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Abstract

This study presents the impregnation in supercritical carbon dioxide (scCO,) of nanocellulose-
based structures with thymol as a natural antimicrobial molecule to prepare bioactive biosourced
materials. First, cellulose nanofibrils (CNFs) were used to produce four types of materials
(nanopapers, cryogels from water or tert-butyl alcohol suspensions and aerogels) of increasing
specific surface area up to 160 m%g™ thanks to the use of different processes, namely vacuum
filtration, freeze-drying and supercritical drying. Secondly, these CNF-based structures were
impregnated with thymol in scCO, medium using relatively low temperature and pressure of
40°C and 100 bars during 1 hour. The amount of impregnated thymol in the different CNF-

materials was investigated by fluorescence spectroscopy, *C NMR analysis and gas



chromatography. All three methods consistently show that the amount of impregnated thymol
increases with the specific surface area of the material. The antimicrobial activity of the
impregnated CNF-based materials was then measured against three reference strains of
microorganisms: the Gram-negative E. coli and Gram-positive S. epidermidis bacteria and the
yeast C. albicans using the disk diffusion test method. The latter revealed the leaching of thymol
in sufficient amount to generate antimicrobial activity against the three strains in the case of the
cryogel derived form a tert-butyl alcohol suspension and the aerogel, which are the two materials
exhibiting the highest specific surface areas. The proposed strategy therefore enabled us to
precisely steer the amount of active molecule loading and the related antimicrobial activity by
adjusting the specific surface area of the biosourced material impregnated in green supercritical
conditions. These results are very promising and confirm that supercritical impregnation of active
molecules onto nanocellulose 3D structures can be an interesting solution for the design of active

medical devices such as wound dressings.
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INTRODUCTION

Wound dressings have been developed in order to protect the injured skin from the
environment and minimize the loss of the skin functions.! Active principles have been
incorporated into these materials in order to enhance healing, promote the distribution of growth
factors and prevent microbial infection. In order to reduce the microbial burden of a wound,
various antibacterial agents have been incorporated in wound dressings.? Recently, Pérez-Recalde
et al. reviewed the use of essential oils for wound dressing applications and pointed out the
positive capabilities of essential oils in terms of antimicrobial and anti-inflammatory activities,
biocompatibility and wound healing in animal models.®> Among the various essential oil
molecules involved in wound healing, thymol is often mentioned.* This compound is a
monoterpene phenol found in essential oils and abundant in Thymus vulgaris (thyme) and
generally recognized as safe.®> This natural molecule has significant antibacterial and antifungal
activities by increasing the membrane ion permeability leading to cell death ®® and also exhibits
other interesting properties such as anti-inflammatory, antioxidant, scar healing and even
anticancer functions.*'

Numerous studies have been published on the development of polymeric materials, and in
particular biobased polymers, with antimicrobial activity for different fields of applications such
as medicine, pharmacy, food, aeronautics, etc. These works, reviewed recently by Chen, Mufioz-
Bonilla and Fernandez-Garcia, demonstrate the interest of polymers in particular because of their
low toxicity. **** Natural and biocompatible polymers are gaining interest for the development of
wound dressings.**™° In this framework, nanocellulose are a class of bio-based, biocompatible
and bio-degradable particles that are widely investigated for biomedical and wound healing

applications.’*® Nanoscale cellulose can be extracted from the biomass in the form of cellulose



nanocrystals (CNCs) and cellulose nanofibrils (CNFs). More specifically, CNFs are semi-
crystalline, long and entangled fibers obtained after mechanical disintegration, combined to
chemical or enzymatic pretreatment. These particles derived from a naturally abundant and
renewable source exhibit interesting properties, such as low toxicity, lightweight, high specific
surface area and good mechanical properties, in addition to industrial scale production.’®?
Nanocellulose-based 3D materials with different architectures can be obtained by playing on the
drying process. For example, foam-like materials showing high porosity and high specific surface
area have been prepared by freeze-drying or supercritical drying of nanocellulose suspensions.?~
28 Alternatively, dense structures such as films and nanopapers can be prepared by solvent casting
or vacuum filtration.?*®

The promising combination of essential oil with biopolymers in the wound healing process was
discussed in the aforementioned article.® Chitosan films incorporated with thyme essential oil
exhibited antioxidant and antibacterial activity against four bacterial strains.”® Cellulose
hydrogels of bacterial origin loaded with thymol exhibited antimicrobial activity and promoted
rapid wound closure of third degree burn wounds.?’ Essential oil molecules are often volatile with
a very low solubility in aqueous media. While their extraction can be performed in toxic organic
solvents, supercritical carbon dioxide (scCO;) extraction of essential oils is now widely used and
studied as an environmentally-friendly extraction technology for high-quality oils.?** Beside
being a good and suitable solvent for apolar molecules this fluid reaches its supercritical state at
low critical temperature and pressure of 31.1°C and 73.8 bars, respectively. The supercritical
state allows efficient mass transport and high diffusivity in organic materials. Thymol and other
essential oil molecules have been impregnated into various matrices using scCO,.%%%" The

solubility of thymol was investigated by Milovanovic et al. at different pressures and

temperatures. Consequently, they performed the impregnation on cotton gauzes at 35°C and 155



