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ABSTRACT

Cheap and easy-to-recycle solvent, aqueous NaOH with no additives, was used to dissolve
cellulose and make crosslinker-free materials of various porosity, testing them as drug delivery
devices. Cellulose solutions were gelled, coagulated in a non-solvent (water, ethanol) and dried
either using supercritical CO> (aerogels) or low-vacuum evaporation (named “xerogels”). Aerogels
were of density around 0.1 g/cm?3 and specific surface area (SSA) 200-400 m#/g. A significant
influence of the first non-solvent and of drying mode on material properties was recorded: when
the first non-solvent was ethanol and low-vacuum drying performed from ethanol, aerogel-like
xerogels were obtained with density around 0.2 g/cm3 and SSA of 200-260 m?/g. Other conditions
resulted in cellulose with much lower porosity and SSA. All materials were evaluated as drug
delivery devices in simulated gastro-intestinal fluids; theophylline was used as a model drug.
Materials of high porosity exhibited shrinking and rapid drug release whereas denser materials
were swelling and showed slower release. Two release mechanisms were suggested: a diffusion-
driven through aqueous media in the pores, and diffusion through swollen pore walls. The results
demonstrate a large spectrum of options for tuning the properties of porous cellulose materials for

drug release applications.
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INTRODUCTION

The demand for efficient drug carriers never ceases to increase. An ideal carrier should be able
to deliver the drug in the required quantity, to the right spot and for the appropriate duration. The
delivery matrix should be biocompatible, easy to manufacture on a large scale and, if possible, cost
effective. The most common way to administrate a drug into human body is by the oral route
through the gastrointestinal track. This delivery mode has the advantages of being non-invasive,
cost effective, and well known. Numerous strategies have been developed to tune the release
kinetics of the drug, such as modification of the drug state, adjustment of the type, size, composition
and properties of the delivery matrix (solubility, hydrophilic-lipophilic properties, porosity, pH- or
temperature-responsiveness, etc) and tuning drug-matrix interactions'>.
The most prevalent drug delivery system involves a device in which the drug is uniformly
dispersed. Traditional methods for producing such a loaded matrix include the compression or
extrusion of excipients combined with active pharmaceutical ingredients*. The carrier material can
exhibit responsiveness to the release medium, i.e. swelling, shrinking, erosion, or dissolution,
thereby influencing drug release kinetics’. Among the various excipients utilized for pellet
formulation, microcrystalline cellulose (MCC) is one of the most common. MCC, a widely
available biopolymer, is renewable, non-toxic, and biodegradable. It comprises crystalline particles
of few tens of microns, produced through the acid hydrolysis of cellulose fibers®. Upon oral
administration, MCC-based tablet disperses, facilitating the rapid release of the drug from seconds
to minutes, depending on the material's porosity and the presence of additives and/or binders’.

Many pharmaceutical applications use porous materials as adjusting porosity and, also, polymer
solubility, allows fine-tuning drug release kinetics. Porous materials can be “wet”, i.e. gels or
hydrogels, or dry, obtained either by solvent sublimation from the gel, or by solvent evaporation,

or by evacuation in supercritical conditions. Compared to gels and hydrogels, the advantage of dry
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porous materials is that they are lightweight, do not require protection against bacteria and are
stable in time as the dissolution or degradation of the matrix itself does not occur. Among dry
porous materials, bio-aerogels make a special class of promising drug carriers as aerogels are of
low-density, nanostructured, with pores’ dimensions from few tens to few hundreds of nanometers;
the majority of bio-aerogels do not involve any undesirable compounds either during formulation
or processing®.

Numerous research articles suggest using cellulose-based hydrogels and aerogels for drug
delivery’ 1, but the majority focuses on nanocellulose-based systems (micro- or nanofibrillated,
nanocrystals, bacterial cellulose). The reason of avoiding cellulose II hydrogels and aerogels is
cellulose solvents which traces may be toxic or not allowed/not tested for biomedical applications.
The exception is aqueous 7-9% NaOH solvent. Making cellulose fibers and films from
cellulose/NaOH/water solutions on the large industrial scale is questionable because of sub-zero
temperature of cellulose dissolution conditions, solution spontaneous gelation with time and
temperature and low limit of cellulose solubility!'*. However, the use of this solvent for making
high added-value porous cellulose for biomedical and pharmaceutical applications should be
feasible. In addition, spontaneous gelation may be an advantage for shaping cellulose objects, and
low cellulose concentration is required for making porous materials. Surprisingly, very few studies
consider dry porous cellulose made by dissolution in NaOH/water as drug delivery device. Freeze-
dried cellulose (density 0.05 — 0.12 g/cm®) made from MCC dissolved in 8% NaOH/water,
chemically crosslinked with epichlorohydrin or not, was used as a carrier of procaine
hydrochloride'>. The release of model molecules, methyl blue, rhodamine B and fluorescein, was
monitored from cellulose aerogels (density 0.188 g/cm?, specific surface area 100 — 180 m?/g), but
they were made by dissolving cellulose in 60% zinc chloride/water, coagulating in isopropanol,

and drying with supercritical CO»!. Interpenetrated pectin-cellulose aerogels (density 0.10 — 0.22
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g/cm?, specific surface area 300 to 500 m?/g) were reported for the release of theophylline: cellulose
was dissolved in 8 wt% NaOH/12 wt% urea/water, coagulated in water, impregnated with pectin
solution, coagulated in ethanol and dried with supercritical CO,'®. Despite the discovery of
cellulose aerogels about 20 years ago'’, with the first ones made by the dissolution in aqueous
NaOH!'®, very few studies report on their use as a delivery matrix'* 2.

