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According to the World Health Organization, antimicrobial resistance is one of the emerging threats to global
health. Therefore, the development of new strategies to mitigate resistant bacterial strains is highly desirable.
Photodynamic inactivation is a promising approach owing to its effectiveness against a broad range of micro-
organisms irrespective of their antibiotic resistance profile and its multitarget mechanism that hamper the
appearance of acquired resistance. In this work, a self-sterilizing and potentially biodegradable material is
developed, providing a green alternative for single-use packaging in the medical, food, and cosmetic industry.
We demonstrate two synthetic approaches based on covalent linkage of toluidine blue to tempo-oxidized carbon
nanofibers, as well as the supramolecular immobilization based on electrostatic self-assembly. The former shows
high activity, reaching inactivation rates of 8 Logio CFU for S. aureus and E. coli after 15 min under 250 W-m~2
artificial sun irradiation. This simple and facile approach will enable the preparation of composite photo-
antimicrobial films that are light activated, providing clean and microbiologically safe surfaces, even in chal-
lenging situations, such as natural disasters or conflicts, or remote locations with of none or limited access to
other forms of energy supply.

1. Introduction PDI has been reported as an effective method to inactivate a broad

spectrum of pathogens, including MROs, both in planktonic and biofilm

Antibiotic resistance is an emerging threat that needs to be tackled
urgently. According to the World Health Organization (WHO), it is a
pressing menace to global development, health and food safety. An
increasing number of multi-resistant microorganisms (MROs) such as
the methicillin-resistant Staphylococcus aureus or Escherichia coli bacte-
ria, or the Candida yeasts, have been detected,[1] with an acute impact
in e.g. healthcare units, hospitals or elderly care homes, where an MRO
infection can be lethal. Therefore, the development of new antimicrobial
approaches is urgently required. Among the recently-developed anti-
microbial strategies, photodynamic inactivation (PDI) shows a high
potential due to its broad-spectrum efficiency, ubiquitous activation
path via visible light, susceptibility towards antibiotic-resistant strains,
and low potential for developing resistance derived from its multi-target
mechanism of action.[2] As the sun is the main source of natural light,
PDI is a valuable option in critical situations such as natural disasters, or
in remote locations where no additional power supply is available.[3-8]

* Corresponding authors.

stages. It relies on the photoactivation of a dye, referred to as photo-
sensitizer (PS) to generate long-lived triplet excited states, which sub-
sequently transfers the acquired photon energy to suitable substrates
such as molecular oxygen present in the media. This photochemical
process often generates reactive oxygen species (ROS) such as singlet
oxygen ('0,) that are capable of oxidizing different biomolecules,
rendering a broad-spectrum irreparable damage that hampers the
appearance of photo-resistant strains.[9-11]

Toluidine blue (TB), also known as basic blue 17, is a thiazine
metachromatic dye widely used in histology as a stain, particularly of
polysaccharides present in plant cells, as well as in clinical practice to
image premalignant lesions.[12-14] TB is also a cationic photosensitizer
with strong absorption in the red area of visible light and high capacity
to produce 10,, therefore it has attracted interest of the photodynamic
inactivation community.[15-18] Additionally, TB is commercially
available and can be used without any additional structural
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modification, rendering a prime PS.[19]

