonspecific antimicrobial activity is the
use of photosensitizers to produce singlet oxygen in the
presence of light.25 The singlet oxygen disrupts the cell
membrane in a nonselective manner and does not trigger an
oxidative stress response, meaning bacteria are not likely to
develop a resistance to singlet oxygen.24,26 At this point, it is
debatable whether or not a resistance to singlet oxygen can be
developed, but photodynamic inactivation has demonstrated
success as an antimicrobial approach.27,28 There is precedent
for using cationic porphyrin molecules, a known group of
photosensitizers, in antimicrobial materials.24,26,29−38 Different
physical methods have been applied to incorporate porphyrins
and other photosensitizers into surfaces.26,39−42 Building on
previous work by Spontak, where a zinc porphyrin embedded
within a polymer effectively inactivated both Gram-negative
and Gram-positive bacteria,26 we designed a zinc porphyrin
molecule 1, zinc(II) 5,10,15,20-tetrakis((N-4-[3-(trifluoro-
methyl)-3H-diazirin-3-yl]benzyl)-4-pyridyl)-21H,23H-por-
phine tetrabromide, that could be covalently attached to
carbon-based polymers (Figure 1). This was achieved through
a C−H insertion mechanism wherein diazirine moieties lose
dinitrogen after thermal-, photo-, or electro-activation and
form a carbon−carbon bond with the substrate. The use of
diazirine-based molecules as cross-linkers of aliphatic polymer
materials was previously reported by our group.43,44 Chemical
approaches based on the formation of covalent bonds between
a photosensitizer and the surface can increase the stability of
the material.39 Additionally, since the porphyrin is covalently

attached to a surface, the molecule is prevented from leaching
into the environment, meaning that bioaccumulation will not
be a concern and it will not be necessary to develop a method
for the removal of the molecule. Recently, the use of a tetra-
substituted diazirine porphyrin covalently bonded to non-
woven melt-blown polypropylene textiles was demonstrated by
our group to be efficient for virus inactivation.45 Here, we
explore the use of the diazirine photosensitizer for greener and
potentially more effective prevention and treatment of bacteria
on polyethylene terephthalate (PET).

2. RESULTS AND DISCUSSION
2.1. Porphyrin and PET. In this study, 1 was cross-linked

to PET via a thermally triggered C−H insertion at ∼120 °C.
PET was chosen for its thermal stability (melting point of 260
°C).46 Compound 2 was previously demonstrated to be a
photoactivated antimicrobial compound,26 while molecule 1
was recently reported to successfully inactivate influenza A in
our collaborative work.45

2.2. Control Experiment. A cross-linking control experi-
ment was performed to further support the porphyrin being
cross-linked to the surface (Figure 2).
For the cross-linking control experiment, one of the chosen

controls was 2 spin-coated onto a circular PET coupon.
Because 2 has no diazirine cross-linker, it should not stay
attached to the surface upon rinsing after being heated at 120
°C. The other control was to spin-coat a coupon with 1 but
not heat it to 120 °C, thus not activating the diazirine. In the
same way as porphyrin 2, 1 should not stay on the surface
upon rinsing if no heat is applied. After rinsing, both controls
and a blank were visually compared to a coupon prepared by
the standard procedure described in section 4.3. In Figure 2, all
the coupons on the right have been rinsed, while all the
coupons on the left have not been rinsed. The 2-treated
coupon that was not rinsed was green in color, but was
completely clear and looked the same as the blank coupons

Figure 1. Molecule 1, zinc(II) 5,10,15,20-tetrakis((N-4-[3-(trifluoromethyl)-3H-diazirin-3-yl]benzyl)-4-pyridyl)-21H,23H-porphine tetrabromide,
has four possible sites of attachment and can be used to produce singlet oxygen in the presence of light. Molecule 2, zinc(II) 5,10,15,20-tetrakis(N-
methyl-4-pyridyl)-21H,23H-porphine tetraiodide, was used as a control in the cross-linking experiment (section 4.4).
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after being rinsed. Similarly, a representative coupon treated
with 1 without the thermal activation of the diazirine groups
had a green tinge before it was rinsed, but it was also clear and
colorless, and looked the same as the blank coupons after
rinsing. When 1 was used and treated with heat, the samples
before and after rinsing looked the same, and both had a dark
green tinge. This suggests that when a porphyrin with a
diazirine is used and heat-treated it does cross-link and does
not just become embedded within the surface. If the heat was
causing the porphyrin to embed itself within the surface, then 2
would have also remained on the surface after being rinsed.
This experiment also shows that heat is required to activate the

diazirine, otherwise the non-heat-treated 1 would have been
attached to the surface.
2.3. Singlet Oxygen Detection. 9,10-Anthracenediylbis-

