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Antibacterial and photochemical properties of
cellulose nanofibers—titania nanocomposites
loaded with two different types of antibiotic
medicines

O.L. Galkina?®, K. Onneby®, P. Huangd, V.K. Ivanovef, A.V. Agafonovaf, G.A.
Seisenbaeva®c, and V.G. Kesslerb:c

Nanocomposite dermal drug delivery systems based on cellulose nanofibers with grafted titania
nanoparticles loaded by two antibiotic medicines from different classes, i.e. Tetracycline (TC)
and Phosphomycin (Phos), were successfully produced by “green chemistry” approach in
aqueous media. The influence of different surface binding mechanism between the drug
molecule and modified cellulose nanofibers on the release of the drug and, as result, on
antimicrobial properties against common pathogens Gram-positive, Staphylococcus aureus and
Gram-negative Escherichia coli was investigated. The disk diffusion method and broth culture
tests using varying concentrations of drugs loaded to nanocomposites were carried out to
investigate the antibacterial effects. The influence of UV irradiation on the stability of the
obtained nanocomposites and their antibacterial properties after irradiation were also
investigated, showing enhanced stability especially for the TC loaded materials. These findings
suggest that the obtained nanocomposites are promising materials for development of potentially

useful antimicrobial patches.

Introduction

During the last decades the interest in development of
controlled drug delivery approaches has been constantly
growing, covering practically all types of ordination, such as
oral, parenteral?, submucosal® or pulmonary* ones. In recent
years, the increasing resistance of microorganisms against
antibiotics in the treatment of wounds has led to the renaissance
of antiseptic drugs for local application in the prophylaxis and
treatment of wound infections®, permitting potentially to
decrease the release of undistracted drugs into wastewaters,
inevitable otherwise in per-oral ordination. Transdermal and
dermal drug delivery is one of the promising alternative
methods for controlled release through skin®”.

The most advantageous features of these patches include
local, controlled antibiotics release with dose above the
bacteria's minimum inhibitory concentration for protection and
treatment against infection®°. Furthermore, physical and
chemical properties of dermal patches permit to use relatively
strong medicines with high molecular weight as well as poorly
water soluble drugs but with minimal risk of toxicity?°.

Potential application of nanotechnology-based system in
biomedical field attracted the interest of many research groups
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worldwide!®. Cellulose and its derivatives in various types of
formulations have a long history in pharmaceutical industry?!?.
Due to unique specific properties, the use of nanoscaled
cellulose as a novel biomedical material for drug delivery
application is a mostly interesting and addressed topic for
biologists and material scientists, but many issues are still not
clearly investigated, especially interactions between drug
molecules and nanocellulose®3, chemical binding for controlled
drug release1®, possible reduction or loss of drug activity®. In
a recent study, wound dressing based on bacterial nanocellulose
loaded with the antiseptic octenidine was developed as drug
delivery system for the treatment of acute and chronically
infected wounds®.

To the best of our knowledge, our recent work was the first
in which nanocomposites with potential for dermal drug
delivery were developed, using nanotitania chemically grafted
onto nanocellulose as active ingredient for enhanced uptake and
controlled release of model drug loads'’. The aim of the present
work was to bring insight into how the chemical binding of the
two chemically different drugs, Tetracycline (TC) and
Phosphomycin (Phos) to the carrier is influencing the
antimicrobial efficacy of nanocomposites based on cellulose
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nanofibers and grafted titania. The viability on the action of the
released drug was examined for two common potential

pathogen microorganisms:  Staphylococcus aureus and
Escherichia coli.
Experimental

Sulphuric  acid  (H2SOs4, 98 wt%), 1,234 -

bytanetetracarboxylic acid (BTCA), sodium hypophosphite
(NaH2PO2), Tetracycline (C22H2aN20sxH20, Mw~444.43)),
Phosphomycin disodium salt (CsHsNa204P, Mw~182.02),
polyvinyl alcohol (PVA, Mw 146,000-186,000) were purchased
from Sigma-Aldrich. The TiO2 nanosol was produced by
CaptiGel AB, Uppsala, Sweden. Raw cotton (100%) was used
as a starting material.