bars which conferred antimicrobial properties to the material.** Very recently, the same team
performed the impregnation of thymol in polylactic acid and poly(lactic-co-glycolic acid) foams
and observed a controlled release of thymol over three weeks.** Homogeneous impregnations
have been reported and the process is often referred to as easy and does not require any additional
processing step of solvent removal compared to impregnations performed in conventional
solvents. Cellulose acetate films 3* and poly(vinyl alcohol)-cellulose nanocrystals membranes *
were impregnated in supercritical carbon dioxide with thymol to prevent biofilm formation and
develop active food packaging. However, up to our knowledge, there is no literature about pure
cellulose nanofibril porous structures impregnated in supercritical carbon dioxide. Supercritical
carbon dioxide presents several advantages compared to traditional organic solvents: an enhanced
solubility in scCO,, favorable transport properties (thereby high mass transfer rates, especially in
porous media), and scCO, features both the high density of liquids and the low viscosity and very
low surface tension of gases. Very low surface tension is crucial when wetting of nanoporous
structures is targeted.

In this context, CNF structures have been prepared and impregnated with thymol in
supercritical carbon dioxide. In order to investigate the influence of the structure on the efficiency
of supercritical impregnation with essential oils, CNF structures with different porosities and
specific surface areas were impregnated and compared. Their potential as active materials for
wound dressing applications was evaluated by investigating their antimicrobial activity and

cytotoxicity.

EXPERIMENTAL SECTION

Chemicals and materials



Thymol (CAS: 89-83-8, >98.5 %), hydrogen peroxide solution (CAS: 7722-84-1, 30 wt./wt. %
in H,O containing stabilizer) and methanol (CAS: 67-56-1, >99.9 %, for HPLC) were purchased
from Sigma-Aldrich. Phosphate buffered saline (PBS) (10X) was purchased from Fisher
Scientific and diluted 10 times before use. Ethanol absolute anhydrous (64-17-5, RSE for
electronic use) was purchased from Carlo Erba reagents. Tert-butyl alcohol (tBuOH) (>99.0 %,
CAS number: 75-65-0) was purchased from Fisher Scientific and used without any further
purification. Liquid CO;, (CAS: 124-38-9) was supplied by Air Liquide. Mueller-Hinton broth
prepared from powder, Mueller-Hinton agar plates and pharmacopoeia diluent (NaCl peptone
broth at pH 7) were purchased from VWR Chemicals. The cell proliferation reagent WST-1 for
the spectrophotometric quantification of cell proliferation and viability was supplied by Roche.

A suspension of cellulose nanofibrils (Exilva P) at 2 wt. % solid content with a hemicellulose
content of 2.8 %.was provided by Borregaard. The suspension was diluted to a 1% solid content
with an Ultra Turrax IKA T25 stirrer at 8 000 rpm during 5 minutes.

The microorganism strains Staphylococcus epidermidis ATCC 14990, Escherichia coli ATCC
25922 and Candida albicans ATCC 14053 were supplied as KWIK-STIK lyophilized strains
(Microbiologics).

CNF-based materials preparation

A handsheet former (Rapid Kothen, 1ISO 5269-2) was used for the production of CNF
nanopapers (NP). A suspension of 400 mL of CNFs at 0.5 wt. % (2 g dry) in deionized water was
filtered through a 1 pum nylon sieve at -600 mbar during approximately 5 min, until complete
water filtration. The wet sheet was then dried at 85°C under vacuum during 20 minutes, between
two nylon sieves and two cardboard sheets to prevent adhesion.

CNF solvent exchange to tBuOH was performed by centrifugation-dispersion cycles. A

suspension of CNFs was centrifuged at 11200 rpm during 30 minutes at room temperature. The



supernatant was discarded and the pellet redispersed in tBuOH at 30°C. Four centrifugation-
dispersion cycles were performed and the last dispersion was performed in tBuOH /H,O 80:20
(vol/vol) mixture.

Freeze-drying of the CNF cryogels was performed in a Cryotec® shelves lyophilizer from a
suspension in water to yield the cryogels called GCw or from a suspension in tBuOH to yield the
CGtBUuOH cryogel. The CNF suspension was poured into cylindrical molds. Directional freezing
occurred as the suspension was in direct contact with the lyophilizer shelves at -50°C at
atmospheric pressure for 2 hours. An increase of temperature from -50°C to 20°C in 24 hours at
0.1 mbar was applied. Then the temperature was maintained and pressure decreased to 0.01 mbar
during 30 minutes. The recovered cryogels were stored in a clean room environment at relative
humidity varying from 45 to 55 %.

Aerogels (AG) were obtained by supercritical drying employing a supercritical SFD-200
equipment (SEPAREX, 31Degrees, France) and a procedure previously described. ** The CNF
suspension was placed in PTFE molds sizing 1 cm in height and 1 cm in diameter and immersed
during 30 minutes in aqueous ethanol solutions of increasing ethanol percentage (25 %, 50 %, 75
%, 100 %). The last immersion in absolute ethanol was repeated twice during 24 hours. The
molds containing the suspension in ethanol were then placed in the supercritical equipment at a
temperature of 18 °C and the pressure was increased to 100 bars at a rate of 20 bars.min™. After
three successive baths in liquid CO,, the temperature was increased to 45°C and maintained
during 1 hour. Finally, the pressure was decreased to atmospheric pressure at a rate of 8 bars.min’
! The obtained aerogels were stored in a clean room environment at relative humidity varying
from 45 to 55 %.

