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Introduction

Influence of silver ion release on the inactivation
of antibiotic resistant bacteria using light-
activated silver nanoparticlesf

Adeola Julian Sorinolu,? Varsha Godakhindi,°¢ Paolo Siano,” Juan L. Vivero-
Escoto (2 *°¢ and Mariya Munir*?

The widespread increase in antibiotic resistance (AR), in an extensive range of microorganisms, demands
the development of alternative antimicrobials with novel non-specific low-mutation bacterial targets.
Silver nanoparticles (AgNPs) and photosensitizers (PSs) are promising antimicrobial agents with broad-
spectrum activity and low tendency for antimicrobial resistance development. Herein, we investigated
the light-mediated oxidation of AgNPs for accelerated release of Ag* in the antibacterial synergy of PS—
AgNP conjugates using protoporphyrin IX (PplX) as a PS. Also, the influence of polyethyleneimine (PEI)
coated AgNPs in promoting antibacterial activity was examined. We synthesized, characterized and
tested the antimicrobial effect of three nanoparticles: AgNPs, PpIX-AgNPs, and PEI-PpIX-AgNPs against
a methicillin-resistant Staphylococcus aureus strain (MRSA) and a wild-type multidrug resistant (MDR)
E. coli. PpIX-AgNPs were the most effective material achieving >7 log inactivation of MRSA and MDR
E. coli. The order of bacterial log inactivation was PpIX-AgNPs > PEI-PpIX-AgNPs > AgNPs. This order
correlates with the trend of Ag* concentration released by the NPs (PpIX-AgNPs > PEI-PpIX-AgNPs >
AgNPs). Our study confirms a synergistic effect between PplX and AgNPs in the inactivation of AR
pathogens with about 10-fold increase in inactivation of ARB relative to AgNPs only. The concentration
of Ag* released from NPs determined the log inactivation of MRSA and MDR E. coli more than either the
phototoxic effect or the electrostatic interaction promoted by surface charge of nanoparticles with
bacteria cells. All NPs showed negligible cytotoxicity to mammalian cells at the bacterial inhibitory
concentration after 24 h exposure. These observations confirm the crucial role of optimized Ag™ release
for enhanced performance of AgNP-based antimicrobials against AR pathogens.

while resistant bacteria proliferate.* AR challenges therapeutic
potential against pathogens of humans and animals resulting

The emergence and spread of antibiotic resistance (AR) are one
of the greatest global public health issues of the 21st century.'
The prevalence of AR is linked to the indiscriminate use of
antibiotics for human and animal treatment, because antibio-
tics impose selective pressure by killing susceptible bacteria
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in overwhelming healthcare costs and deaths.”® Moreover,
advancements in modern medicine become incapacitated with
dwindling efficacy of antibacterial drugs.” The AR problem is
compounded by the fact that the evolution of antibiotic-
resistant bacterial (ARB) strains has been faster than the
development of new classes of antibiotics.®™® Typically, conven-
tional antibiotics kill or inhibit microorganisms by interfering
with a specific cellular function or metabolic pathway resulting
in their cell death.”® Common antibiotics targets include
inhibition of cell wall synthesis, cell membrane functions,
protein or nucleic acid synthesis, folic acid or mycolic acid
production, and other metabolic processes.'® Bacteria has
devised mechanisms of evading these bactericidal effects
shrinking the pipeline of effective antibiotics.>” Bacteria
develop resistance to antibiotics by modifying the target site
for antibiotics activity, modifying the pathway of the target
synthesis, reducing the antibiotics concentration in the cell or
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destroying the antibiotics."* There is evidence of at least one
mechanism of bacterial resistance to all the classes of anti-
biotics available.”"!

With the rise in multidrug-resistant (MDR) bacteria, there is an
urgent need for new antibacterial agents with targets that have
low possibility of developing resistance through mutation, and
that can overcome latest bacterial resistance mechanisms.*” 1t is
desired that novel antibacterial agents inhibit bacteria via multi-
ple mechanisms with bactericidal actions that do not involve
specific biochemical pathways. In recent years, great attention has
been directed to the use of antimicrobial nanoparticles (NPs) as
an alternative with novel non-specific low-mutation bacterial
targets.>>'> Antimicrobial NPs inactivate microorganisms via
non-specific pathways with multiple targets involving a combi-
nation of cell membrane lysis and reactive oxygen species (ROS)
generation to degrade cellular components.>>"* Thus, antimicro-
bial NPs have a high barrier against resistance development.
Moreover, the use of nanoscale antimicrobials allows for
increased bioavailability by promoting transport through the cell
membrane to the target site.>'*'* Silver nanoparticles (AgNPs)
have gained wide use in different antimicrobial research areas
because they significantly inhibit several Gram-positive and
Gram-negative bacteria and have lower tendency for antibacterial
resistance development.”'>'® Consequently, several studies have
been conducted to fully understand the antibacterial mechanisms
of AgNPs to promote its antimicrobial applications.””'® These
studies have elucidated that the antibacterial action of AgNPs is
mainly based on the localized release of silver ions (Ag") from the
surface of AgNPs. The released Ag" afford bacterial inactivation
due to interaction with enzymes and proteins, and high ROS
production.”'*'%1820 Therefore, AgNPs act as a reservoir of Ag"
that are released by oxidative dissolution in aerobic or other
oxidative conditions.>" Hence, the design of novel strategies that
increase the oxidation of AgNPs to enhance the release of Ag" ions
can have a major impact on the antimicrobial features of AgNPs.

