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Abstract

Covid-19 is a deadly viral disease that has been rampant around the world since 2019.
Although the successful introduction of the vaccine has reduced the spread of covid-19, new
cases and deaths are still being recorded. To date, no specific curative antiviral treatment has
been approved for covid-19. However, many existing antiviral drugs have been and are still
being studied against covid-19 and some of them, such as Remdesivir, have shown promise
and could be repurposed to treat this infection. Unfortunately, antiviral drugs are prone to
resistance as most of them have poor biopharmaceutical properties, including low solubility,

permeability and bioavailability, which could hinder any clinical success.

Recent advances in nanotechnology-based delivery systems have made it possible to improve
the biopharmaceutical properties of many drugs, especially those of poorly water-soluble
drugs, by formulating them as lipid nanoparticles (LNP). Thus, in order to contribute to the
fight against covid-19, this work aimed to develop Lipid Nanocapsules (LNC), based on some
natural raw materials, which could improve the biopharmaceutical properties of antiviral
drugs. In addition, since covid-19 infection is mainly respiratory, this work also aimed to
fabricate a targeted delivery system based on a hydrogel capable of entrapping LNC and
ensuring their efficient deposition and release in the lungs. The LNC consisted of a mixture of
medium-chain triglycerides oil (MCT oil), crude soy lecithin, tween 80, NaCl and water, while
the hydrogel consisted of a chitosan-grafted-iota carrageenan-grafted-poly (acrylamide-co-
acrylic acid) system (CS-iCar-p (AAm-Co-AA)). Efavirenz (EFV), a drug with very low water
solubility that has recently been demonstrated to have the potential to influence sars-cov-2
life cycle through different targets (3CLP, RdRp, Hellicase, 3’to5’exonuclease, 2’-O-ribose
methyltransferase and EndoRNAse), was chosen as the model drug to evaluate the developed

delivery system.

The combination of LNP and hydrogel results in a delivery system known as the LNP-hydrogel
composite, an emerging area of research in the field of drug delivery. To date, no research has
reported the design and fabrication of an LNC-CS-iCar-p (AAm-Co-AA) hydrogel composite that
could effectively deliver an antiviral drug to the lungs in addition to its advantages in terms of

biological activities.



Prior to the design of experiment, EFV solubility was assessed in water, labrafac lipophile 1349
and MCT oil. After that, the Design Expert Software version 13 was used to design the different
experiments performed in this work. The l-optimal mixture design of experiments was
performed for both LNC preparation and CS-iCar-p (AAm-Co-AA) hydrogel synthesis to study
the impact of raw materials on the characteristics of these delivery systems. LNC were
prepared using the phase inversion method while the free radical precipitation graft
copolymerization method was used to synthesize hydrogel. In order to build polynomial
models that could predict the amount of drug both LNC and CS-iCar-p (AAm-Co-AA) hydrogel
can entrap, a D-optimal (custom) randomized design was performed. Moreover, various
characterization techniques were used to investigate the physicochemical properties of the
developed delivery systems. Thereafter, drug release studies were performed using a 1%

sodium lauryl sulfate solution adjusted to either pH 4 or 7.

Solubility studies revealed that EFV was more soluble in labrafac lipophile 1349 and in MCT oil
than in water; therefore, given its affordability, MCT oil was used for the LNC formulation. The
design of experiment carried out allowed the construction of polynomial models that could
predict, on the one hand, the droplet size, the polydispersity index and the Zeta potential of
LNC, which were respectively around 50nm, below 0.2 and below -33. On the other hand, the
model could predict the swelling capacity of the synthesized hydrogel, which was optimised
to about 30,000% (300 g of water to 1 g of hydrogel). This turned out to be influenced by the
proportion of polymers, the ratio of monomers as well as the concentration of the cross-
linking agent. In addition, the characterization techniques further supported the improvement
of EFV solubility by highlighting its conversion into its amorphous state after encapsulation in

LNC. They also confirmed successful synthesis of CS-iCar-p (AAm-co-AA) hydrogel.

LNC were able to encapsulate about 87% of EFV while the synthesized CS-iCar-p (AAm-co-AA)
hydrogel entrapped around 53% of EFV encapsulated in LNC. While LNC were able to release
42% and 27% of EFV after 74 hours in a 1% sodium lauryl sulfate solution (SLS) at pH 7 and pH
4 respectively, the LNC-CS-iCar-p (AAm-co-AA) hydrogel composite released about 50% and
40% of the drug after 9 days in the same release medium. Interestingly, the chemical integrity
of the drug was preserved throughout the manufacturing process up to after its release,
suggesting that the developed LNC-CS-iCar-p (AAm-co-AA) hydrogel composite could be used

as a novel potential anticovid-19 drugs delivery system.
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Chapter One

General Introduction



1. GENERAL INTRODUCTION

1.1. Covid-19

1.1.1. Introduction

Covid-19 is a viral disease caused by severe acute respiratory syndrome coronavirus 2 (sars-
cov-2), a highly contagious corona virus identified for the first time in Wuhan in China as of
December 2019. During the last two years, covid-19 pandemic has been devastating for the
world, closing schools, communities and businesses, with emergence of new life habits like
wearing masks, remote work, and social distance and so on. Although effective vaccines have
been developed and tested in record time, the emergence of worrying new sars-cov-2 variants
has dimmed the hope for vaccination and brought back the deadly threat of the disease. As a
result, scientists and the global health system are still working hard to develop sustainable
vaccines and therapies to tackle all emerging variants and to ensure that everyone in the world

1s vaccinated.

1.1.2. Epidemiology

The covid-19 outbreak was reported for the first time to the World Health Organisation (WHO)
on December 31° 2019. Few days after, on 7" January 2020, the virus responsible for the
outbreak has been identified as a coronavirus above 95% and 70% similar to the bat coronavirus
and the SARS-Cov, respectively[1]. Patient zero of this new coronavirus turned out to be a
Chinese woman selling shrimp in the Wuhan Huanan seafood wholesale market that was
therefore considered to be the origin of the virus after environmental samples collected there
tested positive[1,2]. To date, although bats are known to be the source of the sars-cov-2 virus,
the animal through which the virus passed to humans is still undetermined, with pangolins and

snakes being the suspects to date.

As the number of positive cases began to rise dramatically among people who have not been
exposed to the live animal market, it was obvious that human-to-human transmission was taking
place[3]. The covid-19 infection is very contagious and is transmitted by droplets released from
coughing and sneezing of symptomatic patients or asymptomatic ones before symptoms appear.
Given that the infected droplets can spread up to two meters or settle on surfaces, people get

infected either by inhaling them or by touching contaminated surfaces and then their nose,



mouth and/or eyes. It is also assumed that the virus can be found in the stool and water supply

and could therefore be transmitted via the feco-oral route[1,4].

People of all ages and from all over the world are at risk of catching the virus and developing
the disease. According to current epidemiological data, more than 500 million confirmed cases
and over 6 million deaths have been reported worldwide. As of 17 April 2022, among the six
WHO regions, the Europe region turned out to have experienced the strongest hit of the disease
in term of cumulative cases (42%) followed by Americas (30%), South-East Asia (11%),
Western Pacific (10%), Eastern Mediterranean (4%) and Africa (2%). As far as the cumulative
number of deaths is concerned, Americas appeared to be number one on the list (44%) followed
by Europe (32%), South-East Asia (13%), Eastern Mediterranean (6%), Western Pacific (4%)
and Africa (3%)[5].

Overall, despite the success of various strategies implemented to combat it, new cases and
deaths are still being recorded. In the week of 11-17 April 2022, more than 5 million new cases
and 18,000 deaths were reported in the six WHO regions, with South Korea having the highest

number of cases and the United States of America the highest number of deaths[5].

However, it is worth mentioning that of these new cases and deaths, the African region as a
whole had only 25,107 and 87 respectively. Since the start of the covid-19 pandemic, the
African region has remained significantly less affected than the Americas, Europe and Asia.
The clear reasons for this contrast are not yet known. Nevertheless, this low prevalence of
covid-19 disease in the African region has been attributed to a number of factors. One of these
is the age of the population, which is considered an important risk factor. Globally, it has been
observed that the majority of deaths due to Covid-19 disease have occurred in people in their
sixties or older. The overall African population average age is less than 20 years old with only
around 4% of the whole population being over 65 years old compared to other WHO regions,
where around 35% of the Eastern and South-Eastern Asia population and 29% of the Europe
and Northern American population is over 65. Hence, it is assumed that it could be normal that
only a few deaths have been reported for Africa[6-11]. Other factors hypothesized to limit the
impact of covid-19 disease in Africa include potential cross-immunity due to previous exposure
to other infectious diseases like malaria or to other circulating coronaviruses; lack of long-term
care facilities; possible dramatic undercounting of deaths due to limitations of the SARS-Cov-

2 test[7,8,12,13].



Paradoxically, South Africa is an exception among other African countries. As of 17 April
2022, according to a WHO update, 47 African countries have been affected by the covid-19
pandemic, with more than 8 million cumulative cases and over 170,471 deaths. Of these, South
Africa has recorded over 3 million (45.2%) cases and 100,147 deaths (59.0%)[14]. This
discrepancy could be explained by the fact that the average age of the South African population
is a bit higher than in most African countries, as well as by the presence of a long-term care
sector[6,15]. In addition, South Africa has a higher prevalence of HIV and tuberculosis, which
have been associated with higher covid-19 mortality rates. Other reasons include the higher
prevalence of non-communicable diseases compared to other countries, better diagnostic

capabilities and health care, facilitating the reporting of many new cases[13,16].

Figure 1. Global distribution of covid-19 new cases as of June 15, 2022 (WHO,
weekly epidemiological update — 15 June 2022,

https://www.who.int/publications/m/item/weekly-epidemiological-update-on-covid-19-
--15-june-2022, last access June 16, 2022)

1.1.3. Pathogen
1.1.3.1. Virus: SARS-Cov-2

Severe acute respiratory syndrome coronavirus 2 is one of the coronaviruses that commonly
affect birds and mammals. Coronaviruses belong to the family Coronaviridae and more
specifically to the subfamily Coronavirinae. This includes the genera Alpharacoronavirus,
Betacoronavirus, Gammacoronavirus, and Deltacoronavirus. Of these, only alphacoronaviruses

and betacoronaviruses can cause disease in humans. SARS-Cov-2, which is an RNA virus,



belongs to the betacoronavirus genus. Its genome is a single-stranded positive RNA (+SSRNA)
with an average size of about 30 kilobases, making it, along with other coronaviruses, larger
than all other RNA viruses[17,18]. The SARS-Cov-2 genome encodes structural proteins and
an open reading frame polyprotein (ORF1a/ORF1lab polyprotein) that are being extensively
studied as major drug targets. In addition, the genome has several open reading frames that code
for accessory proteins that are not essential for viral replication, but which have been shown to
play a role in pathogenesis[19]. The four main structural proteins encoded by the SARS-Cov-2
genome are the nucleocapsid protein (N), transmembrane protein (M), envelope protein (E) and
spike protein (S)[18]. Of these, the N protein is the most expressed during infection. It consists
of a single strand of positive ribonucleic acid (RNA). This protein not only plays an essential
role in maintaining the RNA structure of the virus, but is also known to be highly immunogenic,
which explains its use in vaccine development and serological testing. Once the virus has
infected the organism, the N protein enters the host cell with the viral RNA where it facilitates
viral transcription and neutralises cellular interferons and suppressors of RNA 5 transcription,

thereby hindering or thwarting the host response to the virus[20-22].

On the other hand, the spike protein is another part of sars-cov-2 that plays a critical role in its
fate and pathogenicity. It consists of an elongated transmembrane protein that gives the virus a
crown-like appearance when viewed under the electron microscope. The Spike protein has been
identified as the key mediator of sars-cov-2 entry into cells by binding to the angiotensin-
converting enzyme receptor 2 (ACE?2) after its activation by human proteases[20,23]. ACE2 is
widely expressed in respiratory epithelium, nasal epithelial cells, small intestinal enterocytes

and slightly in endothelium, myocytes and smooth muscle[24,25].

In addition, the most abundant structural protein of the virus is the M protein, which is
responsible for the shape of the viral envelope. The M protein also contributes to
reducing/preventing host defence against the virus and plays a central role in the assembly of
the virus with other coronaviral structural proteins. The smallest viral structural protein is the
E protein, a short integral membrane protein of 109 amino acids that plays a role in virus

assembly, release and pathogenicity[20,26].



Figure 2. (a) SARS-Cov-2 structure illustrating a positive-sense RNA virus with its
four principal structural proteins namely nucleocapsid (N), spike glycoprotein (S),
membrane protein (M), and envelope (E). Photo credit to Florindo et al.[27]. (b)
SARS-Cov-2 structure through electronic microscope lenses illustrating a crown of
peplomers, which is characteristic of the Coronavirus genus. Photo credit to Dr
Monica Birkhead, SVP CEZPD, https://www.nicd.ac.za/nicd-capacity-for-isolation-
and-culturing-of-severe-acute-respiratory-syndrome-coronavirus-2-sars-cov-2-from-
clinical-specimens/, last access June 16, 2022).

1.1.3.2. SARS-Cov-2 variants

While the WHO and health systems around the world have been trying to contain and combat
the disease with different strategies, new variants of the virus have begun to emerge and drown
out the growing hopes of controlling and eradicating the virus, posing new challenges to the
scientific community. Indeed, variants are known as viral genomes containing one or more
mutations. They are classified in terms of lineages or groups of lineages that are designated
differently as Variant of Concern (VOC), Variant of Interest (VOI), Variant of High
Consequence (VOHC) or Variant to Watch (VBM) depending on how public health authorities
should respond/react to their respective attributes and characteristics[28]. The most
worrying/alarming of these variants is the "variant of concern". Several parameters are
considered in order to designate a variant as a "variant of concern". This is particularly when
the variant is found to be increasingly contagious, causing severe illness that could be explained
by an increasing number of hospitalizations or deaths. In addition, there must also be evidence
of the new variant resistance to antibodies, which was acquired during a previous infection or
vaccination. A variant is also termed a "variant of concern" when it no longer responds to
existing/established treatments, vaccines or diagnostic tools. On the other hand, VOI are similar
to VOC and refer to variants that have shown specific genetic markers that may affect virus
spread, diagnosis, established treatments and immunity. Variants must also be linked to an

increase in the number of cases to be considered VOI[28,29].
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So far, different variants have been identified/recognised and some of them, namely alpha
(B.1.17), beta (B.1.351), gamma (P.1), delta (B.1.617.2) and epsilon (B.1.427; B.1.429), have
been downgraded from VOC to MBV. MBVs are variants that had characteristics of VOCs or
had a potential or obvious impact on approved or authorised medical countermeasures, but
which are no longer detected or are circulating at very low levels. On the other hand, variants
eta (B.1.525), iota (B.1.526), kappa (B.1.617), N/A (B.1.617.3) and zeta went from being
qualified as VOI to VBM. Currently, only Omicron is considered as a “Variant of Concern”. It
was first identified in South Africa in samples from a patient in Botswana, before being detected

in many other countries around the world[28-30].

1.1.4. Pathogenesis

Although the understanding of covid-19 pathogenesis is still inadequate, it can be explained by
analogous pathogenic mechanisms of SARS-Cov and MERS-Cov. Like SARS-Cov, SARS-
Cov-2 enters the host cell by binding to the ACE2 receptor through proteins interaction [2,31].
Thanks to critical proteolytic event happening in S protein, the viral membrane directly fuses
with the host cell membrane resulting in its endocytosis, followed by its fusion with the
endosome membrane, hence allowing the nucleocapsid release in the host cell cytoplasm[2].
The following event consists of viral RNA release that results from the proteolytic degradation
of the N protein of the nucleocapsid. Once released, the viral RNA is replicated as partial and
complete genome copies and translated in the endoplasmic reticulum to form new SARS-Cov-
2 virions [32]. Few days of incubation after, accounting for 2 up to 14 days, the viral propagation
and migration happens thereof and triggers a strong immune response (such as the cytokine
storm) resulting in clinical manifestation of covid-19 disease [33]. Although some people are
likely to be asymptomatic, covid-19 is generally expressed by fever, tiredness and dry cough,
sometimes aches, pains, nasal congestion, running nose, sore throat, dyspnea, fatigue, viral
pneumonia or diarrhea. Complications encompass pneumonia, acute respiratory syndrome,

multi organ failure, septic shock and all this may eventually lead to death[1,2].



Figure 3. Schematic representation of SARS-Cov-2 replication. Photo credit to Liu et
al. [34].

1.1.5. Diagnosis
Covid-19 diagnosis is based on epidemiological record, clinical symptoms and paraclinical
analyses. As far as paraclinical analysis are concerned, different approaches are possible,
namely nucleic acid detection tests including next generation sequencing, reverse transcription-
polymerase chain reaction (RT-PCR) and loop-mediated isothermal amplification (LAMP);
imaging tests especially the chest computed tomography scan (CT scan); the antigen-antibody
based tests such as the enzyme-linked immunosorbent assay (ELISA); and some alternative
tests such as biosensors, paper based devices and point-of-care test (POCT). Among them the

antigen and RT-PCR tests are the most used techniques for the diagnosis of covid-19[35].

1.1.5.1. Antigen based tests

Antigen tests are based on the identification of specific proteins present on the surface of sars-
cov-2. They are performed by collecting swab samples from nasopharynx and anterior nares.
Antigen tests provide fast result within less than half an hour and are therefore used to diagnose
an active or acute infection. They are more affordable than RT-PCR tests and do not require
any specialized facility to be performed. However, they lack specificity and show low
sensitivity. Therefore, they are likely to result into many false negative responses[35,36].



1.1.5.2. Antibody based tests

Antibody tests, also known as serological tests, are performed by using blood samples rather
than swab samples. They are based on the identification of antibodies contained in the blood
sample at either a significant or measurable concentration. The antibody tests mainly target
immunoglobulin M and immunoglobulin G, which are produced by the immune system in
response to the viral infection. These tests are intended to detect a past infection rather than
diagnosing the infection, as it takes up to three weeks after infection for antibodies to develop
and be detected in the serum. Different techniques can be used to perform antibody tests, namely
lateral and immunoassay tests like the enzyme-linked immunosorbent assay (ELISA) and the
chemiluminescent immunoassay (CIA). Although antibody tests allow identification of past
infection in asymptomatic patients, negative tests do not necessarily mean absence of previous
infection given that some people do not develop detectable IgM and IgG following the
infection[37,38].

1.1.5.6. Reverse transcription-polymerase chain reaction (RT-PCR)

RT-PCR tests are molecular tests based on identification of genetic material of the virus.
Different groups of sars-cov-2 genes may be used for this purpose such as ORF-1a gene, ORF-
Ib gene, RdRp gene, N gene, E gene etc. The RT-PCR tests use nasopharyngeal or
oropharyngeal swabs or anterior nasal swabs. They appear to be the most reliable tests for the
diagnosis of covid-19 given their high sensitivity around 95%. However, this sensitivity is
affected by the quality of the sample, which depends on the time of collection, the amount
collected and the maintenance of cold chain. Failure to collect and keep sample appropriately
may yield false-negative results. Furthermore, in addition to long analysis time and having a
specialized laboratory to run RT-PCR tests, these ones pose a risk of biological safety hazards
during sample transport and processing[35,39].

Figure 4. Covid-19 diagnostic tools representation.

(a) Tomography analysis (https://www.mountsinai.org/health-library/tests/thoracic-ct,
https.//www.sciencenews.org/article/coronavirus-covid-19-some-patients-may-suffer-lasting-lung-
damage, accessed in June 16, 2020).

(b) Reverse Transcriptase Polymerase Chain Reaction analysis (RT-PCR)
(https.//www.businessinsider.co.za/how-coronavirus-throat-tests-work-rt-pcr-method-explained-2020-
4?2r=US&IR=T, accessed in June 16, 2022). (c) Rapid Diagnostic Test (RTD) of Covid-19 based on
serology (https://www.traveldailymedia.com/post-pandemic-travel-the-hidden-cost-of-testing/,
accessed in June 16, 2022).
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1.1.6. Treatment

1.1.6.1. Preventive treatment

Since the dawn of time, it has been known that prevention is better than cure. This statement is
still true today when it comes to covid-19. Since the beginning of the covid-19 outbreak, several
strategies have been implemented to prevent the spread of covid-19. At national and
international level, travel bans between most countries were established. However, as time went
on, when boarders were reopened, compulsory covid-19 check out points were implemented in
different airports and boarders worldwide to limit the virus propagation. At individual level,
some barrier measures were recommended, namely wearing of face masks, hand washing and

sanitizing as well as practicing social distancing up to two meters from each other [2].