Supercritical impregnation of thymol



The impregnation was performed with the SFD-200 equipment. The CNF materials were
placed on an aluminum holder and 200 mg of thymol in the form of powder were placed inside
another aluminum container. The temperature was increased to 40°C and the pressure to 100 bars
at a rate of 20 bars.min™. A dynamic step of 1 min under a CO, flow of 50g.min™ was performed
for system equilibration. The pressure and temperature were maintained during 1 hour, during
which the thymol dissolved and impregnated the materials, which were then washed during 5 min
under a CO, flow of 50g.min™’. The pressure was finally decreased at a rate of 8 bars.min™ till
atmospheric pressure and the materials were recovered and placed in sealed containers at 5°C
until characterization. Characterization and impregnation were performed on the same day.

Materials characterization

Electron microscopy
The cellulose nanofibril suspension was observed with a Philips CM200 CRYO transmission

electron microscope (TEM) at 80 kV. On a carbon grid, a diluted suspension was deposited and
excess liquid was removed. Enhanced contrast was achieved by adding a 2 % uranyl acetate
aqueous solution.

A FEI Quanta 250 scanning electron microscope (SEM) equipped with a field emission gun
and operating at 2 kV was used to acquire CNF cryogels and aerogels images, after sample
coating with gold/palladium (2 nm layer). CNF nanopapers images were acquired similarly with

a Quanta 200 SEM.

Porosity
The density of cryogels and aerogels is calculated from the weight and volume of the sample.

The porosity, P, was calculated from the following equation:



P(%)=0- pﬂ) x 100, where p stands for the cryogel density and p. for the cellulose

density (1.60 g.cm™). At least 10 densities values were measured for each sample.

Nitrogen adsorption
The adsorption-desorption nitrogen isotherms were performed at -196°C after degassing of

around 100 mg of sample at 105°C during 12 hours at a stable 1 um Hg vacuum. The specific
surface area was measured using a Micromeritics ASAP 2420 Surface Area and Porosity. The
Brunauer, Emmett, Teller (BET) method*’” was used for the specific surface area calculations and

triplicates were performed for each sample.

Fluorescence
Preliminary fluorescence analysis of thymol in solution was performed with a luminescence

spectrometer LS50B from PerkinElmer. The excitation spectrum of thymol was acquired for an
emission wavelength of 600 nm and maximum excitation wavelength were found in the 495 —
535 nm range. Then the emission spectrum for an excitation wavelength of 532 nm was acquired
and a peak between 570 — 660 nm was obtained.

The impregnated materials were analyzed with a LS Reloaded fluorescence scanner from
Tecan at 532 nm excitation wavelength and the emission was read using a 575 nm filter. The
cryogels and aerogels were cut in thin and homogeneous slices of 3 mm thickness at the center of
the porous structure. A given slice was placed inside the scanner and the fluorescence was read
throughout the slice. The sensitivity of the photomultiplier tube, called PMT gain, was set to 110

for each scan. At least three fluorescence intensity profiles were recorded for every slice.

Solid-state nuclear magnetic resonance (SS-NMR)
The solid-state *C NMR spectra were acquired using a Bruker Avance DSX 400 MHz

spectrometer in cross-polarization and magic angle spinning conditions (CP-MAS). The *3C radio



frequency field strength was obtained from the Hartman—Hahn conditions at 60 kHz. A spinning
speed of 12 000 Hz and operating condition of 100.6 MHz were used. A minimum number of
10 000 scans were recorded and the contact time and recycle delay were set to 2 ms and 2 s,
respectively. The sweep width at 29 400 Hz and the acquisition time was set at 35 ms. The
reference spectrum of glycine was used for scaling factor correction and the spectra were
normalized with cellulose C1 peak at around 105 ppm. The degree of crystallinity was measured
from carbon 4 signal that split into two peaks, corresponding to the contribution of crystalline and

amorphous parts of cellulose.

Thermo-desorption gas chromatography mass spectroscopy (TD-GC-MS)
An ATD-GC-MS equipment from Perkin—Elmer (Turbomatrix 150 and Clarus 500-560) was

used . Between 10 to 15 mg of materials were placed inside a thermo desorption glass tube
(Supelco 29538). Thermo-desorption (TD) was performed by heating the tube at 180°C during 5
min in the ATD and inlet and outlet splits were set so that a dilution factor of 330 was obtained.
Gas chromatography (GC) separation was performed with a 15 meters 5ms column (S2B-5MS
Supelco) at 100°C and 10 psi, with helium as carrier gas. The mass spectrometer detector was
used at the end of the column. The ion source temperature was set to 200 °C. Mass spectra were
obtained by electronic ionization at 70 eV from 35 to 200 m/z. The amount of thymol was
deduced from the calibration with known thymol concentrations in methanol performed in the

same conditions. Duplicates were performed from two different impregnation runs.