Photosensitizers (PSs) are molecules that upon the absorp-
tion of light generate ROS. PSs have also been used to inactivate
bacteria by causing oxidative stress or damage to cellular
components when irradiated with visible light, this approach
is called photodynamic inactivation (PDI)."*'®>° Recent studies
have shown that the PS-AgNP combination have synergistic
antimicrobial effect. These studies demonstrated that the
synergistic antimicrobial effect of PS-AgNP conjugates in
bacteria (non-resistant) is concentration dependent and con-
tributed by the oxidative stress due to enhanced ROS
production."®**”** However, there is a lack of understanding
of the impact of the light-mediated release of Ag" in these
systems, which is also a critical parameter that contributes to
the antibacterial synergy in PSs and AgNPs conjugates. Herein,
we report an in-depth study to understand the role of PS-
mediated ROS generation in Ag" release and its antimicrobial
effect against antibiotic resistant bacteria (ARB).

In this work, we synthesized PS-modified AgNPs using
protoporphyrin IX (PpIX) as PS. PpIX has been extensively used
as an effective antimicrobial agent either as single molecule or
attached to different materials.>® The surface of AgNPs were
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Scheme 1 (a) Synthesis of PpIX-AgNPs and PEI-PpIX-AgNPs. (b) Ag*
release profile obtained post light activation using ICP-OES. (c) Antimi-
crobial activity of the light irradiated nanoparticles assessed by drop plate
colony count method. (d) Cytotoxicity in mammalian cell performed via
MTS assay.

functionalized with a thiol derivative of PpIX to afford con-
jugated PpIX-AgNPs (Scheme 1). Moreover, to evaluate the
effect of positive surface charge on the antimicrobial properties
of these nanomaterials, PpIX-AgNPs were further modified with
polyethyleneimine (PEI) to afford PEI-PpIX-AgNPs. The physico-
chemical and photophysical properties of these NPs were char-
acterized. We studied the release of Ag" from these materials in
the presence or absence of light. The synergistic effect of this
approach was successfully evaluated against Gram-positive and
Gram-negative bacteria, a methicillin resistant Staphylococcus
aureus (MRSA) strain and a MDR Escherichia coli strain, respec-
tively. It is noteworthy to mention that over 50% of all clinically
reported infections from seven organisms are caused by
S. aureus and E. coli.**’ Finally, the biocompatibility of the three
nanoparticles against mammalian cells was examined at the
observed bacterial inhibitory concentration. We envision that
the results obtained in this work will help to optimize the
performance of light activated AgNP platforms. Moreover, it
could have a major impact to reduce some of the recent safety
concerns associated with colloidal AgNPs such as argyria and
other adverse effect leading to human death."®

Experimental protocols

Synthesis and characterization of nanoparticles: AgNPs,
PpIX-AgNPs and PEI-PpIX-AgNPs

Synthesis of AgNPs. All glassware used for the synthesis of
AgNPs were cleaned with aqua regia (3-parts in volume of
hydrochloric acid and 1-part in volume of nitric acid) prior to
their use. AgNPs were synthesized based on the co-reduction
method using sodium citrate and tannic acid. Briefly, a 100 mL
aqueous solution of 5 mM trisodium citrate and 0.25 mM of
tannic acid were brought to a boil at 100 °C under vigorous
stirring. A condenser was used to prevent loss of water. As the
solution starts boiling, 1 mL of aqueous solution of 25 mM
silver nitrate was added to the solution in one shot leading to
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an immediate color change from colorless to yellow. The
solution was removed from the heat and cooled at room
temperature under constant stirring. The AgNPs were centri-
fuged at 12 000 rpm for 15 min to remove excess of tannic acid
and further washed with water three times under the same
centrifugation conditions. As-synthesized AgNPs are stored in
nanopure water.

Synthesis of PpIX conjugated AgNPs (PpIX-AgNPs). The
PpIX-AgNPs were obtained by reacting AgNPs with cysPpIX
(1:0.5 mass ratio) (Scheme S2, ESI}). A solution of cysPpIX in
DMF (1 mg mL ") was prepared. AgNPs (1 mg) were centrifuged
down at 12 000 rpm for 15 min to remove the water. Following
this, 1 mL of DMF was added and sonication was used to
disperse the AgNPs. This solution was transferred to a 20 mL
scintillation glass vial and 500 pL of previously prepared
cysPpIX solution in DMF was added. An additional 3.5 mL of
DMF was added and the reaction mixture was vigorously stirred
for 48 h at room temperature. After the reaction, the unreacted
cysPpIX was collected via centrifugation at 12000 rpm for
15 min. Nanoparticles were washed three times with DMF
and separated under the same centrifugation conditions. The
supernatant collected was analyzed using UV-Vis spectrophoto-
meter to determine the amount of PpIX conjugated on AgNPs
surface. A typical batch fabricated under the above-mentioned
conditions produced 1.2 £ 0.1 mg of PpIX-AgNPs. The synthe-
sized PpIX-AgNPs were stored in DMF under dark conditions.

Synthesis of PEI coated PpIX-AgNPs (PEI-PpIX-AgNPs). The
PpIX-AgNPs were coated with polyethyleneimine (PEI; My =
10 kDa) based on the electrostatic interaction between the poly-
mer and the nanoparticles. Aqueous solution of PpIX-AgNPs and
PEI were mixed in 1:10 mass ratio. Briefly, 1 mg of PpIX-AgNPs
were centrifuged down and dispersed in 1 mL of nanopure water
using sonication. Separately, 10 mg of PEI was weighed in a
scintillation vial and dispersed in 5 mL of nanopure water to get a
concentration of 2 mg mL . Finally, 5 mL of the PEI solution was
mixed with 1 mg mL™" of PpIX-AgNPs and the solution was
vigorously stirred at room temperature for 24 h. Following this,
the material was washed three times with nanopure water and
stored at room temperature under dark condition. PEI coating
was confirmed via zeta potential measurement.

