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Abstract Herein, protoporphyrin IX (PPIX) was
covalently grafted onto a bacterial cellulose (BC)
surface via three diamine spacer arms with different
chain lengths. The obtained materials were character-
ized by spectroscopic (infrared, Raman, UV-Vis
diffuse reflectance, electron paramagnetic and fluo-
rescence) and physical (elemental, gravimetric) meth-
ods. Antibacterial efficacy was evaluated against
Staphylococcus aureus and Escherichia coli, and the
PPIX supported BC surface exhibited specific antibac-
terial photodynamic inactivation against E. coli. The
1,2-bis(2-aminoethoxy)ethane aminated BC
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immobilized the maximal amount of PPIX, and the
resulting photosensitive surface achieved a 99.999%
(1st cycle) inactivation efficiency against E. coli, but
relatively low efficiency against S. aureus. A mech-
anism of Gram negative bacterial inactivation was
proposed as the positively charged PPIX-conjugated
BC surface coupled with sufficient 'O, generation.
Though the reusability of the as-fabricated materials
needs to be further enhanced, this work provides a
potent strategy for efficient photodynamic inactivation

against Gram negative bacteria using neutral
photosensitizers.
Keywords Protoporphyrin IX - Bacterial cellulose -

aPDI - Specific antibacterial effect - Escherichia coli

Introduction

Owing to the increase in multidrug-resistant organ-
isms from the overuse of antibiotics, the prevention of
pathogenic infections is becoming a major medical
and societal issue necessitating research efforts that
focus on new antibacterial therapies and mechanisms
of action. One such approach, antimicrobial photody-
namic inactivation (aPDI), is a promising alternative
or complementary method for preventing infections
caused by microorganisms, including bacteria,
viruses, fungi and protozoa (Jori et al. 2011). Com-
monly, aPDI employs photosensitizers that when
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activated by visible or infrared light illumination in the
presence of oxygen generates reactive oxygen species
(ROS), including free radicals (Type I reaction) and
singlet oxygen (Type II reaction; Abrahamse and
Hamblin 2016), which lead to the inactivation of
microorganisms. Owing to the diffusibility of these
ROS, the photosensitizers do not have to come into
contact with bacteria to be effective for photoinacti-
vation (Dahl et al. 1987), while resistance to ROS as
biocidal agents produced by aPDI is considered
unlikely. As such, the immobilization of photosensi-
tizers onto materials, including nanoscale scaffolds,
has been arousing extensive research interests for their
potential applicability as broad spectrum anti-infec-
tive platforms.

Photoantimicrobial conjugates have been obtained
by incorporating photosensitizers onto a variety of
scaffolds of various dimensions, including fabrics
(Castriciano et al. 2017; Rahimi et al. 2016; Ringot
et al. 2011), artificial polymers (Stanley et al. 2016),
and even antimicrobial peptides (Johnson et al. 2016;
Liu et al. 2012) for targeting and photoinactivation of
pathogens. Generally, fabrics and nonwovens consist
of micron-scale fibers, however, as the diffusion of
'0, is limited to hundreds of nanometers (Dahl et al.
1987), the blocking of 'O, by the fibers may lead to
inefficient aPDI. Immobilization of photosensitizers
on nanosurfaces overcomes the shortcoming of limited
'0, diffusion (Shrestha et al. 2014), yet properties like
hydrophilicity (Henke et al. 2014) (Dolansky et al.
2015), specific surface area and surface charging
(Vallapa et al. 2011) (Gottenbos et al. 2003) also play
important roles in photodynamic inactivation. While
photosensitizers immobilized on artificial nanofibers
have been the subject of several recent studies, the use
of natural biopolymers has been more limited.

