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ABSTRACT: Adherence and survival of pathogenic bacteria on
surfaces leading to concomitant transmission to new hosts
significantly contributes to the proliferation of pathogens, which
in turn considerably increases the threat to human health,
particularly by antibiotic-resistant bacteria. Consequently, more
research into effective surface disinfection and alternative
materials (fabrics, plastics, or coatings) with antimicrobial and
other bioactive characteristics is desirable. This report describes
the synthesis and characterization of cellulose nanocrystals that
were surface-modified with a cationic porphyrin. The porphyrin
was appended onto the cellulose surface via the Cu(I)-catalyzed
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Huisgen—Meldal—Sharpless 1,3-dipolar cycloaddition having occurred between azide groups on the cellulosic surface and
porphyrinic alkynes. The resulting, generally insoluble, crystalline material, CNC-Por (S), was characterized by infrared and
diffusion "H NMR spectroscopies, gel permeation chromatography, and thermogravimetric analysis. Although only suspended, and
not dissolved, in an aqueous system, CNC-Por () showed excellent efficacy toward the photodynamic inactivation of Mycobacterium
smegmatis and Staphylococcus aureus, albeit only slight activity against Escherichia coli. The synthesis, properties, and activity of CNC-Por
(5) described herein serve as a benchmark toward our overall objectives of developing novel, potent, bioactive, photobactericidal materials
that are effective against a range of bacteria, with potential utilization in the health care and food preparation industries.

Hospital acquired infections, in particular, highlight the issue
of adherence and survival of bacteria on surfaces leading to
an increase in the proliferation and transmission of bacteria.
Specifically, antibiotic-resistant bacteria are a rising threat to
human health. According to the Centers of Disease Control
and Prevention, about 1.7 million healthcare associated infections
cause upward of 99000 deaths annually in the United States." A
total of 5—10% of all hospitalized patients are adversely affected,
which in turn is adding about $30—4S billion to health care costs
annually.” Food processing/packaging, food service, and waste-
water treatment industries, as well as personal households, are
also areas of concern and can contribute to the spread of disease
through contaminated or improperly disinfected surfaces. Con-
sequently, more research into effective surface disinfection and
alternative materials (fabrics, plastics, or coatings) with antimi-
crobial properties is needed. Several classes of antimicrobial
agents are currently being investigated or are commercially
available, among which are polymeric compounds containing
quarternary ammonium,”’  pyridinium®® or phosphonium
salts,”'® N-halamines,' ** biguanides, 13 antibiotics,"* heavy metals
such as Ag,'* '® and phenol derivatives.'* Disadvantages of
currently available materials are the loss of antimicrobial activity
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by leaching of the biocide in noncovalent systems, consumption
of the germicidal ability, environmentally hazardous agents, or
dependency on direct contact of the antimicrobial entity with the
microorganism. Thus, there is an urgent need for the develop-
ment of novel materials with the potential capability of rapid,
efficient, and low-cost sterilization of a range of bacteria.
During the past few decades, photodynamic inactivation
(PDI) has garnered the attention of many researchers as an
alternative technique for eradicating microorganisms. Therefore,
we see great potential in the development of photobactericidal
materials that could satisfy many desired characteristics while
overcoming some of the shortcomings of currently available
antimicrobial materials. PDI employs a localized, light-activated
photosensitizer (PS) that generates cytotoxic species, particu-
larly singlet oxygen, upon illumination with visible light. Singlet
oxygen, as opposed to some common disinfectants such as
chlorine and hypochlorite, can be regarded as an environmentally
benign germicide (short lifetime of 10°® s in water'” and
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Scheme 1. Synthesis of Cellulose Nanocrystal-Porphyrin Conjugate CNC-Por (5)
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reverting back to harmless ground state oxygen if unreacted).
Singlet oxygen is known to be able to diffuse over significant
dlstances, as long as 100—200 nm in water and about 1 mm in
air.'"® Bezman et al. were the first to demonstrate this by
photodynamic inactivation of E coli with Rose Bengal immobi-
lized on polystyrene beads."” Dahl et al. demonstrated the
successful photodynamic inactivation of Salmonella lyphimurium
and E. coli by the flow of singlet oxygen through a0.65 mm air gap
between the microbes and a photosensitizer.”® The feasibility of
the concept of a “photobactericidal surface” is further supported
by studies showing that the photosensitizers retain their ability to
reduce a bacterial cell count when adsorbed, codissolved and
casted, as well as covalently bound, to nanopartlcles,21 22
olyrners,23 2% flms,*> %’ or membranes.”® Of particular interest
for our work is a series of studies by Krausz and co-workers who
have investigated the incorporation of selected porphyrin photo-
sensitizers into cellulose esterified plastic films and demonstrated
the photobactericidal activity of such films.>%*"*°
Cellulose is Earth’s most abundant natural biopolymer, con-
sisting of high molecular weight 3-1,4-linked anhydro-p-glucose
polymer chains, and therefore, in our eyes, an excellent starting
material for developln new, more sustainable materials from
renewable resources.>”! Distortions in the hydrogen bonding of
the tightly cross-linked chain packing causes amorphous regions
within the otherwise crystalline microfibrils. Acidic hydrolysis of
these defects results in rod-shaped cellulose nanocrystals [CNC
(1), Figure SD1] with high mechanical strength and etched
chemically modifiable, molecular surface patterns.>’ >* For
example, these nanomaterials are rigid rods, with embedded
chirality, and a unique etched nanopattern composed of primary
hydroxymethyl groups on their surface that may readily be
further functionalized for the purposes of anchoring a variety
of molecules onto them.>* Furthermore, these nanomaterials,
being of a carbohydrate nature, are of inherent compatibility with

biological tissue and, therefore, of unique utility with respect to
their bioavailability, biocompatibility, and biodegradability
considerations.

Consequently, the focus of the present report is the surface
modification of cellulose nanocrystals CNC (1) with the
cationic porphyrin (Por) 4, yielding the conjugate CNC-Por
(5) (Scheme 1). The advantages of a covalent attachment of the
porphyrin to the surface of the cellulose nanocrystals poten-
tially include conferring longer lasting or permanent antimi-
crobial properties to the cellulose (improved durability),
minimizing the leaching of the biocidal agent into the surround-
ing environment, and prevention of porphyrin aggregation. The
covalent attachment of 4 to 1 was achieved via the Cu(I)-
catalyzed Huisgen—Meldal—Sharpless 1,3-dipolar cylcoaddi-
tion (hereafter referred to as an example of a “Click reaction”)
between an azide on the CNC surface and the alkyne-contain-
ing porphyrin.***5 To the best of our knowledge, this work is
among the first attempts to covalently append cationic por-
phyrins to the surface of cellulose nanocrystals. The physico-
chemical characteristics of CNC-Por (5) were investigated
using a combination of spectroscopic and chemical analyses,
thereby demonstrating the covalent linkage between the two
moieties, while its photobactericidal characteristics were also
investigated. As will be shown, CNC-Por (5) was highly
efficient in mediating the photodynamic inactivation of M.
smegmatis and S. aureus, and did exhibit some activity against
E. coli. The potential and the significance of CNC-Por (5) in the
context of cellulose-derived antimicrobial fabrics is highlighted
by the fact that S. aureus has been found to be able to survive for
weeks under dry conditions on cotton fabrics used in hospital
environments.>**” As such, we see possibilities for the incor-
poration of photosensitizer-modified-cellulose nanocrystals
into paper, fabrics and plastics, thereby creating novel, biode-
gradable, photobactericidal materials from renewable sources
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that may be capable of sterilizing a range of bacteria with high
efficacy, rapidly, and at minimal cost.