Light-mediated release profile of Ag* ions from nanoparticles

The Ag" quantification was evaluated using inductively coupled
plasma - optical emission spectroscopy (ICP-OES) (Optima
3000, Agilent). Samples obtained from digested and release
experiments were introduced into plasma by peristaltic pump
and discharged as an aerosol suspended in argon gas. The data
acquisition was performed in triplicates with the torch assem-
bly in the axial mode. The default acquisition parameters used
are RF = 1.2 kW; auxiliary gas flow = 1 L min~", nebulizer gas
flow = 0.7 L min'; plasma flow = 12 L min~ ", pump speed =
12 rpm; stabilization time = 15 s; sample uptake time = 25 s;
Rinse time = 30 s and Ag analytical line = 328.068 nm.

To determine the total amount of Ag' in all samples,
aliquots of the nanoparticles were digested by performing a
“cold digestion” followed by “hot digestion”.® The digestion
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protocol was optimized and modified in terms of time and
volume. Cold digestion included mixing 50 pg of NPs with
2.5 mL of concentrated HNO; and incubating at room tem-
perature for 30 min. Later, this mixture was heated under
150 °C using an oil bath for 4-6 h to allow excess HNO; to
evaporate (hot digestion). The remaining volume was measured
using a graduated cylinder and diluted using 2% HNO;. The
samples were filtered through a 0.22 pm polyethersulfone (PES)
membrane before ICP-OES analysis. A calibration curve was
obtained using an Ag silver standard diluted in 2% HNO; to
prepare standard concentration of 10, 25, 50, 100 pug L™*
(Fig. S6a, ESIt). A new set of calibration curves were generated
for each run. The total amount of Ag" digested (in pg) was
calculated using the calibration curve and expressed in terms of
Ag' amount per pg of NP (%) (Table S1, ESIt). The concen-
tration of AgNPs and PpIX-AgNPs (1.5 pg mL ') used for release
and bacterial experiments was also digested using the same
protocol to calculate the total Ag" digested (Fig. S6b, ESIY).

The release kinetics of Ag” was tested in Dulbecco’s phos-
phate buffer solution (DPBS, 1x) and nanopure water. Stock
solutions of AgNPs (water), PpIX-AgNPs (DMF) and PEI-PpIX-
AgNPs (water) equivalent to 150 pug mL ™" of AgNPs were
prepared for the analysis. The stock samples were diluted
100 times with the relevant media (PBS or water) to obtain
3 mL of sample. A Petri dish (60 x 15 mm) containing 3 mL of
each sample was prepared using the stock solution such that
the final concentration is 1.5 pg mL™" in terms of AgNPs. Each
Petri dish containing the samples was irradiated with a white
light source (400-700 nm; 56 + 2 mW cm™?) for 20 min. Before
irradiation, 200 pL sample was withdrawn indicating the time
point as 0 min. Then, 200 puL was collected at specific time
points from each sample at 5, 10, 20, 30 min, 1, 2, 4, 6, 12, 24 h.
The collected samples were immediately centrifuged for 10 min
at 13000 rpm and the supernatant was collected for ICP-OES
analysis. The same experiments were repeated in the dark as
control by covering the Petri dishes with aluminum foil to avoid
unwanted light exposure. The Ag" concentration obtained for
each time point was normalized based on the lowest initial
amount of Ag", which is associated with PEI-PpIX-AgNPs. The
kinetic release rates were determined by performing linear fit
on the Ag" release kinetic plots using OriginPro 2021 (Academic
version). The R* and slope values corresponding to burst and
slow release were recorded (Table S4, ESI+t).

Bacterial inactivation experiment

The antimicrobial activities of AgNPs, PpIX-AgNPs and PEI-
PpIX-AgNPs were examined against a MRSA strain (BAA 44)
purchased from ATCC and a wild-type MDR E. coli strain
(accession number PRJNA806466). The MDR E. coli was isolated
from Class B biosolids amended soil.>* Details of the MDR
E. coli sequence protocol and data analysis are provided in the
ESL.{ It was confirmed to be resistant to tetracycline, gentamicin,
ampicillin, sulfamethoxazole-trimethoprim and -ciprofloxacin
using the CLSI M100 Performance Standards.*® Stock solutions
of AgNPs and PpIX-AgNPs were prepared in DMF, while PEI-
PpIX-AgNPs was prepared in nanopure water (18 MQ cm).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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A single bacterial colony of each strain was aseptically picked
from the top of a Luria Bertani (LB) agar plate using a sterile loop
and inoculated into sterile LB broth media. Bacterial cells were
grown overnight (~18 h) at 37 °C under continuous gentle
shaking at 200 rpm. Overnight cells were harvested the following
day by centrifugation at 7000 rpm for 5 min, washed twice with
PBS and resuspended in 1x DPBS to achieve an absorbance of
0.5 McFarland turbidity standard (~1.5 x 10° CFU mL™%).
Before light irradiation, bacteria cells in 2,970 pL of 1x DPBS
were incubated at room temperature in the dark for 30 min with
30 pL of each sample to achieve a working concentration of
1.5 pg mL~" for AgNPs, and 1 uM cysPpIX-1.5 pg mL~" AgNPs
for PpIX-AgNPs. The resulting DMF concentration in the final
reaction volume was <1%. Thereafter, cells were irradiated for
20 min without stirring in a Petri dish (60 x 15 mm) with a
white light source (400-700 nm; 56 + 2 mW cm 2). The
surviving cells were counted after 0, 4, and 24 h post irradiation
in triplicate using the drop plate colony count method.*" At
specific time point, 100 uL of the sample was withdrawn,
serially diluted and 20 pL of each dilution was spotted on LB
agar. The bacterial log inactivation was estimated using eqn (1).
In all experimental groups, negative control and dark control
samples were counted. A physical mixture of AgNO; and
cysPpIX was used as a positive control. The concentration
of AgNO; used corresponds to the amount of maximum Ag"
(g L™ released from the conjugate samples.