Synthetic procedures

Preparation of cellulose nanofibers

The detailed synthesis procedure of cellulose nanofibers —
titania nanocomposites has been recently described by us
elsewhere.'” Briefly, for obtaining cellulose nanofibers we have
developed a method using a copper ammonium complex for
converting raw cotton into a molecular solution with
subsequent regeneration of cellulose by acid hydrolysis. Firstly,
raw cotton was completely dissolved in the Schweitzer’s
reagent (tetrammindiaquacopper(ll) hydroxide) Then 25 mL of
Schweitzer’s reagent solution, containing the dissolved cotton,
were added into 140 mL of the sulphuric acid solution (40
wt%) and stirred vigorously at 60°C for 4 hours. After that,
hydrolysis was immediately quenched by adding 500 mL of
cold water to the reaction mixture. The resulting suspension
was separated from sulphuric acid by several cycles of
centrifuging and washing with distilled water until pH=6.
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Preparation of nanocomposites loaded with the model drugs

Firstly, to cross-link titania nanoparticles with cellulose
nanofibers, 1,2,3,4-butanetetracarboxylic acid (BTCA) was
used as a spacer in the presence of sodium hypophosphite
(SHP) as catalyst. The obtained aqueous suspensions of
cellulose nanofibers were thus treated by BTCA (0,002 mol)
with SHP (0,002 mol) aqueous solution at 70°C during 2 h. The
BTCA-treated cellulose nanofibers were modified by TiO:2
nanosol and drug by using three different methods.

Method #0 (MO): The drug powder (TC or Phos) was
initially dissolved in water, and then added to an aqueous
suspension of cellulose nanofibers. The mixture was kept at
40°C and 70°C during 2 h for TC and Phos, respectively. The
obtained nanocomposites were dried at 40°C for 48 h.

Method #1 (M1): TC drug powder was initially dissolved in
titania nanosol and thereafter the obtained solution was added
to an aqueous suspension of cellulose nanofibers and kept at
40°C during 2 h. The obtained nanocomposites were dried at
40°C for 48 h.

Method #2 (M2): The Phos powder was initially dissolved
in water and then added together with the titania nanosol
simultaneously to an aqueous suspension of cellulose
nanofibers. The mixture was kept at 70°C during 2h. The
obtained nanocomposites were dried at 40°C for 48 h.

The composition of the obtained samples and the method of
drug modification are presented in the Table 1. In order to
obtain nanocomposites as a film, 3% of PVA additive was used.

HiC™ CHy
Ho 0 0 oH @+TC L LL Lt
% A » Ll
o OH HO
HDifO Oiﬂ 'y 40°C, 2h PP PPPPH
& | I
OH OH@H OHOH O OHOHOH O R
SHP + BTCA_ CNE I
CNF 70°C, 2h HyCu _P—ONa
%(;50 \f ONa
RCD Phos
+ —
70°C, 2 h

Scheme 1 Preparation of nanocomposites based on cellulose nanofibers and titania grafted with two types of drugs (TC and Phos — L) by two different methods: M1,
M2 - method #1 and #2, respectively. SHP — sodium hypophosphite; BTCA - 1,2,3,4-butanetetracarboxylic acid
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Table 1 Composition of the samples

Journal of Materials Chemistry B

Sample BTCA (mol) SHP (mol) TiO, (mol) Drug (mol) Method of modification
CNF_TiO, 0.002 0.002 1.5-10* — —
CNF_TC_MO — — — 4.74-10° Method #0
CNF_Phos_MO0 — — — 4.74-10° Method #0
CNF_TiO,_TC_M1 0.002 0.002 1.5-10* 4.74-10° Method #1
CNF_TiO,_Phos_M2 0.002 0.002 1.5-10* 4.74-10° Method #2

Characterization

IR spectra of all samples were obtained with a Perkin Elmer
FT-IR spectrometer Spectrum-100. A total of 8 scans were
carried out on wavenumbers from 400 cm™ to 4000 cm™, in
transmittance mode. All spectra were smoothed and baseline
corrected.

In vitro drug release

To investigate the release profile of TC, the nanocomposites
containing TiO2 and TC were incubated in 300 mL of citrate
buffer (0.02M, pH=6) at constant temperature (37+0.5°C) on
constant stirring at 100 rpm. At determined time intervals, 1 mL
of each solution was taken out for analysis, and the same
volume of fresh medium was added to maintain a constant
volume. TC content in each aliquot was determined by
spectrophotometry. UV-Vis quantitative analysis of drugs was
performed on a UV/Vis spectrophotometer UV-1800. A linear
calibration curve for TC was obtained at 375 nm. Released drug
was determined by using the following equation:

Drug release (%) = (released drug) / (total drug) x 100

where released drug was calculated from the drug concentration
measured in the total volume and total drug was the amount
loaded in the obtained sample.