Furthermore, since 2021, successful vaccination program has been carried out around the world
to protect people against covid-19. Indeed, the widely used covid-19 vaccines include
conventional inactivated ones (sinovac, sinopharm), adenovirus-vectored (Gamaleya, J & J
Jansessen, AstraZeneca), and mRNA (Pfizer, Moderna) vaccines, which are all meant to elicit
neutralizing antibody (NADb). Despite the emergence of new variants of the virus, it has been
surprisingly noticed that they remained effective. Hence, boosters doses of the vaccine have
been recommended to level up the Nab concentration and counteract the threat of the variants

[40].

1.1.6.2. Curative

Up to now, no specific curative antiviral treatment has been approved for covid-19. The
management of the disease is mainly supportive and symptomatic. Different therapeutic
protocols have been implemented worldwide. These include the repurposing of some drugs
such as chloroquine and hydroxychloroquine used for many years to treat malaria. These two
drugs have been associated to different mechanisms of action to combat sars-cov-2. These ones
include interference in the endocytic pathways by increasing the endosomal pH that impedes
the proteolytic cleavage of S protein and therefore the viral entry into the host cell [41], blockage
of silica acid receptors, restriction of pH mediated S protein cleavage at the ACE2 binding site
and prevention of cytokine storm [42]. Besides, based on former experience with SARS and
MERS, other antiviral drugs such as ribavirin or the combination of lopinavir-ritonavir have
also shown some efficacy against covid-19 although no added benefit of this combination has

been demonstrated so far [1,43].



Interestingly, Remdesivir, an antiviral drug basically developed against ebola virus, has been
successfully used against covid-19 and even received the FDA approval for use in covid-19
patients [44,45]. Remdesivir is known as an adenosine analogue that counteract the SARS-Cov-
2 lifecycle by incorporating into nascent viral RNA chains resulting in its premature termination
[41,45,46]. In addition to that, passive antibody therapy has demonstrated promising outcome in
the treatment of covid-19. It is based on the administration of neutralizing antibodies. This
phenomena is known as immunotherapy as it involves the use of the immune system agents
among which monoclonal antibodies are accounted as the majority of biotherapeutics used
either for prevention or to fight against the virus. Unlike the active vaccination, that requires
more time to develop, passive antibody therapy is likely to provide urgent and immediate

immunity to vulnerable people [2].

Human serum from convalescent covid-19 people is a possible source of antibody that could be
used to improve covid-19 patients’ clinical status [47]. As of now, sotrovimab, a pan-
sarbecovirus monoclonal antibody, has received FDA Emergency use authorization to hinder
covid-19 progression early in the course of the disease, especially in high-risk patients.
Although its mechanism of action is still unknown, sotrovimab is assumed to impede membrane

fusion by binding to one spike protein preserved epitope [48,49].

Figure 5. Schematic representation of potential anti-covid-19 drug key targets in the
SARS-Cov-2 life cycle. Photo credit to Su et al. [50].



1.1.6.3. Efavirenz

a) Physicochemical and molecular aspects

The physicochemical properties of Efavirenz (EFV) are presented in Table 1.

Table 1. Physicochemical characteristics of EFV

Property name

Property value or description

1 Molecular formula C14H19CIF3NO2

2 Molecular weight 315.67 g.mol-1

3 Systematic name (IUPAC) (4S)-6-Chloro-4-(2-cyclopropylethynyl)-4-
(trifluoromethyl)-2,4-dihydro-1H-3,1-
benzoxazin-2-one

4 Melting point 139 — 141°C

5 Solubility In water, 0.093 mg/L at 25°C

6 Exact Mass 315.0273907

7 Monoisotopic Mass 315.0273907

8 | Topological polar surface area 38.3 A?

9 Heavy atom content 21

10 | Physical description Solid

11 | Colour/Form Crystals; white to slightly pink crystalline
powder

12 | Vapour pressure 3.8 x 10" mmHg at 25°C

13 | LogP 4.6

14 | Dissociation constants pKa=10.2

b) Structure

Figure 6. Structure of Efavirenz drawn using Marvin Sketch Software.




c) Synthesis of Efavirenz

Many synthetic procedures have already been used successfully to produce Efavirenz. They
differ from each other depending on the starting materials, the number of steps, the cost, the
yield, the optical purity as well as the industrial feasibility. One of those synthetic pathways is
the synthesis of efavirenz involving resolution of enantiomers as described by Radesca et
al.[51]. Briefly, reflux 4-chlorophenyl isocyanate (1) with tert-butanol in toluene to produce N-
Boc-4-chloroaniline (2) in 93% yield. This is followed by lithiation of compound (2) ortho to
the tert-butoxycarbonylamino group with sec-butyllithium. Thereafter, use ethyl trifluoracetate
to quench compound (2) at -40°C to form the trifluoromethyl ketone (3) in 77% yield. Next
step consists of addition of lithium cyclopropylacetylide (4) to compound (3) in THF at -40 to
-35°C resulting in the tertiary alcohol (5) in 69% yield. Then treat this one with one equivalent
of butyllithium in toluene followed by three hours reflux to obtain the racemic cyclic carbamate
(£) -1 consisting of 6-chloro-4-cyclopropylethynyl-4-trifluoromethyl-1,4-dihydro-2H-3.1-
benzoxazin-2-one, in 90% yield. Resolve this compound with camphonoyl chloride (7) using
NaH in THF to obtain an amide (8) whose desired diastereomer is isolated by crystallization
from hexane/ethyl acetate (93:7) in 37% yield. Finally, to obtain efavirenz ((-)-1), compound 7
is hydrolysed with DMSO/Water (4:1) in 92% yield[51].



Figure 7. Schematic representation of Efavirenz synthesis drawn with Marvin sketch,
structures reproduced from Radesca et al.[51]

d) Pharmacology of efavirenz
Efavirenz is an antiretroviral that belongs to the class of non-nucleoside reverse transcriptase
inhibitors (NNRTIs). It is available as a solid oral dosage form namely as tablets and
capsules[52]. Efavirenz is a benzoxazinone that acts by inhibiting the non-nucleoside reverse
transcriptase of human immunodeficiency virus type 1 (HIV-1) resulting in the decrease of viral
charge in the blood. It is indicated in the treatment of HIV patients with the aim of suppressing

HIV replication for as long as possible and the daily dose ranges from 200 to 600 mg[52-55].

Efavirenz is well absorbed after oral administration and reaches peak concentrations of about
4.1 mg/ml 5 hours after dosing. Efavirenz is approximately 99% bound to plasma proteins. Its
elimination half-life varies between 40 and 76 hours depending on whether it is taken once or
multiple times[54-57]. The metabolism of efavirenz is primarily via CYP450 2B6 and 3A4 to

hydroxylated metabolites followed by glucuronidation. Efavirenz induces and inhibits



cytochrome P450 and leads to autoinduction. It also inhibits CYP3A4, CYP2C9, and
CYP2C19[58-60]. Thus, drugs metabolized by CYP2B6, 3A4, 2C9 and 2C19 are likely to
interact with efavirenz. Efavirenz is therefore contraindicated in combination with agents that
highly depend on the CYP450 3A4 metabolism pathway. It is also contraindicated to pregnant
women during first semester, given the risk of foetal malformations. Patients under therapy
with efavirenz are likely to experience some common adverse effects namely central nervous

system symptoms, rash and hepatitis[59-61].

During the Covid-19 pandemic and based on predictions that HIV antiretroviral drugs may be
the best compounds to treat Covid-19, several antiretroviral drugs, including Efavirenz, have
been subject to intensive in silico studies to evaluate and determine their ability to inhibit
SARS-Cov-2 virus and thus become potential candidates for Covid-19 management[62,63].
According to results obtained from an in silico study carried out on some commercially
available antiviral drugs, Efavirenz exhibited a promising binding affinity to the SARS-Cov-2
3C-like proteinase, with a dissociation constant (Kd) value of 199.17 nM. Efavirenz also
targeted different other targets on the virus including 3CLP, RdRp, Hellicase, 3’to5’exonuclease,
2’-0-ribose methyltransferase and EndoRNAse suggesting that further studies could be

performed to confirm its activity against SARS-Cov-2 [64,65].

1.2. Lipid-nanocapsules (LNC)

1.2.1. General consideration of LNC

Lipid-nanocapsules (LNC) are a type of lipid nanoparticles that have been developed, along
with solid lipid nanoparticles, as an alternative to the use of liposomes or polymer particles, as
having the advantage of being produce in the absence of solvent[66]. The term “nanocapsules”
stands for particles whose core is liquid or semiliquid surrounded by a solid film at room
temperature (15-25°C), unlike solid lipid nanoparticles and lipid nanospheres which are

matrixes whose entire mass is solid. LNC are colloidal systems according to their tiny size[67].

Figure 8. Structure of lipid-nanocapsule (LNC) illustrating its three main
components.: medium chain triglycerides, poly ethylene glycol based surfactant and
lecithin. Photo adapted from Rassouli et al. [68].



1.2.2. Composition

LNC are mainly made of an oily core consisting of either triglycerides or fatty acid ester, a solid

film coating the nanocapsules that consists of both a lipophilic surfactant such as lecithin whose

proportion of phosphatidylcholine is between 40 and 80%, and a hydrophilic surfactant such as

solutol ® HS15. While the triglycerides are formed by C8 to C12 fatty acids namely capric and

caprylic fatty acids and mixtures thereof, fatty acid ester may be selected among C8 to C18

fatty acid esters like ethyl palmitate, ethyl oleate, ethyl myristate, isopropyl muyristate,

octyldodecyl myristate, and mixtures thereof. The LNC composition may also contain salt such

as sodium chloride whose concentration has been demonstrated to provoke a shift in the phase

inversion zone. Indeed, the higher its concentration, the lower the phase inversion temperature.

The estimated proportions of these different components are described in table 2[67,69].

Table 2. LNC Components with their respective lower and upper proportions

Proportion by weigh of LNC

Component Lower (%) Upper (%)
Triglycerides 5 15
Lecithin 1 3
Hydrophilic surfactant 5 15
Water 64 89
Salt 1 4

Heurtault et al. developed lipid-nanocapsules preferably composed of the following main raw

materials:

— Labrafac ® WL 1349 (Gattefossé, Saint-Priest, France) which is an oil made of caprylic

and capric acid (C8 and C10) medium chain triglycerides. While its density varies from

0.930 to 0.960 at 20°C, its HLB value is about one.

— Lipoid ® S73-3 (Lipoid GmbH, Ludwigshafen, Germany) that corresponds to soybean

lecithin containing

69% phosphatidylcholine

and 9%

phosphatidylethanolamine. Lipoid ® S73-3 is solid at 37°C and at room temperature in

the formulation.

— Solutol ® HS15 (BASF, Ludwigshafen, Germany), which is consists of poly-

oxyethylene esters of 12-hydroxystearic acid and is used as the non-ionic hydrophilic

surfactant of the formulation.



1.2.3. Preparation methods
As with nanoemulsions, different techniques could be used to produce LNC, including high-
energy methods (high-pressure homogenization; microfluidization; ultrasonication) and low

energy methods. Low energy methods include [70]:

— Phase inversion emulsification methods:
v’ Transitional phase inversion (TPI) encompassing phase inversion temperature
(PTI) and phase inversion composition (PIC)
v" Catastrophic phase inversion (CPI): emulsion inversion point (EIP).

— The self-nanoemulsification method

Of these methods, the phase inversion temperature turned out to be the most successful and
widely used to produce LNC. The phase inversion temperature technique (PIT) was reported
for the first time by Shinoda and Saito in 1968 [71]. It is well known for the production of
microemulsions and nanoemulsions. The PIT is based on the affinity of surfactants toward the
oil phase and the aqueous phase at 25°C. This affinity is determined by the hydrophilic-
lipophilic balance (HLB) value. Briefly, the o/w emulsion obtained by mixing an oil phase
containing lipid melt and non-ionic surfactant and an aqueous phase consisting of sodium
chloride and water, is heated above the PIT. As the temperature increases, the polyethoxylated
groups of non-ionic surfactants (polyethoxylated surfactants) get dehydrated, making the
surfactant more lipophilic, resulting in higher affinity towards the oily phase. Hence, phase
inversion from the initial o/w emulsion to water-in-oil (w/0) nanoemulsions occurs through
intermediate liquid crystalline or bi-continuous structures [70,72,73]. However, if sudden
cooling is applied, the system get destabilized and undergoes phase inversion again as the
affinity of surfactant molecules is reversed. Interestingly, at this point, if rapid cooling or
sudden dilution with cold water is applied, kinetically stable, spherical particles of desired

shape, size and polydispersity form, i.e. the o/w nanoemulsions [74-77].

It is important to mention that phase inversion might not happen even in presence of non-ionic
polyethoxylated (POE) surfactant. Although the presence of POE groups in the surfactant
molecules is crucial for phase inversion induction, some non-ionic polyethoxylated surfactants
possess either a too short or too long POE head group or either too long or too short hydrophobic
chains, which are not sensitive enough to the temperature to induce phase inversion. The phase
inversion temperature is the temperature at which, for a fixed composition, the relative affinity

of the surfactant for both the lipid and the aqueous phase is equal [74,75].



Different techniques can be used to characterize the PIT or the emulsion inversion, including
the following-up of the emulsion electrical conductivity, the measurement of turbidimetry or
even eye-naked monitoring of the emulsion aspect changes from turbid to translucent or
transparent [75,78,79]. The originality with this method comes in with the temperature cycling
(number fixed at N=3) that results into very high stable nanoemulsions demonstrated to show
nearly no droplets growth for at least a year unlike the ones obtained using the classical PIT

method that are stable for only a few months [69,80,81].

1.2.4. Difference between nanoemulsions and lipid-nanocapsules

Nanoemulsions are either oil-in-water (o/w) or water-in-oil (w/0) conventional emulsions that
contain very small particles. Only the o/w emulsions are suitable for lipophilic substances
encapsulation in aqueous medium. They consist of two immiscible liquids of which one is
dispersed as small spherical droplets (diameter < 100 nm) in the other. Nanoemulsions could
be prepared from oil and water only without using a surfactant. However, the resulting system
would be very unstable and would end up into droplet coalescence; hence, the use of a surfactant
not only could facilitate nanoemulsions formation but also could ensure its kinetic stability

during storage [82].

When nanoemulsions are produced by the PIT method and exposed to temperature cycling, they
display a very high stability. This one could be accounted for by the thick interfacial layer
potentially created with the temperature cycling process. During this process, the surfactant is
forced to overconcentrate at the interface, likely resulting into droplets with an
overconcentrated interfacial zone. In the case of lipid-nanocapsules, this thick layer is
reinforced with the neutral phospholipidic framework, therefore creating a strong core-shell

around the droplets that hinders any oil diffusion across the interface [75,83].

Figure 9. lllustration of nanoemulsions and lipid nanocapsule droplets, adapted from
Balamurugan et al. [84] and Eissa et al. [85].



1.2.5. Characterization

Once manufactured, LNC are characterized for their various physicochemical properties, the
most evaluated being their particles size, shape and morphology, their size distribution
(polydispersity), their surface charge (Zeta potential), the chemical composition, their phase
behaviour (polymorphism), their encapsulation efficiency as well as their in vitro drug release
ability. A large number of characterization techniques used for this purpose are summarized in

table 3; and a brief explanation of the most commonly used is given below.

Table 3. LNC properties with their respective characterization techniques

Parameter Techniques

1 Particle size Dynamic Light Scattering (DLS)

2 Microscopy: Transmission Electron Microscopy
(TEM), cryogenic-TEM (Cryo-TEM), Atomic
Force Microscopy (AFM)

3 Zeta potential/Surface charge Dynamic Light Scattering (DLS)

4 Particle shape/morphology Microscopy: Transmission Electron Microscopy
(TEM), cryogenic-TEM (Cryo-TEM), Atomic
Force Microscopy (AFM)

5 Phase behaviour X-ray Diffraction (XRD)

Differential Scanning Calorimetry
Thermogravimetric Analysis

6 Chemical composition Fourier-Transform Infrared Spectroscopy (FTIR),
Energy Dispersive X-ray Spectroscopy (EDS)

7 Encapsulation efficiency and | Dialysis technique followed by drug quantification
Drug release using techniques like UV-vis spectroscopy, High
Performance Liquid Chromatography (HPLC) etc.

1.2.5.1. Dynamic Light Scattering

Dynamic light scattering (DLS), also known as photo correlation spectroscopy or quasi-elastic
light scattering, is an established and precise physical technique that measures particle size
distributions ranging from less than a nanometer up to several microns. DLS is based on
Brownian motion consisting of a random movement of particles resulting from their collisions
with solvent molecules. According to the Brownian motion of particles, smaller particles move
or diffuse faster than large ones in a liquid[86,87]. The size distribution is obtained through the
information on the diffusion speed contained in the light scattered by particles. Indeed, this is
well expressed by the Stokes-Einstein relationship, which states that the diffusion coefficient
of particles is inversely proportional to the hydrodynamic diameter (Equation 1). The latter is

defined as the size of a sphere scattering at the same speed as the measured particle [86,87].



Equation 1. Stokes-Einstein relationship:

__ KT
- 3nndp

(Eqg. 1), where D = diffusion constant, K = Boltzmann constant, T = absolute

temperature, 1 = viscosity and dp = hydrodynamic diameter.

DLS technique has many advantages. Besides being a non-destructive technique that requires
small amount of sample, DLS analysis can be performed with a wide range of sample buffer,

temperature and concentrations [86].

1.2.5.2. Transmission Electron Microscopy

Transmission Electron Microscopy (TEM) has emerged as a powerful tool for the
characterization of nanoparticles. Unlike light microscope, TEM uses electron as source of
illumination. Given the short wavelength of the electron beam, which is 100,000 folder shorter
than photons, TEM can achieved very high resolution in the sub-nanometer scale of nearly 0.2
nm in conventional TEM. The beam of electrons that is produced is transmitted through the
liquid sample spotted onto a copper grid to form an image. Hence, TEM provides direct and
clear visualization of nanoparticles, including lipid nanocapsules (LNC). Under TEM, LNC
appear as black spherical or ellipsoidal particles on a white background. However, in case LNC
are negatively stained, for example by either uranyl acetate or phosphotungstic acid, they appear
as bright spots on a black background. Since TEM allows differentiation of individual vesicles

from aggregates, the LNC population can be critically evaluated [69,88].

1.2.5.3. Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) is a thermoanalytical technique that allows the
measurement of the heat flow into or out of a sample as function of temperature or time.
Samples are placed in specialized pans made of aluminium tin, zinc or indium. The DSC
analysis can be performed on two principal types of instruments. This can be either heat flux
DSC, which measures the difference in heat flow between the sample and a reference as a
function of temperature or time, or power differential DSC, which measures the difference in
power supplied to the sample and a reference. Both the sample and reference are subject to
nearly the same heating, cooling and isothermal treatment throughout the experiment that takes
place in a controlled atmosphere (nitrogen gas). Frequent electric power electric power
adjustments happen upon material phase transition either melting or crystallization, described
and expressed by the heat flow curve. This one consists of the plot of heat capacity against
temperature or time. Thanks to the transition temperature or enthalpy provided by the heat flow

curve, the nature of thermal events can be identified and is either endo or exothermic [89-91].



A large number of properties of sample can be determined using DSC, including fusion and
crystallisation events, glass transition and so on. While crystallisation is an exothermic process
resulting from the transition from amorphous solid to crystalline solid, the fusion or melting
point of a sample results into an endothermic peak in the DSC curve. Given its ability to
determine transition temperatures and enthalpies, DSC turns out to be a valuable tool in

producing phase diagrams for lipid nanoparticles as well as other compounds [92].

1.2.5.4. X-ray Diffraction

X-ray diffraction (XRD) is a well established non-destructive technique used to elucidate the
crystallographic structure of a material. XRD is based on Bragg’s law (nd = 2d sin8) and
works by irradiating a material with incident monochromatic beam of x-rays followed by
measurement of the intensities and scattering of angles of the x-rays that leave the material
[93,94]. Generally, the x-ray diffractometer operates at determined voltages and current and uses
CuKa x-rays (A = 0.150406 nm) as source of radiation, over the 20 range (10 to 100 degrees).
While broad peaks are the expression of amorphous regions of the samples, crystalline regions

are expressed by sharp peaks [95].

In addition to crystallization, XRD provides information on structures, phases, preferred crystal
orientations and other structural parameters like average grain size, strain and crystal defects.
XRD technique encompasses single crystal XRD and powder XRD, the latter being the one that
applies to lipid nanoparticles or hydrogels as it offers the advantage of characterizing both the
starting materials and the end products with detailed qualitative presentation of their

microstructural behaviours [89,96].

1.2.5.5. Energy Dispersive X-ray Spectroscopy

Energy Dispersive X-ray Spectroscopy (EDS, EDX or XEDS) is an analytical technique used
to elucidate the surface chemical or elemental composition of sample. During the analysis, an
electron beam of 10 to 20 Kev strikes the sample and triggers x-ray emission from it, which is
the expression of the difference in energy between the higher energy shell and the lower energy
shell. Thereafter, the energy-dispersive spectrometer allows the measurement of the energy
emitted by an x-ray, which is characteristic of the difference in energy between the two shells
and of the atomic structure from which they were emitted. This elemental composition relies
on the fundamental principal that each element has a unique atomic structure that allows unique

sets of peaks on its x-ray spectrum [97-99].