The goal of this work was to demonstrate that by fine-tuning processing pathways, cellulose
materials with a large spectrum of porosity (from few to 95%) and surface area (from few to 400
m?/g) can be made from the same starting cellulose-8%NaOH/water solution, with no additive and
no crosslinker. To vary material properties, different coagulation pathways were applied (using
only water and ethanol), and drying was performed either with supercritical CO; or by low-vacuum
evaporation, the latter significantly simplifying the process of making cellulose aerogel-like

materials. Material morphology and properties were correlated with the processing conditions, and

materials obtained were tested as drug delivery matrix.

MATERIALS AND METHODS

Materials

Microcrystalline cellulose, particle average size 50 um, was purchased from Thermo Fisher
Scientific; the degree of polymerization was found to be 280 (see Figure S1 of the Supporting
Information). Monobasic potassium phosphate (KH2PO4) (= 99%), sodium hydroxide pellets
(NaOH), hydrochloric acid (HCI) (32 wt%), anhydrous theophylline (> 99%) and absolute ethanol
(= 99%) were purchased from Sigma-Aldrich. All chemicals were used as received. Water was

distilled.

Methods



Preparation of cellulose solutions and gels

The pathways of samples preparation is summarized in Figure 1. The first step consists of
cellulose dissolution in aqueous 8 wt% NaOH/water at -6°C and 300 rpm during 1 h. Two cellulose
concentrations were prepared, 3 and 5 wt%. 5 g of the obtained solution was then poured in a
cylindrical mould and placed in oven at 50°C for 5 h; under these conditions cellulose solutions

are gelling?!

Non solvent

diffusion Cellulose
hydrogel
Washing with Diffusion of Y Vacuum
water - theophyllme evaporation

Theophylline
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Figure 1. Schematic presentation of aerogels and xerogels preparation from 3 or 5 wt%

cellulose/NaOH/water solutions loaded with theophylline.

Cellulose coagulation

The NaOH solution was washed out from cellulose gel by adding 40 mL of non-solvent, water
or ethanol, on the surface of cellulose/NaOH/water gels, for 24 h (Figure 1). For a complete
cellulose coagulation, the samples were then placed in large amount of the same non-solvent which
was regularly exchanged (5 times); for example, the concentration of water after exchange with
ethanol was below 0.005 % considering ethanol used does not contain water. Samples of coagulated

cellulose with water in the pores are named “hydrogels” and with ethanol “alcogels” (Figure 1). To



have more information on the impact of the non-solvent used during solvent exchange, samples
that were coagulated in water were placed in ethanol (to be dried with supercritical CO> or under
low vacuum by evaporation,) and sample coagulated in ethanol were placed in water (to be dried

under low vacuum by evaporation), see Figure 1.

Drug loading

The hydrogels and alcogels were immersed in 200 mL of theophylline dissolved at 2.5 g/L in
water or in ethanol, respectively. This concentration was selected to have fully dissolved
theophylline on one hand, and not too low drug concentration to be measurable during the study of
release on the other hand*>?*. Theophylline was selected as a model of small polar drugs; it has the
advantages to be both soluble in water and ethanol and not soluble in supercritical CO2. The
diffusion of theophylline took place for 48 h at 20 °C under 200 rpm leading to cellulose sample
loaded with the drug prior drying. To test the duration needed for theophylline to diffuse into
cellulose sample, loading efficiency (see eq. 1 below) was measured after 24, 48 and 96 h, and was
found to be completed after 48 h.

The loading efficiency of hydrogels and alcogels (Loading efficiency “gel’’) was determined as
follows: after loading, samples were crushed using mortar and pestle, 100 mL of deionized water
was added, the dispersion was left under vigorous stirring for 48 h and sonicated for 30 min to fully
extract theophylline. The dispersion was then filtered to remove cellulose particles and drug

concentration was determined using spectrophotometry (see Section “Analysis of drug release”):

Loading efficiency « gel », % = Tdrug. gel 100 (D)

Mtheor

where mag, ger 1S theophylline dose in alcogel or hydrogel and mueor 1s the calculated drug dose

supposing drug free diffusion between the bath and cellulose sample and no interactions between



theophylline and cellulose. As the volume of cellulose alcogel or hydrogel was 100 times smaller
than the volume of the loading bath, the dilution of the loading bath by ethanol or water contained
in alcogel or hydrogel was negligible within the experimental errors, and theophylline theoretical

concentration inside the “gel” was considered to be 2.5 g/L.

Drying

Samples were dried using the following pathways (Figure 1):

1) by evaporation of non-solvent (water or ethanol) in the oven at 50°C under low vacuum, 5
kPa, until constant mass, resulting in “xerogels”.

2) with supercritical CO> (sc CO.) using procedure reported elsewhere?*, resulting in “aerogels”.
Alcogels were placed in tea bags and put in a 1 L autoclave (PERSEE, Mines Paris); the samples
were covered by ethanol to avoid drying during system pressurization. The autoclave was then
pressurized at 5 MPa, 37°C and the excess ethanol drained. The autoclave was then pressurized at
8 MPa to reach supercritical condition of carbon dioxide and the samples were dynamically washed
with sc CO» for 4 h with an output of 5 kgcox/h. The depressurization was carried out at a rate of
0.5 MPa/h.

After reaching room temperature, all dry samples were collected and stored in a desiccator
containing silica to avoid water uptake due to the ambient humidity. The preparation conditions

and samples names are summarized in Table 1.