Photocatalytic activity determination

Photocatalytic activity of pure cellulose nanofibers and
nanocomposites were tested by the rate of decomposition of
Rhodamine B under the influence of UV irradiation. The source
of UV radiation was a high-pressure 250 W mercury lamp with
radiation maximum at 365 nm. The prepared samples had a
diameter of 9 cm. Then 2 mL of Rhodamine B solution (0.04
g/L) was added to the samples. The colored samples were dried
and subjected to UV irradiation for 30 min. Difference in color
for each sample before and after UV irradiation is the
corresponding factor for determination of TiO2 photocatalytic
effect on decomposition of dye stains.
For Kkinetic studies the dry discs were immersed into the
Rhodamine B stock solution (80 ml) and subjected to UV
irradiation for given periods of time (up to 30 min when the
total discoloration occurred). The temperature of the reaction
solution was held at 25 = 0.5°C. The changes in the dye
concentrations was determined using a PG Instruments T70 +
UV/VIS spectrophotometer at the adsorption maximum at A =
554 cm™.

Electron Paramagnetic Resonance

This journal is © The Royal Society of Chemistry 2012

X-band EPR measurements were performed on a Bruker
ELEXYS E500 spectrometer equipped with a SuperX EPR049
microwave bridge and a cylindrical TEo11 ER 4122SHQE
cavity. Temperature was controlled using an Oxford
Instruments ESR 900 flow cryostat. The EPR sample prepared
as wet gels without drying (CNF with Phos) is denoted as
PCNF (i.e. CNF_TiOz_Phos_M2); parallel samples were either
UV irradiation for 5 min denoted as PH_irr or UV-irradiated
and kept for 5 days as PH5d_irr. After preparation the samples
were transferred to EPR tubes and immediately frozen in liquid
nitrogen bath. Before EPR examination all samples were also
Ar gas flushed.

In vitro antibacterial studies.
Minimum inhibitory concentration

Minimum inhibitory concentration (MIC) was determined
for pure drugs by broth micro dilution using Mueller-Hinton
(MH) broth (OXOID, England) loaded with TC (0.5-100
pg/mL) or Phos (1-200 pg/mL). McFarland 0.5 dilutions from
overnight  cultures of the Gram-positive bacteria
Staphylococcus aureus strain NBRC 100910 and the Gram-
negative Escherichia coli strain NCTC9001 were used as
inoculum. After 18 h of incubation at 37°C the MIC was
defined as the lowest concentration of antibiotic with no visible
growth and by viable count (VC). VC was determined by 10-
fold serially dilutions plated on MH agar (OXOID, England)
and incubated at 37°C overnight. Colonies were counted and
colony forming units (cfu) per mL was calculated.

Disk diffusion method for antibacterial activity

The disk diffusion method (EUCAST, 2014)*8 was used to assay
the antibacterial activity of the of the cellulose nanofibers and
nanocomposite loaded with TC or Phos (1-100 pg/disk) against test
strains S. aureus and E. coli on MH agar plates. Pure cellulose
nanofibers and nanocomposite with TiO2 were used as controls.
Inhibition zone diameters were measured after incubation at 37°C for
18 h. Experiments were performed with biological triplicate. In
addition, bacterial susceptibility testing was carried out on
CNF_TC_MO0 and CNF_TiO2_TC_M1 samples with 1-100 pg of TC
after UV-irradiation for 30 and 60 min, using high-pressure 250 W
mercury lamp with radiation maximum at 365 nm.

Liquid broth assay for antibacterial activity testing
Long-term release of TC and Phos loaded to cellulose
nanofibers and nanocomposite was studied in a liquid broth
assay. CNF_TC_MO, CNF_TiO2_TC_M1 samples with 1-10
pg/mL of TC and CNF_Phos_MO0, CNF_TiO2_Phos_M?2
samples with 100 pg/mL of Phos were added to MH broth 0,
12, 18 and 24 h before inoculation with 0.5 McFarland of S.
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aureus. After 18 h of incubation at 37°C the growth inhibiting
effect was determined by VC and expressed as % in relation to
cfu of the control without addition of CNF. To simulate body
fluid conditions, citrate buffer (0.75 mL, 0.03M, pH=6) was
added to MH broth. Experiments were performed with
biological triplicate.

Results and discussion

I Characterization of TiOz-nanocellulose nanocomposites
loaded with different drugs

In our previous study'’, we discussed the drug delivery
matrices employing nanotitania as active component for the
drug binding and retention. It turned crucial to chemically bind
titanium dioxide to nano cellulose using the butane
tetracarboxylic acid linker (BTCA) in order to insure the
retention of titania within the material. BTCA is acting as a
linker, being connected to cellulose via ester bonds and to
titania — via surface complexation with the carboxylate
moieties. Both types of bonds are easily distinguishable with
FTIR, please, see ref.}” and below for details. Esterification of
cellulose with carboxylic acids is not straightforward in
aqueous medium and requires application of nucleophilic
catalysts, for example, sodium hypophosphate (SHP) used in
this work. The use of SHP for this purpose is well established
procedure and the mechanism of its action and removal on
washing has been described in detail in literature.’®?° The
applied nano cellulose consists of small globules just few dozen
nm in size. Grafting of small TiO2 nanoparticles (3.5 nm in
size) does not change the overall morphology of the material
(see Fig.1 and discussion below).

