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1. INTRODUCTION

Acute bacterial rhinosinusitis (ABR) is a widely spread disease with an incidence of 5-40
episodes per 1000 patients per year, generally affecting the adult population, yet it is not uncommon
amongst infants and children below 18 years. The general therapeutical protocol includes large
doses of amoxicillin (up to 1000 mg daily) with or without clavulanic acid and local treatment of
sinusitis via nasal decongestants, saline solution, and if needed, steroidal nasal sprays [1,2] and
prolonged therapy is required for up to 7 or 14 days [3,4]. However, oral administration of
antibiotics can affect systemic circulation and potentially cause adverse reactions [5]. Also, the
absorption rate of orally administered amoxicillin in a high dose, especially twice-daily dosing,
showed non-linearity in Cmax and has the potential to result in low antimicrobial efficacy due to
insufficient bioavailability [6,7]. Therefore, topical delivery of amoxicillin to the nasal mucosa can
be a viable choice to provide better outcomes.

Moreover, another considerable factor that can potentially influence the treatment effectiveness
is the lack of patient adherence, resulting in drug resistance and insufficient therapy. Thus, in this
circumstance, there is a high demand for an effective antibiotic therapy, for which technological
solutions can be proposed such as choosing the most effective administration route, i.e., achieving
targeted therapy and formulating value-added dosage forms by means of nano-technology and
protein-based drug delivery systems.

Furthermore, intranasal drug administration has emerged as an alternative and promising route
in delivering a drug, which provides many advantages, such as the non-invasive way of drug
administration, avoiding first-pass metabolism, which in turn can achieve higher bioavailability,
lower dosing of administration, and accessibility for local and systemic therapeutic purpose as well
as for brain targeting [8]. However, nasal route delivery poses many challenges, and the most
significant is nasal mucociliary clearance [9]. Therefore, a proper design of nasal drug formulation
is particularly required to overcome the challenges following nasal route application and deliver the
drug effectively.

In this case, a suitable nanocarrier system is of great importance to apply. The in situ stimuli-
sensitive delivery systems appear promising for the delivery of antibiotics to the nasal passage. This
system can be employed to prevent rapid clearance of the formulation from the nasal cavity and
enhance its residence time while releasing the active substance locally. Therefore, the utilization of
in situ gelling system to administer antibiotic into the nasal cavity could be a promising approach

to achieve better local therapeutic effect as well as establish the proper use of antibiotic.



2. AIMS

This Ph.D. work aimed to prepare novel and innovative formulations of amoxicillin-loaded
bovine serum albumin (BSA) nanoparticles incorporated into in situ gelling polymer matrix for
enhanced local nasal therapy of antibiotic for ABR treatments. In order to circumvent nasal
challenges and achieve desired properties of formulation for local therapy in the nasal cavity, the
combination of nanocarrier system and in situ gelling polymer can be utilized as it has shown many
great potentials for drug delivery. Thus, the research work was carried out with the aims of these
following steps:

l. To optimize the composition of aloumin-based nanocarrier system via factorial design, in
order to obtain adequate solubility and stability to load the antibiotic drug, generating suitable
properties for nasal administration, such as nanosized formulations with good zeta potential
and polydispersity index (Pdl), as well as the pH and osmolality.

Il.  To develop amoxicillin-loaded albumin nanoparticles with high drug entrapment efficiency
and incorporate them into thermo-responsive and ionic-sensitive in situ gelling matrices, then
perform appropriate investigation to compare their characteristics according to intranasal
administration.

I1l1.  To evaluate the in vitro drug release behavior of the in situ stimuli-sensitive nasal gel AMT
formulations in simulated nasal electrolyte solution as the release medium, in order to mimic
the condition in the nasal cavity.

IV. To investigate the in vitro antibacterial activity to confirm that the antibiotic substance
(amoxicillin) in the in situ stimuli-sensitive nasal gel formulations can maintain its inhibitory
activity against five common ABR pathogens, ensuring the efficacy of the in situ nasal gel
formulation of amoxicillin.

V. Finally, we aimed to determine the mucosal permeation and retention properties through the
ex vivo mucosal permeation and retention studies employing human nasal mucosa tissue in
order to ensure the application of the developed in situ nasal gel formulation of amoxicillin

is appropriate for local therapeutic purposes.