Bacterial cellulose (BC), biosynthesized by Aceto-
bacter xylinum, is a naturally produced nanomaterial
with inherent biocompatibility, superhydrophilicity,
large specific surface area and high mechanical
strength (Lv et al. 2016), which enables BC to be a
desirable nanocarrier for photosensitizers. In addition,
the eco-friendly BC provides an inexpensive and
renewable material that is easily scalable. Thus,
towards our objective of creating anti-infective plat-
forms from renewable nanoscaffolds based upon
aPDI, here we present the covalent grafting of a
neutral photosensitizer, protoporphyrin IX (PPIX),
onto the surface of BC using diamine spacer arms with
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different chain lengths. Our hypothesis was that by
employing variable chain length spacer arms, we
could circumvent the potential for steric hindrance
between the PPIX macrocycle (as photosensitizer) and
BC (as scaffold), thereby increasing antimicrobial
efficacy. Specifically, three diamine spacers with
backbone chain lengths of 4 (EDA), 10 [1,2-bis(2-
aminoethoxy)ethane] and 14 atoms [1,4-bis(3-amino-
propoxy)butane] were applied to analyze their influ-
ence on BC surface functionalization and subsequent
photoinactivation performance. The obtained materi-
als were characterized by spectroscopic (infrared,
Raman, diffuse reflectance UV-Vis, fluorescence) and
physical (elemental, thermal gravimetric) methods.
Photo-oxidation studies of external substrates and
electron paramagnetic spectroscopy were used to
quantify the relative amount of singlet oxygen
produced as a function of the diamine spacer units.
Antibacterial efficacy was evaluated against both
Staphylococcus aureus and Escherichia coli as a
function of the diamine spacer unit, and the reusability
of the material was explored through repetitive aPDI
assays. As will be shown, although the efficacy against
S. aureus was more limited, the PPIX-grafted BC
membranes achieved a 99.999% inactivation effi-
ciency against E. coli, demonstrating that this work
provides a potent strategy for the efficient photody-
namic inactivation of G~ bacteria using a photosen-
sitizer and nanoscaffold that are both derived from
natural sources.

Experimental section
Materials

Pure bacterial cellulose was obtained after an alkali
cleaning process (Li et al. 2017). Sodium periodate,
dimethylsulfoxide (DMSO), acetic acid and ethylene-
diamine (EDA) were purchased from Sinopharm
Chemical Reagent Co., Ltd. 1,2-bis(2-aminoethox-
y)ethane, 1,4-bis(3-aminopropoxy)butane, sodium
cyanoborohydride, protoporphyrin IX, carbonyldiim-
idazole (CDI), 2,2,6,6-tetramethyl-4-piperidone
(TEMPONE) and 1,4-diazabicyclo[2.2.2]octane
(DABCO) were obtained from Sigma-Aldrich
(China). S. aureus (ATCC-6538) and E. coli (ATCC-
8099) were from Shanghai Xiejiu Bio-Tech Co., Ltd.
All chemicals were used as received.
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Periodate oxidation of bacterial cellulose

Oxidized bacterial cellulose (OBC) was prepared by
sodium periodate oxidation in aqueous solution.
Briefly, 500 g pristine BC membranes were immersed
into 1000 mL of 0.4 M sodium periodate solution, and
the mixture was gently shaken for 4 h at 37 °C in a
photophobic beaker, followed by immersion in 1,2-
ethanediol overnight to remove excess periodate. 1,2-
Ethanediol was removed by deionized water, and the
OBC was freeze-dried for next steps.

Surface amination by the ‘one pot, two steps’
method

Three linear diamine compounds were incorporated
onto OBC membranes by the ‘one pot, two steps’
method. Typically, 200 mg of OBC membranes were
immersed in a solution that consisted of 50 mmol
EDA and 50 mL DMSO, and was adjusted by acetic
acid to pH 6.0. The mixture was gently shaken for 12 h
at 37 °C, and then 60 mmol of sodium cyanoborohy-
dride was added into the solution, and the reaction
continued for 24 h under the same conditions. The
aminated membranes were subsequently washed with
DMSO (@BOmL x 3) and deionized water
(30 mL x 5), and then freeze-dried. The surface
aminated BC membranes will henceforth be generally
referred to as BC-spacer-NH,, whereas those func-
tionalized specifically with EDA, 1,2-bis(2-ami-
noethoxy)ethane, and 1,4-bis(3-
aminopropoxy)butane are assigned as BC-EDA-
NH,, BC-10-NH,, and BC-14-NH,, respectively.

Immobilization of PPIX onto aminated BC
membranes

To activate the carboxylic acid groups of the PPIX
macrocycle, a mixture of 0.3 mmol of CDI and
0.15 mmol PPIX in 50 mL DMSO was vigorously
stirred for 4 h at 40 °C. Then, 200 mg of the BC-
spacer-NH, membranes was added, and the reaction
continued for 24 h. Extensive washing of the PPIX
immobilized membranes with DMSO (30 mL x 4)
followed to remove unreacted reagents. After that, the
resulting membranes were vacuum-dried at 40 °C for
6 h. The resulting PPIX-grafted BC membranes will
be generally referred to as BC-spacer-PPIX, and the
specific  different diamine spacer lengths,

ethylenediamine, 1,2-bis(2-aminoethoxy)ethane, 1,4-
bis(3-aminopropoxy)butane, are referred to as BC-
EDA-PPIX, BC-10-PPIX and BC-14-PPIX, respec-
tively (Scheme 1).