-

Fig.1 SEM images of the applied nanomatrices: (a) PCNF, (b) CNF_TiO2

This journal is © The Royal Society of Chemistry 2012

The obtained results showed that using different types of drug
modification can lead to various interactions between TiO2 and
drug molecule resulting in different kinetics of drug release. In
this study, we strive to gain knowledge on the influence of
different type of drugs and thus different interactions between
drug and CNF on antimicrobial activity of the obtained
nanocomposites. For this purpose, two antibiotics drugs from
different classes, namely TC and Phos, were chosen as model
drugs for modification of cellulose nanofibers and further
investigation of their antibacterial properties. Phos is binding to
titania via complexation with the surface cations through
phosphonate  function, offering formation of highly
dissociation-stable complexes?’. Release of phosphonate-
anchored molecules from TiO2 nanostructures was identified as
a 1% order reaction completed within weeks??. Phos [(2R,3S-3-
methyloxiran-2-yl) phosphonic acid] is a natural broad
spectrum antibiotic compound which is mainly used for the
treatment of uncomplicated urinary tract infections and
meningitis, pneumonia, and pyelonephritis?3. TC is supposedly
binding to the titania surface through formation of phenoxide
complexes, which are also considered as quite stable?.
Application of a catecholate function has even been proposed
as an alternative to phosphate or phosphonate in stable grafting
of ligands onto metal oxides?®>. TC was selected also, on the
other hand, because of its wide applications as antibiotic in the
treatment of skin bacterial infections, arising from its
antimicrobial activity against numerous medically relevant
aerobic and anaerobic bacterial genera, both Gram-positive and
Gram-negative?®. Moreover, TC was included in the World
Health Organization's List of Essential Medicines as one of the
most important medications needed in a basic health system?’.
Drug modification of nanocomposite was performed by three
different methods, which are described in the experimental part
and named MO, M1, and M2. Drug grafting was performed in
amounts calculated in assumption of the formation of a
uniform, single layer coverage on a TiO2-modified cellulose
nanofiber surface?! (see ESI{ for explanation). As in our
previous investigation'?, method #2 was chosen for Phos, which
otherwise (produced via M#1) is preventing titania from
binding to nanocellulose. TC was incorporated into
nanocomposite using methods #1. Thus, total amounts of TC
and Phos in the obtained nanocomposites were 4.6 wt% and 4.7
wt%, respectively, introduced as weighted amounts of solid
drugs.

To provide insight about possible interaction between drugs
and nanocomposites, the FT-IR spectra of PCNF, CNF_TiOz,
CNF_TiO2_TC_M1 samples are shown in Fig.2. No new
absorption peaks after Phos modification was observed for
CNF_TiO2_Phos_M2'7 (see also Fig. FS1). For this reason, we
confirmed the formation of chelating complex between titania
and drug molecule by UV-Vis spectroscopy (please, see FS2).
The spectrum revealed a well-defined maximum at 310 nm — a
distinct shift to shorter wavelengths compared to the derivatives
of carboxylic acids (375 nm for the surface complex with
Diclophenac and 474 nm for that with the D Penicillamine),*’

J. Name., 2012, 00, 1-3 | 4
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indicating relatively stronger bonding to the phosphonate
ligand.

As mentioned above, TiO2 was used as a binding agent

between cellulose nanofibers and the drug molecule. Compared
to the starting material (PCNF), the presence of adsorption
peaks in the 1800-1600 cm region confirmed the binding of
TiO2 nanoparticles with cellulose nanofibers via formation of
transverse ester bonds under the action of the cross-linking
agent 1,2,3,4-butanetetracarboxylic acid in the obtained
samples (see Scheme 1)?8. Particularly, the absorption peaks at
1565 cm and 1724 cm are assigned to stretching vibrations of
COO" and C=0 functional groups in CNF_TiOzsample.
The weak absorption peaks at 812 cm are attributed to Ti-O-Ti
vibration. The absorption peak at 1642 cm™ indicates water
presence. The CNF_TiO2_TC_M1 sample have shown all the
above characteristic peaks but with a slight shift of COO~
stretching vibration to higher wavelengths (from 1565 cm™! to
1576 cm™). This shifting can be attributed to the formation of
new bonds between TC and the nanocomposite through
phenoxide groups. At the same time, drug presence in the
samples could be also confirmed by the appearance of a new
absorption peak at 1620 cm corresponding to the stretching
vibration of C=0 aromatic ring carbonyl groups in TC.%®

v (C=0)
v

v (C=0) f v (COO)
7 v v (Ti-O-Ti)

