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ABSTRACT

DEVELOPMENT OF CELLULOSE AEROGELS AND COMPOSITES
FOR MEDICAL TEXTILES

Umaima Saleem Memon
Doctor of Philosophy in Chemical and Biological Engineering
January 2021

Aerogels are a peculiar category of nanomaterials that own some fascinating properties
like porous structure, low thermal conductivity, high specific area and, low density. From
years, aerogels are being widely been explored in wound dressing applications and
currently, aerogels are considered the most propitious material for numerous biomedical
applications. It is intriguing that cellulose based aerogels own nanosized structure,
biodegradability, sustainability, renewability, and biocompatibility and also have
fascinating properties such as low density, high specific surface area and high porosity.
These qualitative characteristics enable cellulose aerogel based dressings to be utilized in
many wound dressing applications. In this study, pure aerogels were developed using the
sol-gel and freeze-thaw method. Moreover, novel cellulose aerogel based drug delivery
systems and nonwoven fibrous based composites were synthesized. These cellulose-
based aerogels and composites are remarkable materials and can be chosen for innovative
medical textile applications. Addition of the drug in any of the steps before gelation is
one of the previous methods used to load drugs into cellulose aerogels, but this technique
has some disadvantages like low solubility of drugs in supercritical carbondioxide
(scCO2) and possible reactions of pharmaceutical agents with other reactants in gel
formation. An alternative technique to load drugs is by contacting it with the drug solution
after gelation and allow the drug to diffuse into the pores of gel. ScCO> drying method is
used in this study and it has an advanatge of not only removing the solvent from the gel
pores but also causes the drug precipitation into the aerogel pores. Paracetamol was used
as a model drug loaded in to cellulose aerogel matrix using the same technique.

Another promising method to load drugs in to the aerogel matrix is by supercritical
deposition. Supercritical carbondioxide is one of the widely used corresponding fluid,

because of having low critical pressure and temperature. ScCO: is thought to be inert,



non-flammable and can be a good solvent for dissolving pharmaceutical compounds.
ScCO2 medium is an appropriate replacement for water-insoluble drugs and is applicable
to compounds with higher solubility in scCOa. For instance, camphor was used as a model
drug because of its high solubility and is incorporated in to cellulose aerogel matrix using
supercritical deposition method. The process starts with the solubilization of drug in
scCO», and is exposed to cellulose aerogel followed by depressurization and removal of
scCOz. Thus, the scCO: leaves the cellulose aerogel matrix with camphor inside.

The SEM and IR results indicated the presence of paracetamol and camphor in the
aerogel. The paracetamol release from loaded cellulose aerogels in PBS solution was
investigated, displaying the possible use of these materials to act as drug delivery carriers.
The investigation also yielded results that show that these materials can be suitable in
being able to achieve a retarded release profile up to 13 hours. ScCO2 deposition
technique produced camphor loaded cellulose aerogels with high loadings up to 50%,
making them suitable drug carrier material in wound dressings.

Composite materials of cellulose aerogel with polyester and cotton nonwoven
were also synthesized using the sol-gel method. Polyester and cotton nonwovens were
soaked in the cellulose gel solution and kept at 50°C for 2 hours, causing the formation
of cellulose gel inside the nonwoven sheets. After the solvent exchange process, the gels
were then subjected to scCO- drying to attain cellulose aerogel nonwoven composites.
SEM and IR results indicated the presence of cellulose aerogel inside the cotton
nonwoven sheet. A wound exudate absorbency test was also carried out for cellulose
aerogel cotton nonwoven composites to determine their performance as a wound dressing
material. The cellulose aerogel cotton nonwoven exhibited high wound exudate
absorbencies as compared to pure cotton nonwoven. The resulting composite material has
high porosity, with an average pore diameter of 25nm. Furthermore, silver was loaded to
these cellulose aerogel cotton nonwoven composites by soaking it in 0.01M solution of

silver nitrate after solvent exchange to achieve antimicrobial properties.



OZET

Aerojeller gozenekli yapilari, yiiksek yiizey alanlari, diisiik 6zkiitleleri ve diisiik 1s1iletim
katsayilar1 gibi kendine has 6zellikleri olan ayr1 bir nanomalzeme tiiriidiir. Uzun yillardir,
aerojellerin yara pansuman malzemesi olarak kullanimindaki rolii genis¢e incelenmistir
ve giiniimiizde aerojeller bir ¢ok sayida biyomedikal uygulama igin en ¢ok umut vaad
eden malzemeler olarak degerlendirilmektedir. Seliiloz bazli aerojellerin nano yapida
olmasi, biyog¢oziintirliikleri, siirdiiriilebilirlekleri, yenilenebilirlikleri, biyouyumluluklari,
ve ayrica yiksek spesifik ylizey alani, diisiik Ozkiitle ve yiiksek gozeneklilik gibi
etkileyici Ozellikleri olmasi merak uyandiricidir. Bu nitelikli karaktersitik ozellikler
seliiloz aerojel bazli sargilar1 cesitli yara pansuman malzeme uygulamalarinda
kullanimini saglar. Bu ¢alismada seliiloz aerojeller sol-jel ve donma-¢ézme yontemleriyle
sentezlenmistir. Sonrasinda, ila¢ salinim sistemleri ve dokumasiz elyaf kompozit tabanli
yenilik¢i seliiloz aerojeller ilk defa sentezlenmistir. Seliiloz bazli aerojeller ve
kompozitleri ¢ok yenilik¢i medikal tekstil uygulamalarinda kullanim i¢in oldukga
yenilik¢i ve elverislilerdir. Ilaglarin jellesme 6ncesi herhangi bir basamakta eklenmesi
ilaglar seliiloz aerojellere yiiklemek i¢in daha 6nceden uygulanan yontemlerden birisidir,
fakat bu yontemin ilaglarin siiperkritik karbondioksitte (scCO2) diisiik ¢oziinlirligl ve
farmasdotik ajanlarin jel olusturan diger reaktantlar ile tepkimeye girmesi gibi gesitli
dezavantajlart vardir. Ilag yiiklemede alternatif bir yontem, jellesmeden sonra ilag
soliisyonu ile ilaglar1 etkilesime gecirip ilaglarin jelin gozeneklerinin igine diflize
olmasini saglamaktir. Bu ilag yiiklenmis jeller scCO2’ya maruz kaldig1 zaman, bu yontem
hem ¢oziicliyii gozeneklerden atar hem de ilaglarin gozeneklerin i¢gine ¢okmesini saglar.
Parasetamol seliiloz aerojel matriksine yiiklenmis model ila¢ olarak kullanilmaistir.
llaglar1 aerojel matriksine yiiklemek igin bir diger umut vaat eden yontem
stiperkritik deposizyondur. Superkritik karbondioksit diisiik kritik basinci ve sicakligi
sebebiyle en yaygin kullanilan akigkanlardan biridir. ScCO2 reaksiyona girmeyen, yanici
olmayan ve farmasétik malzemeler icin iyi bir ¢6ziicu olarak bilinir. ScCO, suda
¢coziinmeyen ilaglar i¢in uygun bir alternatiftir ve scCOz’da yiiksek ¢oziiniirliigii olan
maddeler icin kullanilabilir. Ornek olarak, kamfor model bir ila¢ olarak yiiksek
¢cOziinlirliigli saysesinde bu yontemle seliiloz aerojel matriksine yiiklenmistir. Yontem
ilacin scCOz’da ¢oziinmesi ile baglar ve seliiloz aerojele maruz kalmasi sonrasi basing
azaltma ve scCO2’in atilmasi ile devam eder. Boylece scCOz selliloz aerojelden iceride

