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ABSTRACT

Towards our overall objectives of developing potent antimicro-
bial materials to combat the escalating threat to human health
posed by the transmission of surface-adhering pathogenic
bacteria, we have investigated the photobactericidal activity of
cellulose nanocrystals that have been modified with a porphyrin-
derived photosensitizer (PS). The ability of these previously
synthesized porphyrin-cellulose-nanocrystals (CNC-Por (1)) to
mediate bacterial photodynamic inactivation was investigated as
a function of bacterial strain, incubation time and illumination
time. Despite forming an insoluble suspension, CNC-Por (1)
showed excellent efficacy toward the photodynamic inactivation
of Acinetobacter baumannii, multidrug-resistant Acinetobacter
baumannii (MDRAB) and methicillin-resistant Staphylococcus
aureus (MRSA), with the best results achieving 5-6 log units
reduction in colony forming units (CFUs) upon illumination with
visible light (400700 nm; 118 J em2). CNC-Por (1) mediated
the inactivation of Pseudomonas aeruginosa, although at reduced
activity (2-3 log units reduction). Confocal laser scanning
microscopy of CNC-Por (1) after incubation with A. baumannii
or S. aureus suggested a lack of internalization of the PS.
Research into alternative materials such as CNC-Por (1) may
lead to their application in hospitals and healthcare-related
industries wherein novel materials with the capability of reducing
the rates of transmission of a wide range of bacteria, particularly
antibiotic resistant strains, are desired.

INTRODUCTION

The increasing prevalence of antibiotic-resistant bacteria has
led to a rapidly emerging need to develop new strategies to
mitigate nosocomial infections which are mediated by the
survival of pathogenic bacteria on surfaces. Such hospital
acquired infections (HAIs) now infect one of every 20
hospitalized patients, and, as the cause of approximately
100 000 deaths annually in the United States alone, represent
the sixth leading cause of mortality in the United States and an
increasing economic burden on an already strained healthcare
system (1). The pathogens that give rise to HAIs are capable of
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surviving for prolonged periods in hospital environments
(linens, drapes, bed rails) and on the hands and clothes of
healthcare workers (2-4). Depending on the strain, Acineto-
bacter baumannii, Mycobacterium tuberculosis and Staphylo-
coccus aureus (as examples of bacteria that are of interest to
this specific lab) all have been shown to remain viable on dry,
abiotic surfaces for upwards of 4-7 months (5). Surfaces that
are not effectively disinfected can lead to the proliferation of
pathogens and transmission to hosts, thereby necessitating
research into the next generation of materials that possess
antimicrobial properties.

Antimicrobial photodynamic therapy (aPDT) (6-8) has
emerged as an alternative strategy for the treatment of
microbial infections. aPDT employs a photosensitizer (PS)
that generates reactive oxygen species (i.e. radicals or singlet
oxygen ('0,)) upon illumination with visible or near infrared
light. 'O, possesses a number of unique characteristics that
make it amenable for antimicrobial applications. These include
damaging reactivity with most biomolecules (9-16), a short
lifetime of ~107%s in aqueous environments (17), and the
formation of a harmless byproduct when left unreacted
(ground state molecular oxygen). Additionally, a number of
studies have shown that aPDT is equally effective against both
drug-susceptible and drug-resistant bacterial strains (7,18-20),
making it a particularly attractive treatment for bacterial
infections. While significant efforts have focused on the
application of aPDT for the treatment of bacterial infections
in vivo, a number of more recent studies have demonstrated
that photobactericidal materials may have widespread appli-
cability for the elimination of bacteria prior to infection.
Specifically, it has been shown that PSs are capable of
mediating the photodynamic inactivation (PDI) of bacteria
when incorporated, either through covalent or noncovalent
conjugation, into a number of different materials (films (21—
23), membranes (24), polymers (25,26), nanoparticles (27,28)
and fabrics (29-31)). Reactive oxygen species have been shown
to diffuse over a wide range of distances (from <250 nm for
'0, to ~1.5mm for H,0,) in aqueous solution (32-34),
allowing the potential for the effective inactivation of bacteria
on wet surfaces when the PS is within sufficient proximity to
the pathogen. Photobactericidal surfaces generated from the
covalent attachment of PSs to a solid support may possess a
number of advantages over other antimicrobial materials that
incorporate compounds derived from biomolecules (antimi-
crobial peptides, natural products) (35-38), cationic species
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(quarternary ammonium, pyridinium, or phosphonium salts)
(39-45), organic compounds (conventional antibiotics, phen-
olics, N-halamines, biguanides) (46-50), or heavy metals
(copper, silver and zinc) (46,51,52). These advantages include
employing reactive oxygen species as the biocidal agents
(which, given their short lifetimes and decay to relatively
unreactive end products, can be considered environmentally
benign), permanent attachment of the PS through covalent
conjugation, and the ability of the PS to potentially function in
the absence of direct contact with the bacterium. Additionally,
as '0, or other reactive oxygen species may cause nonspecific
damage, photodynamic materials possess antiviral (53,54),
antifungal (55,56) and antiparasitic (57-59) properties. Finally,
as PDI employs harmless white light, it has the advantage over
UVC (as an example of another light-based sterilization
technique) in that it can function without the need for
protecting people against the deleterious effects of long-term
or high-intensity UV exposure.