B MATERIALS AND METHODS

Materials. Buffer salts were purchased from Fisher Scientific,
Middlebrook 7H9 agar and 7H10 broth from BD Difco, LB broth
Miller from EMD Chemicals and Tryptic Soy Broth from Teknova.
Unless otherwise specified, 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). UV—visible absorption measurements were performed
on a Varian Cary 50 Bio instrument or a Genesys 10 UV scanning
spectrophotometer from Thermo Electron Corp for single wavelength
measurements. All procedures were carried out under commonly
practiced sterile techniques. A Perkin-Elmer Model 3110 atomic absorp-
tion spectrometer was used for the determination of the Zn ion content
of 5. FT-IR (Fourier transform infrared) spectra were measured on a
Thermo Nicolet NEXUS 670 FT-IR spectrophotometer. Spectra in the
range of 4000—650 cm ™' were obtained with a resolution of 4 cm ™' by
accumulating 64 scans. Thermal decomposition temperatures were
determined using a TA Instrument TGAQS00 ramping 10 °C/min
under N, purging. CNC samples were dried using a lyophilizing system
from Labconco (Kansas City, Mo, USA). For Transmission Electron
Microscopy (TEM), a suspension (0.01% w/v in water) of cellulose
nanocrystals were deposited as drops on carbon-coated electron micro-
scope grids, negatively stained with uranyl acetate, and allowed to dry.
The grids were observed with a Philips 400T microscope operated at an
accelerating voltage of 120 kV.

Formation of Cellulose Nanocrystals, CNC (1). The cellulose
nanocrystals employed in this study were formed by acidic hydrolysis as
reported in the literature with only minor modification.*****° Briefly,
2.0 g of cellulose pulp were obtained from Whatman #1 filter paper (98%
a-cellulose, 80% crystallinity) and blended in a 10 Speed Osterizer
Blender. Hydrolysis of the resulting pulp was achieved after 3 h at 100 °C
using 100 mL of 2.5 M HBr and intermittent ultrasonication (S min per
hour, 50% power, Omni Ruptor 250 W ultrasonic homogenizer). After
dilution with deionized water, the mixture was subjected to five
washing/centrifugation cycles (5000g, 10 min, IEC Centra-CL3 Series)
to remove excess acid and water-soluble fragments. Once pH 4—S5 was
reached, the fine cellulose particles started to disperse into the aqueous
supernatant. The polydisperse cellulose contained in the turbid super-
natant was collected and subjected to centrifugation at 15,000g for
60 min in a Sorvall Superspeed centrifuge to remove ultrafine particles.
The sediment containing the cellulose nanocrystals with an average
length of 100—400 nm was dried using a lyophilizing system, yielding
0.9 g CNC (1; 47% yield).

Surface Tosylation of Cellulose Nanocrystals Yielding
CNC-Tos (2). Surface-tosylated CNC was synthesized analogous to
the method described by Rahn et al.** 0.5 g of CNC (1; 4 mmol glucosyl
units) was suspended in pyridine (10 mL) and the mixture was cooled to
10 °C. Tosyl chloride (0.9 g, S mmol) was then added, and the reaction
mixture was stirred for 2 days at room temperature. Addition of 100 mL
of ethanol to the reaction mixture resulted in a precipitate that was
collected by filtration. The product was washed with ethanol (50 mL)
and deionized water (50 mL) five times each and freeze-dried, yielding
0.585 g CNC-Tos (2).

Surface Azide Bearing CNC-N3 (3). Synthesis of the azide
surface-modified cellulose nanocrystals, CNC-Nj3 (3), was conducted
according to literature procedures with some modifications.>*'~* A
total of 400 mg CNC-Tos (2) was suspended in 20 mL of DMF (N,N-
dimethylformamide), followed by careful addition of 400 mg sodium
azide. The reaction mixture was stirred at 100 °C for 24 h. After
precipitation through the addition of 50 mL of deionized water and

centrifugation, the product was washed five times with ethanol (50 mL)
and five times with deionized water (S0 mL). The resulting product was
dialyzed against deionized water for 3 days and, consequently, freeze-
dried to yield 330 mg CNC-Nj (3; 84%). The degree of substitution
(DS) was calculated from the elemental analysis (C 41.06%, H 6.35%,
O 48.84%, N 3.75%) DS = 0.14.

Click Reaction of CNC-Njs (3) with Porphyrin (4). Conditions
for the Cu(I)-catalyzed Huisgen—Meldal—Sharpless 1,3-dipolar
cycloaddition reaction were selected from the literature.3>3>#>445 A
total of 400 mg of CNC-Nj (3) and 400 mg of porphyrin 4 were mixed
in 30.0 mL of DMF (99.5% purity). A mixture of 30 mg CuBr,, 70 mg
ascorbic acid, and 200 uL of triethylamine in 1 mL of DMF was then
added, and the reaction mixture was stirred vigorously for S min at room
temperature, followed by stirring at 60 °C for 36 h. The product was
isolated by centrifugation and washed three times with ethanol and three
times with water (50 mL each time). For subsequent characterization
and the photodynamic inactivation studies, the CNC-Por material was
divided into ~100 mg aliquots, and each aliquot was further washed to
remove any unreacted porphyrin 4 (4 x 15 mL with DMF, 3 x 1S mL
with 0.05 M acetic acid, 4 X 15 mL with water, and 3 X 15 mL with
ethanol). After washing, the final product was isolated by 60 min
centrifugation at 12000g and freeze-dried, yielding 480 mg of CNC-
Por (5) material.

Acetylation of CNC-N3 (3) and CNC-Por (5). For the PFGSE-
NMR (pulsed field gradient spin echo nuclear magnetic resonance)
spectroscopic studies, samples of CNC-Nj (3) and CNC-Por () were
acetylated to generate DMSO-soluble derivatives according to literature
procedure with minor modification.**** A total of 100 mg of the CNC-
derivative was dissolved in 3 g I-allyl-3-methylimidazolium chloride
(about 3% w/w) at 80 °C for 12 h. Acetic anhydride (315 L; S mol/mol
anhydrous glucose units) was added to the solution, and the mixture was
stirred for 2 h at 80 °C. The product was precipitated by addition of
30 mL of deionized water and washed seven times with water. The
CNC-derivative was obtained after freeze-drying and residual water was
removed under high vacuum.

