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ABSTRACT: Developing greener alternatives for harmful conventional
cleaning agents is an important focus for preventing negative impacts on
both the environment and human health. One potential alternative of
interest is photodynamic inactivation (PDI), where a photosensitizing
molecule is used to generate singlet oxygen (1O2) and other reactive
oxygen species (ROS). ROS, 1O2 in particular, are known to react with
cellular membranes of bacteria, resulting in cellular death. Porphyrinoids
are one of these known light sensitizing species. In this work, zinc(II)
5,10,15,20-tetrakis((N-4-[3-(trifluoromethyl)-3H-diazirin-3-yl]benzyl)-4-
pyridyl)-21H,23H-porphine tetrabromide is covalently attached to poly-
ethylene terephthalate (PET) via thermal activation of a diazirine to
initiate a C−H insertion. With the porphyrin now covalently bonded to
the PET, the functionalized PET was assessed at a range of light intensities
on its ability to generate 1O2 and for antimicrobial activity against Escherichia coli; the results were found to be correlated. Because
photobleaching and resultant loss of activity are one of the weaknesses of PDI, the material was further assessed for its ability to
withstand various photobleaching conditions. The photobleaching conditions assessed were high intensity light in dry and
underwater conditions and ambient light, along with a set of dark controls. Results indicate that after 2 weeks of high intensity
irradiation, the material still mediates singlet oxygen generation, albeit less efficiently. This shows promise for the use of this
approach as an alternative to conventional cleaning agents.
KEYWORDS: antimicrobial, photodynamic inactivation, porphyrin, diazirine, durability

1. INTRODUCTION
Bacterial growth on surfaces is becoming more concerning due
to the various diseases and infections that bacteria can cause,
and as bacterial resistance becomes more prevalent.1−4 The
diseases that can be caused by bacteria include, but are not
limited to, blood infections, scarlet fever, tuberculosis, and
typhoid fever.1,3 Bacterial spread on surfaces is particularly
serious in hospitals due to the combination of a vulnerable
population present and an environment containing additional
bacteria present from the people who are infected or ill; this
leads to hospital-acquired infections.1,5−7 Bacterial growth is
also a known problem in the food industry in packaging or on
food processing surfaces.7,8 Additionally, the growth of biofilms
in water treatment systems negatively impacts human health
and the environment, while also increasing costs during the
water treatment process.9,10 Water is typically treated and
disinfected in these facilities primarily using chlorine, while
other chlorine-based disinfectants (CBDs) are used for
disinfection in other settings like in the medical field and
households.11−13

Chlorine and CBDs typically kill cells through an oxidative
mechanism with the cellular membrane. This mechanism of
action, combined with overapplication, causes bacterial

resistance against these molecules.4,14 Not only are these
halogenated cleaners typically persistent in the environment
themselves but they also react with other organic material,
found in both drains and the environment, to produce
disinfection byproducts (DBPs).11,13 There have been more
than 600 derivatives of DBPs found in aqueous environments,
some of which are controlled for and studied whereas others
are not.13,15,16 Additionally, use of CBDs leads to an increase
of HCl, HOCl, and chlorine atoms in the environment, which
can lead to the formation of NOx compounds at higher
altitudes; NOx compounds contribute to ozone layer
depletion.11,17 There has been an emphasis on investigating
the impact of CBDs in the environment as a result of the
increase in disinfection during the COVID-19 pandemic.11,12,18

Thus, greener alternatives to conventional cleaning agents are
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required to prevent these harmful molecules from entering the
environment.
Currently, photodynamic inactivation (PDI) is being

investigated as a potential alternative to conventional cleaning
agents.8,19−25 This approach utilizes a photosensitizer, typically
an organic molecule, where visible light can activate the
molecule to convert triplet oxygen (3O2) to 1O2.