As a potential solid support for photobactericidal materials,
cellulose possesses a number of chemical and physical prop-
erties that have been well characterized (60). It is the most
naturally abundant biomaterial on the planet, and represents a
structural motif upon which the bulk material of our plant
systems and a number of derivative biopolymers (e.g. chitin)
are based. Cellulose is comprised of very regular crystalline
units or nanodomains that, upon acid hydrolysis (61-63), yield
highly crystalline rod-like hydrophilic particles at the nano-
scale level (100400 nm in length (60)) that possess high
mechanical strength and enhanced properties when compared
with other polymers (64). For example, these cellulose nano-
crystals (CNC) possess a high melting temperature that may
positively affect the thermal transition properties of any
covalently attached functional groups on them, a very attrac-
tive proposition in designing high melt composites, thermal
extrusions and temperature-resistant materials (60,64). While
cellulose nanocrystals have been explored mainly for their
contributions to macroscopic properties of bulk materials,
they also possess a number of unique molecular characteristics
of significance that allow them to act as scaffolds for
nanomaterials (60,64-66). These include: (1) taking the form
of rigid molecular rods of well-defined dimensions; (2) enan-
tiopurity with embedded polymeric directionality; and (3) an
etched molecular pattern on their surfaces composed of
primary hydroxyl groups at the Cq position which are

amenable to chemical modification. Thus, cellulose is a readily
abundant, renewable material that, when combined with these
attractive chemical features in one system, provides a unique
paradigm for chemical transformations and functionality in
the design of novel photobactericidal materials.

Previously, we described the synthesis and characterization
of CNC-Por (1) (67), a photobactericidal material formed from
the covalent attachment of an alkyne-containing porphyrin PS
to the surface of azide-modified cellulose nanocrystals using the
Cu(I)-catalyzed Huisgen-Meldal-Sharpless 1,3-dipolar cycload-
dition reaction (Fig. 1). While the focus of that report was
primarily on the physico-chemical properties of CNC-Por (1),
we also demonstrated that this material was able to mediate
the photodynamic inactivation of both methicillin-susceptible
S. aureus (MSSA) and M. smegmatis (as a surrogate for
M. tuberculosis) with high efficiency, yet exhibited relatively
low bactericidal activity against E. coli. Given the limited
scope of the previous antimicrobial study in which only three
strains of drug-susceptible bacteria were explored, and in
order to gain insight into the mechanism of porphyrin-
cellulose nanocrystals as PSs in the photoinactivation of
bacteria, the focus of the present report is to further explore
the potential of CNC-Por (1) as a photobactericidal material.
In addition to supplemental characterization of CNC-Por (1)
by UV-Visible spectroscopy, the antimicrobial properties of
this material were investigated against Acinetobacter baumannii,
multiple-drug resistant Acinetobacter baumannii (MDRAB),
methicillin-resistant ~ Staphylococcus aureus (MRSA) and
Pseudomonas aeruginosa. As will be demonstrated, CNC-Por
(1) exhibited excellent antimicrobial activity for all strains
examined with the exception of P. aeruginosa, which was only
moderately inactivated. When combined with the results of
the previous investigation (67), the current study suggests that
CNC-Por (1) is able to mediate the inactivation of the
bacterial strains studied despite their varying taxonomic
classification, highlighting the potential application of this
photobactericidal material in inactivating microbes from
contaminated surfaces given its apparent broad spectrum
antimicrobial activity. Additionally, we imaged A. baumannii
using confocal fluorescence microscopy in the presence of
both CNC-Por (1) and the solution-based PS Zn-EpPor (3),
the results of which will be discussed in the context of PS
internalization and the mode of action of CNC-Por (1) in
mediating antimicrobial PDI.
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Figure 1. Synthesis of cellulose nanocrystal-porphyrin conjugate CNC-Por (1). For the benzoylated derivative, 1-Bz, the structure is the same as
CNC-Por (1) with the exception that the hydroxy groups are replaced with benzoyl esters.



MATERIALS AND METHODS

Materials. Buffer salts were purchased from Fisher Scientific, Nutrient
Broth #234000 was obtained from BD Difco, LB-Miller broth from
EMD Chemicals and Tryptic Soy Broth from Teknova. Polylysine
solution was purchased from Sigma Aldrich. Unless otherwise spec-
ified, all other chemicals were obtained from commercial sources in the
highest purity available. Ultrapure water used for all media and buffers
was provided by an Easypure II system (Barnstead). High precision no.
1.5 coverslips were purchased from Bioscience Tools. All procedures
were carried out under commonly practiced sterile techniques.