Table 1. Summary and nomenclature of the prepared samples: the first figure corresponds to
cellulose concentration in solution, “E” and “H” to the non-solvent, ethanol (EtOH) or H>O,
respectively (EH or HE correspond to samples which underwent two non-solvent exchanges, see

Figure 1), the last letter represents the drying technique: A stand for aerogel and X for xerogel.

Cellulose First non- | Non-solvent | Drying technique | Sample name
concentration (wt%) | solvent of drying
3 3EA
Sc CO,
5 SEA
Ethanol
3 3EX
Ethanol Evaporation
5 SEX
3 3EHX
HO Evaporation
5 SEHX
3 3HX
H>O Evaporation
5 S5HX
3 3HEA
H,O Sc CO,
5 SHEA
Ethanol
3 3HEX
Evaporation
5 SHEX

2.2.5. Material characterization



Volume shrinkage was calculated by measuring the dimensions of the disk-shaped samples

using calliper (= 10 um):

Shrinkage,% = -—L x 100 2)

where V; corresponds to the initial volume (before solvent exchange or drying) and Vrto the final
volume (after solvent exchange or drying).
The bulk density ppu of dry materials was calculated using equation 3:

m A3)
Vdry

Pbulk =

where m is the weight of the dry sample measured with high-precision balance, and Vg, obtained
as mentioned above. Material porosity was calculated from bulk and skeletal (pg) density as

follows:

P,% = (1- 22%) x 100 &)

Psk

with cellulose skeletal density taken as 1.5 g/cm’.

Specific surface area (SSA) was determined by nitrogen adsorption with ASAP2020
(Micromeritics) using Brunauer-Emmet-Teller (BET) method. Prior measurement, samples were
degassed under vacuum (1 Pa) at 70 °C for 10 hours.

Morphology of porous cellulose materials were analysed using Scanning Electron Microscope
(SEM) MAIA (Tescan) equipped with Field Electron Gun. The samples were broken, a thin slice
cut and placed on sample holder using carbon suspension. Sample cross-section was coated with
14 nm platinum layer using Q150T Quorum metallizer. Samples were analysed with an
acceleration voltage of 3 kV.

X-ray diffraction measurements were carried using XPERT-PRO diffractometer (PANalytical)

with a current of 30 mA, voltage of 45 kV using copper anode (A = 1.54040 A) over the 20 range
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5° - 60° with 0.08° step. Dried samples were crushed using mortar and pestle, the obtained powder

was placed on to a zero-background silicon sample holder.

Analysis of drug release

The concentration of theophylline was recorded using Scanning Spectrophotometer UV-1800
UV/Visible (Shimadzu). First, the absorbance spectra and calibration dependences of theophylline
absorbance at 271 nm?° as a function of concentration were obtained (Figure S2). Molar extinction
coefficient was estimated to be 10521 L.mol'cm'.

The loading efficiency of dry samples, “loading efficiency dry”, is defined as the ratio of
theophylline dose in the dry cellulose mang 4 and the theoretical theophylline dose mmeor
calculated supposing drug free diffusion between the loading bath and cellulose sample and no

interactions between theophylline and cellulose

Loading ef ficiency "dry", % = 484y 5 100 ®)

Mtheor

Marug, dry Was the value obtained at the end of release experiment as no theophylline remained in
cellulose (within the experimental errors), checked by crashing the sample and measuring
theophylline concentration as described in the Section “Drug loading”.

The kinetics of theophylline release was studied as follows. A drug-loaded dry sample was
placed in stainless steel tee basket and immersed in 600 mL (sink conditions) of simulated gastric
fluid (SGF) (HCI aqueous solution, pH = 1) for one hour, and then in 600 mL of simulated intestinal
fluid (SIF) (KH2PO4 0.05 M aqueous solution, pH adjusted to 6.8 using NaOH) for the next 24 h,

all at 37 °C and 100 rpm, to simulate the oral delivery of theophylline. The released fraction of

theophylline % was analysed as a function of time 7, where M(?) is the amount of theophylline
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released at time ¢, and M is theophylline concentration at the end of release. For each sample type,
the release was performed at least 3 times, and an average was calculated.

The volume changes of the dry materials after immersion in the release media were assessed by
measuring sample volume with a calliper, and the volume shrinkage or swelling was calculated

using Equation 1.

RESULTS AND DISCUSSION

Properties of neat cellulose materials

The photos of the representative samples are shown in Figure 2, and sample shrinkage during
all processing steps in Figure 3. All samples underwent total shrinkage equal or higher than 50
vol% (eq. 2), as reported elsewhere!”. Drying with sc CO> leads to lower total shrinkage compared
to evaporative drying (Figure 3). In the latter case, shrinkage strongly depends on the type and
sequence of non-solvents during solvent/non-solvent exchange (Figure 1). The xerogels coagulated
in ethanol and dried from ethanol (samples 3EX and SEX, Figure 2) have a similar aspect as
aerogels while all other xerogels (cellulose dried from water: 3HX, SHX, 3EHX and SEHX, Figure
2) or coagulated in water as the first non-solvent (3HEX and SHEX), undergo a significant

shrinkage. Xerogels dried from water exhibit slight translucency.
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Figure 2. Photos of the dry cellulose materials, acrogels (first row) and xerogels (second and

third row). The scale is the same for all samples
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Figure 3. Shrinkage during the preparation of cellulose aerogels and xerogels: A) during solvent