. o . C
Log inactivation of bacteria = logF0 (1)
t

where C, is the concentration (CFU per mL) of bacteria without
the addition of nanoparticles and C, is the bacterial concen-
tration after the addition of nanoparticles and (or) light irradia-
tion after time t.

Cytotoxicity in mammalian cells

AgNPs, PpIX-AgNPs and PEI-PpIX-AgNPs were tested in HeLa
cells to assess their cytotoxicity in mammalian cells. HeLa cells
obtained from ATCC were cultured in RPMI media supplemented
with 10% FBS and 1% pen-strep at 37 °C with 5% CO, exposure.
The in vitro cytotoxicity was carried out using the CellTiter 96
Aqueous Assay (MTS assay). HeLa cells were grown in 96-well plate
at 1000 cells per well for 24 h before inoculation. Post cell
adherence, media was discarded and cell media containing the
nanoparticles (1.5 ug mL ") were inoculated. Post 30 min incuba-
tion, cells inoculated with nanoparticles were irradiated with
Biotable power source with RGB LED array for 20 min (450-
475 nm; 34.5 mW cm?) and incubated for 24 h at 37 °C with 5%
CO, exposure. After incubation, the media was removed, and the
cells were washed with PBS. To each well, 100 pL of media was
added followed by the addition of 20 pL of CellTiter 96 Aqueous
assay. The plates were incubated for 2.5 h at 37 °C and the
absorbance at 490 nm was measured using plate reader Multiskan
FC. Cell viability was calculated by subtracting absorbance with

© 2022 The Author(s). Published by the Royal Society of Chemistry
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that of media and using eqn (2).

A
Cell viability(%) = ANP x 100 @)

o
where, Ayp is the absorbance of cells treated with nanoparticles
and A, is the absorbance of untreated cells.

Statistical analysis

Graphs and statistical analyses were performed using OriginPro
2021 (Academic Version). Statistical significance between dis-
infection trials was assessed by one-way analysis of variance
(ANOVA). All the statistical analyses were performed with o« =
0.05 and reported as stars assigned to the p values: **p <
0.0001, **p < 0.001, *p < 0.05, and ns p > 0.05.

Results and discussion
Nanoparticles: synthesis and characterization

Synthesis of cysteamine-modified PpIX (cysPpIX). The synth-
esis of cysPpIX was carried out through a two-step synthetic
approach (Scheme S1, ESIt). Herein, the carboxylic acid groups
on PpIX were activated using NHS rendering ester groups
(sePpIX) followed by a nucleophilic acyl substitution reaction
with cysteamine to form cysPpIX.**> The successful generation
of the PpIX derivatives (sePpIX and cysPpIX) was confirmed
using FT-IR, UV-Vis, "H NMR and MALDI-MS, (Fig. S1-S3, ESI¥).
The FT-IR shows a C=O stretching at 1739 cm™ " indicative of
ester group and C=0O stretching at 1810 cm™ "' and 1778 cm ™"
associated with NHS molecule confirming the synthesis of
sePpIX (Fig. S1a, ESIt). After nucleophilic acyl substitution with
cysteamine, a C=O0 stretching at 1643 cm™ ' and N-H stretching
at 3312 cm™ ' were observed, which correspond to formation of
amide bond (Fig. Sla, ESIt). UV-Vis spectra indicate minimal
difference for Soret-band at 405 nm between PpIX, sePpIX and
cysPpIX (Fig. S1b, ESIT). However, the Q-bands observed at 510,
550, 625 and 650 nm in PpIX and sePpIX underwent a slight
red-shift for cysPpIX (Fig. Sib, ESIf). 'H NMR analysis also
confirmed the successful synthesis of sePpIX and cysPpIX (Fig.
S2, ESIT). The synthesis of sePpIX and cysPpIX was further con-
firmed based on the MALDI-MS peaks at 758.44 (calculated =
756.30) and 678.90 (calculated = 680.93) respectively (Fig. S3, ESIT).

Synthesis and characterization of AgNPs, PpIX-AgNPs and
PEI-PpIX-AgNPs. AgNPs were synthesized following the co-
reduction method using sodium citrate and tannic acid.*
As-synthesized AgNPs were functionalized with cysPpIX follow-
ing previous protocols that take advantage of the strong Ag-S
affinity.** Further modification of the platform was carried out
with PEI using the electrostatic interaction between the nano-
particles and PEI polymer (Scheme S2, ESIf). The as-
synthesized AgNPs were spherical with a diameter of 42.2 +
7.8 nm (n = 150) as measured by TEM (Fig. 1(a)). The TEM size
of PpIX-AgNP is 42.2 + 8.9 nm (n = 150) and of PEI-PpIX-AgNP is
37.2 £ 7.3 nm (n = 150), indicating no statistical difference
between them and the parent AgNPs (Fig. 1(a)). The presence of PEI
on the surface of PEI-PpIX-AgNPs was confirmed by using a negative
stain solution based on an organotungsten compound (Nano-W).

Mater. Adv., 2022, 3, 9090-9102 | 9093
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Fig. 1 Characterization of AgNPs, PpIX-AgNPs and PEI-PpIX-AgNPs. (a) TEM images for AgNPs, PpIX-AgNPs and PEI-PpIX-NPs. (b) TEM image of PEI-
PpIX-AgNPs negatively stained to show the presence of PEI as indicated by arrows. (c) Dynamic light scattering plot in PBS for AgNPs (red), PpIX-AgNPs
(blue) and PEI-PpIX-AgNPs (green). (d) UV-Vis spectrum for AgNPs (red) and PpIX-AgNPs (blue).