Drug release test
About 5 to 10 mg of impregnated sample were placed in 15 mL of PBS solution to reach sink

conditions, a dilution such that the volume of PBS is ten times higher than the volume of the
saturated solution. It was incubated at 30°C under orbital shaking (75 rpm). At pre-determined

times, 1 mL of the releasing solution was removed and analyzed using a UV-visible



spectrophotometer (Cary-300, Varian) and the absorption was recorded at wavelengths from 200
to 400 nm, before being returned to the medium. The calibration of thymol was performed with
absorbance values at 274 nm. Duplicates were performed.

In vitro properties assessment

Minimum inhibitory concentration
The sensitivity to thymol of the three microorganisms, namely E. coli, S. epidermidis and C.

albicans was evaluated by determining the minimum inhibitory concentration (MIC) through
broth dilution tests. E. coli, S. epidermidis were cultured overnight at 37°C and C. albicans at
30°C, until they reached the exponential growth phase. A series of broth tubes (Mueller-Hinton)
containing thymol concentrations in the range of 1000 to 0.25 pg/mL (2-fold dilutions) was
prepared and inoculated with a standard density (0.5 McF) of the tested organism. The series was
then incubated in a 96-wells microplate at 37°C or 30°C during 16 hours, and the optical density
of the microbial suspension was recorded at 600 nm every 15 minutes with an Infinite-M1000
Tecan microplate reader. After incubation, the MIC was established as the lowest concentration
of thymol that prevents bacterial growth. Negative (sterile) and positive (no antibacterial agent)

controls were performed. The determination of the MIC was performed in tetraplicates.

Disk diffusion test
The antimicrobial activity of the materials towards E. coli, S. epidermidis and C. albicans was

evaluated using a method adapted from the Kirby-Bauer test.®® From at least three isolated
colonies in exponential growth phase on an agar medium (Tryptic Soy agar), a microbial
suspension was prepared so that it matched a turbidity standard of 0.5 McF. A sterile cotton swab
(bioMérieux, 70610) was dipped into the standardized bacterial test suspension and used to
evenly inoculate the entire surface of a Mueller-Hinton agar plate (90 mm diameter). After the

agar surface has dried for about 5 minutes, the materials to be tested were placed on inoculated



agar with sterilized forceps. The tested materials were nanopapers, cryogels and aerogels of ca.
10 mm in diameter and 5 mm high for the porous structures. They were incubated for 24 hours at
required temperature of 37°C (for E. coli and S. epidermidis), or 30°C (for C. albicans) after
which a microbial lawn has developed. The plates were photographed and the inhibition zones
around the materials were measured to the nearest mm using ImageJ software. In order to present
values comparable with the literature, the value of the material tested is assumed to be of 6 mm,
which is the diameter of commercial diffusion disk. The inhibition diameter, in mm, is therefore
calculated as two-times the inhibition zone added to 6. Triplicates were made and positive and

negative controls were done to assay the microorganisms growth and the sterility conditions.

Cytotoxicity experiments
To assess the cytocompatibility of the materials, fibroblasts were selected as they play an

important role in wound repair. NIH3T3 fibroblasts were seeded in 96 wells plates at a density of
4x10° cells per well, during 24 hours. The growth medium was removed and replaced with 200
pL growth medium added with thymol at increasing concentrations. A positive control (live) and
a negative control with 10 mM of H,O , (dead) were performed. After 24 hours, the growth
medium was removed and replaced with 100 pL of growth medium and 10 uL of WST-1 reagent.
In the presence of mitochondrial succinate dehydrogenase, the reagent was reduced and formed a
yellow formazan compound whose quantity is proportional to the amount of living cells. After 2
hours of incubation at 37°C the viability was deduced by reading the absorbance at 450 nm with
an Infinite-M1000 TECAN microplate reader. Experiments were conducted in sextuplicates.

Two different protocols took place to evaluate the cytotoxicity of the solid materials, which
were previously sterilized under UV light during 15 min.

Direct protocol (in triplicates): NIH-3T3 fibroblasts were cultured in a 24-wells plate with a

density of 9.10* cells per well in 1 mL of growth medium in the presence of the sample to be



tested. The CNF materials were presoaked in the culture medium. Negative (10 mM of H,0O,) and
positive (growth medium) controls were conducted. The plates were incubated at 37°C during 24
hours, after which 100 pL of WST-1 reagent was added and the viability was deduced after 2
hours of incubation through an absorbance measurement at 450 nm with an Infinite-M1000

TECAN microplate reader.

Indirect protocol (in triplicates): extracts were obtained by placing the materials to be tested in
a separate growth medium for 24 hours at 37°C. The cells were cultured at a density of 4.5x10*
cells per well in 500 pL of culture medium during 24 hours. Negative (10 mM of H,0,) and
positive (growth medium) controls were performed. After 24 hours incubation at 37°C, the cells
culture media was removed and replaced with the extracts solution. The 50 pL of WST-1 reagent
was added and the viability was deduced after 2 hours of incubation by reading the absorbance at

450 nm with an Infinite-M1000 TECAN microplate reader.