kamforu birakarak ayrilir. SEM ve IR sonuglari aerojel i¢cinde parasetamol ve kamfor
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varligim gdstermektedir. Ilag saliimi uyglamalarinda potansiyel malzemeler oldugunu
gostermek iizere PBS soliisyonunda ilag yiiklenmis seliiloz aerojellerden parasetamol
¢ikist incelenmistir. Incelemeler bu malzemelerin 13 saate kadar geciktirilmis salinimi
elde ederek uygunlugunu agiga ¢ikartmistir. ScCO2 deposizyon teknigi ile, kamforun
seliiloz aerojellere %50’ye kadar yiiksek oranda yiiklemesi elde edilmistir ve bu sayede
bu malzemeler yara pansuman uygulamalarinda ilag tagima i¢in uygun hale gelmistir.
Ayrica seliilloz aerojellerin  polyester ve pamuk dokumasiz kumasglarla
kompozitleri sol-jel yontemi ile hazirlanmigtir. Polyester ve pamuk dokumasiz kumaglar
seliiloz aerojel soliisyonuna batirilmig ve 50°C’de 2 saat boyunca tutulmustur, boylece
seliiloz aerojelerin dokumasiz kumas igerisinde olusumu saglanmistir. Etanol ile ¢oziicii
degisimi sonrasi, seliiloz aerojel ve dokumasiz kumas kompozitleri olusumu icin jeller
scCO,’ye maruz birakilmistir. SEM ve IR sonuglar1 dokumasiz kumas kagitlart iginde
seliiloz aerojel varligin1 gostermistir. Bir yara sizmasi emilme testi, aerojel ve pamuklu
dokumasiz kumas kompozitlerinin yara pansuman malzemesi olarak performansini
belirlemek i¢in yapilmigtir. Yalin pamuklu kumasa gore seliiloz aerojel kompozit
malzemeleri yiiksek yara sizmasi emme performansi gostermistir. Elde edilen kompozit
malzeme yuksek gozenekli yapidadir ve ortalama gozenek g¢apt 25 nm’dir. Ayrica,
malzemeye antimikrobiyal ozellik katmak igin giimiis, seliiloz aerojel - pamuklu
dokumasiz kumas kompozitlerinin ¢oziicii degisimi sonrast 0.01 M glimiis nitrat

sollisyonuna batirilmasi sonucu, yiiklenmistir.
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Chapter 1

INTRODUCTION

1.1 Wounds Dressings

Skin is the largest human organ that act as a protective barrier against external
aggressions. Any physical, chemical or thermal damage in the skin epithelial lining
continuity is defined as wound. In case of an injury/wound skin has the ability to self-
regenerate which generally is slow pace unless a specific environment with the help of
an external support is provided. Thus, it still needs external support to augment the wound
healing [1]. To this end, wound dressings are a commonly used external support used to
generate an ideal environment to hasten the healing process in an optimum way. They
are an integral part and an important sector of pharmaceutical and medical wound care
market worldwide [2]. They are developed from a variety of natural and synthetic
materials. An ideal wound dressing material should have sufficient mechanical stability,
wound healing mediators according to wound requirement, engineered structure, absorb
wound exudate, porosity, allow moist environment, adequate breathability, comfort,
prevent contamination and cost effective [3]. Generally, wounds can be categorized as
Penetrating wounds (Stab, Skin cuts, surgical, and gunshot), Non-penetrating (Abrasions,
contusions, and skin tear), and Miscellaneous wounds (electrical, thermal, chemical, and
bites and stings).

Traditionally wound dressings have been developed having origins from plant

herbs, honey and animal fat, spider web and others [2]. Such dressings are non-occlusive
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Chapter 1: Introduction 13

as they dry out faster and then adhere to the wounded area, causing bleeding and pain to
the patient [42]. In 1980, moist wound healing process were introduced that took a new
direction in medical [5]. The choice of wound care material is very complicated and must
be specific considering the wound, patient and their multiple needs [6]. Similarly, the
concept of moisture assisted wound healing has been introduced for the last three
decades. However, even today it is not used in common practice [7]. These dressings play
a significant part in; creating moist environment at the wound site, soothing of nerve
endings, eliminating or minimizing pain, with less scarring and natural healing of the
wound [8, 9].

The modern wound healing dressings started in the beginning of 20" century.
Currently more than 5000 wound care products are available. Most modern dressings
include materials with higher absorbent power, for example Cellulose. A plethora of
products was followed keeping in view the concept of moist dressings which include

hydrocolloids [10-13], foams [14-22], aerogels [23, 24] and hydrogels [25-30].

1.2 Cellulose based Aerogels for wound dressing

Natural polymers have attracted tremendous attraction because of their remarkable
properties and having unique structures specially in the biomedical area. Such materials
have good mechanical properties, biocompatibility, biodegradability and non-toxicity.

Aerogels are the promising materials for the wound dressing products [31, 32]. It
is very light in weight composed of 3-dimensional structured polymeric material. The
aerogel porous structure makes it the perfect material for wound healing matric [33].
Aerogels have high absorbing power, that can readily absorb external fluid at a very high
rate [34] and displays remarkable characteristics due to its porous structure [35].

Biopolymer is one of the suitable materials for manufacturing aerogels because

13
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of its biocompatibility, biodegradability, renewable source, abundance and low toxicity,
keeping in account the requirements of wound dresser [36-39]. Various natural
biopolymers based on plants and animals have been used to prepare aerogels including
cellulose, chitosan, collagen, alginate etc.

One of the most abundant products are Cellulose based materials that have high
potential. These materials have quite a good scope to be used in biomedical and
biotechnology applications [40]. Cellulose is one of the main biopolymer having
fascinating properties like biocompatibility, sustainability and biodegradability and is
thought as alternative to petroleum based polymers to run in to outstanding market [41].
Being entirely compostable and biocompatible, cellulose derivatives (cellulose hydrogels
and aerogels, cellulose fibers, cellulose based films, and cellulose composites) hold
excessive properties when compared to synthesized polymers [42]. It is one of the
important natural polymers available and a vital sustainable raw material source of
renewable materials prepared on an industrial scale nowadays [43-48].

Cellulose aerogels pose great potential in biomedical regenerative medicine field,
as they contain properties like their inorganic counterparts along with characteristics of
regrowing biopolymer and additional advantages. It is intriguing that cellulose based
materials owns nanosized structure, biodegradability, sustainability, renewability, and
biocompatibility, but also comprise remarkable properties like high specific area, low
density and an upsurge in porosity. These characteristics enable cellulose aerogel

dressings to be utilized in many wound dressing applications.

1.3 Preparation Methods for developing Cellulose Aerogels

1.3.1 Source Materials for developing cellulose aerogels

Cellulose can be categorized based on its source including the plant, different parts of

14



Chapter 1: Introduction 15

plants and plant waste. Cellulose aerogels can be classified on the basis on the raw
materials as natural cellulose (bacterial cellulose and nanocellulose), renewed or
regenerated cellulose and cellulose derivative aerogels.

Natural Cellulose recognized as (cotton) is a pure wound dressing material but it
is rarely used because of presence of impurities like wax, lignin, hemicellulose, and
pectin and due to high production cost. Viscose fibers are form of cellulosic fibers used
as woven or nonwoven textiles and commonly used as base materials for wound
dressings. Natural Cellulose is further categorized as BC and nano cellulose. BC is
produced via static (bacterial) cultures and contains .. structure and natural 3D network
gel [49]. Nanocellulose is further categorized in to two types on the basis of separation
methods: (i) cellulose nanocrystals (CNC) (cellulose whiskers), and (ii) cellulose
nanofibers (CNF), typically recognized as micro fibrillated cellulose (MFC) or also
known as nanofibrillar cellulose (NFC). Similarly, in Klemm’s review a comprehensive
detail about different nanocellulose types can be obtained [50].

In general, cellulose chemical processing is a complex procedure because
cellulose is insoluble in usual solvents and is not meltable, due complex hydrogen bonds
and intermolecular network [51]. The production method of regenerated cellulose is
originated from viscose fibers which is a 100-year-old technology. Table 13.1. presents

a summary of source materials for preparing cellulose aerogels

Table 1.3.1 Precursor for some cellulosic aerogels based on natural and regenerated cellulosic materials

Source Application Properties Reference

Renewable corn straw | Spillage oil capture Low cost, ultra-light [52]
absorbent

Lupin hull Tissue engineering Highly porous (96.6 to | [53]

scaffolds and food 99.4%), light weight
packaging that are (0.009 to 0.05 g/cm?),

environmental high crystallinity and
friendly thermal stability.
Nano fibrillated Super absorbents Water and oil [54]

15
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cellulose from wood
or agricultural

absorption capacity

mg cm3) and porous
(99.5 to 99.9%)

byproducts (bagasse)

Wood Templates for green, | Ultralight and highly [55]
functional flexible aerogels
nanocomposites and
tissue engineering
scaffold synthesis

Wheat straw Thermal insulation Improved textural [56]

properties. Surface area
(120m?gY), bulk
density (0.15 gcm)
and thermal
conductivity

(50 mWm1K?)