21,26−31

Previously, we reported an approach of covalently attaching a
porphyrin molecule to a polyethylene terephthalate (PET)
surface via a heat-activated diazirine moiety for use as an
antibacterial material (Figure 1).32,33 Diazirine chemistry was
first utilized to attach small molecules to low surface energy
polymers in 2019, through activating the diazirine to form a
singlet carbene, which is stabilized by the CF3 group on the
molecule, forming a covalent bond between the molecule and
surface.34,35 The field has expanded to include adhesions of

low-surface energy materials and reprocessable thermosets.35

Due to the porphyrin’s ability to mediate 1O2 formation,
detected using 9,10-anthrancenediyl-bis-methylene dimalonic
acid (ADMA), the material can prevent both planktonic cells
and biofilms from growing on the surface.32,33

The ability to form a covalent bond between a porphyrin
molecule and a polymeric surface postmanufacturing is ideal
because an already in-use plastic can still be functionalized to
be antimicrobial.32−34,36

One major limitation of PDI is inherent in being light-
activated: photoactive molecules are also susceptible to
photobleaching from too much exposure to light.37−39 The
continuous irradiation of light-sensitive molecules cause
chemical changes of the molecular structure over time,
preventing absorption of light in the future.37 This is
problematic because the molecule would no longer be able

Figure 1. Image illustrating the process of dissolving the porphyrin in solution, followed by coating the molecule on a surface. From there, the
diazirine is activated using heat to form the covalent attachment between the molecule and the surface. The material is then activated using visible
light to generate singlet oxygen from triplet oxygen.

Figure 2. Illustration showing the process of durability against photobleaching tests. Using a set of functionalized coupons, they undergo a
durability test of either high intensity light, ambient light, or high intensity light under water. Then, the coupons undergo the singlet oxygen
detection experiment before they are analyzed by the ADMA’s absorbance to determine singlet oxygen activity.
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to produce 1O2, thereby causing the material to no longer have
antimicrobial properties. Previous studies have shown
porphyrinoids that are solid supported or in solid state have
better photostability than those in solution.40,41 Building on
this concept, we wanted to further explore how our solid-state
porphyrinic material withstands photobleaching by monitoring
1O2 after exposure to various lighting conditions.42,43 The
chosen conditions are photobleaching with a high intensity,
ambient light, and underwater (Figure 2). These various
conditions were chosen as they are relevant to potential
environments the porphyrin-functionalized coupons may be
exposed to. Herein, we present the results of the durability of
our proof-of-concept light-activated antimicrobial PET.

2. METHODS

2.1. Materials
All chemicals were used as received unless otherwise specified. PET
(thickness 0.254 mm) was purchased from McMaster Carr
(8567K92). PET was cut into circular coupons (diameter: 15.6
mm). 24-well polystyrene treated cell culture plates were purchased
from VWR, USA (10062−896). ADMA (307554−62−7, ≥90%) was
purchased from Cayman Chemical Company. Phosphate-buffered
solution (PBS) (1x) was purchased from Cytiva (SH30256.02).
Methanol (67-56-1, 99%) was purchased from Fischer Scientific
(20012043). Luria−Bertani (LB) broth was purchased from Fisher
Bioreagents, Canada, and tryptone soya agar (TSA) was purchased
from Oxoid, United Kingdom. Sparkleen was purchased from Fisher
Scientific (04-320-4). The metal tray used for putting the coupons in
the oven to initiate the covalent bond formation was made of
aluminum and purchased from Fisher Scientific (13-814-60).
Kimwipes (Kimtech) were ordered from Fisher Scientific (06-
666A). The light source used was a broad-spectrum white LED
light (75 W, 1800 lm, ∼400−700 nm, Satco). A wireless light sensor
(701-999, PS-3212) was purchased from PASCO. A microplate
vortexer was purchased from VWR (Analog Vortex Mixer).
Absorbance measurements were acquired using a Biotek Cytation 5
plate reader.

2.2. Synthesis of Zinc(II)
5,10,15,20-Tetrakis-
((N-4-[3-(trifluoromethyl)-3H-diazirin-3-yl]-
benzyl)-4-pyridyl)-21H,23H-porphine Tetrabromide
The zinc(II) 5,10,15,20-tetrakis((N-4-[3-(trifluoromethyl)-3H-diazir-
in-3-yl]benzyl)-4-pyridyl)-21H,23H-porphine tetrabromide was syn-
thesized as previously reported.36

2.3. Coating and Covalent Bonding Procedure
The following procedure was used to coat and covalently bond the
diazirine−porphyrin conjugate to PET for all subsequent experiments.
Before coating, PET coupons were thoroughly cleaned by sonication
for 20 min in a solution of deionized (DI) water with Sparkleen in a
large beaker, followed by 20 min of sonication in DI water after
thoroughly rinsing Sparkleen away with DI water. The coupons were
then rinsed several times with isopropanol and then sonicated for 20
min in isopropanol before being transferred to an amber bottle, which
had been cleaned in the same manner and filled with isopropanol.