However, even if PDI is gaining momentum and attracting the efforts
of the scientific and medical communities, there is a need for the
development of single-use packaging bearing MRO-free surfaces, while
maintaining a sustainable and environmentally benign approach. In this
respect, tempo-oxidized cellulose nanofibers (TOCNF)[20-22] can be
used as an environmentally friendly matrix material for attaching TB.
Due to the numerous inherent qualities of cellulosic nanomaterials, such
as availability, potential biodegradability, and biocompatibility, they
exhibit broad potential for developing advanced functional materials
from sustainable and renewable resources.[23-25] Consequently,
nanocelluloses have been demonstrated to improve functionality in
various applications ranging from active thin-films[26,27] to active
composites [28-30] and multi-layered structures.[31-33] In particular,
cellulosic materials have shown great potential as scaffolds for photo-
dynamic inactivation, due to the previously mentioned properties. The
synthesis of such hybrid materials can be divided in two different stra-
tegies: covalent and supramolecular immobilization. The former yields
stable derivatives with neglectable migration of the PS to the substrate,
while the latter is more synthetically accessible. On the one hand, the
covalent modifications, which can be done via different synthesis
pathways like EDC-NHS chemistry[34], esterification[35], Cu
(I)-catalyzed Huisgen-Melal-Sharpless 1,3-dipolar cycloaddition|36,
371, conjugation through 2,4,6-trichloro-1,3,5-triazin typical of the dye
industry [37-40], biosynthesis[41] or conjugation through DMT acti-
vation.[42] On the other hand, the supramolecular approach is used as
well due to the electrostatic interaction of the cationic photosensitizers
and the anionic cellulosic material.[43-46].

Here, we report two strategies to load TOCNFs with TB. Primarily,
covalent binding via EDC/NHS coupling is investigated. In addition, a
supramolecular approach based on electrostatic interactions of the
positively-charged TB and the negatively charged TOCNF is explored as
well.[45] The benefits and downsides of both approaches are investi-
gated and compared. It was found that the covalent approach yields
more reliable photoinactivation performance, rendering a more suitable
candidate for applications in packaging or coatings.

a. EDC-NHS
coupling

3h/rt

TOCNF
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2. Results and discussion

2.1. Preparation and characterization of TB-doped nanocellulose
materials

We investigated two methods for incorporating TB into TOCNF. TB
was either covalently conjugated to TOCNF (1) via EDC/NHS chemistry
(Fig. 1a), or physically adsorbed onto the TOCNF fiber network (2;
Fig. 1b). Our primary focus was on the covalently bound sample, which
prevents the photosensitizer from leaching out of the material and
therefore makes it safer for usage. After purification, which consisted of
different washing steps described in the SI and dialysis, the resulting
samples were kept in solution to avoid aggregation upon drying-
redispersion cycles. We characterized both samples using surface plas-
mon resonance (SPR), attenuated total reflectance infrared spectroscopy
(ATR-IR), and UV-Vis spectroscopy. Both conjugates 1 and 2 exhibited a
blue/purple color, as observed by the naked eye, as consequence of the
successful immobilization of TB (Fig. 1, bottom).

The FTIR spectra of covalently linked TB-TOCNF (1), physically
adsorbed TB-TOCNF (2), together with TB and TOCNF as controls are
shown in Fig. 2a. The characteristic Gaussian shaped peak at 1602 em !
can be assigned to the C=0 stretching vibration of the carboxylic acids
from the TOCNF. The additional peaks of 1 at 1650 and, particularly
1693 cm ™! evolving underneath the curve of the G=0 stretching vi-
bration band of TOCNF, are assigned to an amide bond (amide I) C=0
stretch, well in line with the successful amidation of TOCNF. Note that
the peak at c.a. 1602 cm ! that remains in spectra is assigned to
unreacted carboxylates for 1 and 2 (Fig. 2a, blue and green respec-
tively), and the NH bending of the primary aromatic amine for TB
(Fig. 2a, red).