RESULTS AND DISCUSSION

Cellulose nanofibril 2D and 3D as-prepared and impregnated structures

The suspension of CNFs used to prepare dense and porous materials appears as a white opaque
gel. Long and entangled fibrils are observed from TEM images with an average width of 25 nm
and a length higher than 1.7 um (Supporting Information, Figure S1). Depending on the drying
process used to prepare the CNF materials, very different structures were obtained. Vacuum
filtration of the CNFs yielded dense 2D structures classically called nanopapers (NP).?* As
described in our previous work, freeze-drying or supercritical drying yielded different types of
3D solid foams.*® Freeze-drying of the CNF suspension produced highly porous cryogels. The

main morphological difference observed in SEM images between cryogels obtained prior (CGw)



and after solvent exchange (CGtBuOH) is the formation of dense walls in CGw due to the growth
of ice crystals. Moreover, the photographs show that a flat, nonporous membrane is covering the
structure of CGw, while this loss of porosity is not observed for CGtBuOH. Aerogels (AG)
obtained by supercritical drying exhibit a highly fibrillary organization.

In Table 1, the preparation processes of the different structures are summarized along with
their densities and specific surface areas. Nanopapers have a very high density arising from the
vacuum filtration process. The two cryogels and the aerogel exhibit low densities between 10 and
24 mg.cm™. The variations between CGw, CGtBuOH and AG can be explained by the
differences in shrinkages induced by the different processes.*® The specific surface area of NP
was too low to be measured using nitrogen adsorption method. A value of 25 m2.g™ was obtained
for CGw. Freeze-drying after solvent exchange to tBuOH results in an increase of the specific
surface area to 97 m2.g™*. Supercritical drying yields the highest specific surface area of 160 m2.g
1
Table 1. Properties of density, specific surface area and pore sizes of the various CNF structures

depending on their preparation process. Values extracted from reference 36.

NP CGw CGtBuOH AG
Vacuum . Solvent exchange Supercritical
Process filtration Freeze-drying and freeze-drying  drying
Density
(mg.cn) i 12 o e
Specific surface n/a 25 4+ 2 97 +4 160+ 9

area (m2.g™)

Pore size from
SEM images n/a 18 + 14 18 + 10 9+5

(Lm)



Porous CNF structures with increasing specific surface areas were therefore obtained from the
same CNF raw materials. Their high porosity and tunable specific surface areas properties are
attractive for the supercritical impregnation of thymol and to understand the influence of the
structure. These materials were thus impregnated with thymol in supercritical conditions at
relatively low pressure and temperature conditions of 100 bars and 40°C, respectively. The
supercritical conditions were maintained during 1 hour. During this period, thymol fully dissolves
in scCO; and comes in contact with the dense (nanopapers) and porous (cryogels, aerogels) CNF
structures. At the end of the process, the recovered materials were free of any solvent and
remained structurally intact. When the impregnated structures were manipulated, a pleasant odor
was noticed revealing the presence of thymol. To avoid evaporation of thymol from the
structures, the samples were kept in sealed containers and stored at low temperatures. It is worth
noting that a final dynamic step (during which the valves are open and there is a flow of CO;) and
a depressurization step act as a washing process that removes the thymol that is not strongly
adsorbed onto the CNF structures.

Scanning electron microscopy images of the impregnated materials are shown in Figure 1.
Comparisons with the non-functionalized materials (i.e. before impregnation) unambiguously

show that the impregnation step had no impact on the samples morphology that was kept intact.






Figure 1. Scanning electron microscopy images of the thymo-impregnated CNF nanopaper (a),

CGw cryogel (b), CGtBuOH cryogel (c) and aerogel (d).

Quantification of supercritical impregnation of thymol

In order to investigate whether the scCO; had reached inside the CNF structures and whether
thymol had been adsorbed inside the porous structures, a fluorescence analysis of the section of
cryogels and aerogels was performed. The fluorescence intensity is given in arbitrary units and is
usually tuned by the gain but here comparisons are possible since the same PMT gain was
applied for each sample. Thin and homogeneous slices were cut in the center of the materials and
the fluorescence intensity was monitored as depicted in Figure2a. The neat structures exhibit low
intrinsic fluorescence that remains at least 5 times lower than the fluorescence intensity of

impregnated structures. This first result confirms the loading of thymol inside the CNF materials.
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Figure 2. (a) Schematic representation of the slice collected from the cryogel or aerogels and the
direction of the fluorescence scan throughout the slice. (b) Fluorescence intensity (arbitrary unit)
throughout the thymol-impregnated cryogel CGw, with zoomed-in graph in insert (i), CGtBuOH

(i1) and aerogel (iii) slices.

The results of fluorescence intensity inside the cryogels and aerogels are presented in

Figure2b. Inside CGw, very low but homogeneous fluorescence was detected. When



impregnation was performed in CGtBuOH, a higher fluorescence intensity was measured and its
distribution was less homogeneous. However, thymol has clearly penetrated the center of the
cryogel, as both the center and the edges yield fluorescence. The highest fluorescence intensity
was observed for aerogels. The fluorescence intensity is heterogeneously distributed throughout
the slice, revealing a nonuniform penetration of thymol inside this type of porous material. This
result was unexpected as aerogels are obtained from supercritical drying that produces structures
with the most open and interconnected porosity.* It appears that thymol is present in higher
amounts on the edges than in the aerogel center. This could be due to non-visible differences,
such as different specific surface area values between the edges and the center of the aerogels.
High amounts of thymol do not infiltrate further than 2.5 mm inside the aerogel. After this
distance the fluorescence intensity decreases down to the level measured in CGtBuOH, indicating
that thymol can penetrate to the aerogel center but tends to accumulate on the edges only. Both
the top and bottom parts are scanned and show the presence of thymol, yet the impregnation is
more efficient from the top than from the bottom of the aerogel as expressed by a higher
fluorescence intensity in the top part of the aerogel. The fact that these materials are placed on an
aluminum holder does not prevent impregnation at the bottom of the structure.