1.2.6. Applications

Lipid nanocapsules are used for the encapsulation of a wide variety of drugs, including anti-
infective agents, anti-cancer agents, active ingredients used for the central nervous system, etc.
These drugs can be lipophilic or hydrophilic, meaning that they can be soluble in the fat phase
or the aqueous phase, respectively [67]. LNCs are promising vectors for the delivery of these
therapeutic molecules by different routes, including oral, intravenous, dermal, cerebral,

pulmonary, etc. [100].

A group of researchers demonstrated that LNC could allow some drugs to cross the blood-brain
barrier, such as hyperforin, a natural antidepressant whose LNC formulation has been shown to
block calcium (Ca*?) channels in cultured cortical neurons, inhibiting the release of
neurotransmitters and thus alleviating depression [101]. Other drugs such as Ibuprofen,
Gemcitabine, Paclitaxel, Acriflavine etc. have been successfully formulated in LNC with

promising clinical applications [102-106].

1.3. Lipid nanoparticles and their hydrogel composite

1.3.1. General consideration

LNPs have shown great promise for drug delivery by different routes, except that due to the
inadequate rheological properties of their aqueous dispersions, they are hardly applicable to
dermal, transdermal, ocular, mucosal and transmucosal routes. To circumvent this problem,
LNPs could be converted into hydrogel composites resulting in semi-solid formulations capable
of providing spatial and temporal control of the release of active ingredients in these difficult

routes of administration [107].

1.3.2. Hydrogels

Hydrogels are three-dimensional networks of polymers. Although not soluble in water, they are
highly absorbent while maintaining their physical integrity. The presence of hydrophilic
functional groups like amide, amino, carboxyl and hydroxyl groups that are attached to the
polymeric chains of hydrogels could explain their ability to retain large amount of water [108].
Due to their properties such as flexibility, biocompatibility, biodegradability, non-toxicity and
ability to absorb a lot of water, hydrogels have attracted a lot of interest for many applications
in medicine. These include applications in contact lenses, in wound dressing, in biosensors, in
drug delivery, in tissue engineering etc. [109,110]. The key parameters that influence the
porosity and the degree of swelling of hydrogels include the degree of cross-linking, the

concentration and the nature of polymers that either natural or synthetic. Among them,



hydrogels porosity and degree swelling control the passive diffusion kinetics of active

molecules, biomolecules, or nanoparticles that are entrapped inside the scaffold [111-113].

Figure 10. Schematic representation of hydrogel entanglements depending on the type
of cross-linking. Photo adapted from Desfrancois et al. [107].

1.3.2.1. Classification of hydrogel
Hydrogels are classified based on the source of polymers, ionic charge, polymeric composition,
physical properties, degradability, cross-linking techniques, and response to the environment

[112].

As far as the classification based on the source of polymers is concerned, hydrogels are either
natural or synthetic depending on whether the polymers used to design them are natural or
synthetic. Among natural polymers, polysaccharides are the most used given their many
advantages such as water solubility, high swelling capacity, biocompatibility, biodegradability
and so on. There are different polysaccharides that are used to produce hydrogels, including
chitosan, carrageenan, pectin, agarose, xanthan etc. Since natural hydrogels are limited by their
weak mechanical properties and since they vary depending on the batch, synthetic moieties are

used to improve them [114,115].

On the other hand, synthetic hydrogels are the ones obtained from synthetic polymers. They
exhibit advantages such as limited batch-to-batch variability, improved control of their matrix
structure and chemical composition, ability to be tuned according to the targeted applications
and requirements. Synthetic polymers mainly used to produce synthetic hydrogels include

poly(N-vinyl-pyrrolidone), poly (electrolyte complexes) and poly (vinyl alcohol), poly



(hydroxyalkyl methacrylate), poly (acrylate), poly (acrylamide), poly (methacrylamide) and its
derivatives, etc. [114,116]

Since synthetic hydrogels are limited by their poor biocompatibility and biodegradability at one
hand and their toxic character at the other, a class of semisynthetic hydrogels (hybrid) have
been developed. They are made out of natural and synthetic polymers moieties. Although they
might exhibit some cytotoxicity, low biocompatibility, they combine the many advantages of

both natural and synthetic hydrogels previously described [117].

Based on the electrical charge on their cross-linked chains, hydrogels are either neutral (non-
ionic), ionic (cationic hydrogels such as the ones based on poly (lysine), poly (amido-amine)
and anionic hydrogels like the ones based on poy (acrylic acid) and amphoteric hydrogels[112].
On the other hand, based on the cross-linking, hydrogels are either physically cross-linked
hydrogel or chemically linked ones. Physically linked hydrogels have matrix architecture
formed by physical interactions with weak bonds like hydrogen ones, ionic interactions, host-
guest chemistry, hydrophobic interactions, coordination bonds and w — m stacking interactions.
Chemically linked hydrogels have networks resulting from covalent bonds and could be
obtained by either using reactive side of linear polymers or by using crosslinking agents like
N,N,N’,N’-tetramethylethylenediamine, N,N’-methylene bisacrylamide, glutaraldehyde etc.
[118,119]

Based on their polymeric composition, hydrogels are homopolymeric, copolymeric or
interpenetrating polymeric hydrogels. These ones refer to hydrogels produced using
respectively a single species of monomer, two or more different monomers species and two

polymers where the individual chains are entangled [112].

Based on the environmental stimulations, hydrogels are either chemically responsive hydrogels
(pH-sensitive), or physically responsive hydrogels (responding to temperature, light, pressure,

magnetic fields, ultrasound or electrical fields) or even biologically responsive hydrogels [120].

1.3.2.2. Preparation

Different techniques can be used to prepare hydrogels. They are either chemical or physical,
depending on the type of the resulting crosslinking. Physical crosslinking techniques include
ionic interaction, complex coacervation, maturation (heat-induced aggregation), freeze-thawing

and heating or cooling of a polymer solution [112,121].



On the other hand, chemical crosslinking include crosslinking by radical polymerization,
crosslinking by chemical reaction of complementary groups (ex. Crosslinking with aldehydes,
by addition reaction, by condensation reaction), crosslinking by high-energy radiation,

enzymatic crosslinking and grafting [112,121].

Of these techniques, grafting is the most used and it consists of attaching monomers onto the
backbone of a pre-formed polymer either natural or synthetic. Briefly, in order to generate
radicals, the polymer chains are activated either chemically by use of chemical reagents known
as initiators (e.g. ammonium or potassium persulfate) or by radiation that consists of using high-
energy radiations like gamma and electron beam radiation as initiators to activate the
macromolecular backbones. Once the polymer chains are activated, the monomers attachment

follows and their functional growth results into branching and crosslinking [112,121].

Figure 11. Schematic illustration of hydrogel preparation showing how monomer and
crosslinking agent combine to form hydrogel scaffold after initiation. Photo credit to
Ahmed [112].

1.3.2.3. Characterization of hydrogels

Once synthesized, hydrogels are subject to characterization for their physicochemical
properties. The most evaluated physicochemical properties of hydrogel include their water
content, phase behaviour (polymorphism), chemical composition, mechanical properties,
surface morphology, encapsulation efficiency and drug release ability. Commonly utilised

techniques to assess these parameters are presented in table 4 [112,122].



Table 4. Hydrogel properties with their respective characterization techniques

Parameter Technique

1 Phase/Thermal behaviour X-ray Diffraction (XRD)
Differential Scanning Calorimetry
Thermogravimetric Analysis

2 Chemical composition Fourier-Transform Infrared Spectroscopy
(FTIR),
Energy Dispersive X-ray Spectroscopy
(EDS)

Nuclear Magnetic Resonance Spectroscopy
(solution NMR and ssNMR)

3 Surface morphology Scanning Electron Microscopy
4 Mechanical properties Dynamic Mechanical Analysis (DMA)
5 Water content Swelling capacity (teabag, filtration and
sieves methods)
6 Encapsulation efficiency and Drug | Dialysis technique followed by drug
release quantification using techniques like UV-vis

spectroscopy, High Performance Liquid
Chromatography (HPLC) etc.

a) Swelling studies
Since hydrogels are defined as polymeric networks with the ability to absorb and hold
significant amount of water without dissolving in it, one of the most critical properties to
determine is the fraction of water absorbed. This study is carried out using dried hydrogel
known as xerol, which is allowed to swell in water followed by determination of the swelling
ratio or swelling capacity. This one is defined as the amount of water in gram contained in one
gram of xerogel and is expressed in g/g or in percentage of swelling ratio (%SR). The teabag
method, the sieves method and the filtration method can be used to determine this

parameter[123].

e) Scanning Electron Microscopy
Scanning electron microscopy (SEM) is a microscopic technique that allows morphological
characterization of materials such as hydrogels by scanning their surface with focused beam of
electrons. Unlike TEM in which the electron beam passes through the sample to create a 2D
image, in SEM, the electrons interacting with atoms in the samples are reflected and detected
by the instrument, therefore providing information about the surface topography of the sample,

which is expressed as a 3D image [124].

Morphological characterization of hydrogels is very essential as it allows highlighting critical

their physical properties, including shape, porosity, pore size, size distribution or pores and wall



thickness, which vary depending on the method used to produce hydrogels (physical, chemical
or radiation-induced cross-linking), which can be tuned according to the targeted application.
Although the risk of collapse of pore structure during dehydration makes difficult the
morphological analysis of hydrogel, SEM analysis has been demonstrated to provide good
image with resolution of about 10 nm. SEM analysis is carried out under a high vacuum and

requires prior lyophilisation of the sample [124,125]

f) Nuclear Magnetic Resonance Spectroscopy
Nuclear magnetic resonance spectroscopy analysis of hydrogels has attracted interests of
researchers in recent years given its ability to elucidate polymeric structural properties and
physical processes. Hence, thanks to chemical shift and peak intensities of simple spectra,
structural properties like the polymer composition, the tacticity and the sequence distribution
can be determined. Moreover, NMR analysis allows resolving the structure, degree of grafting,
molecular organization, water-biopolymer interactions and internal dynamical behaviour of

hydrogels [126].

NMR is based on the absorption of electromagnetic radiation in the radiofrequency region 4 to
900 MHZ. It exploits the transition in nuclear spin states. Indeed, given that many nuclei have
spin and are all electrically charged, they are prone to energy transfer when external magnetic
field is applied and could therefore have two possible nuclear spin energy states. This transfer
of energy occurs from a lower to a higher energy level and takes place at a wavelength
corresponding to radio frequencies. Once the spin goes back to its base level, emission of energy
occurs at the same frequency. The NMR instrument produces the spectrum by measuring and
processing the signal that corresponds to the energy transfer that has occurred. Both solution
NMR and solid-state NMR spectroscopy are the NMR techniques used for hydrogels

characterizations [126-129].

1.3.3. Hydrogels as lipid nanoparticles scaffold

Lipid nanoparticles as already described, provide many advantages when applied to drug
delivery. They have also been shown to achieve prolonged release of encapsulated drugs.
However, when applied to mucosal, dermal, transdermal or ocular drug delivery, they need to
be supported by a three-dimensional network to remain at the administration site. Hence, LNP-
hydrogel composite has been developed for this purpose, yielding advantages of both LNP
(enhancement of solubility, permeability, bioavailability and protection of the drug from

degradation) and hydrogels (mucoadhesion, biocompatibility, good rheological properties etc.).



This composite allows circumventing the incompatibility between hydrophobic drugs and the
water-swollen hydrogel matrix as double encapsulation is achieved by first encapsulating the

drug in LNP, themselves loaded in the hydrogel scaffold [107].

Researchers have investigated different types of polymers to produce hydrogel scaffold for
LNP. The majority of them belong to the following polymer families: poly (acrylic) acid
polymers (e.g. Carbopol®), poloxamers (e.g. Pluronic®), polysaccharides (e.g. cellulose,
carrageenan, chitosan etc.). All of them are biocompatible. Poly (acrylic) acid polymers based
hydrogels form as a result of entangled chains while hydrogels formed from poloxamers are a
result of physical interactions. On the other hand, polysaccharides based hydrogels are mostly

a result of chemical crosslinking [107].

Figure 12. Schematic representation of Lipid nanoparticles-hydrogel (LNP-hydrogel
composite) composite illustrating LNP entrapped within the hydrogel structure. Photo
adapted from Desfrancois et al. [107].

1.3.3.1. Preparation of LNP-hydrogel composites
The preparation of LNP-hydrogel composites depends on the type of polymer used to produce
the hydrogel.

a) Preparation based on physical interactions
Poly (acrylic) acid hydrogels and poloxamers based hydrogels are the most used to prepare
LNP-hydrogel composites using this method, since their gelation process is based on physical
interactions. Briefly, an aqueous solution containing a determined amount of LNP dispersion,
and the polymer is stirred for homogenisation. To obtain the LNP-hydrogel composite, if the
polymer used is the poly (acrylic) acid (Carbopol ®), the homogenized mixture pH should be
adjusted to the ideal Carbopol ® gelation pH, which in most cases ranges from 6 to 8, as

indicated by the supplier. On the other hand, when poloxamer is the polymer used, its aqueous



mixing with the LNP dispersion is done at low temperature (around 4 to 10°C) to avoid early
gelation. After homogenisation, the mixture is progressively brought back to room temperature

[107].

b) Preparation based on chemical interactions

This preparation consists of synthesizing hydrogels prior to mixing them with the LNP
dispersion. Hydrogels are chemically synthesized using any of the methods previously
mentioned in section 1.3.2.2. Most of the LNP-hydrogel composites preparations based on
chemical interactions are performed using polysaccharides as polymers, given their incredible
biological activities and high biocompatibility. For example, chitosan-based hydrogel can be
synthesized by free radical polymerization by using a monomer such as acrylic acid, a
crosslinking agent such as methylene bisacrylamide (MBA) and an initiator such as ammonium
persulfate. Once synthesized and washed by an organic solvent such as methanol or acetone,
the dried hydrogel will be mixed with the LNP dispersion to yield the LNP-hydrogel composite
[107,112].

1.3.3.2. Types of LNP-hydrogel composites

a) LNP-poly (acrylic) acid-based scaffolds
Synthetic anionic poly (acrylates) (Carbopol ®) with a high molecular weight represent 26% of
the hydrogels used to shell LNP. Carbopol ® based hydrogels are obtained by neutralizing the
solid powder up to pH ranging from 5.7 to 7, to release the alkali ions bound to the carboxylic
moieties. The addition of electrolytes such as NaOH is usually performed. However, in the case
of LNP-hydrogel composites, their use could lead to LNP aggregation. Hence, non-ionic

neutralisers like triethanolamine or ehtylenediamine can be used as an alternative [130,131].

b) LNP-poloxamer based scaffolds
Poloxamers (poloxamer 188 known as Pluronic ® F68 and poloxamer 407 known as Pluronic
® F127) are used to produce thermos-responsive hydrogels thanks to their thermos-reversible
gelation process at specific concentration and temperature Hence, LNP-poloxamer composites
have been investigated for sensitive delivery routes like the injectable, ocular or rectal routes

[132-135].

¢) LNP-polysaccharides based scaffolds
Polysaccharides have attracted attention and interest of many researchers thanks to their
numerous and incredible properties yielding different medical applications. These properties

include easy accessibility, biocompatibility, mucoadhesiveness, biodegradability, high affinity



toward water and ability to undergo diverse chemical modifications. Polysaccharides consist of
long chains of monosaccharide units that are linked together by glycoside bonds. Since
polysaccharides hydrogels have poor mechanical properties, are fragile and degrade at
physiological pH when in their natural state, their backbone is mostly modified or they are
combined with other synthetic polymers. Chitosan, cellulose and xanthan are the three most

used polysaccharides to produce LNP-polysaccharide hydrogel composites [107,136].

Different works have reported successful formulations of LNP-polysaccharide composites.
This is the case for Topotecan based NLC-Hydroxyethylcellulose; Copaiba oil based LNE-
hydroxyethylcellulose; Avanafil based SLN-hydroxypropylmethylcellulose; Nitrendipine
SLN-chitosan; ketoconazole SLN-dextran; siRNA carried by chitosan-transacylated LNC, etc.
NLC, LNE, LNC and SLN respectively refer to nanostructured lipid carriers, lipid

nanoemulsions, lipid nanocapsules and solid lipid nanoparticles [107,137].

1.3.3.3. Characterization of LNP-hydrogel composites

Due to the recent emergence of this domain, through characterization of LNP-hydrogel
composites is still very rare. However, like hydrogels and nanoparticles, they can be
characterized for some physicochemical properties such as phase behaviour (polymorphism),
chemical composition, mechanical properties, surface morphology, encapsulation efficiency

and drug release ability.

1.4. Pulmonary delivery

Given the very interesting features of the lungs responsible of their ability to absorb drugs either
for local or for systemic delivery, pulmonary delivery systems have been intensively
investigated and turned out to be very promising biomedical assets. Indeed, pulmonary route is
seen as non-invasive administration pathway that could allow local and systemic delivery of
therapeutic agents due the very large absorption surface and permeability of the lungs as well
as good blood supply. Pulmonary delivery is associated with the advantage of having low
enzymatic activity, of providing rapid absorption of drugs and of avoiding first-pass
metabolism. In short, three main benefits of pulmonary delivery may be achieved, namely a
rapid onset of action, high local concentration, and needle-free systemic delivery of drugs with
poor oral bioavailability. Thanks to these interesting properties of the lungs, local respiratory
diseases (e.g. asthma, pulmonary fibrosis, pneumonia, lung cancer, infectious diseases like
tuberculosis, covid-19 etc.), along with some systemic diseases could be effectively treated by

using pulmonary delivery system [138,139].



1.4.1. Pulmonary system description

As illustrated in Figure 12 the pulmonary system is made of two main pulmonary structures: an
upper one and a lower one. This system plays a very critical double role in the human body that
consist of oxygen supply and carbon dioxide clearance. While the nose, the nasal cavity and the
pharynx (nasopharynx, oropharynx and laryngopharynx) constitute the upper structures, the
lungs represent the lower structures and are made of the larynx, trachea, carina, bronchi,
bronchioles and alveoli. Thanks to the mucous membranes present in the upper structures,
foreign particles like smoke and other pollutants are filtered out before the air reaches the lungs.

These upper structures also heat up and humidify the air that is inhaled [140].

The role of the lower airway is to pull in air from the upper structures and allow absorption of
oxygen in exchange of carbon release in the alveoli. This phenomenon is referred to as
ventilation, which consists of the exchange of air between the atmosphere and the alveoli during
inhalation and exhalation; and diffusion that consists of oxygen and carbon dioxide exchange

through the respiratory membrane from area of high to low pressure [140,141].

It is worth mentioning that the surface of these different airway structures is covered with
mucus-laden cilia which play a very important role in cleaning the airways by a process known
as mucociliary clearance. These cilia transport inhaled dust particles and microbes in the
airways to the upper parts of the respiratory system for removal either by coughing, sneezing,
spitting or swallowing. This clearance process is known to be one of the main innate defence
mechanisms that protect the lungs from biological inert, irritating and suspended particles in

the air [141].



Figure 13. Anatomical schema of the human respiratory system.

https..//'www.redbubble.com/fr/i/impression-rigide/Diagramme-du-syst%C3%A8me-respiratoire-
humain-par-allhistory/30345034.706GI (Accessed in June 18, 2022).

1.4.2. Influence of the lung architecture on drug delivery

Among the different parts of the lungs, the alveolar region of the deep lung presents the largest
surface area and thinnest diffusion pathway for dissolved material, which makes it the first
target for drug delivery. When delivered via inhalation, hardly greater than 20% of the drug
reaches the alveoli as large amount of it may deposit within the airways ducts and subsequently

be moved away by mucociliary escalator [142]. However, the physiological effectiveness of


https://www.redbubble.com/fr/i/impression-rigide/Diagramme-du-syst%C3%A8me-respiratoire-humain-par-allhistory/30345034.7Q6GI
https://www.redbubble.com/fr/i/impression-rigide/Diagramme-du-syst%C3%A8me-respiratoire-humain-par-allhistory/30345034.7Q6GI

inhaled particles depends on their ability to deposit within the respiratory system. Factors that
contribute to inhaled particle deposition include particle size, shape and density, airflow
velocity and volume, physiological variations between patients, and pause time between

inhalation and exhalation [143].

Generally, there are three main physical mechanisms of particle deposition, which are
determined by both aerodynamic diameter and inhalation flow dynamics. They include
impaction by inertial forces, electrostatic deposition and interception; sedimentation by
gravitational forces; and diffusion by Brownian motion. Particles with size greater than 5 pm
are subject to impaction while sedimentation typically influences particles with size between 1
and 5 pm. Particles with size ranging from 0.5 to 1 pm undergo deposition by diffusion [144-
148].