Characterization

Scanning electron microscope (SEM) images were
obtained using a Hitachi SU1510 (Japan) at 5.0 kV.
Chemical structures of all samples were analyzed by
Fourier transform infrared spectroscopy (ATR-FTIR,
Nicolet Nexus, USA) and Raman microscope (Ren-
ishaw RM1000, Britain) with excitation at 514 nm.
UV-Vis diffuse reflectance (DRUV) spectra were
collected on a Shimadzu UV-3600 (Japan) spec-
trophotometer with barium sulfate as the background
utilizing the wavelength range of 300-800 nm. Fluo-
rescence imaging was recorded on a Hitachi F-7000
spectrometer (Japan). Elemental analyses were con-
ducted by Vario Micro Cube elemental analyzer
(Germany) and X-ray photoelectron spectroscopy
(XPS, Thermo Scientific Escalab, USA) with
monochromatized Al K, radiation. Thermal gravimet-
ric analysis (TGA) was carried out on a TA Q500
(USA) ramping 10 °C/min under N, purging. Unless
otherwise stated, BC-10-NH, and BC-10-PPIX were
chosen as the typical samples for the aforementioned
characterization methods.

Photosensitization of external substrates
and model bacteria

All photo-oxidation and photoinactivation experi-
ments were performed using a Xenon lamp (500 W)
equipped with a long-pass filter (A > 420 nm), and the
distance between all samples and the lamp center was
fixed at 20 cm. An electric fan was used to prevent
heating of the 24-well plate.

Photosensitization of external substrates

BC-spacer-PPIX membranes were cut into circular
pieces with a diameter of 1.5 cm using a tablet cutter.
A piece of circular membrane was immersed into a
10 mL beaker which contained 6 mL of 0.05 M
potassium iodide solution, the beaker was covered
with transparent polyethylene (PE) film to prevent
water evaporation, and then the solution was illumi-
nated with vigorous magnetic stirring. The UV
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Scheme 1 Surface functionalization and PPIX immobilization yielding BC-spacer-PPIX nanofibrous membranes (Zhu and Sun 2012)

absorbance at 287 nm was recorded at regular inter-
vals and compared to a blank solution that was stored
in the dark. The oxidation mechanism (Wen et al.
2017) is shown in Eq. 1.

'0, + 31" +2H,0 — I; + 2H,0, (1)

Antibacterial photoinactivation of model bacteria

Photoinactivation studies employing the model bac-
teria S. aureus and E. coli were performed in triplicate
as previously described (Carpenter et al. 2012, 2015;
Stanley et al. 2016). Briefly, three samples of BC-
spacer-PPIX membranes (1.5 cm diam.) were indi-
vidually placed into adjacent wells of two identically
prepared 24-well plates. A 100 pL aliquot of PBS
containing 10’~10® CFU of bacteria was added to each
of the three wells per plate. Once inoculated, the
24-well plate was illuminated for 30 min with a Xenon
lamp (A > 420 nm), while the other 24-well plate was
kept without illumination as a dark control. Following
illumination, 0.9 mL of sterile PBS was added to each
well in both the illuminated and the dark control
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plates, and the plates were vigorously vortexed for
5 min to re-suspend the bacteria. Then each well was
1:10 serially diluted (100 pL in 0.9 mL aliquots of
PBS) five times, and 10 pL from the undiluted and
each diluted well were separately plated in columns on
gridded six column square TSA (for S. aureus) or LB
(for E. coli) agar plates, followed by 12 h of dark
incubation at 37 °C. Pristine BC was evaluated in the
same method as a PPIX-free control, and a material-
free control (24-well plate without sample mem-
branes) was used to calculate the bacteria survival rate.
The survival rate was determined by the ratio of CFU/
mL of the illuminated or dark-control plates versus
that of the material-free control. The minimum
detection limit was 100 CFU/well (based on the plated
10 pL aliquot from the 1 mL undiluted well), and the
detection limit range of bacteria survival is
0.01-0.001%.