Potato tubers Environmental Improved mechanical [57]
friendly filler properties and water

absorption properties

Cannabis Microcrystalline Improved chemical and | [58]
cellulose prepared physical properties
with improved
properties

Paper waste Oil absorption Super hydrophobic [59]

property over 5 months.
Oil absorption
approximately 40 to 90
times of its original
weight

Cotton Pharmaceutical and Highly porous and [60]
biomedical ultra-light weight

Pine needles Thermoplastic Ultrafine, highly [62]
composites flexible and

hydrophobic

Jute fibers Pharmaceutical, Diameter from 3-20nm, | [62]
catalyst, tissue controllably
engineering scaffolds, | hierarchical 3D porous
liquid filtration and structure
bio-nanocomposites

Rice straw Super absorbents Ultra-light (1.7 to 8.1 [63]

Cellulose derivative aerogels or functionalized cellulose aerogels are prepared by change

16



Chapter 1: Introduction 17

in chemical and physical properties of normal cellulose. Some cellulose derivative
aerogels like hydroxypropyl methylcellulose (HPMC) and CMC are soluble in water.
Table 1.3.2 comprises a detailed summary of modification of some cellulosic materials
for achieving enhanced properties. Currently, the cellulose derivative aerogel’s most
commonly produced types are nanocellulose aerogels oxidized with 2,2,6,6-
tetramethylpiperidine-1-oxyl radicals (TEMPO) and aerogel functionalized surface
cross-linked

particularly including maleic acid-grafted CNF (CNF-MA) [91],

carboxymethyl chitosan (CMCT), and bifunctional (aldehyde and carboxyl)

nanocellulose (BMCC) [64].

Table 1.3.2. Overview of the functionalization/treatment of some cellulosic materials for wound dressing

application

Material Properties Functionalization/Treatment | Reference
Viscose Rayon Increased Crosslinking co- [65]
absorption polymerization
Polyaniline coated Induced Doping/Dedoping [66]
conductive cotton wettability
textile
Cellulose acetate (CA) | Enhanced Deposition [67]
hemostasis
Cellulosic fibers Alkaline Chemical treatment [68-70]
treatment or
bleaching
Polysaccharide Controlling Biologically encapsulated [71, 72]
bacterial and active polymers or silver
fungal growth | (Ag) nanoparticles
Oxidized regenerated Accelerate Addition of antimicrobial [73]
cellulose/collagen wound repair compounds
Nonwoven fabrics Increased Chitosan modification [74]
antibacterial
efficacy
Chitosan/Polyethylene | Enhanced Chemical reduction of Ag [75]
oxide inactivation of | ions
bacteria
Chitin scaffold Bactericidal Composite with nano Ag [76]
and good blood
clotting ability

17



Chapter 1: Introduction

18

Chitosan whiskers in
alginate fibers

Increased
antibacterial
activity

Wet-spun

[77]

Chitosan and cellulose
blends

Reduced water
vapor
transpiration
rate, effective
antimicrobial
capability

Blending

[78]

CA

Wound healing,
antimicrobial,
anti-
inflammatory,
antitumor and
antioxidant

Binding
hydroxynaphthoquinones
on polymer surface

[79]

Cotton gauze

Bacterial
barrier
dressing,
protect against
wound
infections

Chemical modification of
the polymer (cationic
polymeric biocide)
polydiallyldimethylammonium
chloride

[80]

Viscose fabrics

Improve
adsorption of
chitosan
yielding
increased
antimicrobial
activity

Oxygen plasma treatment

[81]

CA

Bacterial cell
destruction

Amino functionalized
surface

[82]

Natural cellulose

Multi drug
resistant wound
pathogen
termination

Copper (Cu) based
nanostructured coatings

[83]

1.3.2 Synthesis Pathways of Cellulosic Aerogels

The synthesis of Cellulose aerogels involves three steps (i) first step includes dissolution

or dispersion cellulose derivatives or cellulose itself (ii) second step involves gel

formation via sol-gel or freeze thaw (FT) method and (iii) and third one is about drying

gels retaining the 3D porous structure.
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1.3.2.1 Sol-Gel Process

This conventional method known as wet chemical synthesis approach is most frequently
used for preparation of aerogels of almost all different kinds including hybrid, organic
and inorganic aerogels. The main steps of precursor mixing, hydrolysis,
polycondensation, gelation, solvent exchange or ageing and drying are chiefly involved
in this whole process. The aerogels produced by mechanism of sol-gel possess a monolith
structure, while it can be produced with specific shapes depending upon the required
application. The processing steps that involve cellulose aerogels fabrication is replica that
of silica aerogel. These steps are as follows: (i) a hydrogel created from an aqueous sol
(i) the water in the hydrogel network is exchanged with an alcohol or acetone and (iii)
drying of wet gel.

Usually, cellulose dissolution is a complex process to be achieved and number of
available solvents for dissolution process are usually limited. In (Figure 1.3.1) schematic
representation of cellulose dissolution via using NaOH is demonstrated. The cellulose

nature with different source defines the solvent and gelling methods.

OH
& HO
o) \0/ NaOH
& =
LO —P OH+NaOH —J O™Na + H,0

Figure 1.3.1. Schematic representation of cellulose reaction with NaOH

1.3.2.2 Freeze Thaw Method

This method has some advantages over other drying methods like being quite
experimentally simple and no requirement of any extra chemical crosslinking agents. FT
mechanism involves a phase separation mechanism which occurs upon freezing of
solution and in this process the polymer is rejected as the ice crystals grow, and can be

refined upon repeated cycling step. The gel structure is reinforced by physical crosslinks
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(hydrogen bonds and crystalline polymeric regions).

1.3.3 Drying methods
‘Acrogel’ is prepared when the solvent in the gel is replaced by air. There are generally
three ways to dry the cellulose hydrogels. (Figure 1.3.2) represents the schematic

representation of preparations methods of cellulose aerogels using different synthesis

techniques and drying methods.

O\~ o e
o -

\/ Aerogel

._—W ' : ‘fﬁ-— 2 \_ " Freeze {1:1'.-___;___:_;'-:3
} Drying
A S -
- —* | Sol-Gel/ Freeze- Thaw | ——» | — = —* |&%

. - g -y ﬁ_;-__:-,.r r

Precursor Mixing Hydrogel Alcogel Cryogel
%\:W"'———""

% 3
b 1
6-9 |
Xerogel

Figure 1.3.2. Schematic representation of cellulose aerogels synthesis pathways

For simplicity they are termed as aerogels, cryogels and xerogels obtained from

supercritical CO2 (ScCO2) drying, ambient pressure or vacuum drying, and freeze drying

-

Cryogel Cryogel
(unidirectional freezing)  (freeze-dryer) Xerogel

respectively as shown in (Figure 1.3.3).

(I

Aquagel Aerogel

Figure 1.3.3. Examples of cellulose gels after drying with different methods (Reprinted with permission
from Springer Nature, Copyright 2020.) [84]

Removing unwanted solvent and preserving porosity of the material at the same
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time are the utmost requirements in drying of most aerogels. In that case ScCO2drying is
the most suitable as it extracts the unwanted solvent from the alcogels as well as retain
the porous structure of the resulting aerogel. CO: has a suitable critical point (304K,
7.4MPa) (31.1°C, 1071psi) having additional advantages of being non-toxic,
nonflammable, environmental friendly and leaving no residue in the matrix, it is the most
commonly fluid used for ScCO. drying of cellulose aerogel. The cellulose aerogel
produced by this drying method has density in the range of (10-60 kg/m?) and yielding
surface area of (200-310 m?/g) [85]. The materials used to prepare cellulose aerogels
using ScCOz drying method are summarized in Table 1.3.3.