On the other hand, inhaled particles are also prone to elimination by the various clearance
mechanisms present in the respiratory system, including the mucociliary or cough clearance to
the gastrointestinal tract, the passive or active absorption into the capillary blood network and
the metabolism. Poorly soluble particles hardly diffuse toward the cell layer and can therefore
be cleared to the gastrointestinal tract by mucociliary escalator or cough; they can also be
passively or actively absorbed into the capillary blood network or metabolized in the mucus or
lung tissue [142]. Inhaled particles are also prone to alveolar macrophage uptake. Indeed, the
air surface of each alveolus is often cleared by about 12 to 14 macrophages that phagocytize
any insoluble particle in the alveolar region [149]. The understanding of these clearance
mechanisms is very important as it can inspire and guide researchers about how they can deal

with pulmonary drug delivery.

1.4.3. Overcoming pulmonary clearance mechanisms for successful drug delivery

As explained in previous sections, one of the biggest challenges to overcome the pulmonary
delivery system is the inhaled particles deposition, which is influenced by many factors among
which the size of particle plays a great role. Hence, modifying the aerodynamic diameter (da)
of the particle can prevent its clearance from the airways. Generally, small particles with da <
0.5 pm are easily cleared away while particles d. above 10 um are easily deposited into the
proximal airways including the mouth, throat and larynx [150]. Moreover, particles with da of 1
to 5 um can be deposited in the alveolar airspaces and are generally considered as optimal
design for pharmaceutical inhalation and therapeutic approaches within the lungs. To date,

different drug carriers have already been studied to improve the controlled release of drug in



the pulmonary system. They mainly include liposomes, biodegradable polymeric microparticles

and hydrogels, as described in table 5 [151].

Table 5. Drug delivery system available for pulmonary delivery

Delivery Characteristics Materials
system
1 Liposomes Amphiphilic Egg phosphatidyl choline and
Biocompatible and | cholesterol, soybean
biodegradable phosphatidylcholine,
Targeting potential and ease of | hydrogenated
functional modification | soyaphosphatidylcholine and
Tolerable and safe hydrogenated soyaphosphatidyl
glycerol
2 Biodegradable | Biocompatible and Albumin
polymeric biodegradable Sebacic acid
microparticles | Slower release rate and longer Poly(ether-anhydrides)
duration of action; release rate Poly(lactide and/or glycolide)
controllable Poly(lactic-co-glycolic acid)
Decreased particle clearance PEG
from phagocytosis 1,3-
bis(carboxyphenoxy)propane
3 Hydrogel Swellable Natural polymers: chitosan,
Evade alveolar macrophage alginate,
uptake collagen, gelatin, hyaluronic
Biocompatible and low toxicity | acid
and dextran
Synthetic polymers:
hydroxyethylmethacryate, vinyl
acctate, N-(2-hydroxy propyl)
methacrylate

1.5. Problem Statement

Covid-19 is a deadly viral disease that has been killing millions of people since 2019. According
to the latest reports, more than 500 million people have been infected so far and over 6 million
have died from the disease. A highly contagious virus called sars-cov-2 has been identified as
the cause of Covid-19. To date, no effective treatment has been fully approved to combat the
disease and researchers are still working to find one. However, recently, an mRNA-based
vaccine has been introduced and approved for use in humans, raising hopes of eliminating the
threat of the virus. Unfortunately, despite the hope for the vaccine, cases of covid-19 and deaths
are still recorded even among those vaccinated. On the other hand, older antiviral drugs are
being screened for their ability to inhibit the life cycle of the sars-cov-2 virus so that they can
be used to treat covid-19. This is the case of Remdesivir, formerly developed against the ebola

virus, which has received urgent approval for use in humans against covid-19.



Although effective in treating viral infections, antiviral drugs are susceptible to resistance and
ineffectiveness. According to the biopharmaceutical classification system, about 90% of
existing and upcoming antivirals are characterised by poor solubility or permeability. This
results in the use of large amounts of drug to reach the therapeutic dose in the bloodstream,

which exposes the patient to dangerous side effects.

Since the lungs are the most affected by sars-cov-2, this project aims at developing a pulmonary
drug delivery system capable of achieving both successful local and systemic release of
potential anti-covid-19 drugs. The lungs features provide a large surface area for absorption, a
high potential drug permeability and no first-pass metabolism making them a very promising
drug delivery pathway. While soluble particles in the mucosal matrix diffuse rapidly into the
epithelial lining fluid and are readily absorbed, poorly soluble particles are likely to be removed
naturally by mucociliary escalator, coughing and/or phagocytosis by alveolar macrophages

impeding successful drug delivery.

Recent advances in nanotechnology research have identified several strategies to overcome
such drawbacks, among which the loading of antiviral drugs into advanced delivery systems
has attracted great interest and shown promising results [152-155]. Among them, lipid-based
delivery systems have revived many drugs belonging to BSC classes I1, III and IV by enhancing
and improving both their solubility and permeability. There are many types of lipid-based
delivery systems, including liposomes, microemulsions, nanoemulsions, nanostructured lipid
carriers, etc. [152]. Interestingly, up to now some antiviral drugs have successfully reached the
market as lipid-based formulations. This is the case for amprenavir (Agenerase®), saquinavir

(Fortovase®), and ritonavir (Norvir®) [156].

Hence, the first goal of this work is to develop lipid-nanocapsules (LNCs) to improve
biopharmaceutical properties of potential antivirals against sars-cov-2 by using Efavirenz as a
drug model. Efevirenz is a non-nucleoside reverse-transcriptase inhibitor (NNRTI), used, in
combination, for first line treatment of HIV and recently investigated for its potential activity
against sars-cov-2 [62,65]. On the other hand, LNCs are lipid-based drug delivery systems
introduced by Heurtault et al., in 2002 who reported them to be very stable systems with particle
size below 100 nanometers depending on their components proportions. LNC are produced
easily by using a low energy organic solvent-free method named phase inversion as developed
and explained in previous studies[69,75]. Their structure consists of an oily liquid core

surrounded by a rigid shell, suggesting that they are a suitable vehicle for efavirenz due to its



log P of 4.6 [157-159]. Furthermore, labrafac® lipophile 1349, lipoid® S75-3 and solutol®
HS15 are the main components used to manufacture LNCs. In this work, it is planned to use
different materials namely medium chain triglycerides from coconut and palm kernel oil, crude
soy lecithin and tween 80, in order to make LNCs more affordable for low-income countries.
In addition, as far as we know, this will be the first time that these materials have been used to

develop lipid nanocapsules.

However, due to their small particle size, LNCs do not achieve good residence time when
applied to pulmonary delivery. As they cannot be easily deposited in the alveolar region, they
are likely to be phagocytised by alveolar macrophages or exhaled out of the airway. Therefore,
the efficacy of the drug is not achieved or is only possible by using very high concentrations of
the particles and by increasing their frequency of administration, which exposes to drug

toxicity.

Latest research into pulmonary delivery systems has shown that hydrogels have the potential to
overcome the deposition problems observed in this route of administration. Hydrogels are three-
dimensional polymeric matrix networks that absorb a large amount of water and have
interesting properties, including bioadhesivity, biodegradability, low toxicity and low
interfacial tension, which make them excellent candidates for drug delivery to the lungs. The
mucus lining the airways of the lungs has wettability and stickiness properties that are,
interestingly, similar to the surface characteristics of hydrogels. As hydrogels are
mucoadhesive, their contact or interaction with the mucus layer is likely to increase the
residence time of the drug formulation in the lungs as well as achieve sustained release. In
addition, due to their swelling ability, hydrogels can prevent or delay engulfment by
macrophages. In addition, they are also known to exhibit certain biological activities such as

antibacterial and antiviral activities.

Therefore, the second objective of this work is to synthesise highly swellable hydrogel scaffolds
capable of encapsulating Efavirenz-based LNCs and allowing their pulmonary delivery. To
achieve this objective, natural polymers will be used. These include iota-carrageenan (iCar) and
chitosan (CS). Recent in vitro studies and in silico analysis have respectively shown that iCar
has inhibitory activity against sars-cov-2 and shows promising inhibitory potential against the
main sars-cov-2 protease (MPro). Therefore, the resulting hydrogel of this study would not only

enable successful drug delivery, but also intrinsically combat sars-cov-2 virus.



1.6. Aim and objectives of the research
The aim of this study was to design, synthesize, manufacture, characterize and evaluate lipid
nanocapsules and their hydrogel composite for pulmonary delivery of potential anti-covid-19

drugs.

Two main projects were designed from the general aim of this research in terms of two main

specific objectives, which were:

1. To design, manufacture, characterize and evaluate lipid nanocapsules (LNC)

— Use of Efavirenz (EFV) as drug model of poor water-soluble drugs and evaluate its
solubility in LNC starting material (namely oils likely to be used in their composition);

— Optimization of LNC formulation using phase inversion;

— Building polynomial models capable of predicting LNC properties, namely the droplet
size, the polydispersity index and the Zeta potential, by using Design Expert Software
version 13;

— Characterization of LNC for their droplet size, polydispersity index and Zeta potential;
for their chemical composition, thermal and phase behaviour, as well as for their shape
and morphology;

— Evaluation of LNC encapsulation efficiency as well as their drug release ability;

— Evaluation of LNC stability over 28 days of storage.

2. To design, synthesize, manufacture, characterize and evaluate LNC-hydrogel composite

— Synthesis by free radical copolymerization of hydrogel using chitosan and iota-
carrageenan as polymer backbones, acrylic acid and acrylamide as monomers,
N’N’Methylene bisacrylamide as crosslinking agent and ammonium persulfate as the
initiator, to the “chitosan-g-iota carrageenan-g-poly (acrylamide-co-acrylic acid)
hydrogel” (CS/iCar-p(AAm-co-AA));

— Evaluation and optimisation of CS/iCar-p(AAm-co-AA) swelling capacity, by building
up a mathematical model for its prediction;

— Preparation of EFV-LNCs-CS-iCar-p(AAm-co-AA) hydrogel composite;

— Characterization of both CS-iCar-p(AAm-co-AA) hydrogel and EFV-LNCs-CS-iCar-
p(AAm-co-AA) hydrogel composite for their chemical composition, phase behaviour,
thermal decomposition profile as well as for their surface morphology;

— Evaluation of encapsulation efficiency of LNC entrapped in CS-iCar-p(AAm-co-AA)

hydrogel as well as EFV drug release profile from the double encapsulation system.



Chapter Two

Materials and Methods
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The above paper published in Pharmaceutics reports most of the
results obtained in this first project



2. MATERIALS AND METHODS

2.1. Materials and Methods for Project |
2.1.1. Materials
2.1.1.1. Chemical

Crude soy lecithin granules were purchased from Health Connection Wholefoods (Cape Town,
South Africa). According to the manufacturer’s specifications, these granules mainly contained
phosphatidylcholine, phosphatidylinositol, polyunsaturated fat, saturated fat, glycemic
carbohydrates and sodium. MCT oil was obtained from Absolute Organix (Johannesburg, South
Africa), Labrafac Lipophile 1349 was purchased from Gattfossé (Saint-Priest, France), Tween
80 was purchased from Merck (Johannesburg, South Africa) and efavirenz was donated by
Adcock Ingram Limited (Wadeville, South Africa). Sodium chloride was purchased from
Minema (Roodepoort, South Africa). HPLC-grade acetonitrile was purchased from Merk
(Darmstadt, Germany). HPLC-grade water was produced using a Rephile Bioscience Direct-

Purefi Ultrapure RO Water system (Boston, MA, USA).

2.1.1.2. Instruments

A sonication bath (Digital Ultrasonic Cleaner PS-10A, Meizhou city, China) was used during
the development process. A Benchmark “my Fuge” mini centrifuge (Benchmark Scientific,
Sayreville, NJ, USA). HPLC analysis was performed using an Agilent 1100 Liquid
Chromatography series equipped with a quaternary pump (G1311A), degasser (G1322A), diode
array detector (G1315B) and manual injector (G1328B) with a Phenomenex® Kinetex® column
(2.6 um C18, 100 A, 150 x 4.6 mm i.d.). Samples were freeze-dried using a LABCONCO
FreeZone ® 6 Liter Benchtop Freeze-Dry system (Kansas City, MO, USA). A PerkinElmer
Spectrum 100 FT-IR Spectrometer was used to record IR spectra and a TA DSC 250 instrument
was used for thermal analysis. The material crystallinity was assessed using an XRD D8
Discover or D2 Phaser Instrument (Bruker, Billerica, MA, USA). A Zetasizer nano ZEN—-3600
MAL1043132 from Malvern Instruments (Malvern, UK) was used to determine the particle
size, polydispersity index and zeta potential of the materials. Particles’ shape was analyzed
using a Zeiss Libra-120KV TEM instrument (Oberkochen, Germany). The elemental
composition of the developed materials was evaluated by using an INCA PENTA FET coupled
to VAGA TESCAM energy-dispersive X-ray spectroscopy (Brno, Czech Republic).



2.1.2. Methods
2.1.2.1. Quantitative Determination of Efavirenz
A reversed-phase high-performance liquid chromatographic method developed by Bienvenu et

al. was validated for the quantification of EFV[160]. The validated method was applied in the

solubility, encapsulation and drug loading capacity, and in vitro drug release studies.

2.1.2.1.1. Chromatographic conditions

The chromatographic conditions used to validate the HPLC method are described in Table 6.
The instrument consisted of an Aligent 1100 Liquid Chromatography Series equipped with a
quaternary pump (G1311A), degasser (G1322A), diode array detector (G1315B) and manual
injector (G1328B).

Table 6. Chromatographic parameters

Parameter Description or Value

Column Phenomex Kinetex® 2.6 pm, C18 100 A,
150 x 4.6 mm

Mobile phase 0.1% Formic acid buffer + Acetonitrile
(25:75)

Injection volume 20.0 ul

Flow rate 1 ml/min

Retention time 248 +0.012

Reaction time 3 min

Wavelength 247 nm

2.1.2.1.2. Description of the Validation Procedure

The selected HPLC method was validated according to the International Council for
Harmonization guidelines (ICH 2005). Linearity range, accuracy and precision (repeatability
and intermediate precision) were investigated to ensure that the method was suitable under the
actual experimental conditions. The stock solution of Efavirenz was prepared by accurately
weighing 25 mg of the analytical standard into a 25 mL clean and dry volumetric flask to which
a mixture of acetonitrile and MilliQ water (40:60) was added up to the meniscus. Sonication

was applied to the resultant mixture to obtain complete dissolution of Efavirenz.



d) Linearity

A range of five calibration standard (5, 35, 65, 95 and 125 pg) were prepared. The calibration
curve was plotted using peak areas of Efavirenz against standard concentrations. The linearity
was assessed by using the correlation coefficient (R squared). Experiments were run five times
for each of the five calibration standards in order to calculate the relative standard deviation

(RSD) of the slope.

e) Accuracy and Precision

Intra- and interday accuracy and precision were checked by assaying five consecutive replicates
of three low, medium and high concentrations (10, 55 and 105 pg/ml) on five different days.
Calibration curves were freshly determined on each day of the analysis. The accuracy was
calculated as the percentage of the deviation between the known and the obtained
concentrations. Precision was expressed in terms of the RSD within a single run (intraday) and

between different assays (interday).

2.1.2.2. Solubility Assessment of Efavirenz

Efavirenz solubility was evaluated by adding an excess amount (1.5 g) to 5 mL of either
Labrafac Lipophile 1349, MCT oil or HPLC-grade water. Then, shaking was performed for 24
h at 750 revolutions per minute (rpm) at 25 °C, followed by centrifugation at a speed of 6000
rpm for 30 min. The supernatant was thereafter treated with acetonitrile—water (40:60) to
precipitate the lipids. Subsequently, it was filtered using a 0.22 pm simplepure™ syringe filter,

and the efavirenz content in the filtrate was determined using the validated HPLC method.

2.1.2.3. Design and Optimization of Lipid Nanocapsules
2.1.2.3.1. I-optimal Mixture Design and Statistical Optimization

With the aid of Design-Expert software version 13.0 (Stat-Ease, Inc., Minneapolis, MN, USA),
the I[-optimal mixture design was performed to ascertain the interactive effects of different
proportions of LNC components on the droplet size, polydispersity index and zeta potential.
This design was selected given that it provides lower average prediction variance across the
region of experimentation and is desirable for response surface methodology for which
prediction is important[161]. The MCT oil, crude soy lecithin, Tween 80 and NaCl-water were
the independent variables while the droplet size, polydispersity index, zeta potential and

temperature of dilution were the responses. These responses were expected to fit the different



polynomial models for prediction purposes. The independent variables aligned with the ranges

listed in Table 7 with the components’ proportions totaling 100%.

Table 7. Input variable constraints for I-optimal mixture design

Low Limit (%) Constraint High Limit (%)

10,000 < A: PURE MCT OIL < 12,000

1500 < B: CRUDE SOY LECITHIN < 3000

9000 < C: TWEEN 80 < 14,000

71,000 < D: NaCl-WATER < 79,500
A+B+C+D = 100,000

2.1.2.3.2. Model Optimization

The goal of this section was to assess the prediction performance of the polynomial models
fitted to the responses. For this purpose, four different blends generated by the design expert
software were selected and run in triplicate. The average values of the experimental data were

compared to a 95% prediction interval (95%PI).

Equation 2. 95% Prediction Interval (95%PI)

0 = :
95%P1 v + t(;,residuaz ar) X SEpreqa (EQ. 2)
where = is the predicted value of the response, t/x . is the student’s ¢ critical value
Yo (E,reSLdual df)

and SE,,.4 1s the standard error of the prediction.

As presented in Table 8, the optimization criteria consists of maximized or minimized
proportions of Tween 80 or MCT oil with proportions of crude soy lecithin and NaCl-water

maintained in the fixed ranges of 1.5-3% and 71-79.5%, respectively.

Table 8. Optimization criteria and generated blends

Components (%) Blend 1 Blend 2 Blend 3 Blend 4

Criteria A maximized and C A minimized and C
minimized maximized

Unit % %

MCT oil (A) 12.00 12.00 10.00 10.00



Crude soy lecithin 3.00 1.50 3.00 1.50
(B)

Tween 80 (C) 9.00 11.70 13.10 12.94
NaCl-water (D)  76.00 74.80 73.90 75.56

2.1.2.4. Preparation of Lipid Nanocapsules

The I-optimal mixture design from the Design Expert software version 13.0 generated 24 and
4 blends, respectively, for the design and optimization studies of LNCs. These were prepared
using an organic solvent-free phase-inversion method. Briefly, as inspired from Heurtault et al.,
a total weight of 2.5 g of all components (MCT oil, crude soy lecithin, Tween 80 and NaCl-
water with NaCl amount fixed at 50 mg in all formulations) were mixed in a round boiling flask
under 1300 rpm magnetic stirring in an oil bath mounted on a hot plate. The temperature was
raised from room temperature to 95 °C and three temperature cycles were applied in a range of
70 to 95 °C where phase inversion resulting in translucent mixtures was observed. Then, to
obtain stable LNCs, a sudden cooling of the translucent mixtures with cold HPLC-grade water
(1 to 4 °C), three times the volume of NaCl-water, was applied during the last cycle. A

condenser was always set up to avoid any evaporation.

2.1.2.5. Characterization

2.1.2.5.1. Droplet Size, Polydispersity Index and Zeta Potential

The Malvern Nano-ZS Zetasizer (Malvern Instruments, Worchester, UK) was alternately set to
dynamic light-scattering mode for the droplet size (DS) and the polydispersity index (PDI)
determination, and to laser Doppler anemometry (LDA) mode for the zeta potential (ZP). A
dilution of 500 pL of the saturated samples in 50 mL of HPLC-grade water was performed prior
to all determinations. The sample was placed into a 12.5 x 12.5 x 45 mm BRAND® disposable
cuvette (BRAND GmbH + CO KG, Wertheim, Germany) for the DS and the PDI, while a
folded capillary cell was used for the ZP, and the experiments were performed at 22 °C at a
scattering angle of 173°. The same parameters were evaluated over a period of 28 days for

stability studies using samples stored at 15 °C + 0.8.

Subsequently, a drop of each saturated sample was placed onto a 3.05 mm holey carbon copper
grid (FORMVAR/Carbon support 300 mesh) obtained from TAAB Laboratories Equipment,
Ltd., Alderson, Berks, RG7 8NA, UK, for microscopic visualization of the LNC. The sample

was stained with uranyl acetate for better visualization. A Whatmanfi 110 hydrophilic filter



paper (Whatmanfi International, Ltd., Maidstone, UK) was used to adsorb excess liquid and the
sample was allowed to dry for 24 h at room temperature (25 °C). Then, transmission electron
microscopy (TEM) (accelerating voltage of 80 kV) was used to observe the shape of the LNCs.
TEM images were processed using ImageJ software version 1.53¢ to allow for the establishment

of the size distribution.