When it was time to coat the coupons, they were individually
removed from the isopropanol solution, then dried with a stream of
nitrogen gas, and placed into the wells of a 24-well plate. A porphyrin-
methanol solution was made with a concentration of 0.1 mg/400 μL
(or an alternative concentration as needed in the optimization of
porphyrin loading experiments). To coat the coupons, 400 μL was
added into each well. The 24-well plate was then placed on a
microplate vortexer at speed 1 for at least an hour, until most of the
solvent had evaporated. The plate was then removed from the
vortexer and left overnight in a fume hood to allow the remainder of
the solvent to evaporate.

The coupons were tipped from the 24-well plate onto an aluminum
tray. The tray was placed in an oven at 120 °C for 18 h to induce
reaction between diazirine and PET. The coupons were removed
from the oven, and any excess unattached porphyrin was removed by
rinsing each coupon with methanol and gently drying with a Kimwipe.
2.4. Singlet Oxygen Detection Assay
The singlet oxygen detection assay was performed to detect the
presence of 1O2 as follows. Two stock solutions were made, one with
PBS and the other with 0.18 mg/mL ADMA in PBS. The light source
was set to have a median of ∼35,000 ± 7000 lx across the 24-well
plate. At each given time point, a porphyrin-functionalized PET
coupon (which had either been exposed to a durability test or not
depending on the experiment), 200 μL of PBS, and 200 μL of ADMA
solution were added to a well, such that when the entire plate was
read at the same time, a range of reaction times was assessed. The
time points measured were 4 h, 2 h, 1 h, 30 min, 15 min, and 0 min.
After the plate was irradiated, a 200 μL aliquot was transferred from
each well that was used in the reaction from the 24-well plate into a
96-well plate to measure the absorbance spectrum of the solution.
The spectra were recorded using a Cytation 5 plate reader from 300
to −450 nm, every 1 nm.
2.5. Varying Porphyrin Loading Amounts
The effect on 1O2 production by loading different amounts of
porphyrin onto the PET coupons was evaluated. Porphyrin-function-
alized PET coupons were made following the coating and covalent
bonding procedure, varying the concentration of the porphyrin
solution. The following amounts were coated onto coupons in a 24-
well plate: 0.4 mg, 0.2 mg, 0.1 mg, 0.042 mg, and 0.016 mg. Once the
coupons were coated, covalently bonded, and cleaned with methanol
and a Kimwipe, they were tested with a singlet oxygen detection assay.
Each porphyrin loading amount was compared by graphing the
degradation of ADMA for each condition through using ADMA’s
maximum absorbance (λ = 379 nm) as a function of time exposed to
light and functionalized coupons during the singlet oxygen detection
assay. Each loading experiment was performed in triplicate.
2.6. Effect of Varying Light Dose
Porphyrin-functionalized PET coupons were prepared following the
coating and covalent bonding procedure. All the functionalized
coupons had the same amount of porphyrin on them, chosen from
Varying Porphyrin Loading Amounts., 0.1 mg. singlet oxygen
detection assay. Each 24-well plate containing three rows of coupons
was exposed to a different light intensity. The light intensities were
recorded by using the light-meter to measure light intensity at points
all over the plate, while noting the highest and lowest values to adjust
the lamp so the median values of the range were ∼5000, 15,000,
25000, 35000, and 45,000 lx. Coupons were then tested using the
singlet oxygen detection assay. Each light intensity was compared by
graphing the degradation of ADMA for each condition through using
ADMA’s maximum absorbance (λ = 379 nm) as a function of time
exposed to light and functionalized coupons during the singlet oxygen
detection assay. These experiments were performed in sextuplicate.
2.7. Photobleaching with High Intensity Light
The coupons were prepared following the coating and covalent
bonding procedure. The coupons were placed in a 24-well plate and
exposed to the same light source that is used for the singlet oxygen
detection at a range with a median intensity of ∼35,000 lx for 24 h, 72
h, 1 week, or 2 weeks. After their exposure time had completed, the
same coupons were used in a singlet oxygen detection assay, to assess
how much the high intensity light exposure impacted their ability to
generate 1O2. Each photobleach duration was compared by graphing
the degradation of ADMA for each condition through using ADMA’s