Benzoylation of CNC-N3 (3) and CNC-Por (5). A total of 50 mg of
either CNC-Nj (3) or CNC-Por (5) was dissolved in 1-allyl-3-methy-
limidazolium chloride (950 mg) in a 15 mL flask by first thoroughly
dispersing the sample, followed by heating at 80 °C with magnetic
stirring until the solution was transparent (about 4 h). Pyridine (330 4L,
3.7 mmol) was added, and the mixture was homogenized to form a
uniform paste before being allowed to cool to room temperature.
Benzoyl chloride (380 uL, 3.3 mmol) was then added in one portion,
and the sample was subsequently stirred for 3 h at room temperature.
The benzoylated product was precipitated by the addition of a 1:3
mixture of deionized water and EtOH with vigorous stirring for S min,
after which the precipitate was collected by filtration using a medium
porosity sintered glass funnel. The collected material was washed with
EtOH and triturated with MeOH at room temperature for 18 h. The
final product was collected by filtration and dried under vacuum to yield
a green powder.

Gel Permeation Chromatography. GPC analysis was carried
out with a Waters model ALC/GPC 204 (Waters Associates, Milford,
MA) and 510 pump equipped with a UV detector (210 nm). The
analysis was conducted at 40 °C using THF as the eluent at a flow rate of
0.7 mL/min. A total of 200 4L of a 1 mg/mL solution of the analyte in
THF was injected onto two Ultrastyragel columns (Styragel HR 1 and
Styragel HR SE, Waters) connected in series for analysis. Standard
monodisperse polystyrenes (molecular weight ranges from 0.82 to 1860
kg/mol) were used for calibration. The number (M,,) and weight (M,,)
average molecular weights were calculated using the Millenium 32
software.

Determination of Porphyrin Loading in CNC-Por (5) by
Atomic Absorption Spectroscopy. Atomic absorption spectroscopy
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was used to determine the concentration of Zn ions in samples of CNC-
Por (S), which is equivalent to the porphyrin loading if complete
metalation of the porphyrin is assumed. About 10 mg of lyophilized
CNC-Por (5) was suspended in 10 mL of 1 M HCl in a volumetric flask.
The solution was heated to 60 °C for 2 h resulting in demetalation of the
porphyrin. The zinc ion concentration was determined using the standard
addition method: To each sample for the calibration curve (range of
0.01—0.1 mmol/L Zn(OAc), in 1 M HCI), 1 mL of the demetalated
CNC-Por stock solution was added for a total volume of 10 mL. Under
these conditions, the response of the atomic absorption instrument
containing a Zn lamp operated at 10 mA was linear. The zinc ion
concentration of the sample was calculated from the Y-intercept and the
slope of the calibration curve. Typical porphyrin loadings were in the range
0f 0.16 = 0.03 umol porphyrin/mg of CNC-Por (5). Determination of the
Zn content was done in triplicate for each batch of § synthesized.

Pulsed-Field-Gradient, Spin—Echo NMR Spectroscopy.
Modification of the glucose—OH groups by acetylation rendered the
resulting CNC-Por compound sufficiently soluble in DMSO-dg to con-
duct NMR spectroscopic studies. Spectra were obtained on a Bruker
Avance 500 MHz spectrometer (1996) with an Oxford Narrow Bore
Magnet (1989), Dell Host Workstation, and Red Hat Linux operation
system with Topspin 2.1 software. The instrument was equipped with
three-channel gradient control (GRASPIII), variable-temperature-, pre-
cooling-, temperature stabilization, as well as three frequency channels
with waveform memory and amplitude shaping units. "H NMR (proton
nuclear magnetic resonance spectroscopy) diffusion measurements were
conducted with a S mm triple axis gradient probe (IDS00—SEB, Nalorac
Cryogenic Corp) equipped with actively shielded gradient coils. The
gradient strength was calibrated using literature values for water diffusion
in '"H,0/H,0 mixtures. The longitudinal eddy current (LED) pulse
sequence was used in all diffusion experiments.*"** A total of 10 gradient
experiments were acquired for each data set. The gradient strength was
adjusted linearly from 5.3 to 47.7 G/cm and applied in the y-direction,
while all other delays were held constant. The gradient pulse interval A
was 10 ms, the gradient duration 4 S ms, with a recovery time of 6 ms.
Acquisition temperature was 24.5 °C. The attenuation of the signal
intensities derived from the peak height of each experiment was used to
generate Stejskal—Tanner plots to determine the diffusion coefficients.
Diffusion coefficients were estimated by least-squares regression.

Preparation of Photosensitizer Stock Solutions. Stock solu-
tions (1 mM) of photosensitizers in filter-sterilized ultrapure water were
prepared based on the porphyrin content determined by atomic
absorption spectroscopy, in the case of CNC-Por (5), and stored in
the dark at —80 °C. At the concentrations employed, turbidity of CNC-
Por (5) solutions was noted.

Bacterial Strains and Growth Conditions. The bacterial strains
Mycobacterium smegmatis mc> 155 (donated by Prof. William Jacobs,
Albert Einstein College of Medicine, U.S.A.), Escherichia coli BL21-
(De3)pLysS (Strategene, U.S.A.) and Staphylococcus aureus 29213
(donated by Prof. Christian Melander, North Carolina State University,
U.S.A.) were used in this study. M. smegmatis was grown in S mL cultures
in Middlebrook 7H9 media with ADS (albumin dextrose saline) and
100 ug/mL cycloheximide as the antibiotic.*® E. coli was cultured in
Miller's LB Broth with 50 ug/mL chloramphenicol and 100 xg/mL
ampicillin. S. aureus was grown in 5 mL cultures in Tryptic Soy Broth
without antibiotics. The cells were incubated at 37 °C on an orbital shaker
(500 rpm) until an optical density (ODggp) of 0.65—0.70 (M. smegmatis
and S. aureus) or 0.33—0.40 (E. coli) at 600 nm, corresponding to a
concentration of 1—3 x 10° CFU/mL, was reached (CFU = colony
forming units from a single bacterial cell).

Incubation of Cells with Photosensitizer. The 5 mL culture
with a concentration of 1—3 x 10° CFU/mL was pelleted by centrifuga-
tion (10 min, 3716g) at room temperature, the supernatant discarded,
and the cells were resuspended in a total volume of S mL of PBS

49,50

(phosphate buffered saline = 170 mM NaCl, 3.4 mM KCl, 10 mM
Na,HPO,, 1.8 mM KH,PO,, pH 7.2 with additional 0.05% Tween 80)
and the appropriate volume of the photosensitizer stock solution. The
cells were incubated between 5 and 60 min in the dark and agitated by a
vortex mixer set to the lowest speed. No degradation of CNC-Por (5)
was observed in PBS solution over the time range examined in this study.

Cell lllumination Conditions. All photosensitization experiments
were performed using a noncoherent light source, PDT light model
LC122 (LumaCare, U.S.A.), and the fluence rate was measured with an
Orion power meter (Orphir Optronics Ltd,, Israel). Aliquots (1 mL) 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 60 mW/cm” for the duration of 15 or 30 min
(corresponding to fluences of 54 or 108 J/cm®) while magnetically
stirred. 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 experiments were conducted in
triplicate at a minimum.