3. THEORETICAL BACKGROUND

3.1. Acute Bacterial Rhinosinusitis

Acute rhinosinusitis, also referred to as acute sinusitis, is a four-week-long inflammation of
the nasal cavity and paranasal sinuses [10]. Acute sinusitis is further classified according to
presumed cause as either acute bacterial rhinosinusitis (ABR) or acute viral rhinosinusitis. The time
course and duration of compatible symptoms are typically used to distinguish ABR from viral
infection. ABR is defined by either an onset of severe symptoms, like the presence of purulent nasal
discharge with nasal obstruction such as facial pain, fullness, and pressure, including a high fever
for three days, or a worsening of symptoms (or double worsening) or persistence of symptoms for
at least ten days. ABR is one of the most common infections treated by primary care providers.
Beyond the nasal cavity and paranasal sinuses, bacterial sinusitis can spread directly to the orbit or
surrounding tissues, or it can hematogenously or directly affect the central nervous system (CNS).
Complications are uncommon but can be potentially serious, indeed life-threatening. ABR may also
lead to the CNS infections, such as meningitis, subdural empyema, epidural abscess, or brain
abscess [11]. Patients with any of the signs or indications proposing a complication of ABR ought

to be urgently referred to an emergency department for assessment and management.

3.1.1. Pathogens of Acute Bacterial Rhinosinusitis

Normal bacterial flora, which includes potential pathogens that can cause respiratory tract
infections, including sinusitis, colonizes the upper respiratory tract, including the nasopharynx.
During viral respiratory infections, these possible pathogens can cause sinus infections by moving
from the nasopharynx into the sinus cavity [12]. ABR complicates 0.5-2.0% of cases of the
common cold and is most frequently a consequence of viral infection. However, other conditions
like allergies, immunological dysfunction, ciliary dysfunction, sinus anatomic narrowing, or poor
dental health can also make people more susceptible to ABR.

Furthermore, Moraxella catarrhalis, Haemophilus influenzae, Staphylococcus aureus,
Streptococcus pneumoniae, and Streptococcus pyogenes are the most frequently found bacteria
linked to ABR [13]. Anaerobic bacteria and microaerophilic streptococci are frequently detected if
the ABR comes from an odontogenic source. A single pathogen is typically found in high
concentration when a sinus culture is positive in a patient with ABR, though two pathogens may be
found in high concentration in about 25% of the patients. Anaerobic bacteria derived from the oral
flora may become the predominant pathogens if the acute infection does not resolve. Through serial
culture during the course of the infection, these phases were shown in patients with maxillary

sinusitis.



Nonetheless, cultures continue to be useful in certain clinical settings, such as nosocomial or
complex ABR. In this case, ABR is characterized by purulent nasal drainage rhinosinusitis (anterior,
posterior, or both) that lasts for less than four weeks, along with facial pain, pressure, fullness, or

nasal obstruction (such as congestion, blockage, or stuffiness).

3.1.2. First line treatment

The utilization of antibiotics for the treatment of ABR can help shorten the course of ABRS,
however it must be taken into account that potential benefit is greater than the adverse effects. Oral
amoxicillin (1000 mg three times daily) or amoxicillin-clavulanate (875/125 mg twice daily or
500/125 three times daily) for 5-10 days has been recommended as the first-line treatment for ABR
in adults [2], with consideration based on the resistance patterns in the community. Amoxicillin-
clavulanate is preferred in communities where Haemophilus influenzae and Moraxella catarrhalis
isolates have a higher prevalence of beta-lactam resistance, while macrolides and trimethoprim-
sulfamethoxazole are not suggested because of a significant prevalence of S. pneumoniae
resistance, as well as for trimethoprim-sulfamethoxazole and also H. influenzae resistance [11]. In
this case, all dosages are for patients with adequate kidney function.

High doses of amoxicillin with clavulanate (2 g/125 mg twice daily) is recommended for
adults with specific risk factors for antibiotic resistance [3], such as living in areas where the
prevalence of penicillin-non-susceptible S. pneumoniae is higher than 10%, being older than 65,
being hospitalized within the last five days, using antibiotics within the past month, having multiple
comorbidities and immunocompromise, or other severe infections [3]. However, amoxicillin-
clavulanate is the most commonly prescribed antibiotic that results in hospitalization for drug-
induced liver disease and is known to cause adverse antibiotic events related to the gastrointestinal
tract. Meanwhile, amoxicillin showed comparable effectiveness to amoxicillin-clavulanate for
treating acute sinusitis, with fewer side effects related to the gastrointestinal tract. Therefore,

amoxicillin is a viable choice for adults with acute sinusitis that require antibiotics therapy [1].