maximum absorbance (λ = 379 nm) as a function of time exposed to
light and functionalized coupons during the singlet oxygen detection
assay. These experiments were performed in sextuplicate.
2.8. Photobleaching with Ambient Light
The coupons were prepared following the coating and covalent
bonding procedure. The coupons were all placed in a 24-well plate
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and were exposed to the ambient light present in the laboratory,
which was ∼450 lx when the light is on (typically 11 h per day). The
amount of time they were exposed was 24 h, 72 h, 1 week, and 2
weeks. For the 24 and 72 h exposure time, the lights were left on in
the laboratory overnight to ensure maximum exposure for that time
period because it is shorter than the other time periods. After their
exposure time had completed, the same coupons were used in a
singlet oxygen detection assay to assess how much the ambient light
exposure influenced their efficiency at generating singlet oxygen. Each
photobleaching condition was compared by graphing the degradation
of ADMA for each condition through using ADMA’s maximum
absorbance (λ = 379 nm) as a function of time exposed to light and
functionalized coupons during the singlet oxygen detection assay.
These experiments were performed as sextuplicate.
2.9. Photobleaching with High Intensity Light under
Water
This experiment was designed to be similar to photobleaching with
using high intensity light, but instead of dry conditions, the coupons
were placed in a beaker of deionized water. The coupons were
prepared following the coating and covalent bonding procedure.
Subsequently, the coupons were placed in a clean 1 L beaker
containing 1 L of deionized water. Using the same light source as
previous experiments, the light was shone on the beaker full of the
coupons at a median value of ∼35,000 lx. The coupons were exposed
to the light in this aqueous environment for 24 and 72 h. After
exposure, the coupons were used in a singlet oxygen detection assay.
Each photobleach condition was compared by graphing the
degradation of ADMA for each condition through using ADMA’s
maximum absorbance (λ = 379 nm) as a function of time exposed to
light and functionalized coupons during the singlet oxygen detection
assay. These experiments were performed in sextuplicate.
2.10. Dark under-Water Control
This experiment was designed to be similar to photobleaching with
high intensity light under water, but instead, the coupons were
underwater and in the dark. The coupons were prepared following the
coating and covalent bonding procedure. Subsequently, the coupons
were placed in a clean 1 L beaker containing 1 L of deionized water.
The coupons were left in the dark in this aqueous environment for 24
and 72 h. After exposure, the coupons were used in a singlet oxygen
detection assay. Each photobleach condition was compared by
graphing the degradation of ADMA for each condition through using
ADMA’s maximum absorbance (λ = 379 nm) as a function of time
exposed to light and functionalized coupons during the singlet oxygen
detection assay. These experiments were performed in sextuplicate.
2.11. Dark Control Experiment
The coupons were prepared and cleaned according to the photo-
bleaching with using high intensity light protocol. Afterward, the
coupons were placed in a 24-well plate and wrapped in tin foil. The
coupons were left for 96 days. They were then used in a singlet
oxygen detection assay. These results are used as a control for how
being left in a dry and dark environment for an extended period of
time affects the coupons. The control was compared by graphing the
degradation of ADMA for each condition through using ADMA’s
maximum absorbance (λ = 379 nm) as a function of time exposed to
light and functionalized coupons during the singlet oxygen detection
assay. These experiments were performed in sextuplicate.
2.12. Antimicrobial Activity as a Function of Light Dose
The effect of different irradiance levels on antimicrobial PDI was
assessed using broad-spectrum white LED light. The plates were
exposed to different illuminance levels: (10,965 ± 195, 6019 ± 287,
and 1212 ± 85 lx), which correspond to the following irradiance levels
(114.3 ± 1.7, 62.3 ± 2.8, and 12.7 ± 0.8 W/m2), for 6 h. Both
illuminance and irradiance were measured by using a PASCO light
sensor.
2.13. Cell Counts
The antimicrobial activity of the photoactive coupons irradiated with
different light intensities was assessed against Escherichia coli (ATCC