Cell Survival Assays. A total of 40 uL from the illuminated cell
suspension was 1:10 serially diluted six times and plated on square plates
(Middlebrook 7H10-ADS solid media for M. smegmatis, Miller's LB
Broth—Agar plates for E. coli and Tryptic Soy Broth—Agar plates for S.
aureus), as described by Jett and co-workers.>* The plates were incubated
at 37 °C in the dark for 48—60 h (M. smegmatis) or overnight (E. coli and
S. aureus). The survival rate was determined from the ratio of CFU/mL
of the illuminated solution and the dark control. Due to the plating
technique employed, a maximum of a six log unit change in CFU/mL
corresponding to =100 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 photosensitizer present but
kept in the dark (dark control) and illuminated samples with CNC-N3
(3) present (light control) served as controls. Statistical significance was
assessed via a two-tailed, unpaired Student’s f test.

B RESULTS

Synthesis. The cationic water-soluble ethynylphenyl porphyr-
in 4 was synthesized in four steps. Briefly, the porphyrin
macrocyle was synthesized from 4-pyrindinecarboxaldehyde, 4-
[ (trimethylsilyl)ethynyl]benzaldehyde, and pyrrole under mildly
acidic catalysis in refluxing fresh xylenes. The desired A;B
porphyrin was isolated from the statistical mixture of porphyrins
by column chromatography. Following ethyne deprotection in a
methanol/THF (1:4) solution in the presence of 1 equiv potas-
sium carbonate, metalation of the porphyrin macrocycle was
accomplished with zinc acetate in THF/MeOH. Quarternization
of the amine nitrogen of the pyridine substituents was performed
with iodomethane in DMF at elevated temperature. Full experi-
mental details will be published elsewhere.

The nanocrystalline cellulose material employed in this study,
CNC (1), was obtained by acid hydrolysis of cotton fibers. Such
treatment causes selective degradation of amorphous cellulosic
regions producing defect-free, rod-like crystals with a length of
100—400 nm (Figure SD1). Cellulose pulp from cotton filter
paper (Whatman #1, 98% cellulose, 80% crystallinity) was
treated with 2.5 M HBr and intermittent ultrasonication for
optimized high yields of cellulose nanocrystals according to
literature procedure.**>® The CNCs were isolated and purified
by a series of centrifugation and washing steps.

Modification of the primary hydroxyl groups of the CNC for
the installment of surface-azide groups was successful in two
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Figure 1. IR spectra of CNC-Nj; (3) and CNC-Por (5).

steps (Scheme 1). First, CNC (1) was suspended in pyridine
and treated with tosyl chloride, yielding the surface-tosylated
cellulose analog 2. FTIR spectroscopy revealed that, in addition
to the typical absorption bands of the cellulose backbone, new
vibrational modes assigned to the aromatic ring (1596, 1495,
and 815 cm ') and SO, [1363 (antisymmetric) and 1175
(symmetric) cm ™', Figure SD2] stretching modes appeared,
verifying successful tosylate modification. The tosyl substitu-
ents were subsequently displaced by azide groups using sodium
azide in a DMF suspension, yielding CNC-N3 (3). The azide-
modified CNC-Nj; (3) exhibited a new stretching band char-
acteristic for the azide moiety at 2113 cm ™', with concomitant
loss of the vibrational modes associated with the tosylated
precursor 2. Elemental analysis of CNC-N3 (3) revealed a
nitrogen content of 3.75%. Taking the molecular weight of the
anhydrous glucose unit of 162 g/mol and nitrogen (14 g/mol)
into account, the degree of methylhydroxy substitution (DS)
with surface azide groups was calculated as DS = (0.0375 x
162)/(3 X 14) = 0.14. The theoretical maximum of surface
available primary hydroxyl groups can be determined from the
following parameters: The average dimensions (8.6 X 7.7 nm)
of the CNC rectangular rods have been determined by X-ray
crystallography.®® Thus, the amount of individual cellulose
chains within a cotton crystallite can be calculated using the
two lattice parameters of the cellulose I3 unit cell, a = 0.61 nm
and b = 0.54 nm, respectively.®>” Based on this model, the
planes corresponding to 0.61 nm are parallel to the long side
(C, = 8.6 nm) of the rectangular whisker section whereas the
0.54 nm are parallel to the short side (C, = 7.7 nm).*** Thus,
within this average crystal, there are (8.6 x 7.7)/(0.61 x 0.54) =
201 cellulose chains. At the surface, this corresponds to 2 X
(8.6/0.54) +2 x (7.7/0.61) = 57 cellulose chains. The ratio of
surface chains to the total number of chains within the crystals is
therefore 0.29. Due to the 2-fold screw axis of the glucose units
within each chain, a maximum degree of primary hydroxyl
groups on the surface of the CNC (1) is about 0.29/2 = 0.14S.
When compared to the experimentally determined DS of 0.14
in CNC-Nj; (3), the two-step azide substitution was highly
efficient, converting >95% of the available surface methylhy-
droxy groups.

Appendage of the porphyrin onto the cellulose nanocrystalline
surface was achieved by the Cu(I)-catalyzed HuisgenfMeldalf
Sharpless 1,3-dipolar cycloaddition reaction.*>*>*%%! Several
conditions, including temperature (room temperature to 60 °C),
solvents (EtOH, DMF), and Cu catalysts (Cul, CuBr,/ascorbate,
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8 0.8
c
©
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< 04
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Figure 2. Gel permeation chromatographs of benzoylated derivatives of
CNC-N; (3) and CNC-Por (5) in THF.

[Cu(OTf)], tol), were surveyed, and CuBr, in combination with
ascorbate in DMF at elevated temperature in the presence of
triethylamine proved to give the most optimal results. The choice
of DMF as the solvent was based upon the solubility of the
porphyrin 4. Purification of the resulting product, an insoluble
green crystalline material [(5), Scheme 1], was achieved by
careful washing and centrifugation to remove both unreacted 4
and copper catalyst per literature precedent.®>®>

IR Characterization of CNC-Por (5). Clear evidence for the
successful reaction of the ethyne functional group in 4 with the
azide containing cellulose nanocrystals 3 was obtained from IR
spectroscopic analysis (Figure 1). The IR spectrum of the azide
surface-modified cellulose, CNC-N; (3; black trace), clearly
exhibited an azide band at 2113 cm ™, which is within the range
of 2160—2080 cm ' expected for the antisymmetric azide
stretching motion.** Upon reaction with the ethyne containing
porphyrin 4, the azide band in the IR spectrum of the resulting
product § was diminished by 72%. Additionally, an intensity
increase of the bands in the region around 1651 cm ™" indicated
the presence of C=N double bonds arising from the porphyrin
and triazole linkage. The broad band centered around 1647 cm ™'
in the spectrum for the CNC-Nj (3) is most likely due to the
bending motion of adsorbed water and overlaps with the C=N
stretching modes for CNC-Por (5).%