Electron paramagnetic resonance (EPR) analysis

Detection of singlet oxygen followed the procedure of
Lion and Moan (Moan and Wold 1979). Briefly, the
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TEMPONE trapped EPR spectra of the BC-10-PPIX
membrane in D,O solution were obtained using a
Bruker EMXplus-10/12 spectrometer at room temper-
ature, which was operated at X-field with a center field
at 3360 G and a sweep width of 70 G. The microwave
frequency was 9.172 GHz, the power was 10 mW, the
sweep time of the signal channel was 0.128 s, and a
received gain of 8000 was employed. A 1.5 cm
diameter sample of the BC-10-PPIX membrane was
added into 3 mL oxygen saturated D,O solution
containing 1 mM TEMPONE, and illuminated for
30 min using a Xenon lamp (A > 420 nm) with
vigorous magnetic stirring. The resulting solution
was transferred into an EPR capillary tube, which was
then fixed in the resonant cavity of the spectrometer.
The references for singlet oxygen quenching using
DABCO and blank (pure D,0O) groups were also
carried out to further confirm the production of singlet
oxygen.

Results and discussion
Morphology observation

The morphologies of the nanofibrous membrane
surfaces were examined by SEM. The freeze-dried
pristine bacterial cellulose (Fig. 1a) displayed a typ-
ical three-dimensional structure of web-shaped
microfibrils which were randomly distributed with
unspecific orientation. During freeze-drying, ice
encapsulated in the entangled nanofibrils sublimed
directly to form a pore geometry (Wu and Meredith
2014), and the measured BET surface area reached
52.9091 m?*/g. Conversely, the PPIX-immobilized
BC-10-PPIX membrane surface exhibited a compact

network with the fiber bundle closely tangled together
(Fig. 1b), likely due to either thermal drying (Fernan-
des et al. 2009) and/or chemical treatments as
compared to the pristine BC. Upon periodate oxida-
tion, the ordered packing of glucopyranose was broken
(Kim et al. 2000) resulting in a decrease of water
holding capacity (Figure S1), and subsequent thermal
drying led to a collapsed fibrous network (17.4061 m?/
g), with subsequent treatments exacerbating the net-
work shrinkage.

Chemical structure analysis
ATR-FTIR spectroscopic characterization

A strategy employing variable chain length spacer
arms was used to circumvent the potential for steric
hindrance between the PPIX macrocycle (as photo-
sensitizer) and OBC (as scaffold; Krouit et al. 2009).
In this work, three diamine spacers with backbone
chain lengths of 4 (EDA), 10 [1,2-bis(2-aminoethox-
y)ethane] and 14 atoms [1,4-bis(3-aminopropoxy)bu-
tane] were applied to analyze their influence on OBC
surface functionalization and subsequent photoinacti-
vation performance. The obtained membranes were
characterized via ATR-FTIR spectroscopy to investi-
gate changes in chemical structure during oxidation
and amination (Fig. 2a). Upon treatment with sodium
periodate, a new stretch at 1730 cm ™! was assigned to
the C=0 stretching vibration in OBC, while the band
at ~ 880 cm™' was ascribed to the formation of
hemiacetal bonds (Li et al. 2011). After amination,
several new features appeared when compared with
that of OBC membrane: (1) for all three aminated
membranes, new bands appeared at 1569 cm™' and
were attributed to N-H bending (Zhu and Sun 2012),

Fig. 1 SEM images of a pristine bacterial cellulose and b PPIX-immobilized BC-10-PPIX membranes

@ Springer



Cellulose

a
5
8
£ ['BC-10-NH;
g g
£ |Bc-EDANH, 1730 G0
0BC
/Bk/\
3500 3000 1500 1000
AMcem™
c
o) C19)
5
]
2
[}
c
8
£
N\,_.,M N(1s)
AL A

1000 800 600 400 200 0
Binding Energy/eV

b
3 PPIX
o
2
g BC-10-PPIX
E

/\/‘\/\/\//\/B\C'?_'\N\'j/{

1700 1600 1500 1400 1300 1200 1100 1000 900

Aem*
d O(1s) C(1s)
3
8
Iy
[}
8
£ "\//»‘,\ N(1s)

1000 800 600 400 200 0
Binding Energy/eV

Fig. 2 ATR-FTIR spectra of a BC, OBC and BC-spacer-NH,, b resonance Raman spectra of free PPIX, BC-10-NH,, and BC-10-