Transmittance (%)

8 (0-H)

1645 cm™

T T T T
1200 1000 800 600 400
Wavenumber (cm™)

Fig.2 FTIR spectra of PCNF (a), CNF_TiO2(b) and CNF_TiO,_TC_M1 (c)

T T
1800 1600 1400

In vitro drug release

In our previous investigation'’, we already determined the
in vitro Kinetics of Phos release from nanocomposite based on
cellulose nanofibers and TiO2, performing radio-labeling
analysis a 33P-marked phosphorylated model drug (ATP). In
particular, the release of 33P-marked ATP from CNF_TiO2
sample occurred in two steps: firstly, 40% of 23P-marked ATP
dissociated after the first 4 h and only an additional 25%
dissociated in the following 100 h. The obtained results showed
very long-term release for the strongly chemisorbed medicine.

In this work, we report the studies of drug release of TC
incorporated into cellulose nanofibers by two different

This journal is © The Royal Society of Chemistry 2012
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methods. The in vitro release profile of TC from CNF_TC_MO
and CNF_TiO2_TC_M1 samples are shown in Fig.3. According
to obtained results, without using titania as a binding agent, TC
had a burst release from CNF_TC_MO sample of 37% in the
first two minutes. In fact, about 80% of the total drug was
released after 4 hours.

100

60 (b)

41% e

@)

Released drug (%)

Released drug (%)

0 5 10 15 20 25 30
Time (min)

T T T T T
400 800 1200 1600

= -

2000
Time (min)

Fig.3 In vitro drug release profiles from the obtained nanocomposites:
(a) CNF_TiO,_TC_M1, (b) CNF_TC_MO

In this case, burst release profile of TC can be explained by
physical adsorption of the drug onto cellulose nanofibers
surface. In contrast, CNF_TiO2_TC_M1 sample displayed a
sustained long-term release profile of TC where around 80% of
drug was released in a controlled manner over 7 hours without
any initial burst effect.

So, these studies clearly demonstrated that application of

titania as a binding agent between drug molecule and the
biopolymer matrix provided a sustained long-term release.
It should also be mentioned that antibiotic formulations are
usually applied topically three of four times a day in order to
achieve the recommended dosage3®3l. In comparison with
them, the benefits on the use of the developed nanocomposites
as antibiotic patches with ability of sustained drug release offer
an enhancement of local concentration of the antibiotics
without necessity of frequent dressing changes. Thus, the
nanocomposites produced by this technology have promising
performance as wound-dressing materials and, as shown
recently, even as anesthetics and analgesics.’

Il. Antibacterial activity of cellulose nanofibers - titania
nanocomposites loaded with two different drugs

The aim of the biological susceptibility tests was to get an
insight into how the discovered different release kinetics could
influence the antibacterial effects of the drugs after release. The
biological activity of TC and Phos released from the obtained
samples was thus investigated by disk diffusion and broth
culture assays against two bacterial strains, S. aureus and E.
coli, representing a potential Gram-positive and Gram-negative
pathogen.

J. Name., 2012, 00, 1-3 | 5
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The minimal inhibitory concentration (MIC) against the two
strains differs for TC and Phos. To be able to directly compare
the antibacterial effect of the cellulose nanofibers loaded with
the two drugs, their MIC-values have to be taken into account.
TC showed higher activity against the S. aureus strain with
MIC-value of 1 pg/mL compared to the E. coli strain of 5
pg/mL. Phos exhibited a MIC-value of 10 pg/mL against S.
aureus and > 100 pg/mL for E. coli. The results of the disk
diffusion tests are shown in Fig. 4,5 and in Table S1 (please,
see ESI). Neither pure cellulose nanofibers nor cellulose
nanofibers modified only with titania showed any antibacterial
activity for either of the bacteria strains. This is in accordance
with our earlier studies wusing biocompatible titania
nanoparticles as bio-encapsulation matrices for microorganisms
and pharmaceuticals??32,

On the other hand, the disk diffusion test showed that both
bacterial strains responded to the TC released from
CNF_TiO2_TC_M1 sample (Fig.4(b,e)). The inhibition zones,
for both bacteria strains, were similar for CNF_TC_MO and
CNF_TiO2_TC_M1. However, a trend that CNF_TC_MO
sample without titania resulted in a higher inhibition zone was
observed, especially for E. coli (Table S1 in ESI). Furthermore,
as the concentration of TC increased from 10 to 100 pg/disk,
the inhibition zone against S.aureus didn’t dramatically
increase for the CNF_TiO._TC_M1 sample. Possible
explanation for this observation can be attributed to the poor
solubility of TC and as a result, its limited diffusion in MH
agar. Generally, the size dependence of inhibition zone on the
concentration of an antibioticum is non-linear and often
displays saturation caused by its limited solubility33.