First, fundamental confirmation of the mechanism of binding was
obtained by conjugation of TB on TOCNF thin films in-situ by SPR
(Fig. 2b). The adsorption curves of TB on pristine TOCNF (as reaction
pathway for 2) and coupling to EDC/s-NHS activated surfaces (as re-
action pathway for 1) can be seen in Fig. 2b. First, the TOCNF film is
reacted with EDC/s-NHS (see Supporting Information for detailed
experimental details), observing a c.a. 0.4° after washing, following a
typical curve for the activation of nanocellulose.[47,48] This increase is
caused by two factors: the EDC grafting after EDC/s-NHS coupling as
well as thin film swelling, with the consequent enhanced water
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Fig. 1. Synthesis (top) of the antibacterial cellulosic hybrid material by a) covalent modification of tempo-oxidized cellulose nanofibers (TOCNF) with toluidine blue
(TB) via EDC NHS coupling (1) and b) physical adsorption (2) through mixing. Photographs (bottom) of the freeze-dried material.
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Fig. 2. Samples characterization. a) Stacked FTIR spectra with TOCNF (yellow) 1 (blue) and 2 (green) and TB (red). b) SPR sensogram shows i) EDC grafting for 1
(blue), ii) washing of unbound material, iii) grafting of TB for 1 and 2 (blue and green), and iv) washing of unbound material. TB adsorbs weakly onto pristine TOCNF
surface while significant coupling was obtained via covalent conjugation. ¢) UV-Vis of TB, 1, 2 at different concentrations show the different absorption maxima and

peak width depending on the aggregation of the material.

absorption. After EDC/s-NHS activation (Fig. 2b), significant adsorption
of TB was observed indicating immobilization of the dye through
chemical bond to the activated nanocellulose surface. Interestingly, the
washing process eliminates loosely adsorbed material, and indicates a
low reaction yield resulting from either low reactivity or low accessi-
bility to the surface. Nevertheless, 1 shows 11.0 mg m~2 of bound TB
after washing, around one order of magnitude higher retention when
compared to 2 (0.7 mg m~2). However, the apparent higher payload for
1 compared to 2 is likely due to the swelling observed in the EDC/s-NHS
activation step, greatly increasing the surface available for reaction, as
opposed to the tightly packed film for 2. Therefore, in order to charac-
terize the TB payload on the cellulosic material, UV-Vis absorption
measurements were performed, using TB at different concentrations as
calibration curve (Fig. S1). The UV-Vis absorption spectra presented in
Fig. 1c, show the typical absorption peak of TB at 635 nm. Both cellu-
losic samples show broader peaks, which imply TB interaction with the
TOCNF network. This limits the accurate determination of the payload,
although allows estimations and, more importantly, serves to compare
payload between the two synthetic approaches. TB payload for 1 and 2
was estimated to be 2.3 and 5.6 mg per g of TOCNF, which correspond to
an 8.2% and 20.2% coverage of the carboxylate reaction sites, respec-
tively (either covalently or charge-neutralized). The {-potential is well
aligned with these measurements: the unmodified TOCNF showed the
highest negative charge with — 49.7 + 8.9 mV. The covalently linked
sample 1 with a value of — 43.7 &+ 1.2 mV shows less negative surface
charge, which indicates a partial, yet minor neutralization of carboxyl-
ates. The physically adsorbed sample 2 shows even less negative surface
charge with — 39.0 + 1.5 mV, as expected from the higher payload
observed. In general lines, the changes observed are small, which

indicates a low payload, in good agreement with previous character-
ization techniques. This, however, is beneficial for our approach, since
the maintained high charge density renders colloidal stability of the fi-
bers, therefore ensuring their processability.

Further insight into the film formation was achieved by microscopy.
Fig. 3 shows AFM and SEM images of the spin-coated thin films and self-
standing films of the prepared samples, respectively. The spin-coated
TOCNF film (Fig. 3a) was uniform and very smooth (Rq roughness
0.83 nm) consisting of a loose distribution of nanofibrils. The conjugates
1 and 2 in turn formed much rougher films with visible aggregates. The
highest roughness (Rq roughness 3.81 nm) and the biggest aggregates
were observed with the 2 film. The conjugated film, 1, was slightly
smoother than the physical conjugate (Rq roughness 3.01 nm). Notably,
since imaging was done in dry conditions, water removal most likely
affected the formation of aggregations. The SEM images of self-standing
films (Fig. 3d-f) show the topographical differences between pristine
TOCNF and the conjugates on a larger scale. Similarly, as observed in
AFM with the thin films, the thicker, self-standing TOCNF films were
smooth, while larger fibril and particle aggregations could be observed
in the TB modified films. Most likely, the addition of TB disrupts the
electrostatic repulsion between cellulose nanofibrils contributing to the
formation of homogeneous and stable nanocellulose suspensions.
Therefore, the modified cellulosic materials show aggregation in the
nanoscale that results in rougher film structures.