Molecular Weight Determination and Porphyrin Loading
of CNC-Por (5). The molecular weight gain attributable to the
appended porphyrins was assessed by gel permeation chroma-
tography (GPC). Due to the insolubility of cellulosic samples in
organic solvents, the hydroxyl groups were benzoylated prior to
GPC analysis. Samples of 3 and § were dissolved in the ionic
liquid 1-allyl-3-methylimidazolium chloride and treated with
benzoyl chloride. The weight average molecular weight (M,,),
number average molecular weight (M,), and consequently the
distribution of molecular weight also known as polydispersity
(M,,/M,) were calculated from the GPC data. The molecular
weight distribution of 5 clearly shifted to higher molecular
weights with 102000 g/mol representing the weight average
molecular weight (M,,) compared to 69000 g/mol (M,,) for 3
(Figure 2, Table 1). This 48% increase in the M,, further supports
the notion of a covalent appendage between the porphyrin 4 and
CNC-Nj (3). Further, we have attributed the increase in poly-
dispersity (M,,/M,) of the benzoylated CNC-Por sample when
compared to that of the benzoylated CNC-N; material, to a
distribution of surface-bound porphyrins arising from the partial
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Table 1. Molecular Weight Distributions of Benzoylated
Derivatives of CNC-N; (3) and CNC-Por (5) in THF

weight average number average

molecular weight ~ molecular weight  polydispersity
(M,,) 10° g/mol (M,) 10 g/mol (M,,/M,)
CNC-N; (3), 69 19.7 3.5
benzoylated
CNC-Por (), 102 17.6 5.8
benzoylated

reaction of 4 with 3 (Table 1). From the molecular weight
increase between CNC-Nj (3) and CNC-Por (5) and consider-
ing the average formula mass of the anhydrous glucose-N3 unit of
166 g/mol, we were able to estimate the porphyrin loading of the
CNCs as one porphyrin molecule per 15 glucose molecules.
Considering the degree of substitution of DS = 0.14 for the azide
groups on the crystal surface, we estimate that approximately
50% of the azide groups were reacted with the cationic porphyrin,
corresponding to an overall degree of substitution of DS = 0.07
for the porphyrin.

Alternatively, the porphyrin loading was determined indirectly
by measuring the Zn-ion content by atomic absorption spectros-
copy of a CNC-Por (5) sample in 1 M HCI using the standard
addition method.®® Under the assumption that one Zn-ion
detected corresponds to one porphyrin molecule covalently
attached to the cellulose nanocrystalline surface, a maximum
loading of ~0.16 £ 0.03 umol porphyrin/mg S was obtained.
Using this method, the porphyrin loading was determined as 1
porphyrin per ~20 glucose units.

Pulsed Field Gradient Spin Echo "H NMR Spectroscopy.
NMR spectroscopic characterization of CNC-Por (S) proved to
be possible only upon acetylation due to the insolubility of this
crystalline material in common solvents. Briefly, CNC-Por (5)
was dissolved in 1-allyl-3-methylimidazolium chloride (AMIM-ClI)
at 80 °C over 12 h and, subsequently, reacted with acetic
anhydride. The resulting acetylated CNC-Por was rendered
soluble in DMSO and, therefore, was amenable for characteriza-
tion by NMR spectroscopy. The "H NMR spectrum of acetylated
S revealed the presence of proton resonances for cellulose along
side with those of the porphyrin component. However, relative
to the cellulose, the small concentration of the porphyrin
(approximately 1 molecule/15—20 glucose units), which had
only been appended to the surface of the cellulose nanocrystals,
did not allow for any further conclusions regarding the covalent
conjugation between the two entities. Therefore, pulsed field
gradient spin echo "H NMR experiments (PFGSE-LED pulse
sequence) were performed.*”**®” The PEGSE-NMR technique
allows for the determination of diffusion coefficients even for
mixtures of compounds.*® Diffusion NMR, with its ability to
draw conclusions about molecular size, shape, aggregation, or
binding in complex solutions, has proven useful in a range of
different fields such as bioanalytical, pharmaceutical, environ-
mental, and materials chemistry.”*~"* In pulsed field gradient
experiments, a magnetic gradient pulse whose strength varies
throughout the sample is applied in addition to the static
magnetic field. Thereby, it is possible to label the spins according
to their translational position in the NMR tube. After this
encoding pulse, the molecules are allowed to diffuse for a
specified time period, after which a decoding gradient pulse is
applied. If diffusion to a different part of the sample has occurred,

the decoding pulse will not completely reverse the phase change
of the encoding pulse, and an attenuation of the NMR signal is
observed. The change in resonance intensity for simple PFG pulse
sequences is proportional to the diffusion coefficient (D) and
square of the gradient pulse amplitude (G), as described in eq 1:

I = I exp[ — D(GOy)*(A — 0/3)] (1)

in which I, denotes the signal intensity in the absence of a gradient
pulse, O the gradient duration, y the magnetogyric ratio of the
nucleus under investigation, and A the settling time. A plot of
In(I/I,) over G* allows determination of D from the slope.”

Figure 3A shows the results of the pulsed field gradient spin
echo "H NMR experiments with the acetylated compound 5.
The aromatic resonances of the porphyrin moiety were found
from 8.0 to 9.5 ppm, whereas those from the methyl groups of the
N-methylpyridinium substituents showed a signal at 4.7 ppm.
The proton signals for the acetylated cellulose backbone
appeared at ~2 ppm (acetyl groups) and between 3.5 and 5.2
ppm (cellulose backbone). A small attenuation of the signal
intensity for the cellulose backbone of 5 was observed by
increasing the gradient strength incrementally. Magnification of
the aromatic porphyrin region around 8—9 ppm also exhibited
an equally small change in signal intensity (Figures 3A and SD3).
This indicated that both the porphyrin and the acetylated
cellulose diffused at the same rate (estimated diffusion coefficient
D=2 x 10"7 em?/s, Table 2) and, therefore, strongly suggested
that they were covalently connected. As a control experiment,
Figure 3B shows the results for the PEGSE-'H NMR spectro-
scopic studies of a mixture of the porphyrin 4 and acetylated
CNC-Nj (3). A faster loss in signal intensity for the porphyrin
protons (i.e, 0 9.4 or 4.7 ppm as representative resonances,
Figure SD3) when compared to the methyl groups of the
acetylated CNC-Nj; (3; 0 2.0 ppm) was noted. The respective
diffusion coeflicients estimated from the NMR data differ by an
order of magnitude, with 2 x 10~ cm*/s for the porphyrin 4 and
3 x 1077 cm?/s for the acetylated CNC-N3, whereas the
diffusion rates for acetylated CNC-Por and CNC-Nj; were very
similar (Table 2). Taken together, the results of the PFGSE-'H
NMR spectroscopic studies strongly suggest the presence of a
covalent bond, and not adventitious binding, between the
porphyrin macrocycle and the cellulose nanocrystal in CNC-
Por (5).

Thermogravimetric Analysis of CNC-Por (5). In our efforts
to further confirm and elucidate the physicochemical character-
istics of these novel materials, we also investigated the thermal
behavior of the starting materials, porphyrin 4 and CNC-N; (3)
versus that of CNC-Por (5) by thermogravimetric analysis
(Figure 4). The 5% weight losses for both porphyrin 4 and
CNC-N; (3) were observed at 235 and 285 °C, respectively. For
CNC-Por (5), a different thermal gravimetric behavior was
apparent. Two degradation profiles were observed, with minor
degradation commencing around 210 °C (weight loss of 20%)
and major decomposition above 320 °C. This difference in
thermal behavior further supports our claim that the CNC-Nj;
(3) had been chemically modified upon a coupling reaction with
the porphyrin 4, producing a covalent linkage between the two.