25922), as described previously.32,33 After overnight incubation of E.
coli in LB at 37 °C, the bacterial suspension of optical density 600nm =
1 was diluted 1/1000 with LB. Selected wells of 24-well plates were
modified by adding photoactive discs that were prepared as described
in the coating and covalent bonding procedure. Both modified and
unmodified wells were inoculated with 400 μL of a diluted bacterial
suspension. Each experiment included a plate that was exposed to
different intensities of white LED light as mentioned above, at room
temperature (22 °C ± 1) for 6 h. Another 24-well plate, prepared and
inoculated as mentioned above, was covered with aluminum foil and
incubated in the dark for 6 h. Consequently, each experiment
included experimental wells (modified wells containing porphyrin
cross-linked coupons exposed to light) and the following control
wells: light control (unmodified wells, exposed to light), dark
porphyrin control (modified wells, kept in the dark), and dark
control (unmodified wells, kept in the dark).

After irradiation, aliquots from each well were serially diluted and
plated on TSA. A plate count was performed after overnight
incubation at 37 °C. The results were reported as colony-forming
unit (CFU)/mL. Each experiment included duplicates for both
experimental wells and control wells and was repeated three times.
The averages (CFU/mL) obtained from the plate count experiments
were used to calculate the average percentage inhibition using the
following equation

avg. plate counts of control wells avg. plate counts of exptl. wells
avg. plate counts of control wells

100×

2.14. Statistical Analysis
2.14.1. Singlet Oxygen Assays. All graphs made for the singlet

oxygen detection experiments were made using RStudio, and T-Tests
were utilized to compare ADMA absorbance values at 4 h to that of
the control (unexposed) or in the case of varying porphyrin, loading
amount was compared to the largest amount of porphyrin being 0.4
mg. In the case of effect of varying light dose, T-Tests were performed
to compare the absorbance values at 4 h to the data set of 45,000 lx
(Supporting Information).

2.14.2. Bacterial Assays. Results were presented as mean of
CFU/mL ± standard deviation. GRAPHPAD was employed to
perform one way ANOVA and T-test (P < 0.05).

3. RESULTS AND DISCUSSION
Previously, we demonstrated that zinc(II) 5,10,15,20-tetrakis-
((N-4-[3-(trifluoromethyl)-3H-diazirin-3-yl]benzyl)-4-pyrid-
yl)-21H,23H-porphine tetrabromide has the ability to cova-
lently bond to PET and be activated with light to generate
singlet oxygen, which subsequently killed bacteria.32,33

Covalent bond formation was supported through control
experiments, which indicated that both heat and a porphyrin
containing diazirine moieties were required in order for the
porphyrin to not rinse away.32,33 The porphyrin-functionalized
PET coupons were previously characterized by their
absorbance and fluorescence spectra.32 Singlet oxygen
detection experiments were performed in the aqueous medium
PBS due to the solubility of the ADMA and to work in a
medium that is commonly used in biological assays.32,33 Using
those results as a starting point, this work expands the scope of
knowledge in relation to this molecule and explores how
different conditions affect its 1O2 generation and antibacterial
properties. To facilitate an expanded range of experiments, an
improved, less labor-intensive covalent attachment protocol
was used, cutting coating time by 80% to 5 min for 24
coupons. The performance of the functionalized coupons was
assessed for different light intensities, different amounts of
porphyrin added, and different photobleaching conditions.
The impact of the amount of porphyrin loaded onto each

coupon on 1O2 generation was assessed by loading different
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amounts of porphyrin in the range of 0.016−0.4 mg/coupon.
Based on Figure 3, as porphyrin loading on the coupon