2.2. Photophysics of TB-doped nanocellulose materials

After physico-chemical characterization of the TB-doped nano-
cellulose materials, their photophysical properties were studied in detail



D. Langerreiter et al.

3.0nm

-3.0 nm

Materials Today Communications 38 (2024) 107858

10.0 nm

Fig. 3. Microscopy imaging of thin films. AFM height images with indicated roughness (Rq) of a) TOCNF, b) 1 and c) 2 thin films. SEM micrographs of d) TOCNF, e)

2, and f) 1 self-standing films.
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Fig. 4. Photophysical characterization of TB (red line), 1 (blue line) and 2 (green line) aerated 2 mM aqueous solution/suspension. a) Transient ground-state
bleaching absorption traces. Agxe = 355 nm; Aops = 620 nm. b) Singlet oxygen phosphorescence kinetic traces obtained by subtraction of the 1275 nm phospho-
rescence signal in absence and presence of 25 mM NaNjs. The raw phosphorescence signals are shown in Fig. S2. The black lines are the fit of equation S3 to the data

AExe = 355 nm.

(Fig. 4). On one hand, transient absorption experiments were performed
to determine the lifetime of TB triplet excited state (z7) alone or loaded
with TOCNF (Fig. 4a and Table 1). Since the TB triplet state is the pre-
cursor for 10, generation, 71 provides information about the Oy acces-
sibility to TB in the nanomaterial. Free TB shows a 7 of 1.6 ps in aerated
water, which is similar to the typical values of phenothiazinium pho-
tosensitizers dissolved in neat water.[49,50] Instead, 1 and 2 have

Table 1

Lifetime and relative quantum yields of formation for TB triplet state (®r), and
10, (@,) in aerated aqueous solutions/suspensions of free TB, 1 and 2. The
concentration of TB was 2 mM in all the experiments. Samples were excited at
532 nm, the triplet-triplet transient absorption was observed at 620 nm and 0,
phosphorescence at 1275 nm.

Triplet TB Singlet oxygen

o/ s’ o/ s’ @' s/ ps” N
Free TB 1.6 £0.2 1.9+0.2 1.0 3.24+0.2 1.0
1 3.4+0.2 3.6+0.2 0.16 + 0.02 22+0.2 0.16 + 0.02
2 2.84+0.2 28+0.2 0.17 £ 0.02 21+0.2 0.20 £+ 0.02

# From transient absorption spectroscopy.
Y From time-resolved near-infrared phosphorescence spectroscopy.

longer 71, 3.4 and 2.8 ps, respectively, indicating that the TOCNF scaf-
fold shields TB and hampers its interaction with Oy, specially for the
covalently-attached material 1. The intensity of the transient absorption
difference signals (AAbs) is proportional to the quantum yield of
triplet-state formation (&7). For solutions containing equal concentra-
tions of TB, AAbs is approximately 6-fold smaller when TB is attached to
the TOCNF scaffold than in solution TB. Hence, the TB aggregation onto
the TOCNF surface reduces its ability to generate the triplet state.