3.2. Nasal drug delivery systems

Intranasal delivery is a non-invasive route of administration that possesses many advantages,
including ease of application, rapid onset of action, avoidance of the first-pass effect, availability
for local and systemic delivery of drug and applicable for various kinds of formulation [8].
Nevertheless, this route is also challenging with several factors that must be well-considered. As
for the nasal conditions themselves, the limitations in nasal cavity like the highly effective
mucociliary clearance, small administrable volume, nasal pH, and facilitated membrane

permeability, may become problems when preparing nasally applied drugs. Therefore, to overcome
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this obstacle, numerous strategic approaches became choices, one of which is the formulation of
the residence time prolonging in situ mucoadhesive gel formulations to avoid rapid drug clearance
from the nasal passages. Furthermore, other factors that could possibly influence the formulation of
intranasal drug delivery can be derived from the drug substance or active ingredient. In the case of
antibiotics, their stability is the primarily important issue that must be carefully considered before
the formulation is established since many antibiotics are physicochemically unstable in aqueous
solutions or when exposed to the air or the light. For this purpose, a number of solid-form antibiotic
preparations have been developed, which will be dissolved at the time of use [14].

Principally, nose is a unique organ for the smell function, which consists of two nasal cavities
separated by the inner wall, known as nasal septum. In humans, the size of the nasal cavity is 12—
14 cm long and 5 cm high, with the total volume approaching 15-16 cm? [15]. The total intranasal
volume significantly conforms with the size of nostril openings [16] and the nasal airflow is slightly
dominant inside the left nostril compared to the right one [17]. Interestingly, the shape and size of
nasal are different across populations [18]. Nasal cavity has several major parts, including nostrils,
vestibule, atrium, respiratory region (the turbinates), olfactory region, and nasopharynx as shown
in Figure 1.

The nasal channel passes via the nostrils and runs about 12 cm from the vestibule to the
nasopharynx area [15]. The nasal vestibule, as the anterior part, is the smallest cross-sectional area
extending from the nostrils’ opening and connecting the nose to the outer environment. The mean
area of total nostril opening is around 0.3 — 0.4 cm?, which is found to be more prominent in men
than women [16]. The surface of nasal vestibule is covered with skin containing vibrissae or hair to
filter the large particles. These region cells are dominated by keratinized, squamous, and stratified
epithelial cells with sebaceous glands [19,20]. Dehydration causes no problem for the nasal
vestibule because of its physiological properties, and it can withstand shocks from harmful
compounds of the environment. Permeation of substance through nasal vestibule is extremely
limited. Hence, the nasal vestibule is not a preferred region for drug administration as well as drug
absorption [19].

Drug absorption is optimal in the respiratory mucosa region. The respiratory region is divided
into three projections originating from the septum, called turbinate or conchae. These turbinates are
located at the lateral wall of the nose, namely the superior, middle and inferior turbinate. The space
between each turbinate is called the meatus. An essential anatomical region for the function of
anterior paranasal sinuses is the middle meatus. Acute and chronic sinusitis can be caused by

anatomic anomalies or inflammatory mucosal in this location [21].
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Figure 1. Illlustration of human nasal cavity on a sagittal view [14].

3.2.1. Therapeutic purposes of nasal drug delivery

Nasal route has emerged as a valuable way for drug delivery with the purpose of local action,
systemic transport, and nose-to-brain therapeutic effect due to simple access, high vascularized and
has protective epithelium [9]. Intranasal delivery mechanism as explained in Figure 2 is capable of
providing absorption pathway to the paranasal sinuses, brain and systemic. Nasal cavity is mainly
used for therapy of local diseases in the upper airway tract, such as nasal infections, nasal
congestion, nasal allergic rhinitis, nasal sinusitis and several lung infections (nose-to-lung delivery)
[22,23]. The best-targeted area for this local treatment is the middle meatus since this area is
connected with the opening of sinuses. Smaller doses than systemic administration can be applied
for direct drug administration at the site of action.