By plotting the average fluorescence intensity versus the specific surface area of the materials
(Figure 3), a clear correlation is observed between the specific surface area of the porous
material and the fluorescence intensity. The higher the specific surface area, the higher the

fluorescence intensity and therefore the higher the amount of loaded thymol.
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Figure 3. Average fluorescence intensity as a function of the specific surface area of the CNF-

based material. The dotted line is a linear fit.

In this study, only three specific surface areas are taken into consideration, therefore it is
difficult to unambiguously conclude whether the increase is linear or not. Yet, as the specific
surface area increases, more CNF surface is available for the adsorption of thymol. This
adsorption is considered to be mainly attributed to hydrogen bonding, as shown by Turki et al.
(2018).*° Similarly, Lombardo et al. have recently reported that the specific surface area was the
most important parameter determining the amount of poorly-soluble drug sorbed onto CNFs.*
This technique therefore confirms the presence of thymol and proves the influence of the specific
surface area but it cannot provide quantification of the impregnation. In order to quantify the

amount of thymol, impregnated structures were investigated with solid-state **C NMR (Figure

4).
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Figure 4. CP-MAS **C NMR spectra of thymol-impregnated CGw, CGtBuOH and AG.

First, a similar cellulose crystallinity (47 to 49 %), measured from carbon 4 signal between 80
to 93 ppm, is obtained for the three structures before and after functionalization in scCO,. In
addition to the peaks corresponding to the carbons of cellulose, three new peaks emerge between
20 and 30 ppm, corresponding to the four aliphatic carbons of thymol. Aromatic carbons were
expected between 110 and 160 ppm, however they cannot be seen in the spectra due to low signal
to noise ratio. By integrating the carbons of cellulose and the aliphatic carbons of thymol, a molar
ratio of impregnated thymol was calculated. Values of 0.8, 1.4, 1.9 mol. % were measured for
CGw, CGtBUOH and AG, respectively. It has been reported that supercritical impregnation of
PLA/PLGA materials with thymol yielded up to 6.62 % of thymol.*® Supercritical impregnation
of chitosan gels and cellulose acetate matrices supplied thymol ratios as high as 4.6 % * and
72.26 , respectively.** The results of NMR analysis show that relatively low amounts of thymol
are impregnated inside CNF structures and that their preparation process and their specific
surface area have an effect on the impregnation efficiency. As the specific surface area increases,
the amount of impregnated thymol increases. These values are in agreement with the results of

fluorescence intensity. However, this technique is not very accurate for such amounts of thymol



and additional measurements using high sensitivity gas chromatography (GC) analysis coupled
with mass spectroscopy (MS) were performed. Thymol is indeed highly volatile, therefore

thermo-desorption at adequate temperature is expected to remove all thymol from the cryogels

and aerogels.

'g 6.E+09
a | §4.E+09
£ 6.6+09 -
o E 0.E+00
: 4.E+09 2 4 6 8
. Time (min)
[ 2 3 . : 6 | |
H Time (min)
100 |
9
[&] —
g E 50 |
- E 3839 di 45 50 53 57 63 g5g7 1324 ?[? ;9 a7 39‘ : 101 10510?109 ‘1511/]? . N 11/35 N
Y . Nl N i L s . o J/
(] 35 a5 ' 5|5 "65 75 = 8% 95 1['}5" T T T e 10
m/z
C
= 1% )
~ CGtBuOH
B :
E cow
i N e }
S w0 T
E 40 '
d
5 20
d
o
g 0
E 0 50 100 o

Specific surface area (m2.g?)

Figure 5. TD-GC-MS results of impregnated aerogel: gas-chromatogram after one thermo-
desorption and after two thermos-desorption in the insert (a), mass spectrum of the peak
corresponding to thymol (b) and the amount of detected thymol as a function of the specific

surface area of the CNF structure (c). The dotted line is a linear fit to the data.



For the three porous structures, TD-GC-MS results exhibited a clear peak at 4.7 min as
illustrated in Figure5a and Supporting Information Figure S2. The compound corresponding to
this peak was analyzed through mass spectroscopy and it was confirmed to be thymol. No
significant contamination of the samples was observed (Figure 5b). After the first thermo-
desorption, a second one was performed and the amount of thymol detected was lower than 0.5 %
of the amount desorbed the first time (Figureba, insert). This illustrates the efficiency of the
initial thermo-desorption at 180°C. It also proves that the amount of thymol detected by GC
stands for the amount adsorbed onto cellulose. Once again, the amount of detected thymol was
plotted as a function of the specific surface area (Figure 5c¢). These amounts increase from 41
mg.g™* for CGw to 60 mg.g™ for CGtBUuOH and 83 mg.g™* for AG. This trend is similar to the
ones previously plotted thanks to fluorescence and NMR analyses: the larger the specific surface
area, the more thymol is present inside the structures. This result quantitatively confirms that
thymol impregnation is dependent on the CNF structures and specific surface area. Moreover, the
strong correlation between the amount of thymol and the specific surface area indicates that
thymol is adsorbed onto the CNF surfaces and not only trapped inside the porous structure.