(methylene)dimalonic acid (ADMA) was chosen as a water-
soluble, relatively inexpensive indicator for the selective
detection of singlet oxygen.47 It reacts with singlet oxygen to
form a colorless product and does not react with other reactive
oxygen species.47,48 Since the focus of this work is microbial
growth prevention via the reaction with singlet oxygen and not
other reactive oxygen species, the chosen detector molecule
needed to selectively react with singlet oxygen.47 ADMA was
used in previous work as a detector molecule for singlet oxygen
produced via the visible-light irradiation of cationic porphyrin
molecules.48

Figure 3 shows the time series of the absorbance spectra of
ADMA solutions exposed to cross-linked 1 in the presence of
visible light. The decrease in intensity corresponds to a
reduction in the ADMA concentration over the first 24 h,
indicating the reaction of ADMA with singlet oxygen. The first
noticeable decrease in concentration of ADMA was observed
at 15 min, and after 5 h there appeared to be no remaining
ADMA.
Using the absorption at 379 nm, ADMA concentrations

were compared over 5 h in the presence and absence of both
light and porphyrin (Figure 4). The concentration of ADMA is
relatively consistent over the 5 h time period for all the
experiments except the reaction with ADMA in the light with
porphyrin, which fully reacts within 5 h. This further supports
that ADMA is degraded as the result of the release of singlet
oxygen into the solution as opposed to the porphyrin or the
light having an individual effect.
2.4. Antimicrobial Photodynamic Inactivation of S.

aureus. The current study assessed the bactericidal effect of
the cross-linked porphyrin surface against S. aureus, a Gram-
positive pathogen that is responsible for foodborne illnesses
and nosocomial infections.49 The appearance of multidrug-
resistant staphylococcal strains has rendered their treatment
more challenging.50

Figure 2. Images from the cross-linking control experiment. The PET
coupons in row A had no treatment, the PET coupons in row B were
coated with 2 and heated overnight, the PET coupons in row C were
coated with 1 and left at room temperature overnight, and the PET
coupons in row D were treated as described in section 4.3.
Photograph courtesy of G.M.O.T. Copyright 2022.

Figure 3. Normalized absorbance measurements of ADMA after being in a PBS solution with PET coupons functionalized with porphyrin 1 for
different amounts of time, as described in section 4.5. The initial concentration of ADMA was 0.18 mg/mL. Each replicate was normalized using
the maximum absorbance value at λ = 379 nm from the “initial” data set. The absorbance of each solution was measured from 300 to 500 nm at 1
nm intervals.
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The antibacterial effect against a S. aureus strain was assessed
quantitatively by determining cell counts and qualitatively by
checking the inhibition of bacterial cell growth beneath the
surface after irradiation with a white LED light for 6 h (Figure
5). The difference between bacterial cell counts between the
light and dark controls was not statistically significant,
indicating that neither light alone nor porphyrin alone
inhibited bacterial growth. On the other hand, the growth of
S. aureus in the coated wells of the light plate was significantly
reduced, resulting in an approximately 1.76-log reduction
(percentage inhibition equivalent to 97.5%).
These results lie within the typical range of inhibition of S.

aureus growth reported in previous studies that used various
materials or surfaces coated with porphyrin photosensitizers. In
2003, Bozja et al. reported the ability of porphyrin-based

antimicrobial nylon fibers to inhibit S. aureus by 45−95% after
exposure to different intensities (10 000 to 60 000 lx) of
incandescent light.51 In 2009, Ringot et al. grafted mesoaryl
porphyrin onto cotton fabrics.52 Only 5% of the bacterial cells
in the modified cotton fabric survived being irradiated with
white light for 24 h. Similarly, coating cotton fabrics with
cationic, anionic, and neutral charged porphyrins inhibited S.
aureus growth by 100%, 37%, and 93.7%, respectively.52,53 In
2013, Mbakidi et al. developed porphyrin-coated cellulose
papers that resulted in total inhibition after 24 h of
irradiation.54