exchange, B) during drying and C) total shrinkage from gel to dry material

The replacement of solvent by non-solvent leads to cellulose chains aggregation, formation of
a network of coagulated polymer, and sample macroscopic shrinkage within 45 - 60 % (Figure
3A). Similar results have been reported for various bio-aerogels®®?°. While polymer chains tend to

collapse in a non-solvent due to favourable polymer-polymer interactions, as known for synthetic
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linear flexible polymers, cellulose is not shrinking much, most probably because of chain rigidity.
When ethanol is used as the first non-solvent, no impact of cellulose concentration in the initial
solution on the shrinkage (52 - 54%) was recorded within the experimental errors (Figure 3A).
When water was used as the first non-solvent, gels with lower concentrated cellulose solutions
shrink more (55 — 58%) than gels with higher concentration of cellulose (45 — 48%) (Figure 3A).
The use of non-solvent with lower dielectric constant tends to lead to higher shrinkage for
polysaccharides gels?®. Lower shrinkage for higher-concentrated cellulose sample can be attributed
to the higher mechanical properties of the gel, leading to better “resistance” during solvent
exchange'®263%3! When cellulose undergoes two successive exchanges in different non-solvents,
an additional small shrinkage during the second exchange was observed (Figure 3A). This
phenomenon is reproducible and observed for all cases (Figure 3A): exchange of ethanol by water
leads to 7 - 10% additional shrinkage, while the exchange of water by ethanol leads to lower
additional shrinkage of 0 - 5%.

Shrinkage during drying is shown in Figure 3B. The most extensive shrinkage occurs during
evaporative drying which can be explained, in majority, by the capillary pressure. It is defined, for

cylindrical pores, by Young-Laplace equation:

2y _ 2ycos6

P= (7)

Tm Tp
where vy is the surface tension between the vapor and the liquid, rm the radius of the meniscus
curvature, 0 the contact angle between solid and liquid and r, the pore radius. Other parameters,
not counted in the capillary pressure, also influence cellulose shrinkage. For example, some
shrinkage occurs during supercritical drying despite that no meniscus (and thus no capillary
pressure) is developed in the supercritical state (Figure 3B). This shrinkage occurs due to a large

difference in the polarity of cellulose and COs.
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An important parameter influencing shrinkage is the surface chemistry of pore walls, which for
cellulose can be hydrophilic or hydrophobic*?4. For example, it was demonstrated that the contact
angle between cellophane-type film and water increases with the decrease of both cellulose
crystallinity and planar orientation index f(1-10), the plane 110 having high density of hydroxyl
groups>>. When cellulose was dissolved in LiCl/dimethylacetamide and coagulated in methanol,
the contact angle between amorphous cellulose and water was two-to-three times higher than that
obtained for crystalline cellulose. Low-crystallinity materials were obtained for cellulose aerogels
and xerogels dissolved in NaOH/water and coagulated in ethanol®. In case of 3D cellulose objects,
the first coagulation fluid determines pore walls hydrophilicity, thus influencing further shrinkage.
For example, for aecrogels 3HEA and SHEA, shrinkage during supercritical drying in a highly non-
polar CO2 was greater than that for the counterparts obtained when ethanol was the first coagulation
bath (3EA and 5EA). For evaporative drying, higher affinity of cellulose to water compared to
ethanol undoubtfully induces higher capillary pressure and thus higher shrinkage during
evaporation from water compared to evaporation from ethanol.

Drying by evaporation of water induces higher shrinkage than that from ethanol also due to the
difference in the surface tension of evaporating liquid, water vs ethanol (Ywater = 72.0 mN.m™! and
Yethanol = 21.82 mN.m™!, at 298 K 3¢): samples 3HX, SHX, 3EHX and SEHX exhibit extensive
shrinkage during drying, 95 - 96% for 3 wt% cellulose solutions and 92 -94% for 5 wt% solutions
vs 64% and 57% for 3EX and SEX, respectively.

Still capillary pressure does not explain all the differences in shrinkages. For example, for the
same evaporating non-solvent, higher polymer concentration leads to increased network
mechanical properties resulting in a better resistance to capillary pressure: evaporative drying from
hydrogels and alcogels made from 5% cellulose solutions lead to a slightly lower shrinkage

compared to that from 3% cellulose solutions (Figure 3B). Another example shows again the
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influence of the first non-solvent: for the same cellulose concentration and evaporating non-
solvent, ethanol, shrinkage during drying is much lower when cellulose was coagulated in ethanol
and dried from ethanol (around 60%) compared to the case when cellulose was coagulated in water
and dried from ethanol (around 90%) (Figure 3B). The reason will be discussed below together
with the analysis of sample morphology.

Figure 3C shows the total shrinkage during the whole preparation process which is a cumulated
value for shrinkage during solvent/non-solvent exchange and drying. For aerogels the total
shrinkage is 50 - 65 %, for xerogels around 80 % when coagulated and dried from ethanol, similar
to the results reported in *’, and 90 — 98% for all other xerogels.

The bulk density of all materials is shown in Figure 4A; horizontal lines correspond to densities
calculated for a hypothetical case of no shrinkage. Aerogels possess the lowest density, as expected,
around 0.10 — 0.15 g/cm>. Samples obtained from cellulose coagulated in ethanol and dried by
evaporation from ethanol also possess low density, around 0.20 — 0.25 g/cm?. In both cases of low-
density materials higher polymer concentration in the initial solution leads to higher bulk density,

as reported for numerous bio-aerogels?®-1-38-3

. All the other xerogels obtained either via
coagulation in water or dried from water have high density, above 0.8 g/cm?, up to 1.2 g/cm?, close
to cellulose skeletal density (1.5 g/cm?). Within this family of dry materials, the samples coagulated
in water and dried from ethanol possess the lowest density, 0.81 — 0.84 g/cm®. In the case of
cellulose dried from ethanol by evaporation, the first non-solvent used during coagulation has a

strong impact on the final shrinkage: samples that were first coagulated in water exhibit density

almost 4 times higher than the one coagulated in ethanol and dried in ethanol.
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solutions of 3 and 5 wt%, respectively); (B) specific surface area of dry cellulose materials.