Photodynamic Inactivation Studies with CNC-Por (5). The
ability of CNC-Por (5) to inactivate E. coli, M. smegmatis, and S.
aureus was evaluated. The bacteria were grown to a concentration
of ~10® colony forming units per mL (CFU/mL), resuspended
in PBS-0.05% Tween-80 containing buffer, incubated with the

3533 dx.doi.org/10.1021/bm200718s |Biomacromolecules 2011, 12, 3528-3539



Biomacromolecules

Figure 3. Pulsed field gradient spin echo "H NMR in DMSO-dg of (A) acetylated CNC-Por, and (B) control experiments with a mixture of porphyrin 4
and acetylated CNC-Nj;. The indicated signals were used for the estimation of diffusion coefficients.

Table 2. Estimated Diffusion Coefficients (D) Determined
from PFGSE-"H NMR Spectroscopy

compound fragment O (ppm) D (ecm?/s)
CNC-Por (S, acetylated) porphyrin 94 2x 1077
cellulose 2.1 2x 1077

CNC-Nj (3, acetylated) porphyrin 9.4 2x10°°
mixture with porphyrin 4 cellulose 2.1 3x 1077

photosensitizer in the dark (incubation time was varied from $ to
60 min) and subsequently illuminated with white light
(400—700 nm) with a fluence rate of 60 mW/cm” for 15 or 30
min (equivalent to a fluence of 54 or 108 J/cm”). The stock
solution for 5 was prepared based on the porphyrin loading
determined by atomic absorption spectroscopy, and concentra-
tions listed hereafter refer to the concentration of porphyrin on §
present in the suspension. The concentration dependence of the
CNC-Por (5) photosensitizer for S. aureus and M. smegmatis at
fixed incubation (30 min) and illumination times (15 min) is
illustrated in Figure SD4, and suggested a 20 1M concentration of
the PS for these studies. Control experiments included monitoring
of cell survival in PBS buffered solution in the dark, PS treatment of
the bacteria in the dark, and light exposure of bacterial suspensions
to azide surface-modified cellulose (Table SD1). The percentage
of survival was determined by the ratio of the colony count from
illuminated and nonilluminated control cell suspensions.

100 -

80 -
<
-% = CNC-Por, 5
= 7 < cNeN,, 3
= = Porphyrin, 4
40 -
20 T 1T

50 100 150 200 250 300 350 400
Temperature (°C)

Figure 4. Thermal gravimetric analysis of CNC-Por (5).

The results for light-treated samples as well as dark controls are
shown in Figure 5. Of the three bacteria examined, the Gram-
negative E. coli appeared to be the least susceptible to photo-
dynamic inactivation by CNC-Por (5) at a porphyrin concentra-
tion of 20 uM (Figure SA). No statistically significant inactivation
of E. coli was observed with 15 min illumination time under all
incubation periods tested (P > 0.2). With longer illumination
times (30 min) a 1—2 log unit reduction in the cell count was
observable (P = 0.0S for 45 and 60 min incubation time). The dark
incubation time before the illumination step did not appear to play
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Figure 5. Photodynamic inactivation of (A) E. coli, (B) M. smegmatis,
and (C) S. aureus using 20 uM CNC-Por (5) as the photosensitizer. The
dark incubation time was varied over $, 15, 30, 45, and 60 min. Displayed
is the % survival in PBS buffered bacterial suspensions (black rectangle),
CNC-Por dark control (navy blue rectangle) and light-treated samples
after illumination times of 15 (sky blue rectangle) or 30 (light blue
rectangle) min (total fluences of 54 and 108 J/cm’, respectively, at
60 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.

a significant role, although there was a slight improvement of ~0.5
log units in the inactivation of E. coli for incubation times of at least
30 min. Dark controls containing CNC-Por (S) showed no
toxicity toward E. coli.

For PDI of M. smegmatis, no dark toxicity was apparent for the
CNC-Por photosensitizer (Figure SB). For long dark incubation

times (i.e., 60 min), a reduction of the cell count to about 30%
was observed for both the bacteria-only and CNC-Por dark
controls, which was most likely due to the lack of nutrients in
the PBS buffered solutions. Upon illumination for 15 min,
M. smegmatis was found to be more susceptible to photodynamic
inactivation by CNC-Por (5) than E. coli. Clear loss in viable cells
was observed starting with 2 log units for 15 min incubation time
and increased to 3.5 log units after a 60 min incubation for the
same light dose (P = 0.003). When the illumination time was
increased to 30 min, a greater impact on the inactivation of the
bacterium was observed, with approximately 1% survival of M.
smegmatis being observed after only S min incubation time (P =
0.03). For longer incubation times (=4S min), this doubling of
the light dose also resulted in improved efficacy, with a statisti-
cally significant survival rate of ~0.01% (P < 0.01; ~4 log units
reduction in viable cells). Additionally, a clear dependency of cell
survival on the PS incubation time was apparent for M. smegmatis.
This observation was unusual when compared to other studies
with soluble photosensitizers: PS are generally thought to quickly
bind to the bacterium, and therefore no differences in PDI for
different incubation times have been typically observed.”*~ "’

Photodynamic inactivation of S. aureus using CNC-Por (5)
was also found to be highly efficient (Figure SC). Whereas
M. smegmatis and E. coli both contain an outer cell membrane
for enhanced protection,*® > S. aureus is classified as a Gram-
positive bacterium with an easily penetrated cell envelope lacking
an outer cell membrane. Therefore, significant vulnerability to
singlet oxygen and other reactive species produced in the photo-
sensitizer mediated process was expected. At 20 uM concentra-
tion of CNC-Por (5), short incubation times of 5—15 min were
sufficient for a viable cell reduction of an impressive 5 log units
after 15 min illumination (P = 0.003). For all samples illuminated
for 30 min, no CFUs were detected, and survival rates were
therefore below the detection limit of <0.00019%.