Peddinti et al. 2018 developed thermoplastic elastomer films
containing zinc tetra(4-N-methylpyridyl) porphyrin. Irradiat-
ing the coatings for 60 min resulted in percentage inhibitions

Figure 4. Comparison of the ADMA concentration over time under various conditions. The initial concentration of ADMA was 0.18 mg/mL.
Concentrations were calculated for each time point using the absorbance maximum at λ = 379 nm. The concentrations from each experiment were
normalized using the initial concentration, and the average (from triplicate measurements) of the concentration for each time point was used. Error
bars represent the standard deviation.

Figure 5. Bactericidal effect of the cross-linked porphyrin surfaces of (a) coated coupons and (b) uncoated coupons, as demonstrated by the
reduced S. aureus growth beneath the surface, after irradiation with LED light at fluence (26 400 ± 200 lx) for 6 h. The black squares sketched on
the covers indicate the positioning of the treated or untreated coupons. Photograph courtesy of F.S. Copyright 2022.
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equivalent to 99.89% and 99.95% against five different bacterial
strains and two viruses.26

Previous studies also reported the application of other
photosensitizers (methylene blue, toluidine blue, rose bengal,
curcumin, quecetin, chlorophyllins, and phenothiazinium) as
coatings for different materials. These coatings, which were
assessed against S. aureus, resulted in 0.35−5-log reductions or
percentage inhibitions that ranged from 65% to 99.9% under
different illumination conditions.9,31,55−58

The antibacterial effect of the coated coupons was also
investigated on tryptone soya agar (TSA) plates inoculated
with S. aureus. The bactericidal effect was determined by
comparing the bacterial growth beneath the coated coupons in
the “light” plate to that in the “light” and “dark” controls. No
inhibition was observed beneath the control coupons in the
“light” and “dark” plate. However, the growth beneath the
cross-linked porphyrin surface in the light plate was reduced or
inhibited when compared to that in the controls (Figure 6).

Similarly, in 2013 and 2015, Merchan et al. and Aluigi et al.
demonstrated the ability of porphyrin composite films and
methylene blue-doped wool keratin to inhibit S. aureus growth
being treated with light for 24 h and 75 min, respectively.57,59

In 2013, Mbakidi et al. reported that the insoluble nature of
the photosensitizer in their work resulted in the formation of
reactive oxygen species on the surface of the material.54 Their
diffusion and consequent interaction with target cells damaged
the cell envelope. The bactericidal effect of the porphyrin
surface can be attributed to the porphyrin-generated singlet
oxygen, which can diffuse readily through the relatively porous
peptidoglycan layer of Gram-positive bacteria, such as S.
aureus, and attack (unspecific) vital targets.12,52

The degradation of ADMA over time in the presence of
cross-linked porphyrin in light supports singlet oxygen
production (Figure 4). This chemical assay confirms that the
1.76-log reduction (percentage inhibition equivalent to 97.5%)
that occurs only when a porphyrin-functionalized surface is
irradiated with visible light (Figure 6) can be attributed to the
presence of singlet oxygen in the antibacterial assay of S.
aureus. This antibacterial effect that occurs for a covalently
tethered porphyrin has implications for materials that require
long-term stability, which is not possible for a conventional
surface coating. It also indicates the capacity to impart similar
antimicrobial properties to any polymeric material due to the
unique reactivity of the diazirine functionality. Based on these

results, this method could lead to a novel method of bacterial
growth prevention via the covalent attachment of photo-
dynamic molecules through a diazirine moiety.

3. CONCLUSION
A tetrasubstituted diazirine porphyrin was covalently cross-
linked to a PET surface. Through use of ADMA as a detector
molecule, singlet oxygen production was confirmed in the
presence of the covalently bonded porphyrin and visible LED
light. A 1.76-log reduction (97% inhibition) of S. aureus after 6
h of irradiation with white LED light was also detected via an
antibacterial photodynamic inactivation assay. The confirma-
tion from the ADMA of the presence of singlet oxygen
supports the assertion that singlet oxygen is responsible for
inactivating S. aureus.
This method is a novel way to prevent the growth of bacteria

on surfaces through the covalent attachment of antimicrobial
molecules. Light activation means the tethered molecules need
not be inherently toxic, providing access to potential
applications in food packaging, hospital settings, and marine
and freshwater contexts. To achieve these applications, next
steps include assessing the existing materials with other
bacterial species and developing a robust library of diazirine-
functionalized antimicrobial molecules appropriate for attach-
ment to diverse materials.