Freeze drying method is also a commonly used process to obtain dry gels termed
as cryogels, while keeping the gel structure intact. This drying method yields cellulose
cryogels with sheet like network having large and interconnected pores of several
micrometers in diameter. The cryogels produced by this method yields surface area of
160 m?/g. This drying procedure forms large channels and pores from several microns to
tens of microns [86-88]. Freeze drying process involves sublimation of solid from the
pores of a wet precursor and is likely to preserve the cellulose wet gel’s porosity. There
are many studies on producing cellulose aerogels using the freeze dry method. Precursor
materials for developing cellulose aerogels using freeze drying method are summarized
in Table 1.3.3.

Ambient drying is a process that evolves drying at optimum pressure and room.
This method is useful in case of materials or composites that cannot survive supercritical
conditions. In this drying method cellulose hydrogels or alcogels are vacuum dried at
room temperature in a standard oven for 48 h producing cellulose xerogels. This process
gradually progresses and strong capillary pressure on gel’s pore wall. In case of cellulose,

it happens because of the surface tension of water as cellulose is hydrophilic in nature.
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Additionally, along with capillary stresses, densification also occurs because of the
hydrogen bonds formed between hydroxyl groups that are present in cellulose chain.
Consequently, a drawback of high-volume shrinkage in xerogels takes place. It is mainly
dependent on the cellulose concentration, as the content of cellulose increases it will have
a stronger network so that the pore walls will resist the capillary stress better. Cellulose
xerogels are relatively dense to aerogels and cryogels and also their porosity is
approximate to zero due to strong contraction of pores during drying. As a consequence,
this drying technique cannot be used to prepare porous non-modified cellulose materials.
Table 1.3.3. summarizes the current studies on cellulose gels dried with vacuum drying

method.

Table 1.3.3. Current studies related to cellulose aerogels, cryogels and xerogels and different drying
methods used.

Materials Drying method Reference
Wood pulp ScCO, [89, 90]
MCC/lignin ScCOz [91]

MCC ScCO: [92, 93]
Cotton linter ScCO, [94]
Cellulose powder ScCO; [95]
Paper pulp ScCO; [96, 97]
Wood ScCO; [98-100]
Cellulose ScCO2 [101]
Cellulose SiO» ScCOz [102-104]
cellulose: lignin/xylan ScCO, [105]
cellulose  triacetate  aerogels | ScCO2 [106]
(TAC)

cellulose acetate (CA) ScCOz [107, 108]
Cellulose whiskers/clay/PVA Freeze drying [109]
CNC Freeze drying [110, 111]
NCF Freeze drying [112, 113-116]
NCF/kymene Freeze drying [117]
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BC/graphene oxide (GO) Freeze drying [118]
TEMPO based Freeze drying [119, 120, 121,

122, 123]
HPMC Freeze drying [124]
BCl/silica Freeze drying [125]
BC Freeze drying [126]
waste newspaper Freeze drying [127, 128]
CMC Freeze drying [129]
CMC/CNF Freeze drying [130]
recycled cellulose Freeze drying [131, 132]
MCC Freeze drying [133,134]
cotton linter Freeze drying [135-136]
cellulose powder Freeze drying [137]
cellulose powder/GO Freeze drying [138]
CNF membranes Ambient or Vacuum [139]
CNF aerogel with inclusion of Ambient or Vacuum [140]
functional polymers
Cellulose bio composites aerogels | Ambient or Vacuum [141]
Cellulose aerogel obtained from | Ambient or Vacuum [142]
alkali hydroxide-urea solution
Ice templated CNF aerogels Ambient or Vacuum [143]
Chemically crosslinked cellulose | Ambient or Vacuum [144]
aerogels
CNF aerogel microspheres Ambient or Vacuum [145]
cellulose-SiO2 composite Ambient or Vacuum [146]

1.4 Cellulose Aerogel based composites for drug delivery and wound dressing

Superior sorption capability, decent infection control, ease of application and minimal
side effects are the key demands for developing efficient wound healing dressings.
Currently, numerous wound healing dressings are available to treat wounds but either

they are ineffective or get easily contaminated. However, Cellulose based aerogels being
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natural materials possess significant antibacterial properties which makes them a perfect
material for wound dressing applications.

It is vital, that an ideal wound dressing should possess rapid healing and excellent
antimicrobial properties [147]. Fortunately, Cellulose aerogel possess all these
characteristics and can be safely incorporated with active compounds (drugs).

Another approach for the betterment of drug delivery system is to use a solvent
that has little or no affinity for the solute. And this solute will later form a partially
miscible solution with the solvent. This technique is known as Gas antisolvent (GAS),
where ScCO- performs as an antisolvent typically reduces the solvent power of solvent,
existing in the alcogel pores. In the pores of alcogel, the drug will start to precipitate when
CO- dissolution in the solvent takes place. This process is maintained until the removal
of whole solvent from pores. Subsequently the depressurization of the system is done
slowly to attain aerogel with intact structure.

Similarly, supercritical deposition is also an attractive technique for preparing
drug loaded aerogels suitable for pharmaceutical applications. This technique is
applicable to the compounds with higher soluble in scCO,. The process starts with
solubilization of active compound in scCOz2, and then this active compound is exposed to
polymer followed by depressurization and removal of scCO.. Thus, the scCO; leaves the
polymer matrix quickly with the active compound inside. High biocompatibility, aspect
ratio and functionality degree lead to cellulose aerogels antimicrobial application via
using different antimicrobial agents.

Cellulose is a “biodegradable and biocompatible” material. Biocompatibility
property does not allow it to elicit any systemic or local reaction in the wound. That is
why cellulose-based materials are safe. Several studies have supported this finding of

cellulose aerogel. According to one study cellulose hydrophilic properties are responsible
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for blood absorption in hemorrhagic wound treatment induced by gunshot wounds [148].
This study also proposed that cellulose materials are safe to use in hemorrhagic wounds.
Additionally, two other studies also supported this finding that cotton aerogel is safe to

use as a homeostatic agent as it causes no further complication in patients [149, 150].

Exudate control is a crucial thing in both; surgical and acute wound situations [151].
Cellulose aerogel can absorb higher exudate amounts because of their porous structure
and they equally help in preventing infection [152]. Surgical dressings that contain
superabsorbent materials or agents promise higher exudate absorbency. Chemical nature
of the gel phase and preparation methods highly affects the structural properties of the
polysaccharide based aerogels. In this work Microcrytalline cellulose (MCC) was used
to produce porous cellulose aerogels, which were loaded with two model drugs namely
camphor and paracetamol.Both drugs are incorporated in to the cellulose aerogels by
different techniques including GAS and supercritical deposition method. The chemical
structure of these model drugs Camphor and Paracetamol is representated in (Figure

1.4.1).

Camphor is made by bark distillation and camphor tree wood. Nowadays camphor is
usually produced from turpentine oil. Products made from camphor are generally rubbed
on skin (topical) or inhaled. Camphor is applied on skin to relieve the pain and itching.
It has also been used to treat cold sores, osteoarthritus, toenail fungus, insect bites, and
warts. This drug stimulates the nerve endings that actually helps in relieving symptoms
such as itching and pain. It is also very effective for treating the toenails infections due

to fungi.
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Paracetamol (PC), which is also known as acetaminophen is a common medication used
to treat fever and pain. It is side effects free relative to other drugs and lacks significant

antiplatelet and gastric irritants.

CH, CHs OH

I=

CH3

Camphor Paracetamol

Figure 1.4.1. Chemical strcture of Camphor and Paracetamol

1.5 Non-woven textiles for wound dressing

Textiles are one of the necessary materials for survival of human life which provides us
comfort, cover and protection. Protection from infections and other external factors is
vital for wound recovery when it comes to nonwoven based wound dressings.
Nonwovens based dressings are known to provide controllable fluid absorption and on
the same side are free from chemical contaminants. Wound dressings comprises mainly
of an absorbent pad to absorb any fluids (wound exudate) empolyed with nonwoven
materials have been commonly used [153, 154], These dressings can be equipped with
other agents and materials to improve its properties and makes it an ideal wound dressing.
One of the important factor that affects the wound healing process is to provide a moist
environment to the wound site so as to expedite the wound healing process. This moist
environment can be achieved by maintaining moist environment at the wound site using
moisture-vapour-permeable film layers [65, 155-156] or a layer based on gels (hydrogels,

hydrofibers, and perforated films [157]. An absorptive nonwoven material can be used to
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remove the excessive exudate from the wound site and this can be enhanced by adding a
diffusion or wicking layer [158] or by paper. Dressing removal is also one of the crucial
aspects of wound dressing formations. An ideal wound dressing requires ease of
application and removal from the wound site without causing any trauma which can be
achieved by using low-adherent materials [159]. In that case biodegradabale materials
based wound dressings can relatively reduce the trauma that is caused upon removal by
reduction in the need for dressings change.