2.1.2.5.2. Encapsulation Efficiency and Drug Loading Capacity

The D-optimal (custom) randomized design from Design-Expert software version 13.0 (Stat-
Ease, Inc., Minneapolis, MN, USA) generated 13 formulation runs for the optimization of the
encapsulation efficiency and the drug loading capacity. Briefly, efavirenz, the independent
input in this study, was added to an optimized LNC formulation (MCT oil:Lecithin:Tween
80:Salted-Water with ratio 12:3:9:76) in a range of 95 to 250 mg. After each preparation, a 1:4
(EVF-LNC:Millipore water) dilution was performed followed by centrifugation at 6000 rpm
for 30 min. The supernatant was treated with acetonitrile—water (40:60) and filtered using a
0.22 pm simplepure™ syringe filter, and the efavirenz content in the filtrate was determined

using the validated HPLC method.

The following formulas were used to determine the encapsulation efficiency and drug loading

capacity:
Equation 3. Encapsulation Efficiency (%)
%EE ==L x 100 (Eq. 3)

where %EE stands for encapsulation efficiency, Mf'is the efavirenz mass determined from the

filtrate and Mi the initial mass of efavirenz in the formulation.

Equation 4. Drug Loading Capacity (%DLC)

%DLC = =L x 100 (Eq. 4)

where %DLC stands for drug loading capacity, Mf'is the efavirenz mass determined from the

filtrate and Mt the total mass of the formulation.



2.1.2.5.3. Differential Scanning Calorimetry

Differential scanning calorimetry allowed for the thermal assessment of the developed EFV-
LNC as compared to that of the blank-LNC, the physical mixture as well as that of the raw
materials. Briefly, the LNC dispersions were freeze-dried overnight. Then, 3 to 5 mg of the
dried samples were weighed in sealed aluminum pans for analysis and heated from 30 to 170
°C at a rate of 10 °C per minute using an empty aluminum pan as reference. Nitrogen flow rate
of 20 mL/min was used to maintain an inert atmosphere in the sample chamber. DSC Pyris
software allowed us to record changes in the heat flow of the samples and data process as
thermograms. The physical mixture was prepared by simply blending efavirenz with raw
materials (MCT oil, crude soy lecithin, Tween 80 and NaCl-water) at 35 °C, in amounts
equivalent to the ones used to form an optimized EFV-LNC formulation. After freeze-drying
the physical mixture, 3 to 5 mg aliquot was weighed and analyzed under the same conditions

as LNC.

2.1.2.5.4. X-ray Diffraction Spectroscopy

The crystallinity of EFV-LNC was compared to that of both free efavirenz and blank-LNCs by
using X-ray powder diffraction (XRD) on a Bruker D8 Discovery equipped with a Lynx Eye
detector (proportional counter), using a nickel filter and Cu-Ka radiation at 1.5404 A. The scans
were run at 20 range 10—-60° with a slit width of 6.0 mm at a scanning speed of 1° min'.
Samples were prepared as described in section 2.1.2.4., then both EFV-LNCs and blank-LNC

were freeze-dried and up to 0.2 g aliquot was weighed for analysis.

2.1.2.5.5. Fourrier Transform Infrared Spectroscopy

The PerkinElmer Spectrum 100 FTIR Spectrometer allowed us to obtain the sample’s IR
spectra in attenuated total reflection mode. Sixteen scans were applied in the wavenumber
ranging from 650 to 4000 cm'. The signal from functional groups in the freeze-dried EFV-
LNC were compared to those of freeze-dried blank-LNC and raw materials (free efavirenz,
MCT oil, crude soy lecithin and Tween). LNC and EFV-LNC samples were prepared as
described in section 2.1.2.4. An unmeasured aliquot was taken from each sample and from each

raw material, then placed on the spectrophotometer for analysis.

2.1.2.5.6. Energy-Dispersive X-ray Spectroscopy

The energy-dispersive X-ray spectroscopy was used to perform the surface elemental analysis

of EFV-LNCs in comparison to blank-LNC and raw materials (free efavirenz, crude soy



lecithin, Tween 80 and NaCl). LNC and EFV-LNC samples were prepared as described in
section 2.1.2.4. An unmeasured aliquot was taken from each sample and from each raw

material, then placed on different sample stubs for analysis.

2.1.2.6. In Vitro Drug Release

The optimized formulation with an efavirenz concentration of 17.5 mg/mL was considered for
in vitro release studies. The release medium consisted of 1% sodium lauryl sulfate solution.
The medium pH was adjusted to 7 then to 4 using concentrated HCI to ascertain the release
behavior in both neutral and acidic conditions. Briefly, 200 pL of EFV-LNC formulation
corresponding to 3.5 mg of efavirenz was placed in a dialysis bag (dialysis tubing cellulose
membrane, flat width 25 mm (1.0 in), Sigma-Aldrich, St. Louis, MO, USA), which was soaked
in 25 mL of release medium. Samples were submerged at 37 °C for 74 h while maintaining a
constant shaking (100 rpm). At selected time intervals (0.5, 1, 2, 6, 10, 16, 21, 51 and 74), a 5 mL
aliquot of the solution was withdrawn and immediately substituted with 5 mL of fresh release
medium to maintain sink conditions. “Factorial multilevel categoric” design was previously
performed and generated 66 runs corresponding to a triplicate for each level in both pH 4 and
pH 7. The number of levels was 11 corresponding to the time intervals, and the design had two

“categoric” factors corresponding to pHs 4 and 7.

2.1.2.7. Statistical Analysis

Statistical analyses were performed using the two-way analysis of variance (ANOVA), and
significance was tested at the 0.05 level of probability. Additionally, certain software packages,
such as Design Expert, OriginPro version 9, Microsoft Excel, and Image-J, were used in data

treatment.



Project 11: “Design, Synthesis, Manufacture, Characterization and
Evaluation of Lipid Nanocapsules-Hydrogel Composite”

A manuscript entitled “Lipid Nanocapsules in chitosan-g-iota
carrageenan-g-poly (acrylamide-co-acrylic acid) hydrogel scaffold, for
Pulmonary Drug Delivery System: Design, Synthesis, Manufacture,
Characterization and Evaluation”, based on results presented in this
second project, is underway to be submitted for publication in ACS
Applied Materials & Interfaces.



2. MATERIAL AND METHOD

2.2. Materials and Methods for Project 11
2.2.1. Material

2.2.1.1. Chemicals

Crude Soy lecithin granules were purchased from Health Connection Wholefoods (USA).
According to the manufacturer’s specifications, 100 g of the granules mainly contained
phosphatidylcholine (23 g), phosphatidylinositol (14 g), polyunsaturated fat (35 g), saturated
fat (13 g), glycaemic carbohydrates (8 g) and sodium (0.011 g). MCT oil was obtained from
Absolute Organix (Jeppestown, Johannesburg), Labrafac Lipophile 1349 was purchased from
Gattfossé (France), Tween 80 was purchased from Merck (Johannesburg, Gauteng, South
Africa), Efavirenz was donated by Adcock Ingramfi Limited (Wadeville, Gauteng, South
Africa). lota-carrageenan (iCar), chitosan low molecular weight (CS), acrylic acid (AA), N,N
methylene bisacrylamide (MBA) and acrylamide (AAm) were purchased from Sigma-Aldrich
(Darmstadt, Germany). Glacial acetic acid, sodium chloride and acetone ware purchased from
Minema (Roodepoort, South Africa). Ammonium persulfate was purchased from Saarchem
(Wadeville, South Africa). HPLC grade acetonitrile was purchased from Merk (Germany).
HPLC-grade water was produced using a RephilLe Bioscience Direct-Purefi Ultrapure RO
Water system, (Boston, MA, USA).

2.2.1.2. Instruments

A sonication bath (Digital Ultrasonic Cleaner PS-10A, Meizhou city, China) was used during
the development process. A Benchmark “my Fuge” mini centrifuge (Benchmark Scientific,
Sayreville, NJ, USA). HPLC analysis was performed using an Agilent 1100 Liquid
Chromatography series equipped with a quaternary pump (G1311A), degasser (G1322A), diode
array detector (G1315B) and manual injector (G1328B) with a Phenomenex® Kinetex® column
(2.6 um C18, 100 A, 150 x 4.6 mm i.d.). Samples were freeze-dried using a LABCONCO
FreeZone ® 6 Liter Benchtop Freeze-Dry system (Kansas City, MO, USA). A PerkinElmer
Spectrum 100 FT-IR Spectrometer was used to record IR spectra and a TA DSC 250 instrument
was used for thermal analysis. The material crystallinity was assessed using an XRD D8
Discover or D2 Phaser Instrument (Bruker, Billerica, MA, USA). A Zetasizer nano ZEN—-3600
MAL1043132 from Malvern Instruments (Malvern, UK) was used to determine the particle



size, polydispersity index and zeta potential of the LNC. Particles’ shape was analyzed using a
Zeiss Libra-120KV TEM instrument (Oberkochen, Germany). The elemental composition of
the developed materials was evaluated by using an INCA PENTA FET coupled to VAGA
TESCAM energy-dispersive X-ray spectroscopy (Brno, Czech Republic). The surface
morphology of hydrogels was determined under a TESCAN VEGA scanning electron

microscope (Brno, Czech Republic).

2.2.2. Methods

2.2.2.1. Preparation of Efavirenz based Lipid Nanocapsules (EFV-LNCs)

EFV-LNCs were prepared using the phase inversion method developed in the first project[162].
Briefly, it consisted of a blend of MCT oil, lecithin, tween 80 and NaCl-Water in a percentage
(w/w) ratio of 12:3:9:76 and containing 17.5 mg/ml of Efavirenz. Practically, 25 g of empty
LNCs components were weighed. In other words, 3 g of MCT oil, 0.75 g of lecithin, 2.25 g of
tween 80 and 19 g of NaCl-Water (water and NaCl respectively accounting for 18.5 and 0.5 g)
were weighed in a 250 round boiling flask and 1.35 g of Efavirenz were added. The mixture
was magnetically stirred at 1300 rpm in an oil bath mounted on a hot plate, then heated to 95
°C and three temperature cycles were applied in the range of 70-95 °C where phase inversion
resulting in translucent mixtures was observed. Then, in order to obtain stable LNCs, a sudden
cooling of the translucent mixtures with cold HPLC-grade water (1 to 4 °C), three times the
volume of water, was applied during the last cycle. A condenser was always in place to avoid

evaporation.

2.2.2.2. Design and Optimization of chitosan-g-iota carrageenan-g-poly (acrylamide-co-
acrylic acid) hydrogel (CS/iCar-p(AAm-co-AA))

Design Expert version 13 (Stat-Ease, Inc., Minneapolis, MN, USA) was used to perform the I-
optimal mixture design to evaluate the interactive effects of the iCar-CS hydrogel components
on its swelling capacity. The independent variables consisted of two polymers (iota-carrageenan
and chitosan), two monomers (acrylic acid and acrylamide) and a crosslinker (N,N-methylene
bisacrylamide), while the output variable was the swelling capacity which had to fit a
polynomial model capable of predicting its values. The input variables are listed in Table 9 with

their proportions totalling 100 %.



Table 9. I-optimal mixture design input variables

Low Limit (%) Constraint High Limit (%)

A:IOTA-

3.000 < CARRAGEENAN < 6.000

3.000 < B:CHITOSAN < 6.000

40.000 < C:ACRYLIC ACID < 53.000

40.000 < D:ACRYLAMIDE < 53.000
E:N.N METHYLENE

1.000 < BISACRYLAMIDE = 3000
A+B+C+D+E = 100.000

2.2.2.3. Model optimization and confirmation

This section aimed at evaluating the fitted polynomial model's ability to predict swelling
capacity. The swelling capacity maximization was the only optimization criteria. The software
generated a couple of blends and the one with the highest desirability was selected and
synthesised three times, followed by a triplicate measurement of the swelling capacity. The

average values of the experimental data were compared to 95% prediction interval (95%PI).

95%PI = io + t(g’resi dual d f) X SEpreq (EQ. 2) where ﬁois the predicted value of the response,

t(;resi dual d f) is the student’s t critical value and SE,,..4 is the standard error of the prediction.

2.2.2.4. Synthesis of CS/iCar-p(AAm-co-AA) hydrogel

The method used in this section was inspired by Rahmani et al. with some modifications [163].
It consisted of hydrogel synthesis by free radical precipitation graft copolymerization AA/AAm
on iota-carrageenan/chitosan backbone using APS as an initiator. Concisely, all of the initial
ingredients were combined to make a total weight of 500 mg per batch. lota-carrageenan and
chitosan were separately dissolved in 10 ml HPLC grade water in a 50 mL round boiling flask
submerged in an oil bath mounted on a hot plate pre-set at 60°C (Mixture A) and in 10 mL of
a 1 wt % acetic acid solution in a beaker (Mixture B), respectively. Both mixtures were stirred
at 800 rpm for 1 hour to achieve homogeneity. Mixture B was then added to mixture A, followed
by appropriate amounts of acrylic acid, acrylamide and MBA. Polymerization was thereafter
initiated by adding APS (0.05 — 0.2 g). The reaction was carried out under nitrogen atmosphere.
The resulting hydrogels were then rinsed several times using approximately 500 mL of acetone

before being dried in the oven at 40 °C.



2.2.2.5. Development of EFV-LNC-CS/iCar-p(AAm-co-AA) hydrogel composite

The EFV-LNC-CS/iCar-p(AAm-co-AA) hydrogel composite was developed by allowing the
hydrogel to entrap the EVF-LNC, followed by the quantitative determination of EFV
encapsulated in the entrapped LNC. Hence, a D-optimal (custom) randomized design was set
up for this purpose by using the Design-Expert software version 13.0 (Stat-Ease, Inc.,
Minneapolis, MN, USA). This one generated 13 runs consisting of EFV concentration in LNCs
ranging from 17.5 mg/mL to 87.5 mg/mL. The encapsulation was achieved using the swelling
equilibrium method[164]. Briefly, an appropriate volume of EFV-LNCs corresponding to the
desired concentration was diluted in a 25 mL volumetric flask. The resulting solution was used
to soak a defined amount of dried hydrogel (50 mg) for 24 hours at room temperature. Following
that, the swollen hydrogel was filtered out of the solution and rinsed with HPLC grade water.
The filtrate was collected in a clean beaker for estimation of non-encapsulated EFV-LNCs.
Hence, an aliquot (150 pL) of this filtrate was taken and diluted in a 10 ml volumetric flask
using a mixture of acetonitrile and water (40:60). The EFV content was then determined by
using a reversed-phase high performance liquid chromatographic method developed by

Bienvenu et al. and validated in the first project [160,162].

The encapsulation efficiency was calculated using the formula below:

%EE = Z—’: x 100 (Eq. 3)

Where %EE stands for encapsulation efficiency, Mf is the Efavirenz mass determined from the

filtrate and Mi the initial mass of efavirenz in the soaking solution.

2.2.2.6. Characterization

2.2.2.6.1. Droplet size, polydispersity index and zeta potential of EFV-LNCs

For droplet size (DS) and polydispersity index (PDI) determination, the Malvern Nano-ZS
Zetasizer (Malvern Instruments, Worchester, UK) was alternately set to dynamic light
scattering mode and laser doppler anemometry (LDA) mode (ZP). Prior to all measurements,
500 pl of the saturated sample were diluted in 50 ml of HPLC grade water. For the DS and PDI,
the sample was placed ina 12.5 x 12.5 x 45 mm BRAND® disposable cuvette (BRAND GmbH
+ CO KG, Wertheim, Germany), while the ZP was performed in a foldable capillary cell, and

the tests were carried out at 22 °C with a scattering angle of 173°.

2.2.2.6.2. Swelling capacity of CS/iCar-p(AAm-co-AA) hydrogel
The swelling capacity of the produced hydrogel was estimated using the filtration method. A

hydrogel amount of 50 to 100 mg was recorded as Wy and socked in a beaker containing 40 to



80 mL of HPLC grade water for 24 hours. Afterward, the mass of a piece of filter paper pre-
saturated with distilled water was recorded as W1 and placed in a Biichner funnel. The swollen
hydrogel in solution was then filtered under vacuum to remove any surplus water. The filter
paper (with the swollen hydrogel on it) was removed from the funnel and weighed again,
yielding the final mass recorded as W». The equation below was used to calculate the swelling

capacity (SC) and measurements were done in triplicate[165]:

Equation 5. Swelling Capacity (%SC)

%SC = 22 x 100 (Eq. 5)
0

2.2.2.6.3. Fourier Transform Infra-Red Spectroscopy (FTIR)

The IR spectra of the synthesized hydrogel along with the manufactured LNC-hydrogel
composite were compared with those of the raw material to assess any possible changes within
their functional groups. The PerkinElmer Spectrum 100 FTIR Spectrometer in attenuated total
reflection mode allowed to record the different spectra. Sixteen scans with wavenumbers
ranging from 650 to 4000 cm-1 were performed. Experiments were realised on the freeze-dried

samples of the synthesized hydrogel and the LNC-hydrogel composite.

2.2.2.6.4. Thermal Gravimetric Analysis

Thermal Gravimetric Analysis (TGA) was used to assess the thermal decomposition profiles of
both CS/iCar-p(AAm-co-AA) hydrogel and EFV-LNC-CS/iCar-p(AAm-co-AA) hydrogel
composite, in comparison with iota carrageenan and chitosan. Experiments were performed in
an inert nitrogen environment using a Perkin TGA 4000 instrument, where a sample of 2-5 mg

of the material was heated at a rate of 10°C per minute from 30 to 600°C.

2.2.2.6.5. Powder X-ray diffraction

The phase behaviour of both freeze-dried CS/iCar-p(AAm-co-AA) hydrogel and EFV-LNC-
CS/iCar-p(AAm-co-AA) hydrogel composite was assessed using Powder x-ray diffraction,
which allowed to obtain and examine their crystallinity profiles in comparison with iota-
carrageenan, and chitosan. The instrument consisted of a Bruker D8 Discovery equipped with
a Lynx Eye detector (proportional counter), using a nickel filter and Cu-Ka radiation at 1.5404
A. The scans were performed at a scanning speed of 1°min-1 and a 2-0 range of 10-60° with a

slit width of 6.0 mm.



2.2.2.6.6. Scanning Electron Spectroscopy (SEM) and Energy-Dispersive X-ray
Spectroscopy (EDS)

The surface morphology and elemental composition of both CS/iCar-p(AAm-co-AA) hydrogel
and EFV-LNC-CS/iCar-p(AAm-co-AA) hydrogel composite were investigated using SEM and
EDS, respectively. An INCA PENTA FET was employed in conjunction with VAGA
TESCAM energy dispersive X-ray spectroscopy. Prior to analysis, the hydrogels were swollen
to equilibrium (24 h) in HPLC-grade water at room temperature and then lyophilized in a freeze-
dryer using a LABCONCO FrezeZone® 6 Liter Benchtop Freeze Dry System. The resulting

lyophilic hydrogel was fixed on aluminium stubs, coated with gold prior to all the experiments.

2.2.2.7. Statistical Analysis
The two-way analysis of variance (ANOV A) was used for statistical analyses, and significance
was tested at the 0.05 level of probability. Besides, software packages like Design Expert,

OriginPro version 9, and Microsoft Excel were used in data treatment.



Chapter Three

Results and Discussion
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3. RESULTS AND DISCUSSION

3.1. Results and Discussion for Project I

3.1.1. Validation of a Reversed-Phase High-Performance Liquid Chromatographic
Method for Quantitative Determination of Efavirenz

A reverse phase HPLC method for Efavirenz quantification was validated according to the
International Council for Harmonization guidelines (ICH 2005). It consisted of an isocratic
elution method that was applied for an analysis time of 3 min at a flow rate of 1 ml/min. The
retention time of the drug was 2.48 = 0.012 min, as shown in EFV chromatogram in Figure 14
The mobile phase consisted of a 75:25 (V/V) mixture of acetonitrile and MilliQ water adjusted
to pH 3.0 using formic acid 0.1%. The injection volume was 20 pl and the wavelength for

detection was set at 247 nm.

Figure 14. Chromatogram of Efavirenz detected at 247.4 nm after nearly 2.5 minutes
elution.

3.1.1.1. Linearity

The linearity of the method was determined by preparing five different standard concentrations,
namely 5, 35, 65, 95 and 125 pg/ml, which were injected to the HPLC system five times each
in order to calculate the relative standard deviation. Figure 15 shows that the method was linear

with a correlation coefficient (R?) of 0.9995.



Figure 15. HPLC calibration curve of Efavirenz.