Thymol release analysis

In vitro drug release was performed in PBS and the results are presented in Figure 6a. The
releasing profiles indicate a clear burst release of thymol when the impregnated materials were
immersed in PBS. After 40 min of release, a plateau was reached for AG. Regarding CGw and
CGtBUOH structures, release turned out to be sustained for slightly longer times and the plateau
was reached after 60 and 100 min, respectively. The release kinetics of AG is in good correlation
with the impregnation profiles measured with fluorescence scanning: more thymol was detected
on the outer layer of the aerogel, explaining the more pronounced burst release effect observed

for this structure.



The highest amount of thymol was released from AG with a value of 56 + 4 mg.g™. Lower
amounts of 44 + 2 and 22 + 1 mg.g™ were released from CGtBuOH and CGw, respectively.

These values are higher than the amount of thymol released from supercritical impregnated
PLGA foams ** with up to 8.8 mg of thymol released per gram of foam in PBS and N-
carboxybutyl chitosan membranes ** with up to 20 mg/g of thymol released. Higher amounts
were released from cellulose acetate ** (170 mg/g of thymol released). In the latter case, the
impregnation was performed during 32 hours.

Nanopapers have also been impregnated for comparison and almost no thymol was detected in
the releasing media, with a value as low as 0.3 + 0.03 mg.g™. The amount of thymol is
underestimated compared to TD-GC results, but remains in the same order of magnitude, proving
that a fraction of thymol is strongly adsorbed. This indicates that not all thymol is released in
PBS due to strong adsorption interactions, even though the sink conditions are reached at all time.
This is additional evidence that the thymol is adsorbed onto the CNF structures and not only
trapped inside the pores of the structure.

Once again, a similar trend emerges from the release kinetics (Figure 6b): the larger the
specific surface area, the more thymol is released. The amount of thymol released from the CNF
nanopapers is much lower than the value expected from the linear regression. This behavior
observed for a high-density material reveals that not only the specific surface area plays a role in
the impregnation efficiency but also the porous organization: both of them contribute to improve
supercritical impregnation. By tuning the specific surface area and the porosity, the amount of

thymol impregnated and released from the CNF structures can be controlled.
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Figure 6. Kinetics of thymol release in PBS (a) and maximum released thymol as a function of

the specific surface area (b).

Antimicrobial properties assessment

The antimicrobial properties of the four functionalized structures were investigated towards
Gram-negative bacteria (E. coli), Gram-positive bacteria (S. epidermidis) and a yeast (C.
albicans). Thymol was adsorbed and not covalently bound to the CNF materials, therefore their
antimicrobial activity was assessed in conditions analogous to the disk diffusion test, on solid
agar plates. As thymol diffuses through the agar medium, the growth of microorganisms is
inhibited over a circular zone around the material to be tested. From the dimensions of this zone,
the inhibition diameter is calculated and the wider this diameter is, the more effective and
concentrated is the antimicrobial agent. The neat materials (NP, CGw, CGtBuOH and AG) were
tested towards the three reference microorganisms and no inhibition zone was observed, as
expected, as they do not have intrinsic antimicrobial properties. The inhibition diameters of the
impregnated materials are summarized in Figure 7. No inhibition zone was visible when
impregnated nanopapers were tested. This result was expected as previous results have shown

that very low amounts of thymol are impregnated on this 2D closed structure. Growth inhibition



was observed for impregnated CGw against the three microorganisms, mainly underneath the
cryogel only and is expressed by inhibition diameters close to the size of the standardized
structure diameters (6.2 to 6.4 mm). Clear inhibition zones were observed for impregnated
CGtBuOH, and their size varied from one microorganism to the other. This indicates that
sufficient amount of thymol was released and has diffused in the agar to reach the minimum
inhibitory concentration values. The MIC for thymol has been determined for E. coli, S.
epidermidis and C. albicans through broth dilution tests and the values are 250, 500 and
300 pug.mL™?, respectively. To provide a comparison with antibiotics, these values are, in the case
of E. coli, thirty times as high as the highest MIC of antibiotics (8 pg.mL™ typically).”® E. coli
was the most sensitive microorganism to thymol and a large inhibition diameter of 10.1 mm was
reached with CGtBuOH, while S. epidermidis and C. albicans are less sensitive and exhibited
smaller inhibition diameters of 7.3 and 7.6 mm, respectively. Thymol-impregnated AG gave rise
to the widest inhibition diameters for the three microorganisms. As expected, a larger inhibition
diameter was noticed against E. coli (10.4 mm), whereas S. epidermidis and C. albicans exhibited
8.4 and 8.5 mm inhibition diameters, respectively. Besides the amount of released thymol, the
diffusion of this hydrophobic antimicrobial agent in the agar appears to become the limiting
factor for increased inhibition diameters: CGtBuOH and AG exhibit similar inhibition diameters
against E. coli, while previous results have proved that more thymol is impregnated into AG and