Preparation of CNC-Por (1). Porphyrin-cellulose nanocrystals,
CNC-Por (1) and its benzoylated derivative, 1-Bz, were prepared as
previously described (61, 62, 66, 67). Briefly, cellulose nanocrystals
(CNC, 2) were obtained from the acid hydrolysis of cotton fibers and
were subsequently treated with tosyl chloride followed by sodium azide
to modify the primary hydroxyl groups for installment of surface-azide
units. Covalent attachment of the alkyne-containing porphyrin Zn-
EpPor (3) to the azide-modified cellulose nanocrystals was performed
using the Cu(I)-catalyzed Huisgen-Meldel-Sharpless 1,3-dipolar cyclo-
addition reaction. Purification of the target compound was performed
as published, resulting in the formation of CNC-Por (1) as an
insoluble, green crystalline material. ICP-mass spectrometry, provided
by the Environmental and Agricultural Testing Service (EATS)
Facility (NC State University), was used to determine the concentra-
tion of Zn ions in samples of CNC-Por (1), which is equivalent to the
porphyrin loading if complete metallation of the porphyrin is assumed.
10 mg of lyophilized CNC-Por (1) was digested in 10 mL of HCI,
followed by heating to 60°C for ~2 h. Once digested, it was assumed
that the porphyrin was fully demetallated, allowing for the Zn
concentration to be determined using ICP mass spectrometry. The
porphyrin loading was found to be 0.062 umoles porphyrin/mg CNC-
Por (1). Using this empirically determined value, a 1 mM stock
solution was prepared using filter sterilized ultrapure water, and was
stored in the dark at 4°C for subsequent use in the PDI assays.

UV~visible spectroscopic characterization of CNC-Por (1). UV—
visible absorption spectra were collected at room temperature with a
Cary 50 UV-visible spectrophotometer using quartz microcuvettes
(1 cm pathlength). A stock solution of 1-Bz and one of the precursor
porphyrin Zn-EpPor (3) (68) were prepared in DMSO. After dilution
with water to a final solution composition of 30:1 H,O:DMSO, the
UV-visible spectra were recorded. The known molar absorption
coefficient of compound Por (195 mM~'em™) was used to normalize
the spectra.

Bacterial cell culture. The bacterial strains Acinetobacter baumannii
(ATCC #19606), multidrug resistant Acinetobacter —baumannii
(MDRAB; ATCC #BAA-1605) and methicillin-resistant Staphylococ-
cus aureus (MRSA; ATCC #BAA-44) were kindly donated by Prof.
Christian Melander (North Carolina State University). Pseudomonas
aeruginosa (ATCC #97) was obtained from the American Type Culture
Collection (Manassas, VA). Aliquots of each bacterial species were
prepared in a 1:1 broth:glycerol ratio and stored at —80°C. Acineto-
bacter baumannii was grown in Miller LB broth without antibiotics,
while the MDRAB strain was grown in Miller LB broth with
5 ug mL™! tetracycline. Methicillin-resistant S. aureus was grown in
Tryptic-Soy broth with 5 ug mL™' tetracycline and Pseudomonas
aeruginosa was grown in BD Difco Nutrient Broth (#234000) with
5 ug mL™! tetracycline. All bacterial inoculations were incubated on a
shaker at 37°C and 500 rpm. Growth curves for each strain were
prepared under these conditions.

Incubation of cells with photosensitizer. Each 5 mL culture with a
concentration of 1-3 x 10® CFU mL™" (determined spectrophotomet-
rically from the growth curve using a Genesys 10 UV scanning
spectrophotometer from Thermo Electron Corp.) was pelleted by
centrifugation (10 min, ~3700 g) at 4°C, the supernatant discarded
and the cells were resuspended in a total volume of 5 mL PBS (pH 7.2
with 0.05% Tween 80). A 1 mL aliquot of the bacterial solution was
transferred to a separate culture tube to serve as a compound-free
control. An appropriate volume of the CNC-Por (1) stock solution was
added to the remaining 4 mL bacterial culture for a final concentration
of 20 uM. The two tubes were wrapped in aluminum foil and were
incubated for 5, 15, 30 or 60 min in the dark at room temperature and
agitated by a vortex mixer set to the second lowest speed. Once the
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incubation was complete, three 1 mL aliquots from the culture tube
containing the PS were placed in separate wells on a 24-well plate. The
compound-free control (no compound control) and the remaining
1 mL culture containing CNC-Por (1) (PS-treated dark control) were
placed in the dark while the plate underwent illumination.

Cell illumination conditions. All photosensitization experiments were
performed using a noncoherent light source, Lumacare model LC122
(LumacCare), and the fluence rate was measured with an Orion power
meter (Orphir Optronics Ltd, Israel) to measure the light intensity at
the top (surface) and bottom of the assay plate. | mL aliquots of the
cell suspension in PBS were added to a sterile 24 well plate (BD Falcon,
flat bottom) and illuminated with visible light (400-700 nm) with a
fluence rate of 65 mW cm > for the duration of 15 or 30 min
(corresponding to fluences of 59 or 118 J cm™2) while magnetically
stirred (200 rpm). Tween-80 (0.05%) was added to the buffer to
prevent excessive aggregation of the PS during the illumination
process. After illumination, an aliquot was used for viability assays.
All cell illumination experiments were conducted in triplicate at a
minimum.