The TEM images clearly demonstrated that PEI polymer forms
a shell on the surface of the nanoparticles (Fig. 1(b) and Fig. S4,
ESIT). The average thickness of PEI shells in PEI-PpIX-AgNPs
ranged 3.0 £ 0.9 nm (n = 50) (Fig. S4, ESIt). The hydrodynamic
diameter of AgNPs in PBS is 36.3 £ 1.1 nm with a polydispersity
index (PdI) of 0.20 (Fig. 1(b)). (-Potential shows that the surface
is negatively charged (—49.1 + 5.5 mV) due to the presence of
citrate molecules as capping agents (Table S2, ESIt). The
hydrodynamic diameter of the PpIX-AgNPs slightly increases
to 55.6 £ 6.7 nm with PdI of 0.43 in PBS. These values clearly
indicate that aggregation can be associated with the presence of
PpIX on the surface of AgNPs. (-Potential also shows minimal
difference with a value of —57.3 &+ 4.8 mV. Successful synthesis
of PEI-PpIX-AgNP was confirmed by the positive {-Potential
value of 27.1 £+ 1.7 mV. PEI-PpIX-AgNP further lead to higher
hydrodynamic size in PBS with 137.6 £+ 4.0 nm and PdI = 0.29.
All the DLS and (-potential measurements are summarized in
Table S2 (ESIt).

UV-Vis spectroscopy of AgNPs depicts an absorption band
with a maximum wavelength at 427 nm (Fig. 1(d)), which is
characteristic of the surface plasmon resonance (SPR) asso-
ciated with metallic nanoparticles.>® UV-Vis spectrum of PpIX-
AgNPs clearly indicates the presence of PpIX corresponding to
the Soret- and Q-bands. PpIX-AgNPs shows a strong absorption
band from 350-500 nm with a maximum at 430 nm, which is
the result of the overlap between the SPR and the Soret-band of
PpIX. The amount of PpIX loaded on the nanoparticle was
determined using a calibration curve of cysPpIX at 500 nm as
indicated in the experimental section (Fig. S5, ESIt). The
percentage of PpIX loading on AgNPs was found to be around
45 £ 0.57% (n = 6), which corresponds to 240620 PpIX
molecules per nanoparticle (see ESIt for calculations). This %

9094 | Mater. Adv, 2022, 3, 9090-9102

loading was further confirmed by determining the amount of
Ag in the PpIX-AgNPs using ICP-OES (Table S1, ESIt).

The ability of PpIX attached to AgNPs to generate singlet
oxygen ('0,) was evaluated by determining the 'O, quantum
yield (®,). For this experiment, 9,10 dimethylanthracene (DMA)
was used as the 'O, probe and its decay at 380 nm with respect
to the irradiation time used to calculate @, (Table S3, ESI{).*®
The lower @, value for PpIX AgNPs (9, = 0.01) compared to the
parent porphyrin cysPpIX (©, = 0.38) could be attributed to the
fact that the 'O, released by PpIX is in close proximity to AgNPs;
therefore, it is selectively oxidizing the surface of the nano-
particles to release Ag" ions as demonstrated in the section
below. This surface effect will leave a very low amount of 'O,
remaining to react with the DMA probe.

Investigation of the release profile of Ag* from AgNPs,
PpIX-AgNPs and PEI-PpIX-AgNPs

Previous reports have described the combination of PSs with
AgNPs.'9?*72%37 Most of these studies are limited to demon-
strating the increased antimicrobial effect of PS-AgNPs in
terms of the enhanced PS photochemical properties. As far as
we know, only one study has investigated the oxidative effect of
PSs on the release of Ag" after light irradiation.®” In this work,
the increase in Ag" release from phthalocyanine-AgNPs was
analysed only at 1 h post irradiation. A synergistic effect was
observed for the elimination of bacteria. A kinetic study detail-
ing the Ag” release during and post light irradiation is critical to
understand their role in antibacterial synergy. Herein, we
performed an in-depth study of the impact of light-activated
generation of ROS through PpIX on the release kinetics of Ag".
Two different media were investigated; nanopure water and
DPBS, and a broad white light (400-700 nm; 56 & 2 mW cm ™ ?)

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Ag* release kinetics for AgNPs, PpIX-AgNPs and PEI-PpIX-AgNPs measured in (a) water or (b) DPBS. A zoom-in of the first 20 minutes are

localized on the right.

was used as light source. For these experiments, the Ag" release
kinetics from AgNPs, PpIX-AgNPs and PEI-PpIX-AgNPs was
evaluated in two distinctive stages; first, the one associated to
light irradiation for 20 min, “burst release”; and the second
one, due to the long-term dissolution of Ag" in the two different
aqueous media, “‘steady release.” As seen in Fig. 2(a) and
Fig. S7 (ESIT), after light irradiation in water, PpIX-AgNPs showed
a burst release within the first 20 minutes (release rate =
8.56 ug L' min~") followed by a constant increase in Ag" release
in the next 24 h (release rate = 0.02 pg L™' min~"). On the
contrary, minimal release of Ag" was observed in water for PEI-
PpIX-AgNPs (Fig. 2(a)). Most likely due to the strong interaction
between Ag" ions and amine groups in the PEL>® Moreover, a
reduction in the oxidative effect of the ROS produced by PpIX on
the surface of the AgNPs could be also associated to the presence