The main characteristic of locally acting drugs requires a prolonged residence time. In
addition, for vaccination delivery through nasal, the nasopharynx-associated lymphoid tissue
(NALT) area is beneficial as a target site because it expresses higher immunogenic responses than
other nasal regions. Further, a recent study described that for SARS-CoV-2 vaccination, the
administration should be targeted to the posterior two-thirds of the nose as the receptor (Angiotensin
- Converting Enzyme 2 or ACE?2) are extremely populated in this nasal epithelial cell (ACE2 - rich
region) [24].

Although the respiratory area is the primary site for absorption of nasal sprays, the drug

retention period is limited due to the mucociliary clearance. After about 30 minutes, the majority of
6



the drug formulation in the posterior part of the respiratory region dropped into the nasopharynx.
Nasal delivery in the anterior portion of this region, on the other hand, can achieve a longer

residence time, which is preferable for systemic drug absorption.
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Figure 2. Schematic diagram of nasal drug delivery pathway [14]

3.2.2. Challenges and formulation strategies

Nasal drug delivery potentially provides greater comfort and safety by delivering drugs directly
to the site of action. Compared to other administration methods, it is a non-invasive and painless
way of delivery that encourages better compliance. However, this route has several limitations that
able to lower the efficiency of intranasal route. There are numerous physiological and
physicochemical barriers that can significantly influence nasal drug delivery [14] .

Nasal mucociliary clearance is an important function in keeping the health and defense
mechanism in the nose. The mucociliary clearance is a protection system of the lower airway tract
from dust and other particles. About 80% of particles with the size larger than 12.5 pum will be
captured by the mucus that cover nasal epithelium and filtered out of the air before entering the
pharynx [25,26]. The clearance mechanism involves the cilia and mucus which are produced by
goblet cell. Nasal mucus acts as a continuous layer covering the nasal cavity to moisten and protect
the nasal epithelium. The mucus blanket can be transferred from the anterior part of the nose to the
nasopharynx. The mucociliary clearance is renewed every 15 — 20 min, constantly, at the rate up to
20 mm/min with the moves to the posterior region of the nose. Ciliary beating transports the inhaled
particles, bacteria and viruses which previously trapped in the mucus and then move backward to
the pharynx, where it can be swallowed or expelled. Different from the posterior part, the anterior

part of the inferior turbinate the clearance system is by moving forward to the proximal part of the
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nose for the removal mechanism. Nasal mucociliary clearance process can reduce drug residence
time in the nasal cavity and decrease the drug permeation through the nasal mucosa [9,27].

Also, as the nasal cavity has a minimal volume in size, only a small amount of drug can be
instilled, and the drug must be administered at a specific site of the turbinates and olfactory region
to precisely achieve the intended effect of therapy. The geometry of nasal cavity, site of drug
deposition and patient’s head position during administration extremely affects drug absorption
through the neuronal system and raises significant challenges for nasal drug delivery. Moreover,
Particle size is essential in intranasal delivery. Also, the particle size should be less than 200 nm to
facilitate absorption through the epithelium. Drug deposition in the nasal cavity is highly depends
on the physical characteristics of the drug particles, ventilation, and anatomy of the respiratory
system.

Finally, due to these challenges, several approaches have been employed to overcome nasal
drug absorption issues. These actions range from the development of formulation strategies to
devices used for nasal application, in which the primary purposes are to avoid the limit and to

improve drug absorption through the nasal route administration [14].

3.3. Insitu gelling system

In situ gelling system are liquid formulations which create a solid-like depot when applied
topically or injected into the body. Over the past 20 years, they have drawn more and more attention
as a desirable class of responsive drug delivery systems for a range of pharmaceutical and
biomedical applications. Because they are easier to prepare and have lower production costs, they
are preferred over conventional injectable depot systems like wafers or implants. This is because
they can be self-administered using autoregulators, facilitate controlled release of incorporated
therapeutic agents, which lowers the frequency of dosing and prevents therapeutic failure or
undesirable side effects, and are injectable using smaller gauge needles. These system’s low
viscosity state under ambient conditions makes topical administration appealing as well [28].