PPIX, and XPS survey scans of ¢ BC-10-NH, and d BC-10-PPIX

consistent with a covalent amide linkage between the
membrane surface and diamine spacers; (2) new
features were observed at ~ 960 cm™', and were
assigned to C—O-C stretching from the ether groups of
the 10- and 14-atoms spacers; and (3) the broad peaks
around 2150-2400 cm ™" are likely ascribed to N-H (-
NH, *-) stretching (Onem and Nadaroglu 2014).
While the ATR-FTIR spectra demonstrated the
covalent attachment of the spacer units onto the OBC
surface, elemental analysis was carried out to assess

the total amount of each spacer (Table 1). The diamine
loading values were 0.389, 1.775 and 0.425 mmol/g
for BC-EDA-NH,, BC-10-NH, and BC-14-NH,,
respectively. In comparison to the excellent loading
of BC-10-NH, (degree of substitution, DS = 0.39) we
surmise that the lower loading of BC-14-NH,
(DS = 0.075) may be due to the inter- or intramolec-
ular entanglement of the long chains that could lead to
a lower reactivity of this spacer unit, whereas the low
loading of the shorter EDA (DS = 0.065) may be due

Table 1 Diamine and PPIX loading values of the different BC-spacer-NH, membranes

Spacers Spacer length  Diamine loading ~ Diamine = PPIX loading  PPIX Conjugated
mmol/g DS wmol/g DS photosensitizer
Ethylenediamine 4 atoms 0.389 £ 0.058 0.065 4.0+03 0.0007  BC-EDA-PPIX
1,2-bis(2-aminoethoxy)ethane 10 atoms 1.775 £ 0.087 0.391 13.0 £ 09 0.0021  BC-10-PPIX
1,4-bis(3-aminopropoxy)butane 14 atoms 0.425 £ 0.062 0.075 6.0 £ 0.5 0.0010 BC-14-PPIX
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to a higher degree of protonation in acidic media
(Zhou et al. 2009). To measure the PPIX loading
values, the BC-spacer-PPIX membranes were metal-
lated with zinc as described in the Supporting Infor-
mation (Sharp et al. 1998), and then ICP-MS was
utilized to determine the level of zinc which would
equal the level of PPIX present. The values of
conjugated PPIX were about 4.0, 13.0 and 6.0 pmol/
g for the BC-EDA-PPIX, BC-10-PPIX and BC-14-
PPIX, respectively, corresponding to DS values of
0.0007, 0.0021, and 0.0010 (Table 1). These values
are on a par with our previous work on porphyrin-
cellulose conjugates that had porphyrin loading values
of ~ 3.5 to 33 umol/g (Carpenter et al. 2015), and
demonstrate that the diamine spacer covalent strategy
employed here is equivalent to the Cu-catalyzed
alkyne azide cycloaddition reaction used in that earlier
work.

Resonance Raman spectroscopic studies

Resonance Raman spectroscopy was employed to
further characterize the success of the N,N’-car-
bonyldiimidazole-mediated grafting of PPIX onto
the surface of the BC-spacer-NH, membranes. For
the BC-10-PPIX membrane, the Raman spectrum
exhibited two new peaks, ~ 1580 and ~ 1330 cm_l,
which were attributed to the stretching vibrations of
the vinyl groups and pyrrole rings, respectively, of the
PPIX macrocycle (Jhonsi et al. 2017). PPIX itself
exhibited these characteristic peaks, whereas no such
features were observed in the spectrum of BC-10-NH,,
again consistent with the successful grafting of PPIX
onto the nanofibrous OBC membranes.

XPS characterization

XPS spectra were acquired to gain further insight into
the surface functional groups and elemental states of
the modified membranes. Figure 2 depicts the survey
scans of BC-10-NHj; (panel ¢) and BC-10-PPIX (panel
d). Both surfaces showed three apparent peaks
centered at 284.8, 399.4 and 532.4 eV corresponding
to C 1s, N 1sand O 1 s, respectively. The peak
associated with N 1s of BC-10-PPIX was more
intense than that of BC-10-NH,, which further con-
firmed the successful immobilization of PPIX onto the
aminated BC membrane. In agreement with the
elemental analysis, Fig. 3 illustrates the high-

resolution spectra of C 1 s and N 1 s for BC-10-NH,
and BC-10-PPIX. For the aminated BC-10-NH,
membrane, the C 1 s spectrum was divided into four
peaks at 284.7, 285.5, 286.4 and 289.0 eV corre-
sponding to C—C, C-N, C-O and C=0 (Lv et al. 2017),
respectively, and the N 1 s spectrum was fit to three
peaks at 399.5, 399.9 and 402.1 eV corresponding to
C-N-C, N-H and C-NH;" (Le et al. 2013). For the
BC-10-PPIX membrane, an additional peak at 284.eV
associated with C = C in the C 1 s spectrum was
observed, whereas the N 1 s spectrum exhibited a new
peak at 399.3 eV attributed to N=C (Monier et al.
2016). Slight shifts of the other peaks (in comparison
to BC-10-NH,) were attributed to the porphyrin units
(Zhao et al. 2017). Again, these spectra confirmed the
successful grafting of PPIX onto the aminated BC
surface.