ARTICLE

In contrast, the too slow release of Phos from
nanocomposite with titania (CNF_TiO2_Phos_M2) did not
permit the drug to achieve a concentration high enough to
inhibit bacteria growth, rendering the related nanocomposite
formulations inactive. Compared to it, CNF_Phos_MO0 sample
obtained without using TiO2 as a binding agent between the
biopolymer and Phos showed good antibacterial activity against
both bacteria strains (Fig.5a). These results were in good
agreement with release kinetics of ATP studies!” and clearly
demonstrated that the usage of titania provides much slower
release of Phos.

S.aureus
e S . N
.T p o

" E.coli
¥

%8 3 8 &

Inhibition zone diameter (mm)

o (g/mi)

Conceatratio
2Nk 0, Te_mi I CNF_TC Mo

[Eenr_Tio, Tc_y Il ONF_TC_Mo

Fig.4 Visual images of (a,c) CNF_TC_MO and (b,d) CNF_TiO2_TC_M1
together with the average inhibition zone

S.aureus

I CNF_Phos_M0
604

50 -

40

304

204

Inhibition zone diameter (mm)

*

10 50 100
Concentration (ug/ml)

Fig.5 Visual images of (a) CNF_Phos_MO and (b) CNF_TiO2_Phos_M2
together with the average inhibition zone against S.aureus; (*) no
inhibiton zone for CNF_TiO,_Phos_M2

This journal is © The Royal Society of Chemistry 2012

The results from the liquid broth assay also demonstrated
the effectiveness of TC released from samples in inhibiting
bacterial activity (please, see Table S2 in ESI). Addition of
CNF_TiO2_TC_M1 or CNF_TC_MO giving a final
concentration of TC in the broth 10 pg/mL, i.e. 10 x MIC,
simultaneously as bacteria inoculation resulted in complete
growth inhibition of S. aureus. The same results were revealed
when decreasing the concentration of TC to 1 pg/mL, i.e. the
MIC value for S. aureus. This implies that all TC molecules
loaded on the cellulose nanofibers are released to the media in a
bio-active form.

In the view of the long-term release profile of Phos, we
further investigated the antibacterial effect of cellulose
nanofibers and nanocomposites against S. aureus in liquid broth
(MH) after delayed inoculation of the bacteria. For this
purpose, nanocomposites grafted with Phos were subjected to a
time delay of 12, 18 and 24 h at 37°C before bacteria

J. Name., 2012, 00, 1-3 | 6

Page 6 of 11



Page 7 of 11

inoculation. The results from the liquid broth assay are
summarized and presented in Table S2 (please, see ESI).
Nanocomposite grafted with Phos in concentration of 10 x MIC
reduced bacterial growth compared to control without cellulose
nanofibers (data not shown), but did not result in a complete
growth inhibition. This implies that less than 10% of the Phos is
released in a bio-active form under these experimental
conditions. Not even delaying the bacteria inoculation with 24 h
resulted in a complete growth inhibition. On the other hand,
complete growth inhibition was found for CNF_TiO2_Phos_M2
sample with immediate inoculation of S. aureus when citric
buffer (0.03 M, pH=6) was added to the growth media. The
same applies for cellulose nanofibers loaded with Phos but
without titania. It is important to mention that polycarboxylate
ligands such as citrate or lactate are present in the tissues in a
high concentration when an inflammation process takes place.
In our recent publication, titania nanosol was used for
bioencapsulation and subsequent release (biodelivery) of
encapsulated cells or drugs where citrate buffer (pH=6) was
applied to achieve the complete dissolution of titania.®? Hence,
the citrate buffer was used here as a model for body fluid
conditions as well as to dissolve titania otherwise strongly
binding to Phos. Consequently, the enhanced speed of drug
release resulted in increased antibacterial activity of
CNF_TiO2_Phos_M2. It is also noteworthy that strong
chemical interactions between drug molecule and the
nanocomposite may lead to a complete loss of medical
properties of drugs.®* Our results showed that in spite of strong
binding by intermolecular interactions between these
components, the released drug retains its medicinal properties

Journal of Materials Chemistry B

against pathogen microorganism and confirmed that the drug
molecule and the nanocomposite are compatible with each
other.