In situ gelling systems are a carrier system that can undergo a sol-to-gel transition triggered
by external stimuli of the nasal physiological environment, such as temperature, pH, and ionic
condition. Among the many benefits of in situ gelling systems are their high drug-loading
efficiency, sustained release profile, increased nasal absorption, extended retention period,
decreased frequency of doses, and enhanced patient compliance. Based on the polymers used in the
formulation, the gelation mechanism of the in situ gels greatly affects its performance. The selection
of the type of polymer intended to be used in the formulation is crucial because it relates to the

expected stimulus-response [28,29].



3.3.1. Insitu gelling polymers

According to the stimuli-sensitive behavior there are generally three types of in situ gelling
polymers: thermo-sensitive, ionic-sensitive, and pH-sensitive polymer. The thermo-sensitive
polymer facilitates the transformation of the sol-to-gel upon temperature change (25 — 37 C)
following instillation into the nostrils. The polymers that are commonly used in this group are
Poloxamers® (P407 and P188), chitosan, ethyl (hydroxyethyl) cellulose (EHEC), and xyloglucan
[29-31]. Meanwhile, the pH-sensitive polymers have the ability to convert the solution into the gel
as the pH changes. The main polymer used as a pH-sensitive agent is Carbopol® which can maintain
the pH in the range of 4 — 5.5. Moreover, the last type of polymer, the ionic-sensitive polymer can
performs sol-gel transition in the presence of environmental ionic influence. Gellan gum and pectin
are ionic-sensitive gelling agents which perform interaction with the cations in the nasal fluid

leading to the formation of gel structure [29].

3.3.2.1In situ thermo-responsive polymer

One of the most attractive thermo-responsive polymers that have been widely exploited in the
development of in situ gelling systems is Poloxamer 407 (P407). P407 is composed of a triblock
copolymer of hydrophilic polyethylene oxide (PEO) and hydrophobic polypropylene oxide (PPO)
in a structure: PEO-PPO-PEO. Due to its amphiphilic nature, P407 performs a reversible thermal
characteristic. At a low temperature, the P407 molecular structure is surrounded by the hydrated
layer and it can easily undergo spontaneous micellization due to the self-assembly mechanism. As
the temperature rises, the hydrogen connection between water and the hydrophilic chain of PEO
dissipates, resulting in the rearrangement of a micellar structure and the formation of bigger,
hexagonal-shaped micelles [32]. The nasal application of P407 can promote a prolonged residence
time of the entrapped drug in the nasal cavity and improve its bioavailability. The combination of
thermosensitive polymers and nanocarrier systems can be considered, as it has shown great

potential for controlled release properties in nasal application [28,33].

3.3.3.In situ ionic-sensitive polymer

Gellan gum, a linear, anionic exopolysaccharide made by Sphingomonas elodea, is one of the
well-studied ionic-sensitive polymers. It is made up of the repeating units a-L-rhamnose, -D-
glucose, and B-D-glucuronate in molar ratios of 1:2:1. It proved to be a useful excipient when
designing drug delivery vehicles for oral, ophthalmic and nasal delivery [29]. The polymer begins
to gel when it is exposed to physiological concentrations of cations, which are found in
physiological fluids like nasal fluid.

Gellan gum interacts with the simulated nasal fluid after being instilled into the nasal cavity,
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creating a crosslinked network that further promotes gel formation. Thus, the ionic composition of
nasal fluid ionic composition, pH, and volume can significantly affect gellan gum delivery
properties [34]. The nasal fluid in a healthy nose has a volume of approximately 100 uL and a pH
of 6.4, which can rise to 7.4 in the event of an infectious disease. Gellan gum has mucoadhesive
properties, but because these are dependent on weak forces like hydrogen bonds and van der Waals
forces, they are still insufficient to extend mucosal residence time. Therefore, the combination with
other mucoadhesive polymer, such as albumin-based nanoparticles might then improve the
mucoadhesiveness to further intensify the contact to the mucosa and consequently prolong the

residence time.

3.4. Antibiotic delivery through nasal route administration

The nasal route has been used to deliver a wide range of small compounds and biological
macromolecules such as peptides, proteins and vaccines. Also, common diseases treated using nasal
dosage forms include allergic and infectious rhinitis, sinusitis, nasal epithelial lesions, and rhino-
sinusitis. Therefore, antibiotic substances has the potential to be delivered directly to the nasal cavity
for the treatment of acute bacterial rhinosinusitis. In this case, the utilization of the nasal route for
delivering antibiotic substances can substantially reduce the risk of antibiotic resistance due to the
inappropriate use of antibiotics.