Photophysical properties

The photophysical properties of the PPIX photosen-
sitizer when grafted on the surface of BC membranes
were analyzed by diffuse reflectance UV-Vis (DRUV)
and fluorescence emission spectroscopies. For these
studies, PPIX in DMSO solution was used as a
comparative reference. As shown in Fig. 4a, the
DRUYV spectrum of BC-10-PPIX exhibited a charac-
teristic Soret band at 405 nm and Q bands between
500 and 700 nm, with both the absorption features and
their relative intensities matching well with the parent
PPIX photosensitizer in DMSO solution (Natarajan
and Raja 2004). The presence of a ‘fifth Q band’ of
free PPIX at 668 nm is likely due to the combination
of solvent effects and a high solute concentration
(Colpa and Fraaije 2016). The broadened Soret band
of the supported BC-10-PPIX was primarily attributed
to exciton coupling between chromophores being
enhanced in the solid state (Isago 2015), as well as to
the porphyrin m-electron interaction with the surface
hydroxyl groups of the bacterial cellulose (Ringot
et al. 2011). Fluorescence spectroscopy further
revealed a high degree of similarly between the
grafted PPIX in BC-10-PPIX and PPIX in DMSO
solution: when excited at 400 nm, the BC-10-PPIX
membrane exhibited a strong emission band at 632 nm
along with an additional weak emission band at
678 nm, similar to those observed for free PPIX
(Fig. 4b). The slight blue shift of supported PPIX (vs.
solution) can be attributed to the differences in the
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Fig. 4 Absorption (a) and fluorescence emission (b, L., = 400 nm) spectra of BC-10-PPIX (blue) and PPIX in DMSO solution (red).

(Color figure online)

local environment (Carpenter et al. 2015), however
two possibilities exist for the narrowing of the
emission band in the solid state: (1) the increased
constraint in the solid state limits the conformational
changes that accompany relaxation to the PPIX
ground state (Tirapattur et al. 2003), and (2) non-
radiative energy transfer from PPIX fluorophores of
higher energy to some of lower energy can occur
owing to the close interaction of the PPIX molecules

@ Springer

on the material (Vu et al. 2009). While it is well known
that the aggregation of porphyrin chromophores
causes fluorescence quenching [which both decreases
the efficiency of photosensitization and lowers the
aPDI efficacy of the resulting materials (Ogi et al.
2005)], the formation of PPIX aggregates is likely
circumvented here through their covalent attachment
to the backbone of bacterial cellulose. Taken together,
the absorption and emission spectra indicate that the
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BC-spacer-PPIX nanofibrous membranes retained the
typical photophysical properties of the PPIX chro-
mophore (Lv et al. 2010).

Thermal gravimetric analysis

Thermal gravimetric analysis was performed on
pristine BC and BC-spacer-PPIX membranes to gain
an understanding of the thermal stability of the
prepared materials (Fig. 5). In the first stage up to
100 °C, a minor initial weight loss observed among all
membranes was attributed to the loss of water. For the
pristine BC membrane, the onset of decomposition
started at about 230 °C, with substantial mass reduc-
tion only observed above 300 °C. However, the
modified BC membranes exhibited two steps of
decomposition: the onset of the first decomposition
step for the BC-10-PPIX membrane started with a
minor mass reduction at about 200 °C, followed by a
major weight loss when the temperature was above
280 °C. BC-EDA-PPIX and BC-14-PPIX membranes
exhibited similar curves. When compared to pristine
BC, we surmise that the lower temperatures for the
decomposition of the BC-spacer-PPIX membranes is
likely due to the opening of the glucopyranose rings
and the breaking of ordered packing that occur during
the periodate oxidation process (Kim et al. 2000).
Finally, it was noted that the BC-spacer-PPIX mem-
branes yielded more residue than the pristine BC
membrane, likely attributed to the grafting of spacers
and subsequent PPIX: during the thermal degradation

100
80
X 60
@
& —— Pristine BC
= 40{ — BC-EDA-PPIX
—— BC-10-PPIX
5] — BC-14-PPIX
0 T T T T
100 200 300 400 500
Temperature/°C

Fig. 5 Thermal gravimetric analysis of pristine BC (red), BC-
EDA-PPIX (blue), BC-10-PPIX (yellow) and BC-14-PPIX
(green) membranes. (Color figure online)

of the modified membranes under inert atmosphere
and at high temperature (above 400 °C), N-containing
heterocyclic compounds generate residues from
cyclization (Brebu et al. 2000).