Using time-resolved near-infrared spectroscopy we observed that
pulsed-laser irradiation at 532-nm of TB, 1 and 2 suspensions in water
produced clear 0, phosphorescence signals at 1275 nm (Fig. 4b).[51,
52] Although all the three kinetic traces had the expected rise and decay
shape of 10, signals, the signals of samples 1 and 2 had an additional
short-lived component due to the excitation light scattering by the
TOCNF. Indeed, this scattering contribution hampers the fitting of the
standard 0, phosphorescence rise and decay kinetics described by Eq.
(1), where 77 and 7, are the lifetimes of the photosensitizer triplet state
and of 10y, respectively, and S(0) is a quantity proportional to the 10,
production quantum yield (®,).

T

S(t) = S(0) x (u n TT) (e — 1) ¢))
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Recording the signal in the presence of 20 mM NaNj3 (a well-known
10, quencher[53]) allowed to isolate the contribution of scattering
(Fig. S2). The actual contribution of 102 to the 1275 nm signals was then
obtained by subtracting the signals recorded in the absence and in the
presence of azide (Fig. 4a and Table 1). By comparing the S(0) values for
the three samples, it was observed that the quantum yield of 10, pro-
duction by 1 and 2 is approximately 6-fold smaller than for free TB,
consistent with the observed decrement in the triplet quantum yields.
The 77 obtained by TRNIR are in excellent agreement with those ob-
tained by transient absorption. Regarding *Os, free TB has a 7, of 3.2 ps,
which is in agreement with the reported lifetime of 10, in neat water.
[54] Instead, 1 and 2 show smaller 75 values 2.2 and 2.1 ps, respectively,
which indicates that 'O, is partially quenched by the TOCNF host
material.

2.3. Photobactericidal activity of TB-doped nanocellulose materials

Although the attachment of TB onto TOCNF reduces the photo-
sensitizing properties of TB, these TB-cellulosic materials clearly retain
potential for PDI purposes. The photoinactivation studies were per-
formed on Staphylococcus aureus and Escherichia coli as a representative
model of Gram-positive and Gram-negative bacteria, respectively
(Fig. 5a). All studies were carried out in the dark and under light irra-
diation (630 nm red LED lamp and 300-800 nm solar simulator; Fig. 5).
Each sample was measured at several TB concentrations up to 2 uM.

In a first series of experiments, the photoantimicrobial tests were
performed under red light irradiation using 1 (blue), 2 (green) and the
controls TB (red) and TOCNF (orange) delivering a light fluence of
20 J cm—2 (Fig. 5a). Since none of the materials showed dark toxicity on
bacteria, only the dark control of TB is shown in Fig. 5 for clarity
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purposes. The others are presented in the supporting information
(Fig. S3). We selected mild photodynamic therapy conditions, including
short incubation times and low concentrations, to effectively kill typical
microbes. These conditions aim to minimize unnecessary damage to the
surrounding host tissue as PDT treatments on mammalian cells typically
require stronger conditions, thereby reducing the potential side effects
of PDT treatment.[55].

First, is worth noticing that TOCNF shows no phototoxicity, as ex-
pected given absence of photosensitizer. In S. aureus, both free TB and 1
show a similar photoinactivation activity, achieving a reduction of
5-6 logig in colony-forming units (CFU mL™1) at 2 pM TB. Instead, the 2
achieves a more modest photoinactivation outcome (only 2 log;o CFU
mL~! at 2 pM). E. coli was less susceptible than S. aureus to the photo-
dynamic treatments due to both the more complex cellular wall and the
electrostatic barrier posed by the negative charges of the TOCNF and the
bacterial surfaces. 1 was clearly more efficient than free TB at low
concentrations, although both agents achieved a reduction of almost
51log1p CFU mL™! at 2 pM. Interestingly, 2 was more active against
E. coli than S. aureus. These results highlight the potential of the TOCNF
scaffold for photoantimicrobial purposes, particularly for 1, which
shows similar (or even a slightly better) photodynamic activity than free
TB despite its negative ¢-potential and lower capacity to generate 10,.
Inspired by these positive results, we also tried to photoinactivate the
opportunistic pathogenic yeast Candida albicans, however with negative
results in all cases (Fig. S4). Note that despite C. albicans is a eukaryotic
cell, we did not modify the incubation time of TB. This decision is based
on reports indicating that the uptake of TB by C. albicans typically occurs
within 10-15 min. [56-60]. Moreover, our materials are specifically
engineered for surface applications, aimed at eliciting a photo-
antimicrobial response without photosensitiser internalisation.