In this circumstances, one of the most crucial global health challenges related to antibiotics is
the resistance threat. Antibiotic resistance represents the condition when the pathogens establish an
ability to resist the action of a certain antibiotic. Consequently, the antibiotics become ineffective
for the treatment and lead to higher treatment costs, longer hospital stay, more complications, and
even an increase in the number of deaths. The antibiotic resistance threat has emerged as the biggest
public health problem worldwide [35]. Moreover, many efforts and concerns are established as
prevention strategies for combating antibiotic resistance. One of the prioritized areas that plays an
essential role is the improvement of proper antibiotic use.

Therefore, nasal delivery appears to be a reliable alternative route to oral administration of
antibiotic. Nasal passage has a large surface area for absorption and is highly vascularized, allowing
faster drug absorption without undergoing gastrointestinal and hepatic metabolism, which results in
a higher drug bioavailability [9]. Besides that, therapeutic doses could be potentially lower to
achieve optimal therapeutic efficacy. The frequency of use might also be reduced, as nasal delivery
is able to provide high bioavailability on the target site, i.e. for local therapy in the nasal cavity. In
line with this, antibiotic delivery through the nasal route can potentially minimizes the systemic
adverse reactions that commonly arise when antibiotics are given orally, for example, nausea,

diarrhea, rash, dizziness, etc, since the nasal delivery pathway completely bypasses the
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gastrointestinal and hepatic first-pass metabolism, thus prevents the drug for being metabolized by
cytochrome P450 enzymes, avoiding systemic adverse effects to occur.

Overall, nasal route administration provide great advantages for delivering antibiotics
substances, as summarized in Table 1. Therefore, with respect to the effective delivery of an
antibiotic substance through the nasal route, a proper understanding is hugely required in
manufacturing intranasal antibiotic formulations in order to achieve intended applicability and
effectiveness in therapy. In addition, an innovative and effective strategy is highly encouraged in
order to efficiently deliver antibiotics to the target site, optimizing antibiotic usage without affecting

the systemic circulation [36].

Table 1. Beneficial aspects of nasal route administration for antibiotic delivery [37]

No Aspect Advantages

1 Delivery access Can be used for local- or systemic therapy and brain targetting
(CNS)

2 Bioavailability Higher than oral administration (avoid hepatic metabolism)

3 Doses The doses is lower than oral doses

4 Frequency of use Reduced frequency (can be prolong drug release profile)

5 Systemic side effects Can be avoid (side effect due to oral administration such as
nausea, diarrhea, rash, etc)

6 Chance to resistance  Minimized the threat of resistance

7 Patients compliance ~ Easy to administer; non-invasive technique
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4. MATERIALS AND METHODS

4.1. Materials

Amoxicillin trinydrate (AMT) of analytical grade was obtained from Thermo Fisher (Kandel)
GmbH (Karlsruhe, Germany), poloxamer (Kolliphor® P407) was purchased from BASF
(Ludwigshafen, Germany), gellan gum (Phytagel®), bovine serum albumin (BSA, lyophilized
powder, purity >97 %), ethanol 96 % v/v, sodium hyaluronate (NaHa, Mw = 1400 kDa) was donated
from Gedeon Richter Plc., mucin from the porcine stomach (Type I11), Simulated Nasal Electrolyte
Solution (SNES) which consisted of 2.98 g/L potassium chloride (KCI), 8.77 g/L sodium chloride
(NaCl), 0.59 g/L anhydrous calcium chloride (CaCl>) dissolved in purified water (pH 5.6), and all
reagents were purchased from Merck Ltd. (Budapest, Hungary) if not stated otherwise. Methanol of
analytical grade was purchased from Molar Chemicals (Budapest, Hungary). Purified water was
filtered using Gradient Water Purification System, the Millipore Milli-Q® (Merck Ltd., Budapest,

Hungary). All the other solvents and reagents were of pharmaceutical grade.