Fibers are the building materials for textile materials. There are a variety of pure,
synthetic fibers and their blends are widely used to manufacture these textile based
products. To achieve a require output from specific textile material the most important
are its mechanical and physical properties [160]. Textile fibers are converted into a fabric
by applying the knitting or weaving [161]. Fabrics that are directly produced fromm
fibers are known as nonwoven, which is usually manufactured by airlaid, wetlaid and
carding methods and later bonded by chemical, thermal or mechanical bonding (water
jet or needles) to structured nonwoven felts [162].

Although silica aerogels are used for many biomedical applications, but the use
of oragnic aerogels have found to be superior because of their biocompatibility,
nontoxicity, and biodegradability [163], [164], [165]. These aerogels are found to be
excellent materials for wound dressings and drug delivery applications [166]-[167].

The need for the wound care products has been increased over the years. The
commonly available wound dressings are mostly fabricated in the form of composited
which comprises of an outer protective layer to help the wound not get contaminated
because of the external factors like water, chemical or any other impurity. This outer layer
is usually made up of nonwoven felts and they have some really fascinating properties

like being light in weight, being porous, having low density and can easily be fabricated
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using variety of raw materials.Electrospinning is one of the emerging technique to
fabricate these nonwoven webs having diamters ranging from a few nms to several mms
by creating an polymer solution or melt electrically charged jet. The nonwoven webs
produced using this technique has some remarkable properties such as small pores and
high specific surface area which prevents the penetration of bacteria and thus prove to be
good candidates for wound dressing materials. A variety of speciality fibers can be spun
using this technique because of the flexibility of the process and can be easily converted
in to nonwoven fabrics including PET [168].

Polyester is a synthetic polymer which is composed of atleast 85% by weight of
an ester of terephthalic acid (p-HOOC-C6H4COOH) and dihydric alcohol (HOROH)
[169]. Polyehtylene terephthalate is the widely used linear polymer for the manufacturing
of polyester fiber also known as PET. PET based nonwovens have inherently high
resilience, high modulus, and compresssion recovery. Polyester wound dressings consist
of drylaid mechanically and thermally bonded (90% porous), spunbonded or vapour-

permeable meltblown covers.

28



Chapter 2: Materials and Methods 29

Chapter 2

MATERIALS AND METHODS

2.1 Preparation of Camphor loaded MCC aerogel by supercritical deposition

Initially, 6g of MCC was mixed with 30gdistilled water and kept at 5°C for 2 hours to
allow it to swell. In parallel another solution of 7.6g of NaOH dissolved in 56.4g water
was prepared and was cooled at -6°C. These solutions were prepared in a proportion of a
total 100g solution. Then these two solutions were mixed together under continuous
stirring (1000rpm) for 2 hours at -6°C. Afterwards the solution was transferred in to the
molds (the required shape) and heated in an oven at 50°C for 2 hours which causes the
gelation of the MCC. The samples were washed several times with distilled water
carefully and subjected to a series of solvent exchange steps with ethanol-water solution
starting from (10, 30, 50, 70, 90 and 100% ethanol) with a duration of 120 minutes each.

The final step was to dry the cellulose alcogels with scCO; at 40°C and 90 bar
using an scCO> extractor (Applied Separations Speed SFE) and an extraction vessel of
25ml. The cellulose alcogels were added in to the extraction vessel and filled with
ethanol. At first, the excess ethanol inside the extraction vessel was extracted
immediately which was then followed by the ethanol removal from the cellulose alcogel
pores in order to completely dry it for 6-7 hours and obtain cellulose aerogels. It was
made certain that all the ethanol was completely dried and no remains were left inside.
Then the sample loaded vessel was slowly depressurized so as to avoid crack formation

in the final aerogel samples.
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Then these resulting cellulose aerogels were subjected to supercritical depostion
(SCD) in cutom-made high pressure staninless stell vessels (57ml) to load Camphor into
it. SCD method involves the drug (Camphor) dissolution in a supercritical fluid (CO3)
and the exposure of the cellulose aerogels to this solution. Drugs that have good solubility
in supercritical CO> can be used for this method of preparation. A schematic of this
method is illustrated in (Figure 2.1.1). Cellulose aerogels weighing 0.2mg were placed in
SCD vessel with 200mg of Camphor in powder form and separated by a steel mesh in
between. The temperature and pressure of the vessel was increased up to 40°C and
2205.03psi respectively, which lies in the range of camphor solubility in supercritical
CO:s.. These conditions were maintained during 1h, allowing camphor to dissolve and load
into the porous cellulose aerogels. The pressure was slowly depressurized at a rate of
0.7Mpa/min at RT till atmospheric pressure was achieved. These experiments were
repeated and extended up to 27 hours while keeping the initial drug content same. The

resulting aerogels were placed in in sealed containers at RT until characterization.

Aerogel-Drug/ Active

Aerogel Component

Figure. 2.1.1 Camphor loading in cellulose aerogels

2.1.1 Characterization of Camphor loaded MCC aerogel
To investigate the difference in porous structure of pure cellulose aerogel, pure camphor
powder and the resulting camphor loaded cellulose aerogels, the samples were subjected

to SEM analysis using field emission scanning electron microscope (zeiss ultra plus) after
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4-5nm coating of gold.

ATR spectroscopy was done for the synthesized pure cellulose aerogels, pure camphor
and camphor loaded cellulose aerogels using Thermoscientific Nicolet 1S10 to check the
camphor presence in the loaded samples. The samples were cut in to small dimensions

before the measurement as required for the sample size used for IR measurement.

N2 physiosoption (Micromeritics ASAP 2020) was used to analyze the pore properties of
MCC aerogels prepared by sol-gel. Initially, the samples were degassed before
measurement for 24 hours at 353K in order to remove any impurities and ethanol
remained inside the aerogel pores. The degassed samples were measured for exact
weight, analysis was done using the 60 point N2 adosorption/desorption isotherms with a
relative pressure (P/Po) ranging from (107 to 1). Also, the pore size distribution was also

analyzed for these cellulose aerogels using the Barret, Joyner and Halenda (BJH) method.

Camphor loaded cellulose aerogels were also subjected to effect of time on drug loading.
SCD was conducted starting from 1h loading time and extended up to 20 hrs with a
subsequent increase of 1h. A constant mass of drug was used to analyze the effect of time
on loading. The samples loading % was analyzed on the gravimetrical basis. The initial
weight of the cellulose aerogels were measured before and after SCD.

2.2 Preparation of Paracetamol loaded MCC aerogel by Freeze thaw and GAS
method

Many trials have been tried so far to dissolve MCC in acqueous NaOH and the following
procedure is known to be the optimum one among them. Initially, 2.59g NaOH and 1g

MCC is suspended in 26.9ml of distilled water followed by shaking at room temperature
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so as to dissolved NaOH which results in a suspension of MCC in 8.5% NaOH solution.
This suspension is then cooled at -20°C and continued to stay at that temperature until
freezed. This frozen mass is then allowed to thaw at RT and transforms in to a gel like
mass. The resulting gels were transferred to a regenerating bath where water is used as a
coagulation bath liquid. These cellulose hydrogels were then subjected to a solvent
exchange process by contacting it with a series of ethanol-water solutions of ethanol
concentration starting from 10, 30, 50, 70, 90 to 100% ethanol, with a 120 mins duration
each.

The gels were kept in pure ethanol for 72hrs in order to eliminate any impurities or water
left in the alcogel pores. Subsequently, these cellulose alcogels were contacted with a PC-
ethanol solution. In this study we used an initial concentration of 0.5M PC-ethanol
solution. The cellulose alcogels were immersed for 24hrs in this PC-ethanol solution so

as to allow the diffusion of PC in ethanol inside the pores of cellulose alcogel.