released.
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The inhibition diameters reported in the presence of impregnated CGtBuOH and AG are
similar to the ones reported by Jemaa et al. (2018) ** who reported considerable activity of free
and encapsulated thyme essential oil against five microorganisms including E. coli for which

inhibition diameters from 8.87 to 13.3 mm were reported. These results are very promising and



confirm that supercritical impregnation of active molecules onto nanocellulose 3D structures can
be an interesting solution for the design of active medical devices such as wound dressings.
Cytotoxicity of thymol-impregnated CNF-based structures
The cytotoxicity of thymol and thymol-impregnated structures was investigated with
fibroblasts and results are presented in Figure 8. According to the ISO 10993-5-2009, a material
is considered nontoxic for values of cell viability higher than 70 %.
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Figure 8. Cell viability in presence of thymol (a) and of neat CNF cryogels and thymol-

impregnated structures (b) Red dotted line indicates the limit of cytotoxicity.

The thymol molecule exhibits a low cytotoxicity compared to synthetic antibiotics,* with 70 %
cell viability up to 50 pg.mL™ of thymol as illustrated in Figure 8a. The neat CNF materials do
not induce cytotoxicity as illustrated by cell viability in contact with neat CGw higher than 70 %
and exhibit enhanced cell viability in the indirect protocol (Figure 8b). Such behavior has been
reported by Hua et al. *° and Rashad et al. *’ for cells cultured in green algae nanocellulose
extracts and wood CNF extracts, respectively. The cell viability is thought to be affected by the
release of glucose from CNF materials which boosts the cell proliferation by promoting

adhesion.*®



Thymol-impregnated NP and CGw exhibit good cell viability with values of 93 and 88 %,
respectively, for the direct protocol and an increase in cell viability to 179 and 150 %,
respectively, was observed for the indirect conditions. A review of the effects of thymol on the
wound healing process compiles 10 studies that have shown the role of thymol to enhance the re-
epithelization of wound injuries and the stimulatory effect of low concentrations of thymol on
fibroblasts. However, thymol-impregnated CGtBuOH and AG exhibit cytotoxicity with strong
decrease of cell viability in direct conditions. In indirect conditions, only thymol-impregnated
CGtBuOH exhibits cytotoxicity with a value of cell viability of 58 %, while AG-thymol exhibit
73 % cell viability after 24 hours, above the limit to consider a material non-cytotoxic. These
results in direct conditions are consistent with the low amount of thymol impregnated in NP and
CGw and higher amounts in CGtBuOH and AG.

In the presence of CNF structures with high amounts of impregnated thymol there is a
competition between the enhanced viability due to nanocellulose-materials and the decreased
viability due to large amounts of thymol. Cells are introduced into a media where nanocellulose
materials have released factors enhancing the growth (glucose), that is why an increase of cell
viability is observed in the indirect conditions when comparing to the direct protocol. This
mechanism is presumably slow. In the direct conditions, cells are introduced into a medium
where thymol is rapidly released, while nanocellulose liberates more slowly factors enhancing the
growth. That is why a lower viability emerged from these direct conditions.

Impregnated CGtBuOH and AG exhibited antimicrobial activity, while NP and CGw exhibited
no or low antibacterial activity. In vitro experiments show that in order to yield antimicrobial
activity, high amounts of thymol must be impregnated, leading to direct cytotoxicity in the case
of CGtBUOH and AG. These results are consistent with Pivetta et al. study,*® where they have

shown enhanced cell viability of keratinocytes at low concentrations of thymol and a reduced cell



viability at high concentrations (200 pum). These results are promising and further in vivo
investigations would attest on the innocuousness and possible use of the designed materials as

wound dressings.

CONCLUSION

Four types of cellulose nanofibril structures were impregnated with a natural active molecule,
here thymol, in supercritical carbon dioxide as a green alternative to common solvent. The effect
of the morphology and the specific surface area of the CNF materials on the impregnation
efficiency was investigated. Fluorescence analysis, *C solid-state NMR, gas-chromatography
confirmed the successful impregnation of thymol inside cryogels and aerogels. The different
characterizations led to the conclusion that higher amounts of thymol are sorbed when specific
surface area increases. This result opens up the way for the supercritical impregnation of a wide
range of various phenolic compounds with different activities, such as gallic acid, eugenol or
linalool.

The antimicrobial activity of the impregnated CNF structures was assessed in vitro.
Functionalized CGtBuOH and AG, which incorporated the highest amount of thymol, exhibit
good antimicrobial activity against two bacteria and one yeast as shown by the large inhibition
diameters around these materials. On the other hand, NP and CGw exhibited no or low
antimicrobial activity but low impregnation yields resulted in structures that enhanced the cell
viability. These results are very promising to design antimicrobial bio-based and biocompatible
medical devices using supercritical conditions. Moreover, this strategy has proved that it was
possible to tune the amount of thymol loaded and the bioactivity by controlling the specific
surface area of the material and results in precise control over the properties of the materials, such

as enhanced cell viability or antimicrobial activity. In order to achieve long-term antibacterial



activity, this strategy can be combined with covalent grafting of antibiotics, such as vancomycin.
The covalent bond would preferably be a bond that can be hydrolyzed by enzyme action, such as

esterase.
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