4.2. Optimization of albumin-based nanoparticles as nanocarrier system
4.2.1 Factorial design

The preparation of aloumin-based nanoparticles was optimized using a 3-factor with 3-level
full factorial design in nine independent experiments. TIBCO Statistica® 13.4 (Statsoft Hungary,
Budapest, Hungary) software was utilized to generate the design of experiment. The amount of BSA
20% wlv (x1), ethanol (x2), and purified water (PW) (x3) was selected as the independent variable
and the effect was observed at low, medium, and high levels as depicted in Table 2. In this
experiment, the concentration of BSA solution used was 20% w/v in order to ensure enough BSA
concentration for the formation of intermolecular secondary structure (5-sheet) [38]. Also, the
utilized amount of BSA solution and ethanol was considered as critical parameter in the BSA
nanogelation process, which is 3 mM of BSA with a minimum of 0.4 mL of ethanol [38,39].
Therefore, the amount of those variables was chosen to be within the above-mentioned
concentration, along with the necessity of PW to perform the gelation process. In brief, the BSA
20% w/v solution was set from 0.5 to 1.5 mL, while the content of ethanol ranged from 0.6 to 1.2
mL, and the amount of PW was 0.1 to 0.9 mL. Moreover, the design of experiment was employed
to investigate the quadratic response surface and to calculate the relationship between variables

using the following second-order polynomial model:

Y = o + fixa + Puxa® + foXa + faoXa? + Paxa + PaaXa® 1)
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where Y is the response variable; fo is a constant; S1, 2, and fz are linear coefficients; f11, S22, and
Bss are quadratic coefficients; x;-3 are the main effect factors; and xi2, X2, and xs? are the quadratic
effect factors. The effect of factors on dependent variables (Z-Average, Pdl, and ZP) at 25 °C was
presented statistically as the response surface model and analysis of variance (ANOVA) with a 95%

confidence interval level, and the variable was considered significant if the p < 0.05.

Table 2. Design of experiment for albumin-based nanoparticles optimization. The selected

independent variables with the 3-level (-1, 0 and +1) investigated values.

Level
Factors
-1 0 +1
BSA 20% w/v (mL) 0.5 1.0 1.5
Ethanol (mL) 0.6 0.9 1.2
PW (mL) 0.1 0.5 0.9

4.2.2 Preparation of albumin-based nanoparticles

Albumin-based nanoparticles was prepared using desolvating method [40-42] with the
composition ratio according to the experimental design results. Briefly, a specified amount of BSA
20% wi/v (0.5-1.5 mL) was added into purified water (0.1-0.9 mL) under constant stirring (500
rpm, 37 °C). Then, a certain amount of ethanol (0.6-1.2 mL) was added dropwise. After that, the
mixture was homogenized with constant stirring (500 rpm, 37 °C) using a hot-plate magnetic stirrer
until the gelation process finished, in which the formation of a high viscosity solution, a bluish-soft
gel, and a hard gel can be observed for each formulation. Afterwards, all obtained BSA-based
nanoparticles (BSA-NPs) were transferred into vials and then lyophilized using a freeze-dryer
(ScanVac CoolSafe, LaboGene, Lynge, Denmark) for 16 hours (at =40 °C, 0.013 mbar pressure),
and then continued with secondary drying for four hours at 25 °C. Subsequently, all of the freeze-
dried cakes were stored in the fridge at 4 °C for further analysis, and immediately reconstituted with
specific amount of purified water prior to each investigation.

4.3. Charaterization of BSA-NPs
4.3.1. Dynamic light scattering measurement

The measurement of the Z-average, PdI, and ZP ({) of the reconstituted BSA-NPs was carried
out via the dynamic light scattering (DLS) method, using a Malvern Zetasizer Nano ZS (Malvern
Instruments, Worcestershire, UK) instrument. All the freeze-dried cakes of BSA-NPs were
redispersed with 1.5 mL of PW and stored in folded capillary cells at 25 -C. All measurements were
carried out in triplicate (n = 3) and the results were expressed as the average + SD.
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4.3.2.Raman spectroscopy

A Thermo Fisher DXR dispersive Raman microscope (Thermo Fisher Scientific Inc.,
Waltham, MA, USA) was utilized to assess the changes in the secondary protein structure of BSA-
NPs after gelation process at the preparation step. The instrument was equipped with a CCD camera
and a diode laser running at a 780 nm wavelength, with a laser power of 12 mW and a 50 pm slit
aperture size. The obtained spectrum was recorded within a 2-second exposure time and a 6-second
acquisition time, collecting a total of 32 scans per spectrum in the spectral range of 3300-200 cm ™,

including the cosmic ray and fluorescence corrections.