2.2.1 Supercritical drying coupled with GAS process

Ethanol from PC loaded cellulose alcogels was removed by scCO> drying. The extraction
process was performed at 40°C and 90 bar using an scCO extractor (Applied Separations
Speed SFE) system equipped with an extracton vessel of 25ml. The PC loaded cellulose
alcogels were added in to the extraction vessel and filled with ethanol. At first, the excess
ethanol inside the extraction vessel was extracted immediately which was then followed
by the ethanol removal from the cellulose alcogel pores in order to completely dry it for
6-7 hours and obtain PC loaded cellulose aerogels. It was made certain that all the ethanol
was completely dried and no remains were left inside. Then the sample loaded vessel was
slowly depressurized so as to avoid crack formation in the final PC loaded cellulose

aerogel samples.
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Figure 2.2.1. Loading drug/Active component during solvent exchange Process

2.2.2 Charcterization of Paracetamol loaded MCC aerogel by GAS method

SEM images were taken to investigate the morphology of pure cellulose aerogels
prepared by freeze-thaw method, pure PC and PC loaded cellulose aerogels using field

emission scnaning electron microscope (zeiss ultra plus) after a gold coating of 2-3nm.

ATR spectroscopy was done for the synthesized pure cellulose aerogels, pure PC and PC
loaded cellulose aerogels using Thermoscientific Nicolet 1IS10 to check the PC presence
in the loaded samples. The samples were cut in to small dimensions before the

measurement as needed for the sample size used for IR measurement.

N2 physiosoption (Micromeritics ASAP 2020) was used to analyze the pore properties of
MCC aerogels prepared by freeze-thaw method. Initially, the samples were degassed
before measurement for 24 hours at 353K in order to remove any impurities and ethanol
remained inside the aerogel pores. The degassed samples were measured for exact
weight, analysis was done using the 60 point N2 adosorption/desorption isotherms with a
relative pressure (P/P,) ranging from (107 to 1). Also, the pore size distribution was also

analyzed for these cellulose aerogels using the Barret, Joyner and Halenda (BJH) method.

The release profile of cellulose aerogels loaded PC in vitro were determined using PBS
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(Poly buffer solution) as the release medium. PC loaded cellulose aerogels were placed
in a beaker on a mesh wire to avoid its contact with the magnetic stirrer bar that may
possibly hit and damage the aerogels. Fresh PBS was filled in the beaker and used as a
release medium for PC. The release experiments of PC loaded cellulose aerogels were
performed under constant stirring at 37°C (Pharmacokinetics). At appropriate intervals
of 5min to 24h, 1.0ml of the PBS solution (release medium) was collected and make up
was done with 1.0ml of fresh PBS so as to keep the initial amount of the release medum
same. The release PC amount was determined by comparing with its calibration curve

using a Shimadzu UV-2550 spectrophotometer.

2.3 Preparation of MCC aerogel composite with Polyester nonwoven
Initially 5.5g of MCC was mixed with 30gdistilled water and kept at 5°C for 2 hours to
allow it to swell. In parallel another solution of 7.6g of NaOH dissolved in 56.9g water
was prepared and was cooled at -6°C. These solutions were prepared in a proportion of a
total 100g solution. Then these two solutions were mixed together under continuous
stirring (1000rpm) for 2 hours at -6°C. Then nonwoven felt (PET) samples were soaked
in the prepared MCC solution and kept for 60 mins in order to allow the diffusion of
MCC solution in the PET nonwoven felt network. Then the soaked samples were
suspended for 30 secs to remove any excess MCC solution and heated in an oven at 50°C
for 2 hours which causes the gelation of the MCC in the PET nonwoven felt network.
The samples were washed several times with distilled water carefully and subjected to a
series of solvent exchange steps with ethanol-water solution starting from (10, 30, 50, 70,
90 and 100% ethanol) with a duration of 120 minutes each.

The final step was to dry these cellulose alcogels inside the PET nonwoven felt
with scCO; at a temperature and pressure of 40°C and 90 bar respectively using an scCO2

extractor (Applied Separations Speed SFE) and an extraction vessel of 25ml. The
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cellulose alcogels were added in to the extraction vessel and filled with ethanol. At first,
the excess ethanol inside the extraction vessel was extracted immediately which was then
followed by the ethanol removal from the pores of alcogel and nonwoven network in
order to completely dry it for 6-7 hours and obtain cellulose aerogel composite PET
nonwoven. It was made certain that all the ethanol was completely dried and no remains
were left inside. Then the sample loaded vessel was slowly depressurized so as to avoid
crack formation in the final aerogel samples.

Monoliths of pure MCC aerogels were also synthesized as a control sample. Pure
MCC solution were transferred to the respective moulds and heated at 50 °C in oven for
2 hours so as to cause gelation. Subsequently, ageing and scCO: drying steps were

performed as for the composite samples.

2.3.1 Characterization of MCC Aerogel Composite with Polyester Nonwoven
The morphology of MCC aerogel composite with PET nonwoven was analyzed by field
emission scanning electron microscope (Zeiss ultra plus). The substrates were coated
with a gold layer of 2-4nm thick. The SEM images were taken at different magnifications
from the cross-section and surface of fibers.

Attenuated Total Reflectance (ATR) spectroscopy was used to analyze the
presence of MCC aerogel presence in the non woven structure using Thermoscientific
Nicolet 1S10. The substrates for measurement were prepared in to small dimensions

before the measurement as needed for the substrate size used for IR measurement.

2.4 Preparation of MCC aerogel Cotton Nonwoven composite

MCC aerogels were prepared following the same method of sol-gel as previously
described. Then a cotton nonwoven prepared via needle punched technigue and having

350 g/m? (areal density) was soaked in the MCC solution for a duration of 30 mins in
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order to cause the diffusion of MCC solution within the nonwoven felt. Then, this MCC
solution loaded cotton nonwoven felt was heated at 50 °C in oven for 2 hours. The heating
process will cause gelation of MCC solution inside the nonwoven felt network. Following
gelation process, the composite was washed several times carefully with distilled water
carefully and forwarded to a series of ethanol-water solutions of rising ethanol
concentration (10, 30, 50, 70, 90 and 100% ethanol) at least for 120 minutes.

The final step was to dry these cellulose alcogels inside the nonwoven felt with
scCO; at a temperature and pressure of 40°C and 90 bar respectively using an scCO;
extractor (Applied Separations Speed SFE) and an extraction vessel of 25ml. The
cellulose alcogels were added in to the extraction vessel and filled with ethanol. At first,
the excess ethanol inside the extraction vessel was extracted immediately which was then
followed by the ethanol removal from the pores of alcogel and nonwoven network in
order to completely dry it for 6-7 hours and obtain cellulose aerogel composite cotton
nonwoven. It was made certain that all the ethanol was completely dried as cotton is a
hydrophilic fiber and no remains should left inside. Then the sample loaded vessel was
slowly depressurized (0.3ml/min) so as to avoid crack formation in the final aerogel
samples.

Monoliths of pure MCC aerogels were also synthesized as a control sample. Pure
MCC solution were transferred to the respective moulds and heated at 50 °C in oven for
2 hours so as to cause gelation. Subsequently, ageing and scCO; drying steps were
performed as for the composite samples.

2.4.1 Silver loaded MCC cellulose aerogel cotton nonwoven composite
In order to make these cellulose aerogel cotton nonwovens antibacterial, they were
equipped with silver. The synthesis process for loading silver in to these composites is

similar until the ageing step as for the cellulose aerogel composite without silver
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incorporation. When the cellulose gel cotton nonwoven composite is in 100% ethanol
solution, a solution of silver nirate (0.01M) was prepared in ethanol and the composite
was immersed in it for 24hrs. Drying of composite with scCO. was done similarly as for
the samples without silver. The schematic of process flow of cellulose aerogel cotton

nonwoven composite loaded with silver is displayed in (Figure 2.4.1).