Photosensitization of external substrates
and model bacteria

Photo-oxidation of external substrates

To compare the photodynamic activity of the BC-
spacer-PPIX membranes, a known (Mosinger and
Mosinger 1995) acceptor of 'O, and model substrate,
potassium iodide, was used. Oxidation of I" yielding
I3~ leads to an observable colorimetric assay (Fig. 6a),
for which it has been previously shown that the
photogenerated concentration of I3~ is directly pro-
portional to the concentration of 'O, in an oxygen
saturated solution (Henke et al. 2014). As such, the
relative photo-oxidation efficacy (PE) of each sample
was calculated as the slope of the dependence of
absorbance at 287 nm on illumination time. Under
identical illumination conditions, the absorbance
curve of the BC-10-PPIX membrane exhibited a
significantly higher slope than that of either BC-
EDA-PPIX or BC-14-PPIX, and is consistent with the
higher diamine loading, and consequently PPIX
loading, of the 1,2-bis(2-aminoethoxy)ethane ami-
nated BC membrane (see Sect. 3.2.1 and Table 1).
Moreover, the similar slopes observed for BC-EDA-
PPIX and BC-14-PPIX were also consistent with their
similar (within error) loading. As expected, no I3~ was
detected in the dark or upon illumination of the PPIX-
free BC membrane.

Photoinactivation of S. aureus and E. coli

In vitro aPDI studies employing the PPIX supported
BC membranes were performed using a Xenon lamp
(20 cm, 30 min, A > 420 nm). The antibacterial effi-
ciencies of the samples represented in Fig. 7 were
consistent with their ability to oxidize ™ in aqueous
solution: upon illumination, E. coli was photoinacti-
vated by BC-EDA-PPIX to 77.16% reduction in CFU/
mL (~ 0.5 log units), by BC-10-PPIX to 99.999%
reduction (5 log units), and by BC-14-PPIX to 68.33%
reduction (Fig. 7a). By contrast, under the same
illumination conditions no photodynamic inactivation
was observed for the pristine BC membrane (PPIX-

@ Springer
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Fig. 7 Photodynamic inactivation using BC-spacer-PPIX membranes of a E. coli and b S. aureus. Reusability studies of BC-10-PPIX

for 1-4 aPDI cycles against ¢ E. coli and d S. aureus

free control), demonstrating the necessity of the PPIX
photosensitizer for bacterial inactivation. S. aureus
was inactivated by 98.50% (~ 1.5 log units reduction
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in CFU/mL) by the most effective photosensitizing
sample, BC-10-PPIX (Fig. 7b), with lower Kkilling
efficiencies seen for the other samples. Overall, we
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observed that E. coli was much more susceptible to
photodynamic inactivation than S. aureus with the
BC-spacer-PPIX membranes developed here.
Although aPDI is commonly more effective against
Gram-positive strains, here we observed that the
PPIX-grafted BC membranes exhibited a higher
degree of photodynamic inactivation against E. coli.
EPR analysis of BC-10-PPIX (Figure S2 and Fig. 8a)
demonstrated that '0, (Type II) was the reactive
oxygen species (ROS) that led to the observed
bacterial photodynamic inactivation in Fig. 7, so the
differential inactivation between E. coli and S. aureus
must be rationalized within the context of this biocidal
agent. Two possibilities exist: (1) the presence of
lipopolysaccharides and teichoic acids in E. coli and S.
aureus, respectively, confer an overall negative charge
to these bacteria. Owing to the incomplete grafting of
PPIX onto the aminated BC surface, we surmise that
the free primary amine groups on BC-spacer-NH,
would form -NH;* in buffer that would result in a
positively charged surface (Mehta and Zydney 2008),
such that negatively charged bacteria would adhere
onto the supported surface (Fig. 8b). As such, the
difference in zeta-potential between E. coli
(— 49 mV) and S. aureus (— 31.7 mV) would lead
to a stronger attraction of E. coli to the surface
(Ktodzinska et al. 2010), bringing it in closer proxim-
ity to the photosensitizers and the site of 'O,
formation, leading to higher photodynamic inactiva-
tion. Alternatively, (2) S. aureus has been shown to
form grape-like clusters (Koyama et al. 1977), and
such clustering of the bacteria (where inner bacteria
are protected) may act as a barrier against singlet
oxygen. Such differential photodynamic activity that
favors E. coli inactivation over that of S. aureus has