Symbols and notations are the same as in Figure 3.

Figure 4B summarizes the specific surface area (SSA) obtained for all materials. It strongly
depends on the preparation method and varies from a few to 400 m?/g. Cellulose dried by
evaporation of water exhibits negligible SSA due to pore collapse during drying. In contrast,
aerogels show high SSA, ranging from 180-200 m?/g (coagulated in ethanol: 3EA and 5EA) to
350-400 m?/g (coagulated in water, then replaced by ethanol: 3HEA and SHEA). Xerogels obtained
via coagulation in ethanol and dried from ethanol possess SSA of 220-260 m?/g, which is even
higher than that of the corresponding aerogels®>. Xerogels formed by cellulose coagulation in water,

followed by exchange to ethanol and subsequent drying from ethanol, exhibit lower SSA, 105 -

130 m?%/g.
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The results obtained on materials’ density (Figure 4A) and specific surface area (Figure 4B),
combined with morphology analysed by SEM (Figure 5 and Figure S3), demonstrate that not only
the type of drying (in supercritical conditions vs evaporation), but also the type of the first non-
solvent determines the properties of cellulose porous material®#*°. Upon the addition of a non-
solvent, cellulose/cellulose interactions are favoured, and phase separation occurs. Our first
hypothesis is that chains’ assembly, and thus the thickness of pore walls, depend on polymer
affinity to the non-solvent. Upon the addition of water, a fine network of cellulose fibrils is formed.
This network is well preserved during the exchange of water to ethanol and scCO> drying, resulting
in high SSA, 350 — 400 m?/g, and morphology with large number of mesopores and thin pore walls
(Figure 5, sample SHEA). On the opposite, when cellulose/8%NaOH/water gels are coagulated in
ethanol, cellulose chains tend to decrease the contact with this non-solvent, assembling into thicker
fibrils, and forming a rather hydrophobic surface. The as-obtained aerogels possess surface area
twice lower (180 — 200 m?/g) than that of aerogels of which the first coagulation medium was
water, with large number of macropores (Figure 5, sample SEA). Our second hypothesis is that
thick pore walls of cellulose coagulated in ethanol help resisting capillary pressure during
evaporative drying from ethanol, resulting in xerogels with surface area of 257 and 221 m?/g and
density of 0.27 and 0.19 g/cm? for SEX and 3EX, respectively (see morphology of sample SEX on
Figure 5 and Figure S3, respectively). On the opposite, when the first coagulation bath is water,
further exchanged to ethanol and drying performed from ethanol by evaporation, the network of
fine fibrils in hydrogel does not withstand the capillary pressure during evaporative drying,
resulting in xerogels of rather high density (0.8 g/cm?) and with a certain number of mesopores,
but much less than in 3EX and SEX counterparts, indicating partial pore closure (SSA from 105 to
130 m?/g for 3HEX and SHEX m?g, respectively). Figure 5 confirmed the absence of visible

porosity in cellulose materials dried from water. Finally, other factors, such as formation of
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“spacers” when cellulose/NaOH/water gel is coagulated in ethanol and dried from ethanol, prevents
chains aggregation and network collapse during drying. These “spacers” can be either remaining

sodium trapped in-between cellulose chains and/or carbonate bridges®>*'.

A)

Aerogel

Xerogel

B)

Aerogel

Xerogel

Figure 5. Morphology of cellulose materials at the scale of 2 um (A) and 500 nm (B). All

samples were made from 5%cellulose/8%NaOH/water solutions.

In general, supercritical drying can be regarded as another non-solvent exchange using an apolar
non-solvent, which may lead to some degree of cellulose aggregation. While rearrangements could

occur during supercritical drying, they appear to be minimal in our case (Figure 3C), and the
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morphology of the aerogels can be considered as approximation of the coagulated cellulose
morphology. It is also important to note that the observations given above are relevant to this
specific solvent system. As well as other process parameter, the choice of solvent also plays a

crucial role in the final morphology of the aerogel and in xerogel properties®>#>4,

Theophylline-loaded cellulose hydrogel, alcogel, aerogel and xerogel

All materials presented in the section above are without the drug. When cellulose was
impregnated with theophylline (see Methods section), the properties of the loaded materials were
identical to those of neat cellulose, within the experimental errors. We remind that theophylline
was loaded by diffusion by placing the sample in the theophylline/ethanol or theophylline/water
solution before drying (Figure 1). The concentration of theophylline in the loading bath was the
same in all cases.