Cell survival assays. Once illumination was complete, 40 uL. from
each illuminated cell suspension, compound-free dark control, and
compound-containing dark control, were 1:10 serially diluted in PBS
six times and plated on square plates (LB—Miller broth-Agar plates for
both 4. baumannii and MDRAB, Difco Nutrient Broth-Agar plates
for P. aeruginosa, and Tryptic Soy Broth-Agar plates for methicillin-
resistant S. aureus) as described by Jett and coworkers (69). The plates
were incubated at 37°C in the dark. The survival rate was determined
from the ratio of CFU mL™" of the illuminated solution and the no
compound control. Because of the plating technique employed, a
maximum of a 6 log unit change in CFU mL™" corresponding to
2100 CFU mL™" could be detected for an initial concentration of
1 x 10° CFU mL™". Survival rates of <0.0001% could not be
detected. The percentage of survival for samples for which the
corresponding plates did not show any colonies was thus set to
the detection limit of 0.0001%. Samples with PS present but kept in the
dark (dark control) served as a control. Statistical significance was
assessed via a two-tailed, unpaired Student’s #-test.

Confocal fluorescence microscopy of CNC-Por (1). Confocal fluo-
rescence microscopy was performed on a Zeiss 710 LSM (Cellular and
Molecular Imaging Facility, NCSU). All experiments were performed
with Acinetobacter baumannii and S. aureus at concentrations compa-
rable with the cell survival assays. Bacterial samples were prepared
with and without PS, using either the precursor porphyrin Zn-EpPor
(3) (Fig. 1) in solution or CNC-Por (1) as the PS. All concentrations,
incubation times, and illumination times were comparable to those
performed during the PDI survival assays. To eliminate as many
variables as possible, two 4. baumannii samples were grown simulta-
neously in culture tubes until reaching 1-3 x 10¥ CFU mL™". The
bacteria were pelleted via centrifugation and resuspended in PBS
buffer. CNC-Por (1) was then added to one culture tube, while
Zn-EpPor (3) was added to the other at equal concentration. The tube
with CNC-Por (1) as the PS was placed on a vortexer in the dark for
30 min, while the tube containing the Zn-EpPor (3) was placed on an
orbital shaker (400 rpm) at 37°C also in the dark. A 1 mL aliquot of
the PS-incubated cells was transferred to a well on a 24-well plate and
illuminated for 30 min, after which a sample from each well was then
prepared per standard microscopy protocols and imaged. Excitation
was performed using an Argon laser at 458 nm at a quarter of its
maximal intensity, and the intrinsic porphyrin fluorescence was
observed. All images were obtained under identical conditions
(pinhole, gain, filters) for comparison purposes.

RESULTS

Preparation and UV-visible spectroscopic characterization
of CNC-Por (1)

CNC-Por (1) and its benzoylated derivative, 1-Bz, were
prepared as previously described (Fig. 1) (67). Treatment of
CNC-Por (1) with benzoyl chloride in the ionic liquid 1-allyl-3-
methylimidazolium chloride resulted in the benzoylated deriv-
ative of CNC-Por, 1-Bz, thus rendering the normally insoluble
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Figure 2. Electronic absorption spectra of benzoylated CNC-Por

(1-Bz) (red) and the water-soluble precursor porphyrin Zn-EpPor (3)
(black) in 30:1 H,O:DMSO solution.

cellulosic material soluble in organic and aqueous solvents for
subsequent characterization by UV-visible spectroscopy. The
electronic absorption spectrum of 1-Bz in H,O:DMSO (30:1)
(Fig. 2) exhibits spectral features [UV—visible: 442 (Soret), 567,
612 nm] that are typical for a Zn-metallated porphyrin of
the tris-(4-methylpyridin-4-ium-1-yl) scaffold such as that
employed in CNC-Por (1) (68). When compared with the
spectrum of Zn-EpPor (3) [UV-visible: 436 (Soret), 564,
608 nm] obtained under identical conditions, 1-Bz exhibits
bathochromic shifts that are likely attributable to the differ-
ences in the local environment (e.g. polarity and solvation) of
the porphyrin because of the presence of the covalently
appended cellulose. Notably, the free-base (unmetallated)
precursor, EpPor, exhibits spectral features [UV-visible: 426
(Soret), 521, 557, 591 and 648 nm] (68) that are distinct from
1-Bz and its Zn-metallated analog under similar conditions. As
1-Bz does not exhibit a hypsochromic shift of its Soret band
that is indicative of the free-base porphyrin, the UV-visible
spectroscopic data strongly support a fully metallated por-
phyrin (i.e. 1:1 Zn:porphyrin stoichiometry) in CNC-Por (1).
Additional characterization of both CNC-Por (1) and
Zn-EpPor (3) by solid-state UV—-visible spectroscopy is pro-
vided in Figure S1.