© 2022 The Author(s). Published by the Royal Society of Chemistry

of PEL* In the case of AgNPs, a slow release (release rate =
0.04 pg L' min™") was observed after 720 min. The total Ag*
release achieved for PpIX-AgNPs in water was 22% wt. Control
experiment in water without light irradiation show a minimal
release of Ag' from these nanoparticles (Fig. S8a, ESI}). The
release of Ag" from AgNPs in water in the absence of a PS has
already been studied.*®*' The presence of oxygen in water affords
the oxidation of AgNPs resulting in a slow release of Ag".*'™*
PpIX-AgNPs platform in the presence of light increases the release
of Ag" by 25-fold. The burst release is most likely directly
associated with the oxidation of the AgNPs surface in presence
of '0,, which is the main ROS produced by PpIX.** The lifetime of
0, in water is 3-5 s with diffusion coefficient 2 x 107> em*s™*,
which limits their activity to a distance of 125 nm.*>*® However, in

biologicals systems, this distance further reduces to less than half

Mater. Adv,, 2022, 3, 9090-9102 | 9095
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of the one mentioned above.*>*” Therefore, the proximity of the
generation of 'O, to the surface of AgNPs accounts for the fast Ag"
release kinetics in the first 20 min during the time of light
irradiation (Scheme S3, ESIf).

To confirm the degradation of AgNPs, PpIX-AgNPs and PEI-
PpIX-AgNPs associated with the release of Ag', TEM images of
aliquots at two different times post-irradiation, 20 min and
24 h, were taken (Fig. S9, ESIt). Moreover, the sizes of nano-
particles for those samples were measured using image J. A
slight increase in PpIX-AgNPs with smaller diameters were
measured after 20 min. However, after 24 h almost 90% of
the nanoparticles have a diameter below 10 nm (Fig. S9b, ESIT).
The original size of the nanoparticles is 42.2 nm; therefore,
a size of 10 nm means that they have been degraded by more
than 75%. This clearly demonstrate the degradation of PpIX-
AgNPs after light irradiation, which is also directly related to
the release of Ag" as shown above. In the case of PEI-PpIX-
AgNPs, a slower reduction in the size of the nanoparticles was
determined at 20 min, but with less than 10% of the particles
measuring 10 nm or below after 24 h (Fig. S9c, ESIT). This
confirms our hypothesis that the presence of PEI prevents the
oxidation and release of Ag". AgNPs also showed degradation in
water as indicated by the presence of 60% of nanoparticles with
diameters at 10 nm or below after 24 h (Fig. S9a, ESIY}).

To take in account the effect of the media, the release of Ag"
from AgNPs, PpIX-AgNPs and PEI-PpIX-AgNPs were also examined
in DPBS. DPBS is a buffer solution composed of potassium
chloride (KCl), potassium phosphate monobasic (KH,PO,),
sodium phosphate dibasic (Na,HPO,-7H,0) and sodium chloride
(NaCl) that is widely used to simulate physiological conditions. A
similar trend was observed for the release profile in DPBS
associated with PpIX-AgNPs after light irradiation with a burst
release in the first 20 min (release rate = 19.18 pug L' min ")
followed by a steady release (release rate = 0.08 pg L' min )
during the rest of the experiment (Fig. 2(b)). In the case of PEI-
PpIX-AgNPs, a similar two stages release behavior was observed;
first the burst release (release rate = 13.53 pg L' min~") followed
by a steady phase (release rate = 0.11 ug L™ min~") (Fig. 2(b) and
Fig. S7, ESIY). Interestingly, in DPBS the interaction between Ag”
and amine groups seems that is not strong enough to completely
stop the release of the Ag" ions. It has been reported that the
different ions in DPBS (e.g., KCl, NaCl, KH,PO,, and Na,HPO,)
can have a screening effect on the interaction between Ag" and the
424849 Rinally, a constant release of Ag" from AgNPs is
observed (release rate = 0.12 pg L™ " min ') during the whole
experiment (Fig. 2(b)). The total amount of Ag" released was 25,
60, and 50% wt for AgNPs, PpIX-AgNPs and PEI-PpIX-AgNPs,
respectively (Fig. S10, ESIt). These amounts are at least 2.5 times
higher than the one obtained in water, as an indication that
different media has a significant impact in the release Ag".>**° 1t
has been reported that the presence of NaCl in the aqueous media
could have an impact on the rate of dissolution of Ag*.* There-
fore, we hypothesize that the presence of Cl™ ions can account for
some of the Ag' release differences between water and DPBS
observed in this work (Scheme S3, ESI{).”* Control experiments
for PpIX-AgNPs and PEI-PpIX-AgNPs in DPBS without light

amines.
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irradiation only show a steady release of Ag" ions, similar to the
one observed for AgNPs (Fig. S8b, ESIT).

Similar to the Ag" release experiments in water, we con-
firmed the degradation of AgNPs, PpIX-AgNPs and PEI-PpIX-
AgNPs using TEM. Images of aliquots at two different times
pot-irradiation, 20 min and 24 h, were taken (Fig. S11, ESIY).
The influence of the medium (DPBS) is also corroborated in the
degradation of the nanoparticles. PpIX-AgNPs at 20 min post-
irradiation already showed 35% of nanoparticles with
diameters below 10 nm and more than 70% at 24 h (Fig. S11b,
ESIT). PEI-PpIX-NPs are still the material that present less
degradation with less than 45% of the nanoparticles having
diameters below 10 nm after 24 h; however, at 20 min already
20% of nanoparticles were observed. In the case of AgNPs, there
is a fast degradation with almost 50% and 65% of nanoparticles
with diameters below 10 nm at 20 min and 24 h, respectively
(Fig. S11a, ESIt).