4. METHODS
4.1. Materials. All chemicals were used as received. PET

(thickness of 0.254 mm) was purchased from McMaster Carr
(8567K92). PET was cut into circular (diameter of 15.6 mm)
and square (15.6 × 15.6 mm) coupons. Polystyrene treated 24-
well cell culture plates were purchased from VWR (10062-
896). ADMA (307554-62-7, ≥ 90%) was purchased from
Sigma-Aldrich. Phosphate-buffered saline (PBS) (1×) and
methanol (67-56-1, 99%) were purchased from Fischer
Scientific (20012043). Luria−Bertani (LB) broth was
purchased from Fisher Bioreagents, and tryptone soya agar
(TSA) was purchased from Oxoid. A wireless light sensor
(701-999, PS-3212) was purchased from PASCO. Absorbance
measurements of ADMA were acquired using a Biotek
Cytation 5-plate reader. Fluorescence, emission, and absorb-
ance spectra of porphyrin-functionalized PET were acquired
using a SpectraMax M5 Multi-Mode Microplate Reader. The
synthesis of porphyrin 1 is described in the Supporting
Information.
4.2. Light Source and Irradiation Parameters. Unless

otherwise indicated, the antimicrobial photodynamic inactiva-
tion experiments were performed by exposing the plates to
white LED light (75 W, 1800 lm, Satco) for 6 h. The light dose
was 59.37 J/cm2, and the light was approximately 35 cm away
from the plate. Singlet oxygen detection experiments were
performed using the same light 27 cm away from the 24-well
plate, and the light doses were measured as 411.3, 822.6,
1645.2, 3290.4, 4935.6, 8226.0, and 39 484.8 J/cm2 across the
plate for the time points of 15 min, 30 min, 1 h, 2 h, 3 h, 5 h,
and 24 h, respectively. The light dose was measured using a
PASCO light sensor.
4.3. Cross-Linking Porphyrin 1 to Circular and Square

PET Coupons. The combined mass of all the coupons was
measured at each step to estimate the mass of cross-linked
porphyrin on each coupon. A batch of 16 PET coupons
(circular or square) were cleaned by submerging them in

Figure 6. Bactericidal effect of the cross-linked porphyrin surface
against S. aureus, expressed in log reduction, after irradiation with
LED light at 26 400 ± 200 lx for 6 h. Error bars represent the standard
deviation.
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methanol for at least 5 min and wiped with Kimwipes before
being placed in an oven at 120 °C for 20 min to ensure they
were dry. A solution of 1 and methanol was prepared (10 mg/
mL). A spin-coater (MTI; VTC-50A) was used to spin-cast a
20 μL aliquot of the porphyrin solution onto each PET coupon
at a speed of 10 000 rpm for 30 s. The coupons were allowed
to air-dry for at least 20 min before they were placed in the
oven at 120 °C for 18−24 h to allow the cross-linking reaction
to take place. Excess 1 was removed from the coupons by
rinsing them with methanol and wiping them with Kimwipes.
The coupons were dried in the oven at 120 °C for at least 20
min. The coupons were kept in aluminum foil as much as
possible throughout the process and stored in the dark until
they were used during experiments to control and be
consistent with the amount of light the coupons were exposed
to. If a double-coated coupon was required, the procedure was
repeated, and the masses were added at the end to determine
the approximate amount on each coupon. Each single-coated
circular coupon had ∼0.43 mg of porphyrin 1 for antimicrobial
experiments (section 4.7) and ∼0.12 mg of porphyrin 1 for
singlet oxygen detection (Section 4.5). Each square coupon
had ∼0.32 mg of porphyrin 1. The method used to determine
the amount of porphyrin on each coupon can be found in
Supporting Information.
4.4. Cross-Linking Control Experiment. For the control