As shown in Table SD1, the presence of azide surface-modified
cellulose nanocrystals 3 did not significantly affect the survival of
any of the bacterial strains investigated after illumination for 15
or 30 min. Therefore, any loss in the viable cell count can be
attributed to the photosensitizing action of the porphyrin
incorporated into compound $ if the levels of unbound porphyr-
in impurity are negligible. As outlined in the experimental, the
CNC-Por material used for photodynamic inactivation experi-
ments was carefully and extensively washed with DMF, 0.05 M
acetic acid, ultrapure water, and ethanol to remove any adven-
titiously bound ethynylphenyl porphyrin 4 from the cellulose—
porphyrin conjugate (S). Despite this treatment, however,
UV—visible spectroscopic analysis of the supernatant of the
CNC-Por stock solution revealed the presence of a putatively
dissolved porphyrin species of up to 88 nM based on the 20 uM
CNC-Por suspension employed in the above PDI experiments.
Thus, the question arises as to whether this was indicative of the
presence of unreacted and adventitiously bound 4 in the
cellulosic material, and consequently, the PDI results noted
above were derived from this solution-based PS impurity, or
whether the “dissolved” porphyrin was actually finely suspended
S. Therefore, to rule out the possibility that the photodynamic
inactivation results were mediated by unreacted porphyrin rather
than CNC-Por (5), PDI studies were performed for all three
bacteria using the water-soluble ethynylphenyl porphyrin 4 as the
photosensitizer for comparison (Table 3). As S. aureus was
susceptible to significant photodynamic inactivation by 4 at
concentrations as low as even 10 nM, with a 5 log unit reduction
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Table 3. Results of PDI Studies with the Water-Soluble
Porphyrin 4 as a Function of Different Bacteria, [PS], and
Light Dose

. 1ab
% survival®

concentration,
bacterium nM 15 min illumination 30 min illumination

E. coli 100 0.0021 + 0.0015 0.0003 =+ 0.0002
S0 24.65 + 15.80 0.0644 + 0.0582

M. smegmatis 100 46.64 £+ 5.10 14.71 £ 4.72

S. aureus 100 0.0002 = 0.0002 0.00009 =+ 0.00009
NU 0.0006 + 0.0003 0.00003 =+ 0.00002
10 0.14 £ 0.01 0.003 £ 0.001

“Samples were incubated for S min in the dark before illumination.
? HMlumination with white light (400—700 nm, 60 mW/cm?).

(P < 0.001) noted for 30 min illumination, this result alone
cannot rule out that adventitiously bound 4 was responsible for
the PDI results above given that a similar reduction in viable cells
was noted for S under identical conditions. However, M.
smegmatis could only be inactivated by 4 by at most 1 log unit
at 100 nM concentration and 30 min illumination (P < 0.001),
which contrasts markedly with the ~4 log unit reduction
mediated by S5 under these conditions. Even more critically,
however, is that E. coli exhibited a 3—4 log unit reduction in cell
viability after 30 min of illumination (P < 0.001) at SO nM 4,
whereas 5 was unable to inactivate E. coli by more than 1 log unit
when subjected to the same PDI conditions. These latter two
results with M. smegmatis and E. coli strongly suggest that the PDI
results noted above for CNC-Por (5) were directly attributable
to the bound porphyrin of the cellulose-porphyrin conjugate, and
not due to the presence of adventitiously bound/unreacted 4 as
an impurity.

B DISCUSSION

Only a few examples of porphyrin—cellulose conjugates can be
found in the literature. Most of these employed esterified cellulose
as a backbone that can be cast into a plastic film with limited
thermal = stability.**”**%%%*  Krausz and co-workers have
appended neutral, anionic, and cationic porphyrins to cellulose
esters as well as to cotton fabric and were able to demonstrate the
photobactericidal activity of the materials.***”**%%" More
recently, they have also reported in a conference paper the
synthesis and characterization of polyaminated chlorin p6 teth-
ered to cellulose nanocrystals (via ionic and covalent attachment),
and investigated this system for antitumor activity.*® In our work,
we have also selected the well characterized crystalline nanocel-
lulose system as the polymeric backbone. Cellulose nanocrystals
offer a particular degree of molecular control for precise functio-
nalization due to their rigidity, defined surface structure and
dimensions, all of which are not offered by the amorphous
cellulose esters. Additionally, cellulose nanocrystals are readily
biodegradable and, as a renewable resource, provide an excellent
starting material for the systematic investigation of cellulose—
porphyrin conjugates and their interactions with microbes in
order to develop new advanced materials with photobactericidal
activity.

Herein, we describe the successful synthesis, characterization,
and photodynamic inactivation study for the porphyrin—cellulose

nanocrystalline conjugate CNC-Por (5) against three types of
bacteria. We developed a synthetic strategy which produces
cellulose nanocrystalline materials with covalently surface
appended photosensitizers with potential use in papers or
cotton fabrics. Specifically, the ethyne containing porphyrin 4
and azide surface modified cellulose 3 moieties were joined
using the Cu(I)-catalyzed Huisgen—Meldal—Sharpless 1,3-
dipolar cycloaddition. Using infrared and diffusion NMR spec-
troscopies and supported by gel permeation chromatography
and thermogravimetric analysis, the covalent linkage between
the porphyrin and the cellulose was clearly demonstrated. In the
future, the modular approach of Click reactions may enable us
to append an array of ethyne-containing porphyrins to cellulose
nanocrystals, and the resulting conjugates can consequently be
screened for their ability to inactivate bacteria.

The porphyrin loading on the cellulose surface was deter-
mined from independent samples from the molecular mass
increase measured by gel permeation chromatography of ben-
zoyl-derivatized S, as well as by measurement of the zinc-ion
content of § by atomic absorption spectroscopy. The loading was
found to be in the range of one porphyrin molecule per 15—20
glucose units. Consequently, the maximum degree of substitu-
tion with porphyrin based on the surface available hydroxyl
groups was calculated as DS = 0.07. Based upon the azide surface
modification of DS = 0.14, about 50% of all azide groups
successfully reacted with the porphyrin 4, explaining the residual
azide band observed in the IR spectrum of § (Figure 1). Possible
explanations for the partial substitution include CNC aggrega-
tion during the Cu(I)-catalyzed Huisgen—Meldal—Sharpless
1,3-dipolar cycloaddition reaction, which would leave some sites
inaccessible for reaction, or a steric argument where surface-
crowding, exacerbated by the electrostatic repulsion between the
positively charged porphyrin moieties, results in the incomplete
reaction of the azide groups. Strategies for increased surface
loading could involve spacer units, thereby imparting the con-
jugated molecules more spatial flexibility. The spacer could be
incorporated in the porphyrin as a longer chain tether with
terminal alkyne, or as a tether with a terminal azide linked to the
cellulose surface. In a related system, Krausz and co-workers
observed increased porphyrin loadings for porphyrin-cellulose-
laurate esters if a spacer of 11 carbons instead of 4 were installed
on the porzphyrin (estimated as DS = 0.19, however, not a surface
reaction). 4

Our detailed photodynamic inactivation experiments show
the potential of CNC-Por (S5) as a photosensitizer on solid
support. The degree of bacterial inactivation varied vastly over
the conditions and the three different classes of bacteria [E. coli
(Gram-negative), S. aureus (Gram-positive), and M. smegmatis
(mycobacterium)] investigated. PS-mediated inactivation was
observed ranging from 2 log units reduction for E. coli (60 min
incubation, 30 min illumination, 99% cell loss, P = 0.05) to 6 log
units reduction for S. aureus (S min incubation, 30 min illumina-
tion, 99.9999% cell loss, P = 0.03). Compared to using dissolved
PS for photodynamic inactivation experiments, a 100—500-fold
increase in porphyrin concentration was needed to affect photo-
dynamic inactivation with the insoluble compound 5.*” Never-
theless, this supports the idea that direct binding and uptake of
the photosensitizer are not necessary requirements for photo-
dynamic inactivation, and that the production of singlet oxygen
in close groximity to the bacteria can also result in cellular
death."® % S. aureus appeared to be the most susceptible
bacterium for photodynamic inactivation, which is reasonable