3.1.1.2. Precision and Accuracy

Intra- and inter-day accuracy and precision was checked by measuring five consecutive
replicates of three low, medium and high concentrations (10, 55 and 105 pg/ml) on five
different days. The method turned out to be precise with %RSD values < 4% for all the tested
samples. Table 10 presents both intra- and interday precision and accuracy profiles of the

validated method.

Table 10. Precision and accuracy of the validated method

Precision
(RSD, %)

Found +SD mean
concentration
mean

(ng/ml)

Nominal
concentration

(ng/ml)

Accuracy
(%)

Intraday

10

9,83301868

0,23643125

2,40446249

98,3301868

55

55,9377992

2,114132

3,77943363

101,705089

105

105,844751

2,33118088

2,20245299

100,804525

Interday

10

10,0611445

0,38062244

3,78309291

100,611445

55

55,4418087

1,99505604

3,59846854

100,803289

105

105,678684

1,38221094

1,30793732

100,646366

3.1.2. Solubility Assessment of Efavirenz

As highlighted in Figure 16, Labrafac Lipophile 1349 displayed the highest solubility for
efavirenz (3336 + 4.27 mg/mL), followed by MCT oil (27,426 £ 7.97 mg/mL). The lowest
solubility was observed in HPLC-grade water (0.089 £+ 0.0044 mg/mL) confirming the
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practically insoluble nature of this drug already reported in the literature [166]. Labrafac
Lipophile 1349 and MCT oil are triglyceride-based oils. The solubilizing capacity of
triglycerides is highly influenced by their intrinsic composition, namely, the degree of
unsaturation of their carbon chains. The lower the degree of unsaturation, the higher the
solubility [167-169]. Both Labrafac Lipophile 1349 and MCT oil are made of saturated fatty
acids (capric and caprylic fatty acids). The difference in the solubility of efavirenz in these two
oils could be accounted for by their manufacturing process. Labrafac Lipophile is claimed to
be originated from strictly vegetal raw materials (not specified) and contains up to 80% and up
to 50% of caprylic and capric acid, respectively. MCT oil also originates from vegetal raw
material, namely, coconut oil and palm kernel, and is claimed to contain 60% of caprylic and
40% of capric acid. Based on these results and given its availability and affordability on the

local market, MCT oil was selected for further investigations.

Figure 16. Solubility profile of efavirenz in Labrafac Lipophile 1349, MCT oil and
HPLC-grade water.

3.1.3. Statistical Analysis and Optimization of Lipid Nanocapsules

Design-Expert software version 13.0 (Stat-Ease, Inc., Minneapolis, MN, USA) was applied to
the design and optimization studies of LNCs. Based on the constraints previously summarized
in Table 6 (I-Optimal Mixture Design and Statistical Optimization section), a single-block I-

optimal mixture design was launched to ascertain the interactive effects of the different



proportions of the mixture components. The [-optimal design provides lower average prediction

variance across the region of experimentation and was therefore suitable for this study as the

prediction of LNC DS, PDI and ZP is important. The I-optimal design allows best fitting the

different responses to statistical models, such as linear, quadratic and special cubic models, for

points prediction and optimization [161]. The optimal custom design algorithm generated 24

blends summarized in Table 11, along with their respective values for the droplet size,

polydispersity index and zeta potential.

Table 11. Blend compositions generated by I-optimal design and observed

experimental data

Input Variables Responses
(% m/m)
MCT Crude Soy Tween 80 Salt Droplet Size PDI Zeta Temperature
Qil Lecithin c Water (nm) Potential  of Dilution
A B D (mV) (°C)
1 12.00 2.16 11.50 74.34 40 0.093 —49 93
2 10.00 2.42 11.49 76.09 33 0.127 =73 83
3 11.16 1.50 11.38 75.95 46 0.152 —56 95
4 11.83 2.87 13.89 71.41 31 0110 —50 86
5 10.00 3.00 9.00 78.00 34 0.097 —37 85
6 10.68 1.99 14.00 73.33 33 0.128 —46 87
7 10.00 1.50 13.07 75.44 35 0.161 —48 90
8 10.00 3.00 14.00 73.00 29 0.183 —56 85
9 11.16 1.50 11.38 75.95 46 0.149 =57 95
10 12.00 1.50 9.00 77.50 72 0.065 —54 95
11 10.21 1.64 9.03 79.13 46 0.090 —35 95
12 12.00 2.16 11.50 74.34 40 0.136 —55 91
13 12.00 3.00 9.55 75.45 42 0.073 —53 89
14 11.79 1.50 12.92 73.79 43 0.101 -39 92
15 10.00 2.96 12.83 74.22 35 0.137 —56 86
16 10.97 3.00 11.45 74.58 39 0.113 —49 86
17 11.27 2.42 9.00 77.31 41 0.147 —64 87



18
19
20
21
22
23
24

10.25
12.00
10.67
10.68
10.00
12.00
11.27

1.50
1.50
3.00
1.99
2.42
3.00
2.42

10.53
14.00
10.10
14.00
11.49
12.32
9.00

77.72
72.50
76.22
73.33
76.09
72.68
77.31

40
42
37
35
33
35
47

0.089
0.129
0.099
0.141
0.177
0.108
0.113

—36
—41
—52
—44
—70
—52
—68

93
&9
&9
87
85
85
87

The precision of the design for predictions at different points in the design space was evaluated,

and the resulting triangular contour plot as well as the surface plots of the standard error are

presented in Figure 17. Given that the errors are almost uniform and relatively small (0.5-1.5

o, where o is the estimated variability of the data) across the region of interest, the fitted models

are expected to provide precise predictions.

Figure 17. Contour plot (a) as well as the surface plot (b) of the standard error at

different points in the design space with changing compositions of MCT oil (4), crude

soy lecithin (B) and Tween 80 (C), and with fixed composition of NaCl-water (D).

The design software automatically fitted the experimental data to different statistical models,

including linear, quadratic, special cubic and cubic models. Statistical parameters, such as the

predicted residual sum of squared (PRESS), the lack of fit and the adjusted and predicted R

squared were analyzed and some model reductions were applied to obtain best fit as well as

best prediction ability. Models with the lowest values for the PRESS and high values for both

adjusted and predicted R squared are associated with good prediction ability for a set of data

[168]. Tables 12 and 13, respectively, summarize the ANOVA analysis of the suggested models



and that of reduced models that best fit the data. Table 14 highlights the PRESS values of

modified models as compared to PRESS values of suggested polynomials.

Table 12. Analysis of variance of the suggested models

Suggested f- Degrees of Adjusted Predicted Adequate

-Value R?

Response Model Value Freedom % R? R? Precision
Droplet size Special ysg0 13 <0.0001 0.9835 0.9620 0.8718  33.2536
(nm) cubic
PDI Linear  4.69 3 0.0123 0.4128 03247 0.1771  6.7749

Zeta potential Special

. 5.09 13 0.0072 0.687 0.6980 —2.3389  8.9294
(mV) cubic

Temperature of 5 v 720 13 0.0018 0.9037 0.7785 —0.1615 7.8467

dilution (°C)
Table 13. Analysis of variance of the modified models
Reduced f- Degrees of , Adjusted Predicted Adequate
Response Model Value Freedom © “Value R R? R? Precision
Droplet size Reduced
(nmI)) special  50.28 12 <0.0001 0.9821 0.9626 0.8876 34.5526
cubic
PDI Linear NM NM NM NM NM NM NM
Zeta potential Reduced
P special ~ 4.79 12 0.0072 0.8393 0.6641 —1.0050 8.3624
(mV) .
cubic
Temperature of Reduced
smp o special  10.79 8 <0.0001 0.8520 0.7730 0.6025  9.3516
dilution (°C) cubic

NM: Not modified.



Table 14. PRESS values of suggested and modified models

PRESS Values
Suggested Models Modified Models
Droplet size (nm) 217.02 190.28
Polydispersity index 0.0182 NM
Zeta potential (mV) 8171.50 4906.83
Temperature of dilution 386.72 132,34

(°C)
NM: Not modified.

The droplet size, zeta potential and temperature of dilution were originally fitted to Scheffé
special cubic models prior to their reduction for best fit and better prediction ability. The
polydispersity index was fitted to a linear model. These fitted models were subject to model p-
value tests to ascertain the assumption of their prediction ability, and lack of fit F-test to evaluate
the variation of data around them. All models were significant (model p-value <0.05), assuming
that they could be used to predict data and navigate the design space. Unlike the models fitted
for zeta potential and temperature of dilution whose lack of fit was significant (p-value < 0.05),
an insignificant lack of fit (p-value > 0.10) was observed for the reduced special cubic and
linear models, respectively, fitted to the droplet size and the polydispersity index, suggesting
that the models’ predicted data fit the actual experimental response data [170-172]. Prior to the
prediction of the optimized formulation, the analysis of residuals was performed for the
statistical diagnosis of the models, and the Box—Cox plots for power transformation confirmed

that no transformation was required for any of the models.

3.1.4. Droplet Size, Polydispersity Index, Zeta Potential and Temperature of Dilution

Design Expert Software allowed fitting the droplet size, zeta potential and temperature of
dilution to Scheffé’s “reduced special cubic polynomials”, while the polydispersity index was

fitted to a linear polynomial. These ones are expressed by the following equations:

Equation 6. Droplet size (DS)

Droplet size = —215.99 x A + 1809.66 x B + 49.4047 x C + —8.08815 x D + —29.3894 x AB +
13.0495 x AC +3.72536 x AD +—103,505 x BC +—19.1016 x BD +—0.0407471 x CD + 1.68149
x ABC + —0.232067 x ACD + 1.05428 x BCD (Eq. 6)



Equation 7. Zeta potential (ZP)

Zeta potential = 3159.65 x A + 9637.82 x B + 1599.49 x C + 94.2751 x D + —762,856 x AB +
~173,983 x AC +—43.9283 x AD + —126.84 x BC + —112,035 x BD + —23.3279 x CD + 9.63158
x ABC + 8.43236 x ABD +2.02236 x ACD (Eq. 7)

Equation 8. Temperature of dilution

Temperature of dilution = 221,779 x A +45.6503 x B + 261,092 x C + 11.4998 x D + —27,609 x
AC +-3.43182 x AD + —1.01391 x BD + —3.9841 x CD + 0.381584 x ACD (Eq. 8)

Equation 9. Polydispersity Index (PDI)

Polydispersity index =—-0.0137378 x A +0.000328786 x B +0.01033 x C + 0.00203285 x D (Eq.
9

where factors A, B, C and D stand for MCT oil, crude soy lecithin, Tween 80 and NaCl-water,
respectively. These equations in terms of actual factors can be used to make predictions about
the response for given levels of each factor. Here, the levels should be specified in the original

units (%) for each factor.

As illustrated in Table 15, the experimental droplet size ranged from 29 to 72 nm. The ANOVA
analysis revealed that the terms AB, BC, BD (p-value < 0.0001) and CD, ABC and BCD (p-
value < 0.05) significantly influenced the model fitted to the droplet size. This corroborates the
fact that changes in the proportions of A, B and C highly affect the droplet size. The droplet-
size contour plot is shown in Figure 18a where the dark blue region corresponds to the smallest
sizes as the proportions of both Tween 80 and crude soy lecithin increase, while MCT oil
proportion is the lowest. Hence, it is interesting to note that the smallest size was observed for
the blend where the highest proportion of both crude soy lecithin and Tween 80 were used with
the lowest proportion of MCT oil (Table 11). Table 12 shows that the droplet size reduced
special cubic model R squared value was 0.9821, meaning that this model could explain 98.21%
of the variation in the response, therefore indicating the relevance of the model. The predicted
R squared value of 0.876 is in reasonable agreement with the adjusted R squared value 0of 0.9626
(difference is less than 0.2), implying that the responses’ trends could be analyzed by this model
[172,173].



Table 15. Summary of the responses

Response Name Units Observations Minimum Maximum Mean Std. Dev. Ratio
R1 Droplet size nm  24.00 29 72 39.75 8.58 2.48
R2 PDI 24.00 0.065 0.183 0.1216 0.031 2.82
R3 Zeta potential mV  24.00 =73 —35 —51.67 10.32 2.09
R4 Temperature of dilution °C 24.00 83 95 88.96 3.80 1.14

Figure 18. Contour plot of droplet size (a) and polydispersity index (b).

On the other hand, as depicted in Figure 18b, the polydispersity index < 0.2 was observed for
all the studied formulations suggesting a good uniformity of size within the particles in the
PNCs. The linear model shown in Table 12 is associated with very low adjusted and predicted
R squared values, making this model not very strong for predictions. Nevertheless, the adequate
precision of 6.7749 indicates an adequate signal; this value must be greater than “4” to explain
the signal-to-noise ratio for excellent navigation in the design space [174]. Moreover, the model
F-value of 4.69 and not significant lack of fit (p-value 0.4584), respectively, imply that the
model is significant and that its predicted data fit the actual experimental response data [170-
172]. However, given that this model could only explain 41.28% of the variation in the response
(R? = 0.4128), model validation might help to assess this model’s reliability for polydispersity

index predictions [170].

Interestingly, the zeta potential values obtained suggest that the developed LNCs were likely to

achieve good stability. As shown in Table 15, the zeta potential ranges from —73 to —35 mV



and its fitted model is significantly (p-value < 0.05) affected by the terms AB, AC, AD, BC,
BD, CD, ABC and ACD. Negatively charged nanoparticles are likely to undergo macrophage
uptake and allow drug targeted delivery to action sites [175-177]. Macrophages play a pivotal
role in microbial infections. On one hand, they can be hijacked by some microbes such as
Mycobacterium tuberculosis and rhinovirus that are likely to penetrate them and utilize them
as reservoirs to replicate, disseminate or persist [178,179]. On the other hand, macrophages play
an important role in recognizing the pathogen responsible of an infection. They are responsible
of initiating and resolving inflammation reactions as well as repairing tissue damage. Since,
they are the most numerous immune cells present in the lungs, and since they are susceptible to
uptake negatively charged LNC, they are therefore a good for drug delivery in case of infection

in the respiratory tract[178,179].

As to the data presented in Table 13, the reduced special cubic model could explain 83.93% of
the variation in the response (R? = 0.8393). A negative predicted R squared was observed,
suggesting that the overall mean may be a better predictor of the zeta potential than the present

model.

As far as the temperature of the dilution is concerned, it was found to be significantly affected
by crude soy lecithin and NaCl-water (model term BD p-value was 0.0126). The terms B and
D, respectively, represent crude soy lecithin and NaCl-water. As depicted in Figure 19, the
higher the crude soy lecithin proportion, the lower the temperature of the dilution. Dilution was
applied at the phase inversion temperature, and phase inversion is observed when
microemulsions form, resulting in translucent mixtures. Bi-continuous microemulsion
structures are likely to be formed when the non-ionic surfactant is trapped at the interface [75].
Since the higher the amount of non-ionic surfactants, the more likely they are to be trapped at
the interface; high amounts of crude soy lecithin are likely to be associated with a low dilution
temperature. On the other hand, as the concentration of NaCl increased in the NaCl-water, the
temperature of the dilution decreased. This corroborates with the previous studies in which high
concentrations of NaCl were associated with a decrease in the phase inversion temperature

[69,180].



Figure 19. Impact of crude soy lecithin and NaCl-water on temperature of dilution
with MCT oil (A) and Tween 80 (C) proportions set, fixed at 11 and 11.5%,
respectively.

3.1.5. Model Optimization

In order to evaluate the polynomial models fitted to the droplet size, polydispersity index, zeta
potential and temperature of dilution, four blends generated by the design expert software were
selected and run in triplicate. MCT oil, lecithin, Tween 80 and NaCl-Water proportions (%)
were, respectively, 12:3:9:76 for blend 1, 12:1.5:11.7:74.8 for blend 2, 10:3:13.1:73.9 for blend
3 and 10:1.5:12.9:75.6 for blend 4. As depicted in Table 16, all the average values (replicate =
3) of the experimental data were within the range of the 95% prediction intervals, suggesting a
strong prediction ability for the polynomials models fitted to the responses. Given its lowest
proportion of ionic surfactant (Tween 80), its ability to produce good particle-size uniformity
(PDI = 0.12), as well as its high oil content susceptible to promote drug solubility in the
nanocarrier, blend 1 was selected for further investigation, namely, the encapsulation efficiency

and drug loading capacity evaluation.

Table 16. Observed means against the prediction intervals

Response Mean 95% Prediction
Predicted Observed 95% Pl 95% PI
Low High
Blend 1 Droplet size  41.5892 41.3333  37.0875 46.0908
(nm)

MCT oil: 12%
PDI 0.08359940.12 0.0426535 0.124545



Lecithin: 3% Zeta potential —59.8024 —58.6333 —76.1047 —43.5001

Tween 80: 9% (mV)

Temperature 86.272 86 82.2926  90.2514

_ . 0)
NaCl-Water: 71% o+ yiution (°C)

Blend 2 Dropletsize  48.3797 49.7633 449551 51.8043
] nm
MCT oil: 12% (nm)
PDI 0.108375 0.141 0.0710762 0.145674

Lecithin: 1.5%

Tween 80" 11.79% Zeta potential —41.9609 —53.5333 —53.8046 —30.1172
- . (0]

(mV)
?jg(;wate“ Temperature 94.9996 95 91.9209 98.0782
o7 of dilution (°C)
Blend 3 Dropletsize  33.5363 3052 303943  36.6782
. nm
MCT oil: 10% (nm)
PDI 0.149043 0.179667 0.110426 0.187661

Lecithin: 3%

Tween 80: 13,194 Zeta potential —58.7789 —51.8667 —70.0912 —47.4666
:13.1%

(mV)
7N3""go'/'water: Temperature 843132 84 813159  87.3105
>0 of dilution (°C)
Blend 4 Dropletsize  35.1093 385033 313772 38.8414
MCT oil: 1096 "™

PDI 0.150377 0.177667 0.111305 0.189449

Lecithin: 1.5%
Zeta potential —42.8831 —41.2667 —57.0207 —28.7456
(mV)

Temperature 88.6115 88 849719  92.2511
of dilution (°C)

Tween 80: 12.9%

NaCl-Water:
75.6%

3.1.6. Encapsulation Efficacy and Drug Loading Capacity
3.1.6.1. Statistical Analysis

In order to determine the amount of efavirenz that LNCs are likely to entrap, their encapsulation
efficiency and drug loading capacity were evaluated. The optimized blend 1, from the previous
Section 3.1.5, was used for this purpose. This one consisted of a mixture of MCT oil, crude soy
lecithin, Tween 80 and NaCl-water in a ratio of 12:3:9:76% (m/m). Furthermore, in order to
build statistical models capable of predicting amounts of drug that would ensure both a high

encapsulation efficiency and drug loading capacity in blend 1, the D-optimal (custom)



randomized design generated 13 formulation runs detailed in Table 17, together with the

experimental data obtained.

Table 17. Encapsulation efficacy and drug loading capacity of blend 1

Input Variables Response
(% m/m) (%)
MCT OilCrude Soy TweenSalted Efavirenz Encapsulation Drug
A Lecithin 80  Water Efficiency Ic_:oadir)g
5 c D apacity
1 12.00  3.00 9.00 76.00 115.15 93.4 1.43
2 12.00 3.00 9.00 76.09 95 90.19 1.14
3 12.00 3.00 9.00 75.95 134.525 84.19 1.48
4 12.00 3.00 9.00 71.41 250 48.44 1.54
5 12.00 3.00 9.00 78.00 172.5 85.89 1.96
6 12.00 3.00 9.00 73.33 198.85 51.15 1.31
7 12.00 3.00 9.00 75.44 153.545 88.03 1.76
8 12.00 3.00 9.00 73.00 250 48.05 1.52
9 12.00 3.00 9.00 75.95 250 54.97 1.74
10 12.00 3.00 9.00 77.50 95 87.1 1.1
11 12.00 3.00 9.00 79.13 95 94.8 1.2
12 12.00 3.00 9.00 74.34 2252 62.54 1.84
13 12.00 3.00 9.00 75.45 250 54.23 1.72

The encapsulation efficiency (EE%) and drug loading capacity (DLC%) were automatically
fitted to sixth order polynomial models. The different statistical parameters of these models are
detailed in Table 18. These were significant (model p-value < 0.05) and had predicted data
fitting the actual experimental response data (lack-of-fit p-value > 0.05). However, they
exhibited a low prediction ability as expressed by the high PRESS values along with predicted
R? values that are not in reasonable agreement with the adjusted R? values (difference was more
than 0.2), implying that response trends could not be analyzed by these models. Hence, model
reduction was applied. It consisted of removing terms to improve the adjusted R? value,

followed by the removal of terms with p-values > 0.100000. As a result, the encapsulation



efficiency and the drug loading capacity were, respectively, fitted to a linear model and a

quadratic model as expressed by the equations below:

Equation 10. LNC Encapsulation Efficiency (%EE)
%EE =120.562 + —0.273254 x A (Eq. 10)
Equation 11. LNC Drug Loading Capacity (%DLC)

%DLC = —0.390218 + 0.0215689 x A +—5.41283e-05 x A% (Eq. 11)

where A stands for the amount of efavirenz.