Photodynamic inactivation studies with CNC-Por (1)

The photobactericidal activity of CNC-Por (1) was investi-
gated using A. baumannii, multidrug resistant 4. baumannii
(MDRAB), methicillin-resistant S. aureus and P. aeruginosa.
As supported by the UV-visible characterization of the porp-
hyrin-cellulose nanocrystals (vide supra), a 1:1 zinc-to-porphy-
rin stoichiometry was assumed which enabled the porphyrin
loading of the stock solution of CNC-Por (1) to be determined
by a direct measurement of zinc ion concentration using
ICP-mass spectrometry. Thus, the 20 uM concentration of
CNC-Por (1) employed refers to the concentration of the
porphyrin on CNC-Por (1) present in the suspension. Control
experiments included survival assays of the bacteria in PBS
buffered solution kept in the dark in the absence (no
compound dark control) and presence (PS-treated dark
control) of CNC-Por (1). The percentage of cell survival was
calculated as the ratio of the colony count from PS-treated
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Figure 3. Photodynamic inactivation of (A) A. baumannii and (B)
MDRAB using 20 uM CNC-Por (1) as the photosensitizer. The dark
incubation time was varied over 5, 15, 30 and 60 min. Displayed is the
% survival in PBS buffered bacterial suspensions for the compound-
free dark control (#), CNC-Por dark control (W) and light-treated
samples after illumination times of 15 (A) or 30 (@) min (total fluences
of 59, and 118 J cm™>, respectively, at 65 mW cm™>). As the plating
technique employed to determine % survival did not allow for
detection of survival rates of <0.0001%, data points below the
detection limit are set to 0.0001% survival for graphing purposes. The
shaded areas correspond to undetectable cell survival with the assay
employed. In the cases where error bars cannot be visualized, the error
bars themselves were smaller than the marker employed in the plot.

illuminated cultures and the no compound dark control, the
latter being set to 100% survival in Figs. 3-5.

Acinetobacter baumannii and M DRAB. The results for the
photodynamic inactivation of A. baumannii and MDRAB are
shown in Figs 3A,B, respectively. For the PS-treated dark
control, A. baumannii exhibited upwards of 0.4 log units
reduction in CFUs (P = 0.002), indicative of a minor amount
of dark toxicity of CNC-Por (1) against this bacterium
(Fig. 3A). Upon illumination for 15 min, however, a more
significant and clear loss in viable cells for A. baumannii was
noted. Within error, the 5, 30, and 60 min dark incubation
times each achieved a ~4.5 log units reduction in CFUs
(P < 0.0001). As an outlier, the 15 min dark incubation time
showed an unexpected, yet reproducible, 6 log units reduction
when illuminated for 15 min, the origin of which was not
explored further. Increasing the illumination period to 30 min
resulted in a statistically significant (P < 0.03) improvement
in the inactivation of A. baumannii to 4.5-5.5 log units
reduction in viable cells (with the exception of the 15 min dark
incubation time as noted above). Comparison of the 30 min
illumination data again revealed no statistically significant
dependence of survival as a function of dark incubation time.
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Figure 4. Photodynamic inactivation of methicillin-resistant S. aureus
using 20 uM CNC-Por (1) as the photosensitizer. Displayed is the %
survival in PBS-buffered bacterial suspensions for the compound-free
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Figure 5. Photodynamic inactivation of P. aeruginosa using 20 uM
CNC-Por (1) as the photosensitizer. Displayed is the % survival in PBS
buffered bacterial suspensions for the compound-free dark control
(#), CNC-Por dark control () and light-treated samples after
illumination times of 15 (A) or 30 (@) min. Assay conditions were as
specified in Fig. 3.

MDRAB exhibited dark toxicity (upwards of ~0.7 log
units) that was more apparent at incubation times greater than
15 min (Fig. 3B). As was observed for A. baumannii, illumi-
nation of the MDRAB culture for 15 min resulted in 4 log
units reduction in CFUs (P < 0.0001) for the 5 min dark
incubation, and greater than 5 log units reduction in viable
cells when the dark incubation time was further lengthened
(15-60 min). A statistically significant increase in inactivation
by ~1 log unit more was observed when the illumination time
was increased to 30 min. With a few exceptions at the extremes
of the conditions studied (the results for the 5 min dark
incubation data [both 15 and 30 min illuminations] and the
60 min dark incubation/30 min. illumination data were virtu-
ally identical between the two bacteria)), MDRAB was
statistically more susceptible (P = ~0.02 or lower), albeit
only slightly, to photodynamic inactivation by CNC-Por (1)
when compared with A. baumannii.

Methicillin-resistant Staphylococcus aureus (MRSA). The
photodynamic inactivation of methicillin-resistant S. aureus
by CNC-Por (1) was found to be highly effective (Fig. 4) under

Photochemistry and Photobiology, 2012, 88 531

all conditions examined. Regardless of the dark incubation
time or the illumination period, no CFUs were detected, and
survival rates were therefore below the detection limit of
<0.0001%, corresponding to an impressive 6 log units
reduction in viable cells (P < 0.0001). Dark controls of the
PS-treated cultures containing CNC-Por (1) showed at most
0.5 log units reduction in CFUs at the longer dark incubation
times. S. aureus, being a Gram-positive bacterium, lacks an
outer cell membrane, and it is likely for this reason that
S. aureus is so highly susceptible to the cytotoxic species
produced during the photodynamic inactivation process.

Pseudomonas aeruginosa. In comparison to the other bacte-
rial strains investigated, P. aeruginosa appeared to be the least
susceptible to photodynamic inactivation by CNC-Por (1)
(Fig. 5). No statistically significant inactivation of P. aerugin-
osa was observed when incubated for less than 30 min. When
the incubation was 30 or 60 min, a 2.5-3 log units reduction in
the cell count was observed for both illumination times
(P < 0.0001). Thus, the dark incubation time that preceded
illumination did appear to play a role in the ability of CNC-
Por (1) to mediate the photodynamic inactivation of
P. aeruginosa, whereas the incubation time had no effect on
the ability for CNC-Por (1) to inactivate 4. baumannii or
MRSA, and a minimal effect on MDRAB that was only
observed for the 5 min dark incubation. No statistically
significant dark toxicity on the survival of P. aeruginosa was
attributed to CNC-Por (1).