increases, more ADMA is consumed through the reaction with
1O2. Beyond 0.042 mg/coupon, there is no statistical increase
in 1O2 production when more porphyrin is loaded; thus, 0.1
mg/coupon was loaded onto each coupon in subsequent
experiments to ensure that loadings were well within the range
of porphyrin loading to maximize 1O2 generation.
Another factor that impacts singlet oxygen generation, which

required investigation, was the effect of varying light intensity.
A range of light intensities was assessed in both how they
impact cellular growth prevention and 1O2 production. The
range of light intensity that was tested was between 5000−
45,000 lx, in increments of ∼10,000 lx for 1O2 generation.
The results of this experiment (Figure 4) indicate that the

consumption of ADMA increases as the light intensity
increases, but the functionalized coupons become saturated
with light and reach their maximum potential for 1O2
generation. In a surgical room, an operating table will have

up to 6000 lx at the level of the operating table, so it is
beneficial that at this level of light intensity, there is some 1O2
activity.44 At 15,000 lx, there is no statistical difference in 1O2
generation compared to 45,000 lx, indicating that this is the
range where the surface has become saturated with light and
has reached its maximum capacity. Based on these results, the
subsequent 1O2 detection experiments were performed with
∼35,000 lx and this was chosen as the high light intensity for
photobleaching experiments. This was to ensure that the light
exposure was above the minimum saturation threshold so the
effect would be the same across the 24-well plate.
The antibacterial activity of the functionalized PET discs was

assessed quantitatively using plate counts after exposure to
different irradiance levels (a- 10,965 ± 195, b- 6019 ± 287, and
c- 1212 ± 85 lx). Previously, we had shown our material’s
ability to prevent planktonic cell and biofilm growth of
Staphylococcus aureus, Pseudomonas aeruginosa, and E. coli,
whereas in this study, we sought to assess how the amount of
light exposure affected the antimicrobial properties.32,33 The
plate count results (CFU/mL) recorded for each condition
(light porphyrin, light control, dark porphyrin control, and
dark control) after exposure to different irradiance levels are
represented in Figure 5a. As determined by one-way ANOVA,
the difference in the means of cell counts, recorded for the four
conditions exposed to the same irradiance was significant.
However, the means of the controls did not demonstrate any
significant difference. On the other hand, t-test analysis
revealed that the means of the light porphyrin plate counts
were significantly different when compared with each control
separately.
The plate count values were used to calculate percentage

inhibition, which represents the average of different “Percent-
age Inhibition” values calculated with each control. As
demonstrated in Figure 5b, the average percentage inhibition
was equivalent to 94 ± 2%, 93 ± 2%, and 73 ± 8% after 6 h
exposure to irradiance levels equivalent to 10,965 ± 195, 6019
± 287, and 1212 ± 85 lx, respectively.
Because photobleaching is a potential limitation for long-

term applications for light-activated materials, it is important to
investigate the porphyrin-functionalized PET’s ability to
withstand being exposed to light for various amounts of
time. The coupons were exposed to the following conditions:
high- and low-intensity broadband artificial light as well as
high-intensity light underwater. A dark control experiment was
also conducted to ensure that the porphyrin was not degrading
from open air or underwater.
The high intensity light dose of 35,000 lx was chosen

because, as suggested in Figure 4, at this intensity the coupon
is saturated with light. Due to the saturation, this is a useful
amount of light to expose the coupons for removal and
prevention of microbial growth on surfaces; therefore, we
wanted to ensure the material could withstand this exposure.
The functionalized coupons were pre-exposed to the 35,000 lx
for amounts of time between 24 h and 2 weeks. Based on the
results (Figure 6), after 24 and 72 h of ∼35,000 lx exposure,
the difference in rate of degradation of ADMA is statistically
insignificant compared to the unexposed control. This implies
that the coupons can withstand photobleaching at this light
dose for up to 3 days, which indicates that this amount of light
can be used to initiate the coupons’ antibacterial properties for
up to 3 days without destroying its ability to generate 1O2 in
the process. After 1−2 weeks of pre-exposure to the high light
intensity, there is a statistically significant decrease of just over

Figure 3. Impact of porphyrin loading on singlet oxygen generation.
The maximum absorbance of ADMA (λ = 379 nm) is graphed as a
function of time after exposure to 24,000 ± 2000 lx and porphyrin-
functionalized PET coupons. Each color represents a different amount
of porphyrin loaded onto the coupon. Dashed lines are to show the
relationship but do not indicate a continuous data set. Statistical
analysis can be found in Supporting Information.