The loading efficiency of cellulose samples before drying (eq. 1) (hydrogels and alcogels, see
Figure 1) and of dry samples (eq.5) is presented in Table 2. First let us consider non-dried samples,
1.e. hydrogels and alcogels. When theophylline was loaded from water in cellulose hydrogel with
water being the only coagulation liquid, the loading efficiency was 100%, as expected. Osmotic
equilibrium between the loading bath and the hydrogel was reached: no drug adsorption occurred.
Interestingly, this was not the case when theophylline was loaded from ethanol with ethanol being
the only coagulation liquid: the loading efficiency of alcogels was superior to 200% (Table 2), 1.e.
theophylline was adsorbed by cellulose. A similar result was obtained for theophylline adsorbed
by starch from ethanol*. This behaviour can be attributed to the difference in surface chemistry of
cellulose pore walls which depends on the non-solvent used. Crystal plane orientation defines

cellulose surface hydrophilic/hydrophobic balance and guides adsorption properties®**. Surface
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chemistry, combined with different affinity of theophylline towards water and ethanol, explains
the obtained results. When the loading liquid was not the same as the one used for the first
coagulation bath (EH and HE samples), the obtained loading efficiency was slightly higher than
100%, between 114 and 121% (Table 2).

Next, we consider the case when cellulose alcogels and hydrogels were dried by evaporation in
low vacuum (i.e. xerogels). The loading efficiency of xerogels followed the trend of the
corresponding “wet” samples, as expected (Table 2): around 100% when only water was used for
coagulation and evaporation, above 200 % for xerogels dried from ethanol (coagulation in ethanol
only), and 110 — 120 % for H2O — ethanol and ethanol — H>O coagulation sequences.

Finally, for both types of aerogels the loading efficiency was lower than 100%, around 60 —
80%. Despite the non-solubility of theophylline in CO., the drug could have been washed out
during the first steps of ethanol-CO» mixing as theophylline may still be partly soluble in the
ethanol/CO; mixture. The dynamic step during CO: drying (see Methods) could also have led to

drug partial wash-out, as reported previously for theophylline-loaded pectin aerogels?’.

Table 2. The loading efficiency of hydrogels (loading from water), alcogels (loading from ethanol),

xerogels and aerogels; cellulose concentration in the initial solutions was 5%

Non-solvent H>0 only Ethanol only H>0 — ethanol | Ethanol — H-O
sequence (H) (E) (HE) (EH)
Hydrogel or alcogel 104 +5 210 + 87 121 +2 114 +2
Xerogel 100 £ 8 (HX) | 274 +31 (EX) 115+ 7 (HEX) 89 + 25 (EHX)
Aerogel n/a 86 £31 (EA) 62 =39 (HEA) n/a
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3.3. Release kinetics of theophylline from cellulose aerogels and xerogels

Numerous parameters can influence drug release kinetics, including drug crystallinity and
solubility, polymer swelling/relaxation, drug dispersion inside release device, material morphology
(open or closed porosity), carrier volume change, and polymer-drug interactions. The kinetics of
drug dissolution depends on the form in which the drug is present inside the device. Theophylline
can be in amorphous or crystalline state with different polymorphs*“’. To check if theophylline is
crystalline or amorphous inside loaded cellulose materials, XRD was performed on samples made
from 3 wt% cellulose solution. Since the drying method may influence theophylline crystallization,
XRD patterns were recorded for samples dried with supercritical CO2 and by evaporation of ethanol
or water. The obtained XRD spectra are shown in Figure S4 together with the one of neat
theophylline crystals (mixture of crystalline anhydrous theophylline and theophylline
monohydrate). The patterns of loaded samples show no detectable traces of crystalline theophylline
whatever is the drying, indicating the presence of amorphous theophylline inside all cellulose
materials.

As the release of theophylline was performed in the media of different pH (see Methods), the
influence of the type of release medium, SGF and SIF, on the release kinetics was first checked.
An example of theophylline release in SGF alone and in SIF alone from aerogels 3HEA is shown
in Figure S5. No influence of the type of release medium on release kinetics from cellulose
materials was recorded as the curves of release in SIF and SGF superposed. pH of the release media
does not affect cellulose as it is a neutral polymer, opposite to pectin®’. The dissolution of neat
theophylline in SGF is also shown for comparison in Figure SS5: it is immediate, with 95% of
theophylline is dissolved within the first minute. All theophylline was released from all tested

materials (within experimental errors).
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To analyse the release kinetics, the behaviour of the delivery device itself should be monitored
as it may swell, shrink, erode and/or dissolve. As expected, no cellulose sample dissolved, and no
erosion was recorded. All materials absorb water but depending on the type of non-solvent used
for coagulation and on sample porosity, cellulose carriers were swelling or shrinking, reaching
equilibrium with different kinetics (Table 3). For example, all highly porous celluloses, such as all
aerogels (3EA, SEA, 3HEA, SHEA) and xerogels obtained by drying from ethanol (3EX, SHX),
show fast (within first 10 min) volume shrinkage, less than around 30 — 35% (Table 3). This rapid
shrinkage corresponds to the capillary pressure exerted on the pore walls during the wetting of the
system, leading to the collapse of small pores (all samples are of high specific surface area). Similar
volume shrinkage in release medium has been reported for chitosan aerogels*. The timescale of a
few minutes is consistent with the kinetics of fluid penetration into a porous system as described
by the Washburn equation®. After this fast shrinkage, the volume of the initially highly porous

samples does not change anymore during theophylline release.