Table 18. Statistical parameters of polynomial models fitted to encapsulation
efficiency and drug loading capacity of blend 1

Encapsulation Efficiency | Drug Loading Capacity

Sixth Order Linear Model| Sixth Order Quadratic
Model Model Model
PRESS values 2408.35 789.70 443 0.5820
R squared 0.9826 0.8584 0.9393 0.6311
Adjusted R squared 0.9653 0.8455 0.8783 0.5573
Predicted R squared 0.4514 0.8201 —3.8134 0.3669
Adeq Precision 16.1970 14.3630 10.7785 6.6481

These reduced models were significant (model p-value < 0.05) and had predicted R? values in
reasonable agreement with the adjusted R? values (difference was less than 0.2). Adequate
precision values higher than four indicated adequate signals, meaning that they could explain
the signal-to-noise ratio for excellent navigation in the design space. However, the predicted
data of these models could not fit the actual experimental data (lack-of-fit p-value < 0.05).
Hence, model validation was performed to assess their prediction performance on the

encapsulation efficiency and drug loading capacity (see Section 3.1.6.2.).

Interestingly, as illustrated in Figure 20, unlike the drug loading, as the amount of drug
increases, the encapsulation efficiency decreases. This can be explained by the solubility of
efavirenz in the liquid lipid core of LNC (see section 3.1.2.). As the LNC core becomes
saturated, no more efavirenz dissolves. This means that dissolved efavirenz is at chemical

equilibrium with an excess of undissolved efavirenz [39]. Therefore, the higher the undissolved



amount of efavirenz, the more likely it is to be detected in high concentrations in the supernatant

when determining the encapsulation efficiency, as previously described.

Figure 20. Encapsulation efficiency (a) and drug loading capacity (b) profiles.

3.1.6.2. Model Validation

This section aims to confirm the prediction performance assumption of the models fitted to the
encapsulation efficiency and the drug loading capacity. The target was also to obtain an
optimized amount of efavirenz that could achieve both high encapsulation efficiency and drug
loading capacity in blend 1. Hence, the optimization criteria consisted of maximizing
encapsulation efficiency and drug loading capacity values with the amount of efavirenz
minimized to avoid excess undissolved drug. The software generated only one amount of drug
that was formulated in blend 1 in triplicate. The formulation was performed using the method
described in Section 2.1.2.4, by adding 135 mg of efavirenz to blend 1. Table 19 shows that the
average value of the experimental data was within the range of the 95% prediction intervals,
suggesting that the models fitted to the responses could be used to predict the encapsulation
efficiency as well as the drug loading capacity. This amount of drug was selected for drug-

release investigation in blend 1.



Table 19. Optimized encapsulation efficiency and drug loading capacity

Response Mean 95% Prediction

Predicted Observed  95% PI Low 95% PI High

Blend 1-EFV 135 EE% 83.7808 87.4 72.7572 94.8044
DLC% 1.53233 1.5 1.2386 1.82605

3.1.7. Characterization of Blank-LNC and EFV-LNC
3.1.7.1. Droplet Size and Shape Analysis

Both blank-LNC and EFV-LNC were characterized by very small droplets of various sizes, as
demonstrated by DLS (dynamic light scattering) Gaussian distribution in Figure 21A. Moreover,
the average size of blank-LNC was around 42 nm, which increased to over 80 nm following
EFV encapsulation. This was confirmed by TEM analysis that describes, as depicted in Figure
21B, normal distribution peaks at around 30 to 50 nm (Figure 21C) and 50 to 80 nm (Figure
21E) for blank-LNC and EFV-LNC, respectively. Moreover, as illustrated in Figure 21B,D,
different particle shapes were observed from the TEM images, the majority of the particles
being nearly ellipsoidal and spherical, as already observed in the previous studies [69,181]. It is
noteworthy to mention that EFV encapsulation resulted in the growth of particle shapes, as

shown in the TEM images.



Figure 21. DLS average-particle-size distribution (triplicate) of blank-LNC and EFV-
LNC (4), TEM images (200 nm scale) of blank-LNC (B) and EFV-LNC (D), TEM
particle-size distribution by Image-J of blank-LNC (C) and EFV-LNC (E).

3.1.7.2. Diffraction Scanning Calorimetry

DSC analysis was performed in order to investigate any possible drug-excipient interaction, as
well as any change in the crystalline nature of the drug as LNCs form. Figure 22 shows the overlaid
thermograms of efavirenz, physical mixture of LNC components, blank-LNC and EFV-LNC.
At first sight, an endothermic peak at approximately 138 °C, associated with 48.875 J/g
enthalpy, indicated the melting point of efavirenz, in agreement with the previous studies [182-
184]. The observed sharp peak suggests high drug purity and crystallinity. On the other hand, the
shift in the appearance of this peak from 138.67 °C to 122.33 °C in the physical mixture
thermogram suggests possible interactions that could be a result of hydrogen bond formations
between the drug and the raw materials. However, it could also be a result of the amorphous
form formation as EFV quickly dissolves in the physical mixture, thus accounting for a low
melting energy consumption (AH = 6.8802 J/g). Such outcomes have been reported when EFV
was formulated in polyvibylpyrrolidone or in a binary mixture with nicotinamide [182,183].
Interestingly, no major peak has been observed either for blank-LNC or for EFV-LNC over the
scanned temperature range, suggesting an excellent encapsulation of efavirenz in an amorphous
or molecular dispersed nature with the advantage of enhancing its solubility and dissolution in

biological media.



Figure 22. DSC thermograms.

3.1.7.3. Fourrier Transform Infrared Spectroscopy

The structure of EFV includes a secondary amine that may act as a weak Bronsted—Lowry acid
and a carbonyl group (C=0), as well as a C—O—-C group, which are acceptor groups. In addition,
MCT oil, Tween 80 and soy lecithin have in common carbonyl groups as acceptors of hydrogen
bonding, which could favor some interactions with EFV [185]. These interactions may be
expressed by the shifting or broadening of bands, disappearance of peaks or intensity alterations
[186]. Hence, the FTIR spectra were recorded to assess and scout possible chemical interactions

between the pure drug and raw materials in the developed nanocapsules.

The different spectra obtained are shown in Figure 23. As it can be observed from the graphs,
LNC formulations exhibit intense characteristic bands of aliphatic groups, which are a clear
contribution of the structural composition of soy lecithin, Tween 80 and MCT oil. The C-H
stretch of saturated fatty acids was observed at around 2950-2840 cm'. Bands at 1750—1745
cm ! and 1416 cm™!, respectively, revealed the presence of carbonyl functions (C=0) and C—
O-C stretching vibrations, which are both part of the structure of EFV and the raw materials.
The broad band visible in the range of 3700-3000 cm™! is associated with O—H stretching in
the spectra of Tween 80 and soy lecithin. On the other hand, all the expected signals for pure
EFV were present. They encompass the N—H stretching vibrations and N—H bending vibrations
of benzoxazin-2-one ring, respectively, at about 3320 cm ™' and 1600 cm™'; the exocyclic tricyclic
triple bond (-C=C-) at around 2250 cm™'; and C-F and C—Cl stretching near 1250 cm™' and

1038, respectively, in agreement with the previous studies [186-189].

As clearly displayed in Figure 8, the disappearance of N—H stretching and bending vibrations,
as well as a plunge in the intensity of carbonyl group stretches, occurred in the EFV-based LNC

and the physical mixture. These events could result from the physical interactions between EFV



and the raw materials, suggesting intramolecular hydrogen bonding. They could also be a result
of the transition from the crystalline form of EFV to an amorphous form, as confirmed by the
XRD and DSC data. Moreover, the O—H stretch of the terminal hydroxyl group of Tween 80
and soy lecithin vanished in the developed nanocapsules and the physical mixture, thus
indicating intramolecular hydrogen bonding between the drug and these two raw materials. The
absence of the characteristic peak of the exocyclic tricyclic triple bond (—C=C-) that appeared
at around 2250 cm ™! indicates the successful entrapment of EFV in the lipid core of LNC.

Figure 23. FTIR spectra of LNC formulations and raw materials.
3.1.7.4. X-ray Diffraction

Changes in the crystalline structure of EFV in lipid nanocapsules was ascertained by using
powder X-ray diffraction. Overall, the LNC formulation influenced EFV crystallinity. The
diffractograms sketched in Figure 24 unveil a very crystalline state (88.1%) of efavirenz (EFV)
characterized by remarkable peaks in 2 tetha diffraction angle ranges of almost 8 to 25°, in
accordance with the previous investigations [182,186]. The blank-LNC formulation exhibited
few diffraction peaks with a relatively low crystallinity of 23.7%, which increased to 52.3%
following EFV encapsulation. The disappearance of EFV characteristic diffraction peaks in the
EFV-LNC formulation indicates that EFV was successfully entrapped in the LNC matrix. This
result corroborates with the previous DSC conclusions and further supports the EFV
transformation into its amorphous or molecular dispersed nature, hence accounting for the

enhancement of its solubility.



Figure 24. XRD diffractograms of blank-LNC, EFV-LNCs and EFV.

3.1.7.5. Energy-Dispersive X-ray Spectroscopy

Energy-dispersive X-ray spectroscopy was used to probe the qualitative composition of freeze-
dried EFV-LNC and freeze-dried blank-LNC, as compared to that of free efavirenz. The EDS
spectra of both blank-LNC and EFV-LNC were characterized in common by the presence of
carbon, chlorine, oxygen, sodium and phosphorus (Figure 25b,c). Fluorine was observed only in
EFV-LNC as being characteristic of the structure of efavirenz (Figure 25a,c). Phosphorus
characterized the LNC formulations as being a key element in the hydrophilic heads of
phospholipids that are organized along with the hydrophilic heads of the ionic surfactant (Tween
80) to form the rigid shell of LNC [69,190].

Figure 25. EDS spectra illustrating the elemental composition of free efavirenz (a)
and LNC formulations (b,c).



3.1.8. In Vitro Release

The choice of a model drug is very critical in the design of a drug delivery system, given that
its stability and activity must be maintained following encapsulation. Many factors, especially
the components used to design the carrier, could interact with the drug and negatively affect the
stability of its structure as well as its biological activity [191]. To verify whether the structure of
efavirenz remained intact following encapsulation in LNC, the release medium containing the
liberated drug was collected and the drug spectrum was recorded using a UV spectrometer. As
displayed in Figure 26, no change was observed in the efavirenz spectrum (Amax = 247 nm)
following drug release, as compared to its spectrum before drug release, hence suggesting that
the structural integrity of the drug was preserved during the entire EFV-LNC manufacturing

process.

Figure 26. Efavirenz UV spectra before encapsulation and after release from EFV-
LNC.

The in vitro release profiles of EFV-LNC and free EFV are sketched in Figure 27. Overall, the
release profile in pH 7 was higher than in pH 4 for EFV-LNC. As illustrated by the interactive
graphs below (Figure 27a), free EFV was quickly released from the dialysis bags, as compared
to EFV-LNC both in pH 4 and 7, reaching up to around 40% release in 74 h. This could be
explained by the fact that, before crossing the dialysis bag barrier, encapsulated EFV had to be
first liberated from the LNC carrier.



Figure 27. Interactive plot (a) and 3D surface plots of EFV-LNC (b) and free EFV (c)
in vitro release profiles in both pH 7 and pH 4.

On the other hand, EFV-LNC liberated the drug quicker in pH 7 than in pH 4, as shown by the
interactive plot (Figure 27a). However, both release profiles in pH 4 and 7 followed an upward
trend up to the end of the experiment, suggesting a prolonged release that could be complete if
more time was set up. From a statistical point of view, the analysis of variance revealed that
both the release time and pH of the release medium significantly affected EFV liberation from
the LNCs (p-value < 0.05). Finally, as outlined in the normal plot of residuals (Figure 28a for
EFV-LNC and Figure 28b for free EFV), a linear regression was observed, therefore supporting

the fact that the residuals were normally distributed.

Figure 28. Normal plot of residuals for EFV-LNC (a) and for free EFV (b).



3.1.9. Stability Studies

The developed LNCs are not true solutions and are, rather, a homogenous colloidal system
consisting of a dispersion of different substances; hence, they are likely to lose their stability
over time. Particles in a colloidal system are influenced by diverse types of forces that could
either foster their stability or cause their flocculation. According to the Derjaguin, Landau,
Verwey and Overbeek theory, these forces include the Van Der Walls attraction forces and the
repulsive electric double-layer forces [192]. Briefly, if the electrostatic repulsive forces are
higher than the attractive ones, no flocculation is expected to occur, and the system can be
considered as stable. This phenomenon is known as electrostatic stabilization [193]. In other
words, when particles in suspension have a similar electrostatic charge on the surface, the
system stability increases as no attraction occurs between them. As depicted in the bar charts in
Figure 29, the EFV-LNC remains stable over 28 days of stability studies as referring to the zeta
potential measurement values (Figure 29¢), knowing that zeta potential represents the electric
surface properties of particles in a colloidal system [194,195]. On the other hand, the droplet size
remained stable (Figure 29a) and no change in the polydispersity index was observed over the

period of experimentation (Figure 29b).

Figure 29. Droplet size (a), Polydispersity index (b) and Zeta potential (c) values over
28 days of EFV-LNC stability evaluation.

3.1.10. Conclusion

The present work reported the successful encapsulation of EFV in lipid nanocapsules and its

prolonged release from this matrix. The design expert software allowed the building of



polynomial models that could predict the different characteristics of these nanomaterials,
namely, the particle size, polydispersity index and zeta potential. Different characterization
techniques confirmed the entrapment of EFV in the lipid nanocapsules and its transformation
into its amorphous state, therefore enhancing its solubility. Among them, FTIR revealed some
chemical interactions, assumed as hydrogen bonds, between the drug and the different starting
materials owing to their respective structures. Stability studies revealed that the developed LNC
were quite stable over the period of experimentation. Overall, lipid nanocapsules stand as
promising delivery system for the improvement of EFV biopharmaceutical properties. Further
investigations are ongoing in our laboratories to evaluate the antiviral activities of the

formulated nanocapsules as compared to that of the free EFV.



Project 11: “Design, Synthesis, Manufacture, Characterization and
Evaluation of Lipid Nanocapsules-Hydrogel Composite”

A manuscript entitled “Lipid Nanocapsules in chitosan-g-iota
carrageenan-g-poly (acrylamide-co-acrylic acid) hydrogel scaffold, for
Pulmonary Drug Delivery System: Design, Synthesis, Manufacture,
Characterization and Evaluation”, based on results presented in this
second project, is underway to be submitted for publication in ACS
Applied Materials & Interfaces.



3. RESULTS AND DISCUSSION

3.2. Results and Discussion for Project 11

3.2.1. EFV-LNC preparation

EFV-LNC were produced in order to be encapsulated in chitosan-g-iota carrageenan-g-poly
(acrylamide-co-acrylic acid) hydrogel (CS/iCar-p(AAm-co-AA)). Hence, an optimized
formulation of EFV-LNC developed in the first project, was prepared using the phase inversion
method [69,162]. The obtained EFV-LNC were characterized for their particles size (PS),
polydispersity index (PDI) and zeta potential (ZP). The average values of these parameters
turned out to be around 57 nm, 0.148 and -54.9, respectively and aligned with results observed

in the previous study.

3.2.2. Synthesis, optimization and statistical analysis of CS-iCar-p(AAm-co-AA) hydrogel
CS-iCar-p(AAm-co-AA) was synthesized by free radical co-polymerization method and the
Design Expert software version 13.0 (Stat-Ease, Inc., Minneapolis, MN, USA) was used for
optimization and statistical analysis. The [-optmial mixture design of experiments which was
considered for this study generated 35 different hydrogel formulations that were run using the
method described in section 2.2.2.4. Table 20 depicts the composition of each of them along
with their corresponding swelling capacity that was considered as the response for optimization.
The swelling capacity is expressed in percentage and corresponds to the ratio between the

amount of absorbed water (g) and the amount of hydrogel (g).

Table 20. Hydrogels formulations with their corresponding swelling capacity

Input variables (%) Response
(%)
Run lota- Chitosan Acrylic  Acrylami MBA Swelling
carrageen acid de capacity
an (%)
A B C D E
1 4,72 4,79 49,05 40,44 1,00 3696,00
2 5,82 5,64 41,49 44,05 3,00 6044,00

3 6,00 4,30 40,00 47,85 1,85 20700,00
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4 3,26 3,00 50,98 40,00 2,76 10533,00
5 4,72 4,79 49,05 40,44 1,00 4605,00
6 3,00 3,13 43,59 49,28 1,00 6600,00
7 4,47 4,18 40,51 47,84 3,00 1594,00
8 3,00 3,00 40,00 53,00 1,00 34251,00
9 4,52 3,00 43,74 46,56 2,19 5970,00
10 5,74 3,56 46,89 41,07 2,75 43443,00
11 3,09 3,00 46,82 45,93 1,15 2064,00
12 3,41 3,00 47,79 42,80 3,00 3192,00
13 4,81 3,00 40,00 51,19 1,00 2219,00
14 3,00 3,00 40,98 50,03 3,00 27212,00
15 3,00 4,54 40,00 50,41 2,05 600,00
16 3,00 6,00 40,00 50,00 1,00 10950,00
17 3,00 4,25 45,34 44,41 3,00 1860,00
18 3,00 3,39 50,08 42,53 1,00 27648,00
19 3,74 5,60 47,87 40,00 2,79 3553,33
20 3,00 4,87 46,29 44,75 1,10 2933,33
21 4,52 3,00 43,74 46,56 2,19 4300,00
22 4,47 4,18 40,51 47,84 3,00 34816,00
23 3,00 3,33 52,68 40,00 1,00 284,00
24 4,30 6,00 43,56 44,43 1,70 8650,00
25 4,30 6,00 43,56 44,43 1,70 7352,00
26 3,00 4,54 40,00 50,41 2,05 510,00
27 6,00 5,09 44,04 41,88 3,00 8800,00
28 3,00 5,96 47,74 42,31 1,00 3344,00
29 6,00 6,00 46,37 40,00 1,63 5866,00
30 6,00 3,56 44,84 44,60 1,00 32468,00
31 3,00 6,00 50,00 40,00 1,00 721,00
32 6,00 6,00 40,33 46,68 1,00 3290,00
33 5,83 3,00 50,14 40,00 1,03 19440,00
34 3,14 6,00 40,45 47,41 3,00 605,00
35 6,00 3,00 40,00 48,00 3,00 14452,00




Different polynomial models were evaluated, and the linear model provided more precision in

predicting data with approximately similar and relatively small standard errors (< 0.5 o, where

o is the estimated variability of the data) across the region of interest (Figure 30).

Figure 30. Contour plot of the standard error at different points in the design space.

The experimental data were fitted to different polynomial models as shown in Table 21, and

among them, the linear model was automatically suggested as the best fit since its PRESS value

was the lowest and its small sequential p-value suggested the model to be relatively significant.

In fact, lowest PRESS values are assumed to be associated to better prediction ability [168].

Table 21. Analysis of variance of fitted models

Model Sequential Lack Adjusted Predicted PRESS
p-value of Fit R2 R2
p_
value
Linear 0,0512 0,3168 0,1643 -0,0344 61,47  Suggested
Quadratic 0,7921 0,2329 0,0374 -0,8826 111,88
Special 0,4275 0,1962 0,0943 -8,4271 560,25
Cubic
Cubic 0,1962 0,444 * Aliased




3.2.3. Effect of the different components on the swelling capacity
The swelling capacity was automatically fitted to a Scheffe’s linear model as expressed by the

following equation:

Equation 12. Swelling Capacity (%SC)

%SC =  0.556464 X A + —0.241395 X B + 0.0694467 x C + 0.0907205 x D +
0.0431736 x E (Eq. 12)

where factors A, B, C, D and E correspond respectively to iota-carrageenan, chitosan, acrylic

acid, acrylamide and N, N-methylene bisacrylamide.

This model is associated to very low adjusted and predicted R-squared making it not strong for
predictions. Hence, it was subjected to model p-value test to assess its prediction ability
hypothesis and to lack of fit F-test to evaluate the variation of data around it. As shown in
Table...above, this linear model was found to be relatively significant (sequential p-value =
0.0512) meaning that it could be used to predict data. Besides, its insignificant lack of fit (p-
value = 0.3168) suggested that its predicted data fit to the actual experimental response
data[171,172,196]. Furthermore, since the value of adequate precision must be greater than "4",
the observed adequate precision of 5.497 implies a good signal and could therefore explain the

signal-to-noise ratio for excellent navigation in the design space [174].