Another important observation is that the TC loaded
nanocomposites are able to maintain a good antibacterial effect
after UV-irradiation (Table 3). It is well known that TC
presents a class of the compound that is sensitive to light and is
classified as a phototoxic drug. Several research groups
described the photodecomposition products of TC at different
reaction conditions.33¢ It is important to note that the
intermediate products of the photocatalytic process do not
present any antibacterial activity.3” In this sense, it was
important to investigate the influence of UV-irradiation on the
obtained nanocomposites. For this purpose, we tested the
photocatalytic activity of pure cellulose nanofibers and the
nanocomposite based on cellulose nanofibers and TiO2 by
examining the reaction of Rhodamine B degradation under the
UV irradiation (Fig.6). The obtained results showed that no
decomposition of an organic dye on PCNF took place (Fig.6a).
As it can be seen from fig 6(b), a complete degradation of
Rhodamine B was observed already after 20 min under UV
irradiation for the CNF_TiO2 nanocomposite. Quantitative
evaluation of the photocatalytic activity was carried out with
the CNF_TiOz2 discs immersed into Rhodamine B solutions and
is summarized in Fig. 7. The reaction was following the first
order kinetics with the constant value k = 0.124 min?! (R? =
0.9957) comparable with the highest values observed under
analogous concentration and irradiation conditions for the best
TiO2 based photocatalysts reported so far.38:39

Table 3. Antimicrobial activity of samples after UV-irradiation against S.aureus.

sample Concent_ration I_nhibition zone (r_nn_1) Inhibi_tion zone (mm) ) Inhibi_tion zone (mm)_ )
(ug/disk) without UV-irradiation after 30 min of UV- irradiation after 60 min of UV- irradiation

1 23.5+2.9 13.8+4.0 12.3+3.8
CNF_TC_MO 10 30.5+0.6 26+1.4 23.310.5
100 38.3£2.6 33.5+1 31.8+1.3
1 19.3+34 11.3%¥1.7 10.5+1.7
CNF_TiO,_TC_M1 10 25.843.7 27.0+2.1 25.5+1.3
100 323444 33.2#1.0 32.3+1.7

Titania nanoparticles, which are wused for cellulose The photocatalytic properties of nanocomposites modified

nanofibers modification, have a crystalline core covered with
an amorphous layer of triethanolamine (see Fig. FS3). It should
be mentioned that despite the observed high photocatalytic
properties of the CNF_TiO2 sample, the initial titania nanosol
does not display any noticeable photochemical activity
according to the photocatalytic test with Rhodamine B (see Fig.
FS4).32 UV activity of the CNF_TiO2 sample can be explained
by the presence of carboxylic groups in the butane-
tetracarboxylate linker, which activates the crystalline core of
TiOz2 under UV-irradiation. Sensibilization of the titania surface
in the presence of polycarboxylate ligands is a well investigated
phenomenon. The details of reaction mechanisms have been
revealed in the work of Blrgi et al.*°

This journal is © The Royal Society of Chemistry 2012

with TiOz and the drugs were found, however, to be completely
different in comparison with pure and TiO2-modified cellulose
nanofibers. Specifically, CNF_TiO2_TC_M1 sample did not
display any photocatalytic activity (Fig.6d). Decomposition of
Rhodamine B did not occur even after 3 hours of UV
irradiation. A possible explanation for this effect is that the
complexation of the titania with the extended aromatic system
of the TC drug results in a system acting as a trap, causing
immediate recombination of the electron-hole pairs created by
irradiation. The discovered localization of the Ti®* sites in case
of Phos derived materials (please, see below) provided an
indirect confirmation to this supposition.
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The nanotitania is in this case acting as protection of TC
against UV-rays. It should be mentioned that a large number of
studies are focused on the removal of TC-related compounds by
UV-irradiation. In particular, several research groups described
the effects of titania on the kinetics and mechanism of photo
degradation of TC.3741-4 The titania used in these literature
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studies consisted of much bigger fully crystalline particles and
possessed much lower active surface area. Apparently, its
activity in contrast to that in our case could not be quenched by
surface complexation with TC.

(0 min)

(10 min) (30 min)

— (0 min)

*(after 5 day) (180 min)

Fig.6 Photocatalytic activity of (a) PCNF, (b) CNF_TiO2, (c) CNF_TiO,_Phos_M2, (d) CNF_TiO,_TC_M1 under UV-irradiation

4,0

3,54

3,0 ‘\
i CNF_TiO,
In(C,/C) = 01241

R =0,9957

2,5

In(C,/C)

2,0
1,54
1,0

0,5

0,0
T T T T T T

T
0 5 10 15 20 25 30 35
Time (min)

Fig.7 Kinetics of Rhodamine B degradation (linear transform In(Co/C)
vs. t) in photocatalytic experiments using CNF_TiO: as photocatalyst in
comparison with PCNF.