Table 3. Cellulose aerogels and xerogels’ volume swelling (+ AV) or shrinking (- AV) (eq.6) in the
release medium; mean values of porosity and specific surface area (taken from Figure 3b) are given

to help correlating with material properties, and “fast” corresponds to volume change within 10

min.
Sample | Porosity, | Specific surface AV, % Remark
% area, m*/h
3EA 96 206 -25/-35 | fast shrinking
SEA 92 182 -25/-35 | fast shrinking
3EX 76 257 -30/-35 | fast shrinking
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SEX 75 221 -30 fast shrinking

3EHX 23 2 + 50 fast swelling up to 10% followed

by slow swelling

SEHX 22 2 +70/+ 80 | fast swelling up to 20% followed

by slow swelling

3HX 25 6 +70/+80 | fast swelling up to 20% followed

by slow swelling

SHX 16 1 +60/+ 70 | fast swelling up to 10% followed

by slow swelling

3HEA 95 349 -10/-15 | fast shrinking
SHEA 93 395 -10/-15 | fast shrinking
3HEX 46 105 +30/+35 | slow swelling
SHEX 48 130 +30/+35 | slow swelling

Xerogels dried from water (3EHX, SEHX, 3HX and 5HX) are of very low porosity and
negligible surface area, and they continuously and slowly swell up to + 70 / +80% of their volume
(Table 3). This slow swelling corresponds to penetration of water into cellulose sample. Finally,
xerogels obtained by coagulation of cellulose first in water, water replaced by ethanol and dried
from ethanol, show low slow swelling (3HEX and SHEX, Table 3). These samples are of porosity
in-between aerogels and water-dried xerogels, and of surface area around 100 m?%/g. Potential
shrinkage due to the collapse of certain number of small pores is counterbalanced by swelling due
to cellulose affinity to water, resulting of practically no volume change. It should be noted that

even for highly porous samples exhibiting shrinkage during the release process, it is anticipated
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that water induces swelling of the cellulose pore walls. However, this swelling occurs within the

water-filled spaces of the pores®*>2,

As our cellulose materials show different volume change when immersed in the release medium,
the kinetics of theophylline release is presented by regrouping samples with the same behaviour,
i.e. those that are shrinking and those that are swelling. Let us first consider porous samples
(porosity > 70%, Table 3) that are shrinking. To compare the release kinetics from samples of
different thickness (see Figure 2), time was normalized by the square of half-thickness /* as it is
usually done for diffusion-controlled processes in porous materials. As sample volume decreased
within the first 10 min of release, / was taken as the half-thickness of the sample at the end of the
release. No theoretical approaches established for the analysis of release kinetics were applied to
the results obtained as the aspect ratio (sample disk thickness to diameter ratio) was too high,
around 0.24 — 0.34 (Figure S6), and also because in several cases the amount of data within 60%

of cumulated release was insufficient due to the rapid release in the first minutes.
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Figure 6. Theophylline release kinetics from porous cellulose materials (porosity above 70%),
aerogels and xerogels, that are shrinking within the first 10 min. For more details and samples

nomenclature see Table 3.

Figure 6 shows that release kinetics from samples of similar high porosity (above 90%), i.e. all
aerogels (3HEA, SHEA, 3EA and 5EA), is very similar; 85 — 90% of the drug is released at t/12
around 1.5%10” s.m™. The release is slower from porous xerogels which are of lower porosity (75
—76%). In all cases shown in Figure 6, 50% of the drug is released within /1> around 1.0x10° (s.m’
2). An example of the release kinetics during the first few hours for 3EA sample is shown in Figure
S7. A similar rather fast release of the 50 - 60% of model compounds was reported for cellulose
aerogels made from cellulose dissolved in 60% zinc chloride and coagulated in isopropanol'* and
for bacterial cellulose aerogels'!. When immersed in the release medium, the drug that is located
on and near sample surface dissolves leading to a fast release of 50 — 60% of loaded theophylline.
Another reason of the fast release of the first 50% of drug is the fast shrinkage upon immersion in
the release medium (Table 3). Such fast initial release may be, on one hand, undesirable, or, on the
other hand, advantageous for quickly achieving certain therapeutic efficiency®®. As far as cellulose
does not dissolve or erode, the main parameter controlling the release is material porosity (or
density). Among the samples shown in Figure 6, the release from porous cellulose xerogels (3EX
and 5EX) is more sustained due to lower porosity, as reported in the literature for other drug
delivery devices>**>.

The cumulative release of theophylline from slowly swelling cellulose materials of low porosity,
below 50%, is presented in Figure 7a as a function of time for the samples of the same thickness.

All samples show a fast release of the 50% of the drug, as in the cases of highly porous materials
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(Figure 6). The difference in release kinetics between samples of similar porosity, SHX and SEHX,
may be explained by different surface to volume ratio (Figure S6), but, overall, higher material
porosity, faster release, as expected. The most sustained release was from non-porous samples
(xerogels obtained from cellulose hydrogel dried from water by evaporation) with total duration
around 24 h. In all cases studied, no correlation was found between the material's specific surface
area and the release kinetics; porosity is the dominating factor in the absence of strong interactions

between the drug and the carrier.
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Figure 7. Comparison of release kinetics from samples of the same thickness: SHX, SEHX and
3HEX (2/=2.6; 2.7 mm) (A), and SHEX and 3EX (2/ = 3.3 mm) (B). Error bars are not shown

here to avoid figures’ overloading; the examples with errors are shown in Figure S8.

A comparison of the release kinetics from xerogels of the same thickness, both dried from
ethanol, fast-shrinking highly-porous xerogel (3EX) and slow-swelling xerogel (first coagulation

fluid water, SHEX), is shown in Figure 7B. As expected, the fastest release is from highly porous
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xerogel, within 5 h, vs 10 h for SHEX. This result confirms the strong influence of material
porosity.