3536 dx.doi.org/10.1021/bm200718s |Biomacromolecules 2011, 12, 3528-3539



Biomacromolecules

considering the comparably permeable cell wall of Gram-
positive bacteria.”® Even lowering of the concentration to
S uM porphyrin on § still allowed ~1 log inactivation after
incubation and illumination for 15 min each (P = 0.003, Figure
SD4). The highest viable cell loss observed for E. coli, for
comparison, was only about 99% (P = 0.05). We suggest that
the additional permeation barrier (outer cell membrane) of this
Gram-negative bacterium is responsible for the much lower
inactivation rates observed.*® Although M. smegmatis does
retain the Gram stain and, therefore, should be considered
Gram-positive, the mycobacterial cell envelope contains ele-
ments of both Gram-positive and negative bacteria.*' In addi-
tion, genome analysis indicates that mycobacteria might be
more closely related to Gram-negative rather than Gram-
positive bacteria.”” Regardless, the unusually low cell wall
permeability is undisputed and is the major reason for the
relatively high resistance of mycobacteria to dry conditions,
alkali, chemical disinfectants, therapeutic agents, and their
remarkable ability to survive these hostile conditions.*"""
Despite the impermeable cell wall, we report here efficient
inactivation of M. smegmatis with § at 20 #M concentration
(based upon the porphyrin content). We even observed sig-
nificantly improved (1—2 log units, depending on the con-
ditions) inactivation when compared to E. coli.

Control experiments with the soluble porphyrin 4 (Table 3)
indicate that levels of >100 nM for M. smegmatis, SO nM for
E. coli, and 10 nM for S. aureus in solution would significantly
reduce the viable cell count. Therefore, the presence of unbound
porphyrin needed to be addressed when evaluating the data
shown in Figure 5. UV—visible spectroscopic analysis of the
supernatant of the CNC-Por () stock solution used in PDI
experiments isolated by centrifugation (16000g, 30 min) showed
the presence of supposedly dissolved porphyrin species. Accord-
ing to this analysis, at most 88 nM porphyrin species were present
in the supernatant in a typical PDI experiment, part of which may
be attributed to unbound porphyrin. By comparison, 100 nM of 4
caused a reduction in viable cells of less than 1 log unit against M.
smegmatis, while at 20 uM CNC-Por (5) caused reductions in
viable cells of up to 3—4 log units. Therefore, we can exclude
unbound porphyrin as a significant contributor to the cell loss.
For E. coli, we expect >3 log units of inactivation (30 min
illumination) if CNC-Por (5) indeed was contaminated with
50—100 nM of 4, but photodynamic inactivation with 20 uM §
was =<2 log units. Consequently, we conclude that levels of
unbound porphyrin contamination must be well below 50 nM,
and the porphyrin species detected in the supernatant was most
likely due to small crystals of § that did not separate under the
centrifugation conditions used. S. aureus was extremely sensitive
to photodynamic inactivation with 4. Even at 10 nM of 4, a viable
cell loss of 3 log units (15 min illumination) was observed. In this
case, we cannot conclusively exclude the possibility that <50 nM
of 4 may have partially contributed to the loss in cell viability
observed during photodynamic inactivation with S.

Interestingly, a dependence of the degree of cell survival on
the dark incubation time was apparent for M. smegmatis.
Generally, it is agreed that the incubation time for dissolved PS
does not influence the degree of bacterial inactivation because
binding of the PS to the bacterial cell is fast.”®~7° Therefore, our
finding is unusual and might be explained with the possible
presence of endogenous mycobacterial cellulases. Cellulases are
a class of enzymes whose function it is to hydrolyze cellulose.”>**
Part of this enzyme class are endoglucanases, which are capable of

interrupting the hydrogen-bonding network of crystalline cellu-
lose leading to the separation of the individual cellulose strands,
while exoglucanases hydrolyze the cellulose strands into smaller
units of 2—4 glucose molecules. Whereas functional cellulases
have been discovered in Mycobaterium tuberculosis’® a gene
encoding functional cellulase has been identified for M. smegmatis
(strain mc® 155) and other mycobacteria.”” If M. smegmatis
expresses extracellular cellulases, these enzymes might be able
to partially degrade the photosensitizer 5, releasing smaller
soluble units into the medium, which could be responsible for
the observed increase of photodynamic inactivation with pro-
longed incubation times. Similar incubation time dependencies
were not clearly observed when analyzing the PDI data for E. coli
and S. aureus (Figure SA,C). Currently, we cannot exclude that
similar incubation time dependencies exist at higher concentra-
tions of § for E. coli and lower concentrations for S. aureus.
However, to the best of our knowledge, E. coli and S. aureus are not
known to express cellulases. More detailed studies are currently
under way in our laboratory to address these questions.

B CONCLUSION

We have developed a synthetic route for the selective and
reproducible surface modification of cellulose nanocrystals with
porphyrins using the Cu(I)-catalyzed Huisgen—Meldal—Sharp-
less 1,3-dipolar cycloaddition reaction. The benchmark com-
pound CNC-Por (5) was characterized by infrared and
PFGSE-"H NMR spectroscopies of the acetylated derivative,
as well as size exclusion chromatographic (benzoylated §) and
thermogravimetric analyses as proof of the covalent linkage
between the porphyrin and the cellulose polymer. Promising
results were obtained in our investigation of the ability of 5 to
photoinactivate bacteria. Three genera of bacteria, S. aureus
(Gram-positive), E. coli (Gram-negative), and M. smegmatis
(mycobacterium), were investigated. Five-six log units reduc-
tion in viable cells were observed against S. aureus, 3—4 log
units for M. smegmatis, and 1—2 log units for E. coli using
CNC-Por (5) in suspension at 20 uM solution (based on the
porphyrin concentration). Given the advantages of employing
well-defined and uniform cellulose nanocrystals as the scaffold,
future studies may allow us to systematically further investigate
and understand the interaction between the porphyrin-cellulose
photosensitizer and microbes in order to design PS that will be
useful in photobactericidal materials. With cellulose as a biode-
gradable as well as renewable resource, along with the defined
character and molecular control exhibited by the nanocrystalline
cellulose surface, we anticipate value in the development of such
cellulose—porphyrin conjugates for use in photobactericidal
papers, fabrics, and coatings for applications in the healthcare
and food preparation industries.

Il ASSOCIATED CONTENT

© Ssupporting Information. Results of the light control
experiments with azide surface-modified CNC-N; (Table
SD1), TEM image of CNC (1; Figure SD1), IR spectra of
CNC (1), CNC-Tos (2), and CNC-N; (3; Figure SD2),
graphical re?resentation of the loss in proton signal intensity
for PEGSE- 'H NMR experiments (Figure SD3), and the con-
centration dependence of PDI for M. smegmatis and S. aureus
using CNC-Por (5) at constant incubation and illumination
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times (Figure SD4). This material is available free of charge via
the Internet at http://pubs.acs.org.
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