Figure 4. Impact of light intensity on singlet oxygen generation. The
maximum absorbance of ADMA (λ = 379 nm) is graphed as a
function of time after exposure to light and porphyrin-functionalized
PET coupons. Each color represents a different light intensity the
functionalized coupons were exposed to in the presence of ADMA.
Dashed lines are to show the relationship but do not indicate a
continuous data set. Statistical analysis can be found in Supporting
Information.
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half compared to the unexposed control. Even with this
decrease in 1O2 activity after this duration and intensity of light
exposure, there being any 1O2 generation is promising as this is
a very high light intensity; operating room tables will have an
intensity of up to 6000 lx, while the general lighting in an
operating theater can reach up to 4000 lx.44 Altogether, this
further supports the idea that using 35,000 lx to initiate
antimicrobial properties of the material is ideal because the
functionalized PET is saturated with light and will not be
negatively impacted for up to 3 days.
The ambient light dose selected for pre-exposure was 450 lx,

which is within the range of typical laboratory or household
settings. This was again measured through singlet oxygen
detection after the exposure. This would show the ability of the
coupons to prevent bacterial growth after sitting under typical
ambient conditions for different amounts of time. The pre-
exposure times were the same as the high intensity photo-
bleaching experiments, which were 24 h, 72 h, 1 week, and 2
weeks before measuring their singlet oxygen generation
through ADMA degradation. The results (Figure 7) indicate
that there is no statistical difference between the unexposed
control and the data sets for 3 days and 2 weeks, while there

are minor statistical differences for the 1 day and 1 week
experiments. This is promising for the potential for the
material to be used in any setting that has this typical ambient
light for longer periods of time since there is no meaningful
impact on the 1O2 generation ability.
Previous studies have explored the photostability of

porphyrins in solution and for applications in photodynamic
therapy (PDT) and in optical devices for bioimaging.40,45,46

Porphyrins have been determined to have a better photo-
stability when they are coordinated to a metal-center, in this
case zinc.45 Porphyrin photostability has also been investigated
through encasing them within a metal−organic framework and
complexing them with cyclodextrins for application in
PDT.40,46 In both cases, porphyrin stability was found to
have increased compared to the porphyrins remaining not
encased or complexed; the photostability was investigated by
continuous exposure to light for up to 2 h.40,46 In both of these
cases, the porphyrins were considered highly photostable when
retaining their function after 2 h of exposure; our porphyrin-
functionalized coupons retain 1O2 production functionality
after 2 weeks of exposure of both the ambient and high-

Figure 5. (a) Mean values of E. coli cell counts after irradiation with white LED light for 6 h at average irradiance of 10,965 ± 195 lx, 6019 ± 287 lx,
and 1212 ± 85 lx (N = 6, P < 0.05). Statistical analysis information can be found in the Supporting Information. (b) Percentage inhibition of E. coli
after irradiation with white LED light for 6 h at an average irradiance of 10,965 ± 195 lx, 6019 ± 287 lx, and 1212 ± 85 lx. Statistical analysis
information can be found in the Supporting Information.
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intensity light, which compares favorably to these literature
examples.40,46

We also confirmed that the coupons stop producing 1O2,
once the light is turned off by monitoring the degradation of
ADMA after exposure to light for 1 h, followed by 1 h of
darkness, while still being in the presence of the porphyrin-
functionalized coupons (Figure S1).
Another relevant experiment was to explore the effect of

high light intensity in aqueous environments. In order to
achieve this, the coupons were exposed to over 35,000 lx for 24
or 72 h, while sitting inside of a 1 L beaker containing
deionized water (Figure 8). Based on the comparison between
the dry and wet conditions, there is a more rapid decline in 1O2
production. Again, there being any 1O2 production under the
wet conditions at such a high light intensity shows promise for