The release kinetics from non-dissolving and non-eroding devices should be primarily governed
by drug diffusion. As demonstrated above, depending on the processing pathway, a material
obtained can be with open porosity or pores may close during drying. In the former case
theophylline is deposited on pore walls, and in the latter theophylline is trapped inside. In this
context, two diffusion mechanisms should be considered: the diffusion of theophylline through
aqueous medium-filled pores and channels, and its diffusion through cellulose pore walls. In the
latter case cellulose swelling should be considered allowing diffusion of theophylline through pore
walls to reach the release medium-filled pores. The kinetics of drug release and sample volume
evolution for each low-porosity xerogel is presented in Figure S9. It shows direct correlation

between sample swelling and drug release kinetics.

CONCLUSIONS

Cellulose materials of various porosity and specific surface area were prepared from
cellulose/8%NaOH/water solutions without any additive or crosslinker, by varying processing
conditions: the type and order of non-solvent (water, ethanol) and drying technique, either drying
with supercritical CO» (aerogels) or by evaporation under low vacuum (xerogels). When water was
the first coagulation bath, aerogels were with twice higher specific surface area (350 - 400 m*/g)
compared to their counterparts obtained when the first coagulation bath was ethanol (180 — 210
m?/g). When evaporation of ethanol was performed in low vacuum, aerogel-like xerogels were
obtained if the first coagulation bath was ethanol (density 0.19 — 0.26 g/cm? and surface area 260
- 220 m?/g) while if the first coagulation bath was water, material density was 0.8 — 0.85 g/cm® and

surface area around 100 — 130 m?/g.
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The properties of the evaporating fluid do not explain all the differences in cellulose
transformations during drying. When coagulated in ethanol, thicker fibrils (or pore walls) are
formed, resulting in aerogels with lower surface area, but the network was resistant to capillary
pressure during evaporative drying. The latter results in xerogels with aerogel-like properties. On
the opposite, when cellulose is coagulated in water, the network of fine morphology results in
aerogels with high surface area. However, this fine network cannot withstand the capillary pressure
during evaporative drying, leading to structure collapse.

Cellulose hydrogels and alcogels were loaded with theophylline by diffusion. When the loading
of theophylline was performed from ethanol solution into alcogel, adsorption of theophylline by
cellulose was recorded. This suggests that surface chemistry plays a crucial role in the adsorption
of theophylline on cellulose pore walls. All theophylline was, nevertheless, released from all
aerogels and xerogels indicating no chemical bonding of the drug to cellulose. Drug release kinetics
from the resulting dried materials in simulated gastrointestinal environment was evaluated.

The extensive number of variables makes the fine analysis of drug release kinetics a challenging
task. In this study, the release kinetics was primarily driven by material porosity. Starting from the
same initial cellulose/8% NaOH/water solution, theophylline release kinetics was significantly
varied (total release from 5 to 20 hours) only by altering processing conditions. The processing of
cellulose into aerogels and xerogels offers a broad range of possibilities for tuning porosity, surface

properties, pore size, loading capacity and release kinetics.

SUPPORTING INFORMATION:
Figures: S1 (Determination of intrinsic viscosity of microcrystalline cellulose in 0.5 M
cupraethylenediamine); S2 (Calibration dependence for the determination of molar extinction

coefficient of theophylline by spectrophotometry); S3 (Morphology of cellulose materials made from
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3%cellulose/8%NaOH/water solutions; the scale is the same for all images); S4 (XRD pattern of
theophylline (2 allomorphs are present: theophylline monohydrate and anhydrous theophylline)
and of dry cellulose samples containing theophylline); S5 (Dissolution kinetics of neat theophylline
(green triangles) and release kinetics of theophylline from 3HA into simulated intestinal fluid (SIF)
alone and into simulated gastric fluid (SGF) alone); S6 (Sample external surface to volume ratio (A)
and aspect ratio (B)); S7 (Example of theophylline release kinetics from 3EA aerogel); S8 (Reproduction
of Figure 7 with error bars) and S9 (Correlation between kinetics of theophylline release and cellulose

sample swelling for low-porosity xerogels).
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Figure S8

Determination of intrinsic viscosity of microcrystalline cellulose in 0.5 M cupryethylenediamine
(Mred 1s reduced viscosity and C cellulose concentration)

The viscosity average degree of polymerization (ﬁ,) was determined using Mark-Houwink-Sakurada

equation:

[n] = KB?

where [n] is intrinsic viscosity, K and @ are empirical constants equal to 0.806 and 1.26, respectively.

Intrinsic viscosity was found to be 118.13 g/mL and E] 280.
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Figure S2

Calibration dependence for the determination of molar extinction coefficient of theophylline by
spectrophotometry

Figure S3

Morphology of cellulose materials made from 3%cellulose/8%NaOH/water solutions; the scale is the
same for all images
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XRD pattern of theophylline (2 allomorphs are present: theophylline monohydrate and anhydrous
theophylline) and of dry cellulose samples containing theophylline.
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Figure SS5.

Dissolution kinetics of neat theophylline (green triangles) and release kinetics of theophylline
from 3HA into simulated intestinal fluid (SIF) alone and into simulated gastric fluid (SGF) alone

39



g 0.3 4
=]
2
]
0
0
o
< 0.25
0.2
I I I I o
I o o e g|g & g
S £ I W oW | W ow
u I o o]
ON O IN IN
T i
Xerogel Gel Aerogel Xerogel
Figure S6
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Example of theophylline release kinetics from 3EA aerogel.
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Figure S9

Correlation between kinetics of theophylline release and cellulose sample swelling for low-porosity
xerogels. Obtained by letting the dry material in sink conditions in SGF for one hour and in SIF for 24 h,
regularly measuring volume using caliper, the results shown here are average from two different
measurements.
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