experiment, eight circular PET coupons were used. As seen in
Figure 2, the coupons in row A had no treatment, the coupons
in row B were treated with porphyrin 2 (containing no
diazirine groups capable of engaging in C−H insertion) and
120 °C heat, the coupons in row C was spin coated with 1
without heating, and the coupons in row D were treated as
described in section 4.3. The photograph in Figure 2 was
captured after half of the coupons were rinsed after 24 h under
the indicated conditions. Further characterization of the
functionalized PET can be found in the Supporting
Information.
4.5. Characterization of PET Coupons. Characterization

of the PET coupons included absorption spectrscopy (Figure
7a), fluorescence emission spectroscopy (Figure 7b), infrared
(IR) spectroscopy (Figure S4), and scanning electron
microscopy (SEM) (Figure S5).26 The coupons were prepared
as described in section 4.3.
4.6. Singlet Oxygen Detection. Two stock solutions

were prepared for the experiment. Circular coupons cross-
linked with 1, as described in section 4.3, had an average
amount of ∼0.12 mg of 1 per coupon. One stock solution was
PBS buffer, and the other stock solution was 0.18 mg/mL

ADMA in PBS; sonication was used to ensure that the ADMA
was fully dissolved. Two 24-well plates were used for each
assay; one plate was wrapped in aluminum foil and reacted in
the absence of light, and the other plate reacted in the light, as
described in section 4.2.
Counting back from 24 h such that all experiments finished

at the same time, a porphyrin−functionalized PET coupon was
added to one well on each plate, and a blank circular coupon
was added to another. To each well were added 200 μL of PBS
and 200 μL of the ADMA solution for a total of 400 μL of
solution in each well. The time points were set up as follows:
24 h, 5 h, 3 h, 2 h, 1 h, 30 min, 15 min, and 0 min. At the end
of the assay, 100 μL aliquots of each sample were transferred to
96-well plates. Absorbance measurements were taken in the
range of 300−500 nm using a Biotek Cytation 5 instrument.
The experiment was performed in triplicate.
4.7. Antimicrobial Photodynamic Inactivation of S.

aureus. S. aureus subsp. aureus (ATCC 6538P) was kindly
provided by the Department of Biochemistry and Micro-
biology at University of Victoria. The strains were preserved in
glycerol stocks (15%) and stored at −80 °C. Unless otherwise
indicated, an overnight seed culture of S. aureus, cultured in LB
broth, was diluted 1000-fold, which resulted in a bacterial
suspension with a concentration of ∼105 CFU/mL. The
standardized suspensions were used in the photoinactivation
assays. The photoinactivation assays were performed as
previously reported with minor modifications.57,59

The antibacterial effect of the cross-linked porphyrin was
determined quantitatively by performing cell counts. PET
coupons, which were modified as described in Section 4.3,
were added to the bottom of wells in each of two 24-well
microtiter plates (MTP), soaked in 96% ethanol, and left to
dry under aseptic conditions. The wells were inoculated with
400 μL of the standardized bacterial suspension. One “light”
plate was irradiated as mentioned in the previous section, and
the other “dark” plate was wrapped with aluminum foil. In the
absence of the cross-linked porphyrin, the effect of light was
determined by inoculating unmodified wells on each plate with
bacterial cells. After irradiation, the content of each well was
serially diluted and plated on TSA. The colony-forming units
were counted after overnight incubation. The experiment
included two wells and was performed in triplicate. The results
were calculated as the logarithmic reduction of the bacterial
count (CFU/mL).
The qualitative determination of the porphyrin-function-

alized circular coupons was performed by inoculating two TSA
agar plates with 100 μL of the prepared bacterial suspension

Figure 7. (a) UV−visible spectrum of porphyrin-functionalized PET. The maximum absorbance wavelength was determined to be λmax = 459 nm.
(b) Fluorescence emission spectrum of the porphyrin-functionalized PET. The maximum emission wavelength was determined to be λem = 640 nm.
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using a sterile L-rod. Cross-linked porphyrin coupons and non-
cross-linked sterile (PET) coupons (prepared as described in
section 4.3) were placed on each inoculated TSA plate. The
functionalized side was in direct contact with the inoculated
agar plate surface. One plate was irradiated as mentioned in the
previous section, while the other plate was wrapped with
aluminum foil. After irradiation, the coupons were removed,
and the plates were incubated at 37 °C. The antibacterial effect
of the cross-linked porphyrin was determined after overnight
incubation by checking for the presence of bacterial cells
beneath the coupons.
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