Confocal fluorescence microscopy studies of A. baumannii
and S. aureus with CNC-Por (1)

Confocal fluorescence microscopy was employed to investigate
the interaction of CNC-Por (1) with A4. baumannii (Fig. 6)
prior to and after completion of a typical cell survival assay.
Fluorescence was achieved by employing an excitation wave-
length of 458 nm that was nearly coincident with the Soret
absorbance of CNC-Por (1) (442 nm). Acinetobacter bauman-
nii is a Gram-negative, encapsulated, pleomorphic bacterium
that exhibits both bacillar and coccoid morphologies. Panel A
depicts the size distribution of the cellulose-porphyrin nano-
crystalline aggregates relative to the bacterium. Although
individual cellulose nanocrystals (average length of 100—
400 nm [66, 60] can be observed, the material formed aggregates
that were generally much larger (~1-8 pum in length). Notably,
as illustrated in panels B and C, no fluorescence was observed
either internalized within A. baumannii, or localized to its cell
membrane. Although this does not conclusively rule out a PS
internalization mechanism or adherence of the PS to the cell
membrane as the mechanism for bacterial PDI, it does suggest
that the porphyrin of CNC-Por (1) remains covalently bound
to the cellulose throughout the cell illumination assay and does
not undergo degradation to form a water-soluble species. By
contrast, as shown in panel D, the water-soluble porphyrin Zn-
EpPor (3), when in solution and not bound to the cellulose
nanocrystals, led to the fluorescence being localized on A.
baumannii. Although the resolution of the confocal microscope
did not allow for the determination of whether the cationic PS
was internalized by the bacterium, or simply bound through an
electrostatic interaction to the negatively charged bacterial cell
membrane, the results highlight a stark contrast between how
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Figure 6. Confocal fluorescence microscopy images of A. baumannii
acquired post illumination (30 min) in the presence of A-C) CNC-Por
(1) and D) the solution-based Por photosensitizer. See text for
additional details.

an insoluble PS such as CNC-Por (1) interacts with a
bacterium when compared with a more traditional, solution-
based PS.

Confocal fluorescence microscopy was also employed to
investigate the interaction of CNC-Por (1) with S. aureus
(Fig. 7). Panel A shows the observed fluorescence, panel B
shows the corresponding light image, and panel C is the
overlay of the fluorescence and light images. As was the case
with A. baumannii, no fluorescence was observed either
internalized within S. aureus, or localized to its cell membrane.
Rather, the observed fluorescence is only coincident with the
CNC-Por (1) material. These results are again consistent with
the premise that the porphyrin-based PS of CNC-Por (1)
remains covalently bound to the cellulose.

DISCUSSION

The attractiveness of cellulose as a bioavailable, biocompat-
ible, biodegradable, and renewable scaffold for photobacteri-
cidal materials has recently garnered attention, particularly as
it is amenable to the covalent attachment of PSs using current
bioconjugation methodologies (21-23,29-31,70,71). Our focus
has been on utilizing the unique properties and molecular
control afforded by cellulose nanocrystals, allowing for well-
defined, discrete nanodomains that have been derivatized with
a variety of antimicrobial functional groups, and in particular
with PSs, thereby allowing for fundamental and systematic
investigations of the photoantibacterial efficacy of these
systems. Our earlier work demonstrated the efficacy of the
solution-based cationic PS TMPyP (meso-tetrakis[1-methyl-4-
pyridinyl]porphyrin tetratosylate) in mediating the photody-
namic inactivation of M. smegmatis (72). TMPyP has a
reasonable quantum yield for singlet oxygen (0.74) (73), and
our work with the singlet oxygen quencher NaN; demon-
strated that the primary causative oxidative agent for the PDI
of M. smegmatis was attributable to singlet oxygen, although
other cytotoxic radical species may also play a role. Based on
these results with TMPyP, we chose to covalently attach an
alkyne-containing analogue, Zn-EpPor (3) (68), to azide-
modified cellulose nanocrystals (66) using the Cu(I)-catalyzed
Huisgen-Meldal-Sharpless 1,3-dipolar cycloaddition reaction
(a “Click” reaction) (74,75), thereby forming the benchmark
compound CNC-Por (1) (67). Along with characterizing CNC-
Por (1) using nuclear magnetic resonance and infrared
spectroscopies, as well as thermogravimetric analysis, gel
permeation chromatography and other analytical methods,
the photobactericidal properties of the porphyrin-cellulose
nanocrystals were investigated, but in limited fashion. Our aim
here is to provide supporting spectroscopic characterization of
CNC-Por (1), and, moreover, to expand the breadth and scope
of the antimicrobial study to include additional strains not
previously investigated, including antibiotic-resistant ones.