Bacteria inactivation

MRSA and MDR E. coli are one of the most common causes of
human and animal antibiotic resistant infections.®>*>* These
pathogens are considered as serious threats by the Centers for
Disease Control and Prevention (CDC) and are part of the “nine
bacteria of international concern”.'® Therefore, MDR E. coli
and MRSA are ranked in the Priority 1 and 2 of the World
Priority List of ARB for R&D of new antibiotics by the World
Health Organization (WHO)." The antimicrobial properties of
AgNPs, PpIX-AgNPs and PEI-PpIX-AgNPs were tested against
MRSA (ATCC BAA 44 strain) and a wild type MDR E. coli. The log
bacterial inactivation achieved using these NPs under dark and
light conditions are presented in Fig. 3. For all cases, the
concentration of AgNPs in all samples was kept constant at
1.5 pg mL~" while cysPpIX concentration was 1 pM in PpIX-
AgNPs and PEI-PpIX-AgNPs. These concentrations were chosen
based on the results from preliminary concentration optimiza-
tion experiments. All microbes were incubated with NPs in the
dark for 30 min prior to visible light irradiation (400-700 nm;
56 + 2 mW cm?) for 20 min. Subsequently, samples were
collected post-irradiation at 0 (i.e., immediately after irradiation),
4 and 24 h post-irradiation. A similar protocol was followed for
the dark controls. The results indicate that 1.5 ug mL™" of AgNPs
achieved <1 log inactivation of MRSA both under light and dark
conditions even after 24 h of exposure (Fig. 3(a) and (b)). For
PpIX-AgNPs, under dark conditions at times 0, 4 and 24 h, the
log inactivation was similar to that obtained for AgNPs. This low
inactivation by AgNPs at 1.5 ug mL™" was expected because
typical minimum inhibitory concentrations (MIC) reported for
MRSA using AgNPs of similar sizes used in this study are about
3-10 folds higher.*>** However, MRSA inactivation by PpIX-
AgNPs increased to ~1.5 log following immediate irradiation
for 20 min (i.e., 0 h) and continuously increased to 2.3 log and
6.2 log after 4 and 24 h contact time, respectively. PpIX-AgNPs
achieved the highest inactivation of MRSA amongst the three
NPs examined regardless of the contact time (p < 0.0001)
(Fig. 3(b)). Control experiments using only the parent porphyrin
(cysPpIX) in the presence of light show an inactivation of

© 2022 The Author(s). Published by the Royal Society of Chemistry
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~2.5 log following immediate irradiation (Fig. S10b, ESIt).
Nevertheless, this effect remained constant during the rest of
the experiment. Most likely due to the short half-life (< 107° s) of
the ROS species generated, which are the antibacterial agents.>®

The inactivation of the Gram-negative MDR E. coli showed a
similar trend as the inactivation of the Gram-positive MRSA.
Under dark conditions, the log inactivation was <0.5 log for all
three NPs for time 0, 4 and 24 h (Fig. 3(c)). Similarly, PpIX-AgNPs
achieved the highest inactivation of ~8 logs after 24 h under
light conditions (p < 0.0001), which is the limit of quantification
since the starting bacteria concentration ~10° CFU per mL
(Fig. 3(d)). Interestingly, control experiments using only cysPpIX
in the presence of light showed no inactivation of MDR E. coli
(Fig. S12d, ESIt) as an indication that for this microbe PDI is
not effective. Previous studies have shown that some bacteria
show resistance against PDI.>*"**°° The increase in bacterial
inactivation of MRSA and MDR E. coli by PpIX-AgNPs following
light irradiation is consistent with the patterns recorded in
literature.'®?>2>37 Also, other studies have reported complete
elimination of MRSA and E. coli using AgNPs only; however,
MIC are at least 5 ug mL™"' depending on the physiochemical
properties of the examined AgNPs.”>***” Whereas, in this study,
only 1.5 ug mL ™" of AgNPs in PpIX-AgNPs resulted in complete

© 2022 The Author(s). Published by the Royal Society of Chemistry

inactivation of MRSA and MDR E. coli. These results confirm
the synergistic effect between PpIX and AgNPs to effectively
eliminate MRSA and MDR E. coli.

To deconvolute the impact on the inactivation of MRSA and
MDR E. coli by using the nanoparticulate platform PpIX-AgNPs, we
evaluated the physical mixture of cysPpIX and Ag* (AgNO;) at the
same concentrations used for the experiments with the NPs (Fig.
S12, ESIT). For MRSA, under dark conditions the log inactivation
was <0.5 log, <1.0 log and 4.5 log for times 0, 4 and 24 h. In the
presence of light irradiation, the inactivation values for the same
times are 4.0 log, 4.0 log and 6.0 log (Fig. S12b, ESIt). These data
show: first, that Ag" ions by themselves require time to produce
inactivation on MRSA; and second, that PDI has an additive effect
at short times (0 and 4 h) of the experiment. In the case of MDR
E. coli in the absence of light, the log inactivation was zero, <1.0
log and 6.5 log for times 0, 4 and 24 h, which are the same
inactivation values in the presence of light irradiation (Fig. S12d,
ESIt). These results confirmed the lack of PDI effect on the
elimination of MDR E. coli. PpIX-AgNPs have a similar behaviour
against MRSA as the physical mixture (Fig. S9b, ESIt); nevertheless,
it performs better in the case of MDR E. coli (Fig. S12d, ESIT).