5.3% MCCin H.o 7.6% MaOH in
agc H.0 at -6°C

Cotton DOnWoven
dipped in solution
) for gomins

Zelation at 50"C for 2 hoors

Cotton nonwoven and
cellulose hydrogel composite

Silver loaded Cotton Cotton nonwoven and
nomwoven and cellulose cellulose aleoeel composite

deogel composie T

Fig 2.4.1. Schematic of Process flow of silver loaded cellulose aerogel-cotton nonwoven composite

2.4.2 Chacterization of MCC Cellulose aerogel Cotton Nonwoven composite

The morphology and porous structure of pure cellulose aerogel, pure nonwoven and their
composite were investigated using field emission scanning electron microscope (Zeis

ultra plus).

Attenuated Total Reflectance (ATR) was also determined for the cellulose aerogel cotton
nonwoven composites using Thermoscientific Nicolet 1S10 to check the cellulose aerogel

creation inside the nonwoven cotton felt.

The MCC aerogel cotton nonwoven composite were also characterized for their capacity

to absorb wound exudate according to standard test methods EN 13726-1:2002. litially
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0.368 g calcium chloride dihydrate and 2.298 g and sodium chloride were dissolved in 1
liter distilled water to form a solution. This solution mimics the human serum or wound
exudate ionic composition. The cellulose aerogel and composite samples were cut in to
dimensions of 5 cm x 5cm and measured their dry weights.

This solution was then heated at a temperature of 37°C. After that the solution was taken
equal to 40 times weight of the analyzing sample and was dispersed on these samples in
separate beakers. These samples were kept at 37 °C for 30 min. Then these samples were
picked from their respective beakers and suspended for 30 sec to drop down excessive
solution.

Then the weight of these samples was recorded and fluid absorbency was calculated by

following expression:

weight of wet sample —weight of dry sample
weight of dry sample

Fluid absorbency (%) = X100
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Chapter 3

RESULTS AND DISCUSSIONS

3.1 Camphor loaded Cellulose aerogel

3.1.1 Appearance and Morphology

Cellulose hydrogel and aerogels are indicated in (Figures 3.1.1a and 3.1.1b) respectively.
The produced cellulose aerogels were solid, brittle and milky white in colour as shown.
There were no cracks observed in the cellulose aerogels monolith after supercritical

drying step. There was no difference in appearance in the Cellulose aerogel after the

Camphor loading.

Figure 3.1.1a. Cellulose Hydrogel Figure 3.1.1b. Cellulose Aerogels

The SEM images of pure cellulose aerogel and Camphor is indicated in (Figures 3.1.2a,
and 3.1.2b) respectively. One can see the porous network of cellulose aerogel which are
interconnected. (Figure 3.1.2c) show that the Camphor is clearly incorporated in these

cellulose aerogels network.
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Figure 3.1.2c. Camphor loaded Cellulose aerogel

3.1.2 IR spectra

The IR spectra of pure cellulose aerogel, pure camphor and camphor loaded cellulose
aerogels are shown in (Figure 3.1.3). The peaks around 1020cm™, 2900cm*and 3300cm"
1 are attribited to C-O (stretching), C-H (stretching) and O-H respectively. The peak at
1750cm™ is the characteristic peak attributed to C=0 stretch in Camphor. As displayed
in IR spectra, the camphor loaded cellulose aerogels comprises peaks of both pure

camphor and pure cellulose aerogel.
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Figure 3.1.3 pure camphor, pure cellulose aerogel and camphor-cellulose aerogel IR spectra

3.1.3 Pore properties (BET)

The N2 adsorption-desorption isotherms at 77K of cellulose aerogel are indicated in
(Figure 3.1.4a). The cellulose aerogels prepared using sol-gel method has shown similar
profile as of adsorption isotherm (type-1V) according to IUPAC nomenclature, which
indicates that the material possess mesoporous structure. (Figure 3.1.4b) represents the
cellulose aerogel pore size distribution. The average pore size, BET surface area and pore
volume of cellulose aerogels prepared by this method are 30nm, 338 m?/g and 2.4 cm®/g

respectively.

Figure 3.1.4a. N2 adsorption Isotherm of cellulose aerogel ~ Figure 3.1.4b. Pore size distribution of cellulose aerogel

41



Chapter 3: Results and Discussions 42

3.1.4 Effect of time on loading (Absorbate loading Vs time)

During drug loading experiments, initially a burst of 10% camphor loading was observed
for the first hour and then it increased lineraly with the increase in time as shown in
(Figure 3.1.5). A maximum loading of 50% of the initial mass of cellulose aerogel was
observed at 18 hours and it remained constant until 20 hours. However, the integrity of

cellulose aerogels remained intact until the end of experiments.
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Figure 3.1.5. Effect of time on drug loading

3.2 Paracetamol loaded Cellulose aerogel
Synthesized cellulose aerogels were characterized by various techniques as explained in

chapter 2.

3.2.1 Appearance and Morphology
Paracetamol loaded Cellulose aerogels were solid, brittle and milky white in color. There
were no cracks observed after supercritical drying step due to slow depressurization of

the system. Figure shows the appearance of PC loaded cellulose aerogels after
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supercritical drying coupled with GAS process.

Figure 3.2.1. PC loaded Cellulose aerogels

(Figure 3.2.1) reveals the smooth and regular surface of origional paracetamol having
different shapes and size. Cellulose aerogels had wide pore size distribution as seen from
the SEM images of pure cellulose aerogels and Paracetamol loaded cellulose aerogels
displayed in (Figure 3.2.2 and Figure 3.2.3) respectively. SEM images of pure cellulose
aerogel also indicate a fibrous cross-linked structure with different sized pores. The
smaller ones are quite sperical while the larger ones are elongated. The incorporation of
Paracetamol into the cellulose aerogel network and the retained porous structure of
cellulose aerogel is evident in the (Figure 3.2.4). The SEM image of PC loaded cellulose

aerogel shows the possible crystallization of PC inside the cellulose aerogel pores during

the scCO> drying step.

igure 3.2.2. Pure Cellulose aerogel
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Figure 3.2.4. Paracetamol loaded CeIIqus aerogel

3.2.2 IR spectra

Monolithic cellulose aerogels loaded with PC were subjected to IR after scCO> drying
process. The IR spectra of PC, PC loaded cellulose aerogel and pure cellulose aerogel are
displayed in (Figure 3.2.5). As indicated in IR spectra, the peaks of pure PC and pure
cellulose aerogel were obvious in the PC loaded cellulose aerogels representing the

presence of PC in cellulose aerogel matric.
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Figure 3.2.5. Pure cellulose aerogel, pure paracetamol and paracetamol loaded cellulose aerogel IR spectra
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3.2.3 Pore properties (BET)

The N2 adsorption-desorption isotherms at 77K of cellulose aerogel are indicated in
(Figure 3.2.6). The cellulose aerogels prepared using freeze thaw method has shown
similar profile as of adsorption isotherm (type-1V) according to IUPAC nomenclature,
which indicates that the material possess mesoporous structure. (Figure 3.2.7) displays
cellulose aerogel pore size distribution. The BET surface area of cellulose aerogels

prepared by freeze-thaw method is found to be 178m?/g.

Figure 3.2.6 N, adsorption Isotherm of cellulose aerogel (freeze-thaw method), Figure 3.2.7. Pore size
distribution of cellulose aerogel (Freeze-thaw method)

3.2.4 In Vitro Paracetamol Release Profiles

The PC release profile is displayed in (Figure 3.2.8). During release experiments, the
cellulose aerogels remain integrated and did not collapsed when immersed in the release
medium because of the flexibility of the polymer chains. Besides, they primalrily shrank
a little and then remained intact until the end of experiment. Initially a burst release was
observed until 120 mins followed by a slower drug release rate until 800mins
demonstrating that these cellulose aerogels are capable as drug delivery carriers in order

to achieve retarded drug release rates.
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Figure 3.2.8 In-vitro paracetamol release profile

3.3 Cellulose aerogel composite with Polyester nonwoven textiles

The MCC solution diffused easily into the PET nonwoven felt because of the inherent
high porosity of nonwovens. The stability and shape of this nonwoven PET felt was well-
preserved even by the addition of MCC solution. Gelation of this cellulose solution was
caused by applying heat up to 2 hours. The resulting gels was irreversible and remained
stable at room temperature.