In our previous study of CNC-Por (1) (67), the porphyrin
loading was determined using atomic absorption spectroscopy,
with the critical assumption being that the porphyrin was fully
metallated with zinc (i.e. a 1:1 Zn:porphyrin stoichiometry was
present). However, if full or even partial demetallation of the
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Figure 7. Confocal fluorescence microscopy images of S. aureus acquired post illumination (30 min) in the presence of CNC-Por (1). (A)
Fluorescence image (458 nm excitation) depicting the location of the photosensitizer. (B) Light image showing the location of the S. aureus cells.

(C) Overlay of the images in panels A and B.



porphyrin occurred during the synthesis of CNC-Por (1), this
would result in an erroneously low value of porphyrin loading,
thereby leading to the use of a higher concentration of CNC-Por
(1) in the cell survival assays than desired, and thus an
overstatement of the efficacy of the photobactericidal material.
Thus, it was imperative to conclusively establish that no
detectable demetallation of the porphyrin in CNC-Por (1)
occurred during its synthesis and subsequent purification. To
that end, CNC-Por (1) was benzoylated for improved solubility
(67), and its solution UV-visible spectrum was obtained. The
electronic absorption spectrum exhibited features that were
consistent with a zinc-metallated porphyrin, and, importantly,
it was not possible to observe any of the spectroscopic features
attributable to a free-base (demetallated) porphyrin (hypso-
chromic shift of the Soret band and the presence of four Q
bands). Given the >10 nm difference in the wavelength
maxima of the Soret bands for the metallated and free-base
porphyrins (68), and given the distinct Q band features for each,
we estimate that CNC-Por (1) is minimally 95% metallated.

The extent of antimicrobial activity was examined for
CNC-Por (1) as a function of bacterial strain, including
A. baumannii, MDRAB, methicillin-resistant S. aureus, and
P. aeruginosa. The best results demonstrated activity from a
2.5 log units reduction in viable cells for P. aeruginosa
(60 min incubation, 30 min illumination, 99.7% cell inacti-
vation, P < 0.0001) to a 6 log units reduction for MRSA (all
conditions, 99.9999 + % cell loss, P < 0.0001). As was
previously noted for S. aureus (67), the MRSA strain
employed here appeared to be the most susceptible bacterium
of those studied for bacterial PDI when mediated by CNC-
Por (1). This result is not unexpected, however, as Gram-
positive bacteria such as S. awureus lack an outer cell
membrane, and possess a relatively more porous peptidogly-
can cell wall that likely favors association with photosensi-
tizers, thus rendering the bacterium more susceptible to
damage from PDI (76). In contrast to the excellent results
achieved with S. awreus, the maximum viable cell loss
observed for the Gram-negative P. aeruginosa, although still
significant at about 99.7%, was ~3.5 log units less, and
required the longer incubation periods prior to illumination.
One could attribute this observed difference in bacterial
inactivation to the presence (Gram-negative) or absence
(Gram-positive) of the outer bacterial cell wall. However,
the other Gram-negative bacterial strains examined herein,
A. baumannii and MDRAB, displayed a reduction in viable
cells that, although intermediate between S. aureus and
P. aeruginosa, was still nearly to the detection limit (~5-6 log
units reduction). Our previous study investigating the inac-
tivation of E. coli (Gram-negative) with CNC-Por (1)
revealed a ~2 log units reduction in CFUs, whereas
M. smegmatis (mycobacterium/Gram-positive) was inacti-
vated up to 3.5 log units, and up to 6 log units inactivation
was observed for methicillin-sensitive S. aureus (MSSA).
Thus, while the lack of the outer cell wall likely plays a
significant role in the inability of Gram positive bacteria to
resist photobactericidal inactivation, other factors that have
yet to be determined (e.g. differences in biofilm formation,
the number of porin channels, cell morphology, etc., between
bacterial strains) must also play significant roles in order to
explain the variability in inactivation of the Gram-negative
strains.
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The photobactericidal activity of CNC-Por (1) was also
examined as a function of light dose and dark incubation time.
Not surprisingly, under nearly all conditions examined, the
30 min light dose achieved a greater reduction in viable cells
than the 15 min light dose when a statistically significant
difference between the two conditions was observed, and is
likely attributable to the higher amount of cytotoxic reactive
oxygen species, in particular 'O, formed during the increased
illumination time. No cell survival dependence on dark
incubation times was observed for A. baumannii, and a
minimal effect was noted for MDRARB that was only observed
for the 5 min dark incubation. Additionally, because of the
complete inactivation of MRSA, no dark incubation time
dependence could be observed with the detection limit utilized.
Interestingly, however, a dependence on the dark incubation
time was observed for P. aeruginosa, as statistically significant
inactivation was only observed for the 30 and 60 min
incubation times and not for the shorter ones. Previously, we
also noted a dark incubation time dependence on the inacti-
vation of M. smegmatis by CNC-Por (1), and at that time it
was hypothesized that the action of putative endogenous
mycobacterial cellulases may partially degrade CNC-Por (1),
leading to the release of smaller, water-soluble porphyrin-
polysaccharides that could lead to the observed increase in
PDI efficiency at longer dark incubation times (67). However,
to the best of our knowledge, there are no known cellulases of
P. aeruginosa. A combination of other factors, such as
preferential adherence of one bacterium over another to the
porphyrin-cellulose nanocrystals caused by the differences in
bacterial cell wall morphology, or possibly even the secretion
of exopolysaccharide biofilms by specific bacteria, could lead
to the observed dark incubation time dependencies. Additional
studies are currently underway in our laboratory to elucidate
the origin of the dark incubation time dependence on the
antimicrobial PDI of P. aeruginosa and M. smegmatis.