The incorporation of positive charges in PSs or NPs has
been an important strategy to enhance their antimicrobial

Mater. Adv., 2022, 3, 9090-9102 | 9097
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properties.>"*® The rationale is that an electrostatic interaction
between the positively charged agents and the negatively
charged surface of bacteria will bring them in close proximity,
resulting in an improved antimicrobial effect.*>*? In this work
we functionalized PpIX-AgNPs with PEI polymer (My = 10 kDa)
(PEI-PpIX-AgNPs), which contains amine groups that are
protonated under physiological conditions. Therefore, it is
expected that this strategy would enhance the antimicrobial
effect of PpIX-AgNPs.”® For MRSA, under dark conditions, the
log inactivation was <1.0 log for PEI-PpIX-AgNPs at times 0, 4
and 24 h (Fig. 3(a)). In the presence of light, only at 24 h a
significant increase of inactivation was observed (3.2 log), but
not comparable with the value for PpIX-AgNPs (p < 0.001)
(Fig. 3(b)). PEI-PpIX-AgNPs depicted a similar performance in
the case of MDR E. coli with minimal inactivation effect in the
absence of light (<0.5 log) (Fig. 3(c)) and lower increase after
light irradiation (4.0 log at 24 h) as compared with PpIX-AgNPs
(p < 0.05) (Fig. 3(d)). Control experiments using only PEI
polymer depicted ~0.5 log and ~ 1.0 log inactivation of MRSA
and MDR E. coli, respectively, under light or dark conditions
(Fig. S12, ESIt). The experimental results reveal that by modifying
the surface of PpIX-AgNPs with PEI did not enhance their anti-
microbial effect; on the contrary, a reduction in the inactivation
was observed. This lower antimicrobial activity of PEI-PpIX-AgNPs
compared to PpIX-AgNPs can be explained from the lower
concentration of Ag" released by PEI-PpIX-AgNPs as illustrated
in the previous section (Fig. 2(b)). This unexpected outcome
suggests that different considerations other than functionalizing
the surface of nanoparticles with groups that can render positive
charge to the surface such as amines needs to be taken in account
in the case of AgNP-based platforms that depends on the release
of Ag' to inactivate ARB.

Overall, the log inactivation of MRSA and MDR E. coli was in
the order PpIX-AgNPs > PEI-PpIX-AgNPs > AgNPs under light
conditions irrespective of the contact time (Fig. 3(b) and (d)). The
order of bacterial log inactivation correlates with the trend of Ag"
release profile (PpIX-AgNPs > PEI-PpIX-AgNPs > AgNPs) in DPBS
(Fig. 2(a) and (b)) as a clear indication that the antimicrobial
activity of this platform is driven by photo-active release of Ag'.

9098 | Mater. Adv., 2022, 3, 9090-9102

Cytotoxicity in mammalian cells

Antimicrobial agents should effectively eliminate bacteria with-
out major toxicity toward mammalian cells. This feature is
critical in biomedical applications such as wound healing.”?
In this work, an in vitro assay was carried out to evaluate
the cytotoxicity of AgNPs, PpIX-AgNPs and PEI-PpIX-AgNPs at
bacterial inhibitory concentration in HeLa cells. After 30 min
incubation with the NPs, cells were irradiated for 20 min,
followed by an additional 24 h of incubation at 37 °C. The
viability of HeLa cells after treatment with any of the NPs did
not show any phototoxic effect at the concentrations used to
eliminate MRSA and MDR E. coli (Fig. 4). The same behaviour
was observed under dark conditions. Control experiments
using cysPpIX, AgNO; and the physical mixture of both show
a major cytotoxic effect for both cysPpIX and the physical
mixture in the presence of light (Fig. S13, ESIt). This phototoxic
effect is most likely due to the photodynamic therapy (PDT)
properties of cysPpIX.® Interestingly, neither PpIX-AgNPs nor
PEI-PpIX-AgNPs show PDT effect against HeLa cells, most likely
because most of the 'O, generated by the PS reacts with the
surface of AgNPs. Similar “quenching” effects have been
observed in other NPs carrying PSs.”****7®! Control experi-
ments also demonstrate that the concentration of Ag" used to
eliminate bacteria is not toxic to HeLa cells. It is reported that
the ICs, of Ag" is usually higher for mammalian cells than for
bacteria.”*>>*” Therefore, the PpIX-AgNP platform not only
offers an effective approach to eliminate MRSA and MDR
E. coli, but also shows improved biocompatibility properties
against mammalian cell.

Conclusions

In this work, we synthesized, characterized, and applied a light-
activated PpIX-AgNP platform for the elimination of ARB.
PpIX-AgNPs demonstrated broad-spectrum antibacterial action
resulting in >7 log inactivation of MRSA and MDR E. coli. The
bacterial inactivation achieved was independent of the Gram-
stain classification of the examined bacterial strains. The ROS

© 2022 The Author(s). Published by the Royal Society of Chemistry
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generated, mainly 'O,, due to the irradiation of PpIX increased
the release of Ag* from the surface of the PpIX-AgNPs. We also
investigated the influence of the media composition on the
release kinetics of Ag* and degradation of AgNPs. The ionic
composition of DPBS increased Ag' release and degradation
with light activated PpIX-AgNPs than in nanopure water. The
cationic surface charge associated with PEI-PpIX-AgNPs did not
improve bacterial inactivation since it did not allow similar Ag*
release in comparison with PpIX-AgNPs. The amount of
released Ag' drives the inactivation of MDR E. coli and MRSA
over electrostatic interaction from PpIX-AgNPs. In addition,
PpIX-AgNPs overcame the limitations of PpIX molecules in
the PDI of MDR E. coli. All NPs showed negligible cytotoxicity
to HeLa cells at the bacterial inhibitory concentration after 24 h
exposure. The successful formulation of light-activated PpIX-
AgNPs with increased potential for Ag" release would reduce
the MIC of AgNPs for therapeutic applications.
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