its durability and potential application. Additionally, the water
may make the porphyrin more susceptible to photobleaching,
which can be seen in literature that various solvents affect the
rate of photobleaching by having various effects on stabilizing
the intramolecular charge transfer state.47 When the coupons
were left underwater in the dark, there was no statistical
difference in 1O2 production, meaning even underwater, light is
required to see an impact on 1O2 generation.
As a control experiment, 36 coupons were coated, then

covalently bonded with porphyrin, then wrapped in tin foul,
and kept in the dark for 96 days. The purpose of this was to
ensure that when stored in the absence of light, the porphyrin-
coated coupons were not degraded with regard to their 1O2
generating capacity. After the coupons had been left for this
time, they were tested for 1O2 generation using ADMA as a
singlet oxygen detector (Figure 8). The results indicate that
there was no impact on 1O2 production when the coupons
were stored in the dark, meaning that light exposure is required
to see a decrease in singlet oxygen production. At the same
time after 2 weeks of exposure to ambient light, there was also
no statistical decrease in 1O2 production, indicating that
perhaps ambient light also does not impact the activity of the
coupons. Overall, when the coupons are protected from light,
they can be stored for long periods of time while maintaining
their functionality.

4. CONCLUSIONS
In this work, we explored how both porphyrin loading and
different light intensities affect 1O2 generation for a porphyrin-
functionalized PET surface, while exploring the capacity of the
porphyrin-functionalized material to withstand photobleaching
under high-intensity and ambient light conditions. The
functionalized PET coupons were assessed on their ability to
generate 1O2 after various photobleaching conditions through
a singlet oxygen detection assay using ADMA as a detector
molecule. The photobleaching conditions that were assessed
were a high intensity (35,000 lx), high intensity (35,000 lx) in
water, and ambient light (450 lx). It was determined that when

Figure 6. Durability against high intensity (35,000 lx) photo-
bleaching. The maximum absorbance of ADMA (λ = 379 nm) is
graphed as a function of time after pre-exposure to 35,000 lx for
various durations before being assessed for 1O2 production. Each
color represents a different amount of time the functionalized-
porphyrin coupons were pre-exposed to 35,000 lx. The unexposed
data set is the control that has not been pre-exposed to any light
before being tested for singlet oxygen. Dashed lines are to show the
relationship but do not indicate a continuous data set. Statistical
analysis can be found in Supporting Information.

Figure 7. Durability against ambient light (450 lx) photobleaching.
The maximum absorbance of ADMA (λ = 379 nm) is graphed as a
function of time after pre-exposure to 450 lx for various durations
before being assessed for 1O2 production. Each color represents a
different amount of time the functionalized-porphyrin coupons were
pre-exposed to ambient light (450 lx). The unexposed data set is the
control that has not been pre-exposed to any light before being tested
for singlet oxygen. Dashed lines are to show the relationship but do
not indicate a continuous data set. Statistical analysis can be found in
Supporting Information.

Figure 8. Durability against high intensity photobleaching in water.
The maximum absorbance of ADMA (λ = 379 nm) is graphed as a
function of time after pre-exposure to 35,000 lx in water for various
durations before being assessed for 1O2 production. Each color
represents a different condition or control. The dark data sets were
the functionalized coupons that were left in the dark for 96 days
before being tested. The unexposed data set is the control that has not
been pre-exposed to any light before being tested for singlet oxygen.
Dashed lines are to show the relationship but do not indicate a
continuous data set. Statistical analysis can be found in Supporting
Information.
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photobleached by ∼35,000 lx, the same light intensity for
optimal 1O2 generation, the coupons still generate 1O2 even
after 2 weeks of exposure. At ∼35,000 lx underwater, there is a
greater impact on the ability to generate 1O2 than that under
dry conditions, but there is still activity, which is again
promising for such a high light intensity. Under ambient light
around 450 lx, there is no statistical impact on the coupons
ability to generate singlet oxygen. When stored in the absence
of light, the coupons are as effective at 1O2 generation as they
would be if immediately tested when stored for at least 96
days. These results indicate that the material has potential to
remain useful for an extended period if left under ambient light
and an even longer time if protected from light.
The following files are available free of charge.
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