3.3.1 Morphology

(Figures 3.3.1 & 3.3.2) display the SEM images of pure nonwoven PET and cellulose
aerogel-PET nonwoven felt. It is observed from (Figure 3.3.1), that pure PET nonwoven
has an interconnected network of fibers. There are no visible pores on PET fiber’s surface
itself. (Figure 3.3.3) depicts incorporation of cellulose aerogel on the surfaces and
between these PET nonwoven fibers and also confirms the porous structure of cellulose
aerogel incorporated in PET nonwoven felt. The PET fibrous form was retained even
after the assimilation of cellulose aerogel. The PET nonwoven fibers provided

reinforcement to the composite , whereas the cellulose aerogel acts as a resin.
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3.3.2 IR spectra

Polyester nonwoven-cellulose aerogel composite and pure cellulose aerogel IR spectra
are given in (Figure 3.3.4). The corresponding peaks at 1712 cm™ and 1408 cm
corresponds to C=0 vibration and aromatic ring respectively, which are the characteristic
peaks of pure polyester. The peaks around 1020cm™, 2900cm™ and 3300cm™ are
attribited to C-O (stretching), C-H (stretching) and O-H respectively. It was also
pragmatic that the composite spectra comprises peaks from both, the pure cellulose

aerogel and pure polyester nonwoven felt.
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Figure 3.3.4 Pure cellulose aerogel and cellulose aerogel composite with polyester nonwoven IR spectra

3.4 MCC aerogel cotton nonwoven composite

The MCC solution simply diffused into the cotton felt because of the inherent high
porosity of nonwovens. The stability and shape of cotton nonwoven felt was well-
preserved even with the addition of MCC. Heat was applied for 2 hours (50°C) to cause
the gelation of MCC. The resulting gels was irreversible and remained stable at room

temperature.

3.4.1 Appearance and Morphology

The images of pure cellulose hydrogel and cellulose hydrogel cotton nonwoven
composite are displayed in (Figures 3.4.1a & 3.4.1b) respectively. The texture and surface
of cellulose aerogel cotton nonwoven composite is smooth and neat. Some impurities
were detected in the composite material that came inherently from the pure cotton
nonwoven since cotton is a natural polymer and these impurities are commonly found in

cotton nonwoven felts.
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Figure 3.4.1a. Cellulose Hydrogel Figure3.4.1b. Cellulose aerogel-cotton nonwoven

The (Figures 3.4.2 and 3.4.3) displays the SEM image of pure cotton nonwoven and
cellulose aerogel composite. The fibers (Figure 3.4.2) are found to have random
orientation inside the nonwoven network. The cellulose aerogel incorporation is obvious
in the form of blocks (Figure 3.4.3) between empty spaces inside the nonwoven network.
The fibrous form of cotton is retained even after the assimilation of cellulose aerogel.
Nonwoven fibers act as a reinforcement, whereas the cellulose aerogel works as a resin
in the resulting material. The cellulose aerogel possess a porous structure inside the cotton

nonwoven felt is displayed in (Figure 3.4.4).

200X EHT= 250 kY = 38 Probe = 2000 nA 200X EHT=250kV  SignalA=SE2 mm  IProbe= 2000nA KUYTAM

Figure 3.4.2 Pure cotton nonwoven Figure 3.4.3 Cellulose aerogel nonwoven composite
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Figure 3.4.4. Cellulose aerogel cotton nonwoven composite

3.4.2 IR spectra

Figure 3.4.5 shows the IR spectra of pure cotton nonwoven , pure cellulose aerogel and
their composite. The corresponding peaks at 3300 cm™, 2900 cm™, 1650 cm™, 1370 cm-
! and 1030 cm™ are ascribed to O-H, C-H (stretching), H-O-H, C-H (bending) and C-O
(stretching) respectively. The composite IR spectra comprises characteristic peaks of

both, the pure cotton nonwoven and pure cellulose aerogel.
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Figure 3.4.5. Pure cotton nonwoven, pure cellulose and cellulose aerogel cotton nonwoven composite IR
spectra

3.4.3 Wound Exudate Absorbency

The wound exudate absorbency was determined according to standard test method EN
13726-1:2002. The wound exudate absorbencies of cotton nonwoven and aerogel

composite were found to be as 80 % and 350 % respectively. Cotton is a hydrophilic
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material whereas, the cotton nonwoven textile has a highly porous structure. Which
indicates that the arrangement of cotton in the form of nonwoven makes it a highly
absorbent material (wound exudate). Moreover, the cellulose aerogel is a superabsorbent
material. Cellulose aerogel is incorporated into cotton nonwoven textile in the form of
nano porous blocks yielding higher absorbencies. The fluid absorbency of this composite
material is approximately four times higher than that of pure cotton nonwoven which is

mainly accredited to the cellulose aerogel porous structure.
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Chapter 4

CONCLUSION AND FUTURE WORK

Aerogel based textiles have become intriguing materials for the researchers in the field
of medical textiles, erosion control, sound absorption, oil/water absorption, and thermal
insulation due to their unique and fascinating properties. In this work, aerogel based
textile materials were developed in form of aerogels and composites with nonwoven
textiles. Novel materials consiting of drugs loaded cellulose aerogels and nonwoven
composites were synthesized for the first time. The specific surface area of the produced
cellulose aerogels was also determined and was found to be 338 m?/g and 178 m?/g for
sol-gel and freeze-thaw method respectively. Furthermore, the cellulose aerogels were
found to be mesoporous up to 96% porosity.

To analyze the produced cellulose aerogels as drug delivery materials, PC was
selected as a model drug because of its high ethanol solubility and limited/no scCO>
solubility. These synthesized alcogels were then successfully contacted with a solution of
PC in ethanol for loading purpose. The use of scCO2 drying method caused PC
precipitation in the aerogel pores, which is alike GAS process. The monolithic structure
and porous characteristic of resulting PC loaded cellulose aerogels were intact according
to SEM analysis. This method of loading have certainly a good scope specially for drug
delivery systems due to possibility of loading for a variety of pharmaceutical compounds.
Furthermore, this technique permits a facile and novel approach for loading drugs into

cellulose aerogels which are becoming interestingly significant in various fields. This
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method has an advantage of combining two processes (drug loading and drying) in a
single process thus reducing the cost and time of production.

The research on using cellulose based aerogels as drug delivery carriers is
increasing rapidly, thus various loading methods have already been devised with different
cellulose aerogel types. In this work, scCO2 deposition method was applied to load drug
into cellulose aerogels. ScCO, can act as a good solvent medium for dissolving
pharmaceutical compounds, and also thought to be inert and non-flammable. ScCO>
medium is a good substitute for drugs that are insoluble in water. This technique is
applicable to the compounds with higher soluble in scCO,. Camphor was used as a model
drug in this study because of its high solubility in scCO,. The process starts with
solubilization of drug in scCO,, and is exposed to cellulose aerogel followed by
depressurization and removal of ScCO». Thus, the scCO- leaves the cellulose aerogel
matrix quickly with camphor inside. Loadings as high as 50 wt.% for cellulose aerogels
were obtained while keeping the integrity of the cellulose aerogel intact.

The cellulose aerogel composite with cotton nonwoven was synthesized by
soaking cotton nonwoven textile in the MCC solution. Heating the composite material
causes gelation, which was later subjected to scCO> drying to attain cellulose aerogel
cotton nonwoven composite. The cellulose aerogel was formed inside the cotton
nonwoven textile in the form of blocks and also act as a reinforcement to the nonwoven
textile network. The synthesized composite was found to be very absorbent to wound
exudate (fluid). The absorbency test was carried out using the standard test method of
fluid absorbency for wound dressings. Moreover, silver was added into this composite
material to achieve antibacterial properties. Different initial concentrations of cellulose,
ratios of cellulose aerogel with cotton nonwoven composites and concentrations of silver

can be used and investigated to have a better understanding of their effect on the final
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properties of the composite material.

Overall, this dissertation contributes in understanding the possible usage of
cellulose aerogels as drug delivery carriers indicating that cellulose aerogels display a
great potential in drug delivery systems. The optimum loading and release profiles of the
pharmaceutical compounds can be modified by varying the synthesis conditions. In view
of the growing importance of cellulose based aerogels in various applications, their role

in medical textiles can be anticipated to raise in the coming years.
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