To gain more insight into the bactericidal mechanism of
CNC-Por (1), confocal fluorescence microscopy was employed
to image the CNC-Por (1)-treated cultures of A. baumannii
(Fig. 6) and S. aureus (Fig. 7). Qualitatively, both the bacte-
rium and the porphyrin-cellulose nanocrystals were indistin-
guishable pre- and postillumination, suggesting that the
morphology of the nanocrystalline material was unchanged
despite having undergone a photodynamic process. Impor-
tantly, neither pre- nor postilluminated samples when treated
with CNC-Por (1) exhibited evidence of porphyrin fluores-
cence either internalized within either A. baumannii or
S. aureus, or localized on the bacterial cell surface. By
contrast, when the bacteria were treated with the water-soluble
Zn-EpPor (3), fluorescence was observed superimposed upon
the bacterium, suggesting that the solution-based PS was either
internalized or bound to the cell membrane. Taken together,
the results support the hypothesis that direct binding and
uptake of the PS are not necessary requirements for photody-
namic inactivation by CNC-Por (1), and, as reactive oxygen
species have been shown to diffuse over a wide range of
distances (from <250 nm for '0, to ~1.5 mm for H,0,) in
aqueous solution (32-34), the production of 'O, and other
cytotoxic or radical species in close proximity to the bacteria
may be sufficient to result in cell inactivation or death. By the
same token, in light of our previous observation that a 100-
to 500-fold higher porphyrin concentration is needed for
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CNC-Por (1) to photoinactivate M. smegmatis to the same
extent when compared with soluble PSs [i.e. Zn-EpPor (3)] (67,
72), one can regard a diffusion-based process of cytotoxic
species from the insoluble PS as being less effective than a
direct interaction (internalization or localization of the PS to
the bacterial cell membrane), the latter being what may be
needed for effective aPDT at very low PS concentrations in
vivo.

CONCLUSION

We have now further investigated the ability of CNC-Por (1)
to photoinactivate bacteria of different genera using visible
light (400-700 nm). An impressive 6 log units of reduction in
viable cells was observed for methicillin-resistant S. aureus
(Gram-positive), 5-6 log units for 4. baumannii and MDRAB
(Gram-negative), and ~2.5 log units for P. aeruginosa (Gram-
negative) when using a 20 uM suspension of CNC-Por (1) and
illuminated with visible light (400-700 nm) at a fluence of
118 Jem ™2 When viewed alongside our previous study
which demonstrated that CNC-Por (1) was able to inactivate
S. aureus (MSSA) by 5-6 log units reduction of viable cells,
M. smegmatis by 3—4 log units, and E. coli by 1-2 log units
under similar illumination conditions, it is possible to conclude
that CNC-Por (1) is able to mediate the photodynamic
inactivation of these strains of bacteria despite their variation
in taxonomic classification. Confocal microscopy demon-
strated that the mode of action for CNC-Por (1) likely does
not proceed through a PS-binding or uptake mechanism.
Rather, the cytotoxic species (e.g. 'O, and other reactive
oxygen species) generated by the photodynamic process likely
diffuses over short distances to ultimately damage the bacte-
rium, leading to cell inactivation or death. This contrasts with
Zn-EpPor (3), which as a solution-based PS was shown to
directly interact with the bacteria (either internalized or
localized to the cell membrane), and provides insight into the
mode of action of soluble PSs vs. photobactericidal materials.
Given the potential shown by this one cellulose—porphyrin
conjugate to rapidly photoinactivate the five bacterial strains
examined to date with moderate to high efficiency, future
efforts will focus on a number of different areas, including
biological, photophysical, and synthetic investigations. To
complement the solution studies performed to date, the
potential for the effective inactivation of bacteria on dry
surfaces (such as filters) coated with CNC-Por (1) will be
examined as it has been shown that !0, is able to diffuse over
distances as long as 1 mm in air (77). Studies investigating the
effect of CNC-Por (1) on eukaryotic (e.g. epithelial) cells will
also be of interest, particularly in light of a recent report that
has shown putative antitumor efficacy of a related compound,
chlorin-modified cellulose nanocrystals, against human kerat-
inocyte HaCat cells with 1Cso values in the nanomolar range
(78). The photophysical properties (quantum yields of !0, and
radical production) of CNC-Por (1) will also be determined, as
will be the effects of fluence and concentration on the PDI
efficiency. Additional, future efforts will focus on the system-
atic modification of the porphyrin (e.g. charge, hydrophobic-
ity, meso-substituents) to create a library of PS-cellulose
nanocrystalline systems that will allow for elucidating the
fundamental interactions that govern PDI of bacteria through
these cellulose derivatives, while at the same time leading to the

development of potent photobactericidal materials with broad
spectrum antimicrobial activity to combat the growing threat
to human health posed by the transmission of pathogenic
bacteria.
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