E. coli

§ 1008

© 1024

©104{ < TB

= - 1

%10-61 - 2

10—8 —A— TO('IJNF . i .
00 05 10 15 20

TB [uM]
E. coli

C

.

©

o

©

=

c

=)

» 8] = TOCNF

0 5 10 15 20 25 30 35

t [min]

Fig. 5. Survival curves of Staphylococcus aureus (left), and Escherichia coli (right). a) Samples incubated with different concentrations of TB (red circles), 1 (blue
square), 2 (green down triangle) and TOCNF (orange up triangle) irradiated with red light (A = 635 & 10 nm; 20 J .em~2). b) Samples incubated at 2 yM TB and
receiving increasing solar light irradiation time (SuntestXLS+; A = 300-800 nm; 250 W-m~2). For clarity, a single non-irradiated (dark) control (TB) is shown for
each assay, the others non-irradiated (dark) controls are shown in Fig. S3. Data are shown as mean + SD of n = 18 replicates. *After 15 min 8 log;o CFU mL~! were
killed, and no bacteria left to measure. Data is shown as the ratio between the counted cells and the maximum attainable cell count under dark conditions (dark

control), reflecting the relative survival rate in dimensionless units.
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To achieve a figure of merit for photoantimicrobial TOCNF, these
materials were also tested using a solar simulator configured for outdoor
daylight. We set an irradiance of 250 W/m? in the 300-800 nm range,
which is roughly 50% of the standard global solar irradiance at sea level.
[61] Under this polychromatic irradiation, 1 was able to photoinactivate
almost 2 logy of S. aureus within only 15 min of irradiation, while 2 and
free TB showed negligible phototoxicity. More striking are the results
after 30 min of simulated solar irradiation, where 1 reduced the
S. aureus bacterial count by more than 8 log;o CFU mL~}, while 2 and
free TB alone could achieve 7 log;o CFU mL ™! reduction. Strikingly, the
assay on E. coli revealed an even higher bactericidal efficiency of TB and
1 under sunlight exposure relative to S. aureus, namely 3 log;o CFU
mL ! reduction (>99.9%) after only 15 min of simulated solar irradia-
tion. The higher bacterial effects of 1 on E. coli arise out of its nature to
be a gram negative bacteria and interacts better with the used positive
charged toluidine blue compared to the gram positive S. aureus. These
remarkable results confirm the potential of TOCNF as a scaffold for the
development of new photoantimicrobial materials. Looking forward, the
conjugation strategy developed in this work can be directly used to add
an external photoantimicrobial coating layer to wood to prevent the
proliferation of bacteria outdoors by sunlight irradiation.

3. Conclusion

Here, we demonstrated a successful development of an efficient
light-mediated self-sterilizing cellulosic hybrid material. First the suc-
cessful synthesis and characterization of two TOCNF samples doped
with the photosensitizer TB was achieved, whereby TB was either
covalently linked to the material (1) or physically adsorbed (2). The
photophysical characterization of the materials reveals better oxygen
accessibility to TB for the physically-adsorbed sample 2, with the
downside that TB may be washed out of the material when in contact
with water. On the other hand, 1 shows much higher antibacterial ac-
tivity than 2, especially against E. coli under simulated solar irradiation,
reducing its population by 4logio CFU mL™' within 15min of
irradiation.

These results pave the way for the development of new single-use
antibacterial surfaces. The covalent doping technology of nano-
cellulosic materials may be used to create antibacterial thin films on
surfaces, which can trigger their activity under sunlight exposure.
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