Fig. 8 a EPR spectra in

not been observed previously with our other cellulose-
porphyrin conjugates (Carpenter et al. 2012, 2015),
likely owing to the use of cationic photosensitizers in
those studies.

To further explore the durability of these antibac-
terial materials, BC-10-PPIX was repeatedly used for
several cycles, and after each cycle, the membrane was
washed with 75% ethanol and then air-dried at room
temperature prior to the next assay. A gradual decrease
of the antibacterial efficacy was observed for E. coli,
with the aPDI efficiency reduced from the original
99.999% to 99.98% (2nd cycle), 72.14% (3rd cycle)
and to 44.55% for the final cycle (Fig. 7c). Photody-
namic inactivation of S. aureus also exhibited a similar
situation, albeit with lower efficiencies (Fig. 7d). It is
generally accepted that photosensitizers immobilized
onto polymer scaffolds via a covalent attachment are
more stable than those immobilized from non-cova-
lent methods (electrostatic attachment, surface coat-
ing, physical blending, and/or interior encapsulation),
with covalent attachments yielding more desirable
photodynamic properties (Spagnul et al. 2015). Here,
our results demonstrated lowered efficiencies when
the PPIX-supported BC membranes were re-used,
which could be interpreted in light of two key factors:
(1) photobleaching of the supported PPIX and (2)
accumulation of bacteria onto the supported BC
surface after each antibacterial cycle. Protoporphyrin
IX itself undergoes photo-oxidation in the presence of
molecular oxygen, with the generated singlet oxygen
attacking the ground-state porphyrin (Cox and Whit-
ten 1982), resulting in unavoidable photobleaching.
This likely played a key role in decreased killing
efficiency of both bacterial strains studied. Further-
more, Figure S4 illustrates the SEM image of the BC-
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illumination of BC-10-PPIX
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10-PPIX membrane after one cycle of an aPDI assay
against E. coli. From this image, it is clear that the rod-
shaped bacteria adhered on the surface in large
clumps. Although the BC-10-PPIX was washed with
75% ethanol, this was apparently not sufficient to
dislodge the E. coli from the BC-10-PPIX surface,
leading to an accumulation of the bacteria that would
prevent E. coli from the next assay from interacting
with surface-located PPIX, and thereby leading to the
decreased photodynamic inactivation efficacy
observed in Fig. 7.

Conclusions

This work employs a naturally produced nanopoly-
mer, bacterial cellulose (BC), to immobilize the
neutral protoporphyrin IX (PPIX) using diamine
spacer arms with different chain lengths. In support
of our hypothesis, the results demonstrated that the
chain length plays a critical role in photosensitizer
loading, with the ideal length unit here being the 1,2-
bis(2-aminoethoxy)ethane diamine spacer. Antibacte-
rial efficacy was evaluated against both G* (S. aureus)
and G~ (E. coli) bacteria. Although aPDI is commonly
more effective against Gram-positive strains, here we
observed that the PPIX-grafted BC membranes exhib-
ited a higher degree of photodynamic inactivation
against E. coli, which can be attributed to either the
difference in zeta-potential between the two bacteria
with respect to the positively charged BC nanosurface,
or the higher propensity for S. aureus to cluster into
aggregates, thereby hindering 'O, from inactivating
the pathogen. Finally, the studies performed here show
that bacterial cellulose, with its high specific surface
area and hydrophilicity, is a viable biopolymer for use
in antimicrobial photodynamic inactivation. Though
the reusability of the as-fabricated materials needs to
be further enhanced, possibly by employing alterna-
tive cleaning procedures or through additional surface
modifications, this work provides a potent strategy for
the efficient photodynamic inactivation of G~ bacteria
using the combination of naturally-derived photosen-
sitizers and biopolymers, both of which provide
‘green’ alternatives for the next generation of antimi-
crobial materials.
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