In the view that TC as effective broad-spectrum antibiotic is
widely used for wound healing, its protection against UV-rays

This journal is © The Royal Society of Chemistry 2012

is also a very important goal in the development of antibacterial
patches. The results of the disk diffusion tests of
CNF_TiO2_TC_M1 confirmed that the released TC retains its
medicinal properties without decreasing of any biological
activity after 30 and 60 min of UV treatment against S. aureus
(Table 3). No colour change is observed for this sample under
UV irradiation (see Fig. 6d). In case of CNF_TC_MO sample
obtained without using titania as a binding agent, a significant
drop of antibacterial activity was observed.

In the case of Phos, CNF_TiOz_Phos_M2 displayed
photochromic effect, i.e. colour change from pink to purple
under UV-light for 10 min (Fig.6¢). More interestingly, the
purple colour slowly returned to pink within 5 days following
the end of the UV exposure. We suggested that this change in
colour can be attributed to transition of Ti** to Ti%* under UV-
irradiation and the following formation of the complexes with
the drug molecule*®. Moreover, the reverse transition of colour
shows that the formed complexes are not redox stable and are
re-oxidized over time. The proposed mechanism could be
confirmed by EPR studies (see Fig. 8). The nano cellulose
matrice itself (PCNF, i.e. wet gel of CNF_TiO2_Phos_M?2) did
not display any distinct EPR signals (Fig. 8, green spectrum). In
contrast, the wet gel of CNF_TiO2_Phos_M2 freshly exposed
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to UV for 5 min displayed a distinct EPR signal (Fig. 8, blue).
This spectrum could be assigned to originate from Ti%* centers
as a result of reduction of TiO2 after UV-irradation.*647 A
similar but narrower signal was observed in the sample stored
for 5 days after light exposure, displaying a much weaker signal
intensity (see Fig. 8 blue and red spectra). The broader and
stronger spectrum from the sample after short light exposure
reflects the intactness of the matrice whereas the less intensity
and narrowing of the signal may be attributed to the decay of
the Ti%* and at least partial desorption of the Phos ligands. The
later resulted in a simplified coordination arrangement of the
paramagnetic sites.48:4

—PH_irr
—— PH5d_irr
—— PCNF

EPR signal (a.u.)

T T T T 1
3200 3400 3600 3800 4000

Magnetic Field (Gauss)

T T
2800 3000

Fig.7 EPR spectra of PCNF (green), wet gel produced according to the
CNF_TiO2_Phos_M2 method; PH_irr (blue), UV irradiated for 5 min
using a 250 W lamp and PH5d_irr (red), same treatment as in PH_irr
but stored for 5 days after irradiation (note that this spectrum is
magnified for 5 times for easy comparison). EPR recording settings:
Microwave frequency 9.29 GHz; power 20 uW. Modulation frequency
100 kHz; amplitude 10 G; T=7 K.

There is a growing interest in the development of
nanocomposites based on biopolymers for biomedical
applications. In our present work we describe the production of
a new type of dermal drug delivery system based on cellulose
nanofibers and titania nanoparticles with chemically
immobilized drugs. We demonstrated different antibacterial
activity of the two different types of antibiotic drugs TC and
Phos immobilized into the nanocomposites. These results can
be explained by differences in their binding to nanocomposite,
which influence the speed of the drug release and thus
determine the possibility to achieve the minimal concentration
required for bacterial growth inhibition. It has already been
shown that titania nanoparticles have a strong affinity to
phosphorylated ligands.??> The results of the in vitro
microbiological tests are in good agreement with the observed
rendered bioactivity. At the same time, the long-term release
from these nanocomposites may find application for
disinfectants with prolonged action to avoid bacterial growth.
On the other hand, the relatively weaker phenoxide binding
between TC and modified biopolymers, makes possible the use

This journal is © The Royal Society of Chemistry 2012
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of these nanocomposites as efficient antibacterial
against pathogenic bacteria even under UV exposure.

patches

Conclusions

In vitro antibacterial activity of two antibiotics drugs, TC
and Phos, loaded to nanocomposites based on cellulose
nanofibers and titania nanoparticles against two potential
pathogens, S. aureus and E.coli, was investigated. The results
of bacterial susceptibility tests showed that both released drugs
retained their medicinal properties against bacteria. However,
due to long-term release profile of Phos, an antibacterial
activity of nanocomposite modified with Phos was observed
only after addition of citrate buffer. Nanocomposites modified
with TC were also found to maintain their antibacterial
properties after 60 minutes of UV treatment.

In addition, the photocatalytic test also showed that
nanocomposites based on cellulose nanofibers and modified
only with titania nanoparticles possess high photocatalytic
properties and can be utilized in photovoltaic devices and
photocatalysis.

This new drug delivery system, based on nanocellulose and
titania which can be loaded with different classes of medicines,
can potentially be used within various therapeutic applications.
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Nano TiOz grafted onto nano cellulose was used both for
regulation of drug release and for UV-protection of the drugs.
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