On the other hand, as depicted in Table 19, the swelling capacity of the synthesized hydrogels
ranged from 284 to 43443 % (2.84 g to 434.43 g of water per g of hydrogel). This one was
affected by changes in the hydrogels components proportions. As shown in Figure 31, the
swelling capacity increases as the proportion of iota-carrageenan rises and that of chitosan falls.
In the same way, it was observed that the swelling capacity goes up as the proportions of acrylic
acid, acrylamide and MBA decrease. This can be accounted for by the fact that the higher the
amounts of monomers and crosslinker in a hydrogel formulation, the higher the crosslinking

density is, which makes it hard for the resulting scaffold to open in order to absorb water.



Figure 31. Effects of starting materials proportions on hydrogel swelling capacity,
namely by changing proportions of iota-carrageenan and chitosan (a), iota-
carrageenan and acrylic acid (b), iota-carrageenan and acrylamide (d) and iota-
carrageenan and N’N’-methylene bisacrylamide (MBA).

3.2.4. Model optimization and confirmation

To confirm the prediction ability of the built-up linear model, the design expert software
generated five different formulations with the optimization criterion being swelling ratio
maximization. As shown in Table 22 the formulation with the highest desirability was selected
and run in triplicate. Table 23 shows that the average value of the experimental data obtained
was within the range of the 95% prediction intervals that confirmed that this linear model could
predict the swelling capacity. This formulation was therefore designated for further

experiments.



Table 22. Automatically generated hydrogel composition batches for model
optimisation and confirmation

Number i-Car CS AA AAM MBA SR Desirability
1 6.00 3.00 40.00 50.00 1.00 444457 0.86 Selected
9
2 6.00 3.00 50.00 40.00 1.00 35928.5 0.82
1
3 5.44 3.00 40.00 50.56 1.00 34202.1 0.81
8
4 5.44 3.00 50.56 40.00 1.00  27319.0 0.76
5
5 4.40 3.99 4431 4431 3.00 12553.6 0.61
8

Table 23. Observed swelling ratio mean against the prediction interval

Response Mean 95% Prediction
Predicted Observed 95% Pl  95%

low Pl
high
Formulation Swelling 44445.8 30424.7 3258.07 140709

1 capacity

3.2.5. Potential mechanism of formation of the hydrogel

At higher temperature, ammonium persulfate (APS) generates free radicals, which interact with

either the hydroxyl or the amide groups of polysaccharides (chitosan and iota-carrageenan).

This interaction results in formation of free radical sites on the backbone of these polymers as

illustrated in Figure 32. The addition of acrylamide (AAm), acrylic acid (AA), and N'N’-

methylene bisacrylamide (MBA) (compounds with unsaturated carbon chains) to the activated

polysaccharides result into a random reaction with their free radical sites as described in the

suggested scheme of the free radical copolymerization reaction sketched in Figure 33. Since

N’N’-methylene bisacrylamide is a bifunctional compound, it is likely to be responsible of the

formation of polymer-polymer network, which would result in the enhancement of the viscosity

of the reactional mixture. The addition of acetone at the end of the reaction allows dehydration



of the produced hydrogel and remove the compounds that didn’t react in the formation of the

hydrogel [165,197].

Figure 32. Formation of free radical sites on chitosan (a) and iota-carrageenan (b)
backbones under ammonium persulfate (APS) initiation.

Figure 33. Plausible reactional mechanism of CS-iCar-p(AAm-co-AA) hydrogel.



3.2.6. Development of EFV-LNC- CS-iCar-p(AAm-co-AA) hydrogel composite

This section aimed at developing EFV-LNC-CS-iCar-p(AAm-co-AA) hydrogel composite
following the encapsulation method previously described in section 2.2.2.5. In order to
determine the effect of EFV-LNC concentration on their entrapment into CS-iCar-p(AAm-co-
AA) hydrogel, the 13 runs generated through the D-optimal (custom) randomized design were
realised and experimental data are summarized in Figure 34. It is conspicuously clear that as
the concentration of EFV in LNC increases, the encapsulation efficiency goes up too and
reaches a broaden peak at around 55 to 60 mg/ml of EFV-LNC before it starts declining. These

experimental data were fitted to a reduced quadratic model expressed by the following equation:

Equation 13. LNC- CS-iCar-p(AAm-co-AA) hydrogel composite Encapsulation
Efficiency (%EE)

%EE =4.25921 + 1.45271 x A+ —0.0123934 x A? (Eq. 13) where A is the concentration
of EFV in LNC.

To obtain an optimal concentration to be used for further studies and to assess the ability of this
model to predict experimental data, maximisation of encapsulation efficiency was established
as the optimisation criterion. A single run was generated by the software, suggesting the use of
58.61 mg/ml EFV-LNC associated with a predicted encapsulation efficiency of 46.83%.
Briefly, 50 mg of the optimized hydrogel were soaked in 25 ml of a solution containing 58.61
mg/ml of EFV-LNC. Table 24 shows that the experimental data was within the range of the

95% prediction intervals; hence, this model could be used to predict the encapsulation

efficiency.
Table 24. Observed swelling ratio mean against the prediction interval
Response Mean 95%

Prediction
Predicted Observed 95% 95%

Pl Pl
low high
Hydrogel + 58.61 Encapsulation 46.83 53.04  28.03 65.63

mg/ml of EFV-LNCs efficiency




Figure 34. Encapsulation efficiency of EVF-LNCs in poly (iCar/CS-co-AA/.AAm)
based hydrogel.

3.2.7. Characterization of poly (iCar/CS-co-AA/AAm) hydrogel and EFV-LNC-poly
(iCar/CS-co-AA/AAM) hydrogel composite

3.2.7.1. Thermal gravimetric analysis
The thermal gravimetric analysis (TGA) of the synthesized hydrogel against that of raw
materials described different thermal events that happened consecutively to hydrogel formation

by chemical crosslinking.

Overall, the grafting of acrylamide and acrylic acid onto the polysaccharide backbones clearly
resulted in a new decomposition behaviour in the produced hydrogel. As plotted in Figure 35a,
the decomposition is split into several successive zones of weight loss. Of the two used
polysaccharides, iota-carrageenan (iCar) turned out to have the quickest decomposition profile.
By almost 160°C, iCar lost around 12% of its weight and a cumulative loss of 28% was
observed in the second zone at around 208°C. On the other hand, chitosan (CS) resisted to heat
and recorded first loss of about 10% only by nearly 237°C. However, when temperature rose to
around 357°C, CS weight plunged, losing almost 39% in the second zone. Interestingly, the
synthesized hydrogels presented a decomposition profile in the intersection of iCar and CS.
Only around 7 to 8% weight loss was recorded in the first zone, while from about 106-178°C
up to 600°C, the decomposition curve followed a nearly gradual trend. Thus, these
decomposition profiles confirm the successful modification of polysaccharides, thereby

affecting their thermal stability.



Figure 35. Decomposition profiles of CS/iCar-p(AAm-co-AA) hydrogel, EFV-LNC-
CS/iCar-p(AAm-co-AA) hydrogel composite, CS and iCar, showing weight loss as a
function of temperature (a) and the first-order derivatives of their weight loss (b)

3.2.7.2. Fourrier Transform Infrared Spectroscopy (FTIR)

As previously explained in the section about the potential mechanism of formation of poly
CS/iCar-p(AAm-co-AA) hydrogel, both CS and iCar possess hydroxyl groups capable of
interacting with double bonds (-C=C-) present in monomers and crosslinking agent. Moreover,
the formation of the composite may yield possible interactions between EFV-LNC and CS/iCar-
p(AAm-co-AA) hydrogel structure. Hence, to scout out any possible chemical interactions or
changes in the final products (hydrogel and EFV-LNC hydrogel composite), their FTIR spectra

were recorded in comparison with the one of raw materials.



As illustrated in Figure 36, iCar FTIR spectrum unveiled stretches corresponding to certain
characteristic bonding present in iCar the structure, namely at 3369 cm™, 2912 cm’!, 1214 cm’
11157 em™ - 1066 cm™ O-H, and 848 cm™ — 802 cm™!, respectively for C-H, 0O=S=0, C-O, C-
O-C and O-SO3 stretches, in agreement with previous studies[198,199]. On the other side,
chemical bonds in CS were expressed by the appearance of characteristic absorption bands at
around 3450 cm™! (amide I), 1580 cm™ (-NH2 bending), 1320 cm™ (amide III), 1160 cm™ (C-
O-C bridge), 1082 and 1032 cm™ (C-O stretches), in agreement with other studies[200,201].

Moreover, while acrylic acid spectrum revealed bands at around 2987 cm™ (O-H), 1694 cm’!
(C=0), 1634 cm™ (C=C), functional groups in MBA appeared at around 3302 cm™' (N-H), 1655
cm™ (C=0) and 1538 cm™! (C=C); and carbonyl and amide functions stretches at around 1657

and 3209-3344 cm™! respectively, were characteristic of acrylamide spectrum[202,203].

The FTIR spectrum of the synthesized CS/iCar-p(AAm-co-AA) hydrogel was characterized by
a broad stretch in the region 3300-3500 cm™!, that could be attributed to O-H and N-H bonding.
The sharp stretch at about 3300 cm™ could be a good indication of C-H bonds present in the
hydrogel structure. Besides, stretches in the region 1000 to 1200 indicate the C-O vibrations in
the synthesized hydrogel. Stretches in the region 2000 — 2300 cm™!, also present in CS and iCar,
could be the first overtones of the C-O vibrations that are likely to appear due to the large
thickness of the hydrogel or polysaccharides film. The peak at 1657 cm™! reveals the presence
of C=0 bands in the hydrogel.

Furthermore, the FTIR spectrum of the synthesized EFV-LNC-CS/iCar-p(AAm-co-AA)
hydrogel composite exhibited the same stretches present in CS/iCar-p(AAm-co-AA) hydrogel
spectrum, apart from the bands in the region 200 — 2300 cm™' that accounted for the possible
largeness of the hydrogel or polysaccharides thickness. In addition, C-H bands (2950 — 2840
cm™!), characteristic of aliphatic chains in saturated fatty acid were visible in EFV-LNC

spectrum along with carbonyl group stretches (1750 — 1745 cm™).



Figure 36. (a) FTIR spectra of chitosan (CS), iota-carrageenan (iCar), acrylic acid
(AA) and acrylamide (AAm). (b) FTIR spectra of N’N’Methyelene bisacrylamide
(MBA), efavirenz loaded lipid nanocapsules (EFV-LNC), chitosan-g-iota
carrageenan-g-poly (acrylamide-co-acrylic acid) hydrogel (CS/iCar-p(AAm-co-AA)
hydrogel) and EFV-LNC-CS/iCar-p(AAm-co-AA) hydrogel composite.

3.2.7.3. Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray Spectroscopy
(EDS)

The surface morphology and chemical elements composition of CS/iCar-p(AAm-co-AA)
hydrogel and EFV-LNC-CS/iCar-p(AAm-co-AA) hydrogel composite was screened out on

their freeze-dried samples using the SEM and EDS, respectively. Micrographs in Figure 37 (a



and b) highlight the presence of very rough and fibrous structures containing numerous pores
that play a pivotal role in drug delivery[204]. On the other side, the EDS analysis of CS/iCar-
p(AAm-co-AA) hydrogel unveil the presence of carbon, oxygen, nitrogen and sulfur,
characteristic of chitosan (nitrogen) and carrageenan (sulfur) structures (Figure 37c), which
were also present in the composite in addition to sodium and chlorine present in the LNC

formulation (Figure 37d).

Figure 37. SEM micrographs and EDS spectra of EFV-LNC-CS/iCar-p(AAm-co-AA)
hydrogel (a and c) and CS/iCar-p(AAm-co-AA) hydrogel (b and d).



3.2.7.4. Powder X-Ray Diffraction Spectroscopy

Powder x-ray diffraction spectroscopy (XRD) was used to assess possible crystallinity changes
happened after synthesis of CS/iCar-p(AAm-co-AA) hydrogel and EFV-LNC CS/iCar-
p(AAm-co-AA) hydrogel composite, in comparison with iCar and CS. Overall, as shown in
Figure 38 CS diffractogram revealed a semi-crystalline structure with the highest crystallinity
(14.31%) as compared to iCar (5.53%), which is known to be an amorphous compound, as
confirmed by its XRD spectrum bellow. CS spectrum was characterized by the presence of a
broad peak at 2 © angle around 19.8°. Since chitosan derives from chitin, a highly crystalline
compound, its crystallinity depends on the degree of chitin’s deacetylation that results into
glucosamine units, as well as a decrease in the crystallinity[205,206]. Therefore, this
modification in the crystalline structure of chitin could explain the semi-crystalline nature of
chitosan. On the other side, synthesis of both CS/iCar-p(AAm-co-AA) hydrogel and EFV-
LNC-CS/iCar-p(AAm-co-AA) hydrogel composite resulted in amorphous products with
crystallinity respectively equals 2.13 and 4.04%, which further supports successful yield of

chemical crosslinking between the different raw materials.

Figure 38. XRD spectra of CS/iCar-p(AAm-co-AA) and EFV-LNC-CS/iCar-p(AAm-
co-AA) as compared to the starting polysaccharides.

3.2.8. In vitro Drug Release
The ability of the manufactured EFV-LNC-CS/iCar-p(AAm-co-AA) hydrogel composite to
liberate the drug encapsulated in LNC, themselves entrapped in the hydrogel scaffold, was



determined by performing an in vitro release study using a 1% sodium lauryl sulfate (SLS)
solution adjusted to pH 7 then to pH4. As sketched in Figure 39, EFV-LNC-CS/iCar-p(AAm-
co-AA) hydrogel composite achieved a prolonged release of EFV over a period of 9 days (216
hours) in both pH 7 and 4. However, like in the first project on EFV-LNC presented in section
3.1.8, drug release in pH 7 was relatively higher (around 50%) than in pH 4 (around 40%),
which could be explained by the high solubility of Efavirenz in neutral medium. Since, LNC as
well as other lipid nanoparticles are known to achieve prolonged release of drugs encapsulated
in their structure, their entrapment in hydrogel scaffold is likely to prolong the liberation of the
encapsulated drug given the two barriers shelling i1t[107]. This suggests that LNC-CS/iCar-
p(AAm-co-AA) hydrogel composite could be promising to deliver long lasting potential covid-
19 treatment and avoid regular contact with the patient, therefore limiting the risk of contracting

covid-19 infection.

Figure 39. Cumulative release profiles of efavirenz entrapped in the LNC-CS/iCar-
p(AAm-co-AA) hydrogel composite, both in pH 7 and 4.

3.2.9. Conclusion

The objective of this project was to fabricate a composite of lipid nanocapsules and hydrogel
for potential prolonged release of antiviral drugs, with efavirenz used as the drug model. Two
polysaccharides were selected to synthesize the hydrogel scaffold. Chitosan was chosen given
its wide and successful use in the field of drug delivery, while iota-carrageenan was selected as
it has been reported to be effective against sars-cov-2 virus, the overall selection having the
potential benefit of yielding a hydrogel with promising anti-viral activity. Experiments were
designed by using the design expert software version 13, which was able to construct linear and

reduced quadratic models with the ability of predicting the hydrogel swelling ratio and its



encapsulation capacity, respectively. The hydrogel was synthesized by free radical co-
polymerization that resulted in a chitosan-g-iota carrageenan-g-poly (acrylamide-co-acrylic
acid) hydrogel (CS/iCar-p(AAm-co-AA)). This one exhibited a swelling ratio of about 30,000%
(300 g of water for 1 g of hydrogel). The LNC-CS/iCar-p(AAm-co-AA) hydrogel composite
was obtained by allowing the hydrogel to swell in a solution of LNC, followed by determination
of encapsulation efficiency of efavirenz entrapped in the LNC core, which turned out to be
about 53%. Different characterization techniques were used to assess the properties of the
developed materials and further supported successful modification of the polysaccharides as
well as successful manufacturing of EFV-LNC- CS/iCar-p(AAm-co-AA) hydrogel composite.
The SEM particularly confirmed the porous nature of the developed hydrogels. Finally, the
release study unveiled prolonged release profiles of efavirenz of about 50 and 40% in pHs 7

and 4, respectively.



Chapter Four

General Conclusion



4. GENERAL CONCLUSION

In conclusion, this research mainly aimed to design, synthesize, manufacture, characterize and
evaluate lipid nanocapsules-hydrogel composite (LNC-hydrogel composite) as being a
potential anti-covid-19 drug delivery system. The topic was divided into two projects, one
focused on LNC and the other focused on hydrogel and LNC-hydrogel composite. Efavirenz, a
very poor water-soluble compound, was used as the antiviral model drug. The work reports
successful construction of polynomial models capable of predicting both LNC and hydrogel
properties, namely the droplet size (DS), the polydispersity index (PDI), the Zeta potential (ZP),
and the swelling capacity. Prediction models for encapsulation efficiency and drug loading

capacity are also reported.

Natural raw materials such as medium-chain triglycerides oil from coconut and palm kernel oil
and crude soya lecithin turned out to be successful in the production of stable LNC. The
preparation technique used to produce LNC consisted of a low energy method named phase
inversion, which allowed obtaining LNC with droplet size less than 100 nm measured using the
dynamic light scattering (DLS). Different characterization techniques such as XRD, DSC,
FTIR, EDS and TEM were used to study the LNC chemical composition, phase behaviour along
with their morphological properties. After conclusive encapsulation of EFV in LNC lipid liquid
core, release experiments were carried out in 1% sodium lauryl sulfate solution (SLS) adjusted
to pH 4 then pH7, and revealed prolonged release profiles, with the alkaline medium achieving
higher drug release than the acidic one. When stored at room temperature (15 + 0.8) over a
period of 28 days, EFV-LNC remained relatively stable with no significant change observed in
their properties (DS, PDI and ZP).

Furthermore, successful hydrogel synthesis by free radical copolymerization was reported.
Chitosan and iota-carrageenan, two polysaccharides with incredible biological activities, were
used as polymer backbones to which acrylamide (AAm) and acrylic acid (AA) monomers were
grafted using N’N’-methylene bisacrylamide (MBA) as crosslinking agent, yielding the
chitosan-g-iota carrageenan-g-poly (acrylamide-co-acrylic acid) hydrogel (CS/iCar-p(AAm-
co-AA)). The swelling capacity of this hydrogel turned out to be influenced by changes in the
starting materials amounts, with higher rates observed for high proportions of iota-carrageenan
and low proportions of chitosan, AAm, AA and MBA. The hydrogel synthesis was followed
by the preparation of EFV-LNC- CS/iCar-p(AAm-co-AA) hydrogel composite. This one was



realised by allowing the hydrogel to swell in a solution of EFV-LNC resulting in their
entrapment. Afterwards, encapsulation efficiency was determined by quantifying the amount
of EFV encapsulated in the core of LNC, themselves entrapped in the hydrogel scaffold.
Characterization techniques like FTIR, TGA, XRD, EDS and SEM allowed screening out the
chemical composition of hydrogel and EFV-LNC-hydrogel, their decomposition profile, their
phase behaviour as well as their surface properties. Finally, the release studies performed in 1%
SLS solution (pHs 4 and 7), unveiled prolonged release profiles over 9 days. Therefore, LNC-
CS/iCar-p(AAm-co-AA) hydrogel composite could be used to not only improve the solubility
of poorly water-soluble compounds, but also to limit multi-dose drug administration. This has
the advantage of keeping the organism exposed to the therapeutic dose needed to fight the
infection, but also limits regular contact with the patient and thus reduces the spread of the

disease as in the case of covid-19.



Future perspective

Although interesting results have been reported in this work, much remains to be done to bring
this technology to the healthcare system through its translation into the clinic. Up to now, some

further studies are underway, including:

— Microscopic investigation of the internal structure of the EFV-LNC-CS/iCar-p(AAm-
co-AA) hydrogel composite to observe the presence LNC in the hydrogel scaffold, by
using Transmission Electron Microscopy (TEM). Figure 40 illustrates some preliminary
images obtained so far at different magnifications;

— Cytotoxicity studies of both EFV-LNC and EFV-LNC-CS/iCar-p(AAm-co-AA)
hydrogel composite to ensure they can be safely use for potential clinical essays;

— Antimicrobial activity evaluation of both EFV-LNC and EFV-LNC- CS/iCar-p(AAm-
co-AA) hydrogel composite to verify if the drug’s biological activity was maintained,

enhanced, reduced or lost after the manufacturing process.

Figure 40. Preliminary TEM images of EFV-LNC-CS/iCar-p(AAm-co-AA) hydrogel
composite

On the other side, further characterization studies could be performed on the synthesized

hydrogel as well as on the LNC-hydrogel composite. They could include:

— Evaluation of their response to stimuli (pH, temperature etc.);



— Evaluation of their mechanical properties (viscosity);

— Evaluation of their ability to apply to other drugs than EFV (encapsulation efficiency,
drug loading capacity, drug release profile);

— In vivo pharmacological properties evaluation;

— Formulation and evaluation of a nasal spray based on the developed LNC-hydrogel
composite;

— Etc.
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