4.3.3. Thermal gravimetry

The TG investigationwas performed with aMETTLER-Toledo TGA/DSC 1 (Mettler-Toledo
GmbH, Giellen, Germany) instrument. Samples of approximately 10 mg were measured into 100
pL aluminum pans, which were then crimped and inserted into the furnace. The experiment was
conducted in the temperature range of 25 to 275 °C, with a 10 °C/min heating rate, under a constant

nitrogen flow of 50 mL/min. The results were evaluated using the STARe software version 9.00.

4.3.4. Differential Scanning Calorimetry

The DSC examinations were conducted using a Mettler-Toledo DSC 1 (Mettler-Toledo
GmbH, GieRen, Germany) instrument at a temperature interval of 25 to 275 °C, with a heating rate
of 10 °C/min, under a constant argon flow of 150 mL/min. For the experiments, approximately 5
mg of the samples were measured into 40 pL aluminum pans. Each measurement was normalized

to the sample size. The results were evaluated using the STARe software version 9.00.

4.4. Preparation of AMT-loaded BSA-NPs

The preparation of AMT-loaded BSA-NPs were carried out through desolvating method with
slight modification [40]. Briefly, 5 mg of AMT was dissolved in 0.9 mL of purified water. After
that, 0.5 mL bovine serum albumin solution (20 % w/v) was added into the solution with constant
stirring (500 rpm, 37 °C) until clear solutions were observed. Subsequently, 0.8 mL ethanol 96 %
v/v was added to the solutions. The mixture was homogenized and heated at 40 °C till a bluish-soft
gel formed. Afterwards, glucose 8 % wi/v was added into the mixture as a crosslinker agent for
stabilizing the resulting AMT-BSA-NPs [42].

4.5. Entrapment efficiency and drug loading capacity of AMT-BSA-NPs

The measurement of entrapment efficiency (%EE) and drug loading capacity (%DL) were
performed by adding 1 mL ethanol into 0.5 mL sample of AMT-loaded BSA nanoparticles, and then

the mixture was centrifuged using Hermle Z323K high performance refrigerated centrifuge (Hermle
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AG, Gossheim, Germany) at 16.000 rpm for 15 min (4 °C). After that, the amount of free AMT in
the supernatant was determined using high performance liquid chromatography. The entrapment
efficiency (%EE) and drug loading (%DL) capacity were calculated using the following equations
[43,44].

Initial amount of AMT — Free AMT
Initial amount of AMT

%EE =

x 100 )

Initial amount of AMT — Free AMT
Amount of BSA Nanoparticles

%DL = x 100 (3)

4.6. Development of in situ gelling nasal AMT formulation
4.6.1. Development of in situ thermo-responsive nasal gel of AMT

In this work, the concentration of P407 solution as thermo-responsive polymer was used in a
range of 21-25% wi/v according to our preliminary studies regarding the suitable concentration for
nasal application. Briefly, a certain amount of concentrated P407 solution in purified water which
previously prepared overnight (4 °C) was added into the liquid formulation of AMT-BSA-NPs,
resulting in various concentration of P407 (21-25% wi/v). Finally, the solution was transferred to
vials and lyophilized using a freeze-dryer (ScanVac CoolSafe, LaboGene, Lynge, Denmark) at —40
°C for 12 h under a 0.013 mbar pressure, with additional secondary drying at 25 °C for three hours.
Freeze-dried formulations were stored in the fridge (4 °C) for further investigations. Each
formulation was immediately redispersed with certain amount of purified water prior to each

analysis.

4.6.2. Determination of critical ionic concentration of GG as ionic-sensitive polymer

The critical ionic concentration (CIC) is a crucial parameter for the in situ ionic-sensitive
gelling systems. Firstly, gellan gum (GG) solution in purified water with different concentrations
(0.1 %-0.6 %, w/v) were prepared in vials and mixed with various amount (0.1-1 mL) of simulated
nasal electro-lyte solution (SNES), which consisted of 8.77 g/L sodium chloride (NaCl), 0.59 g/L
anhydrous calcium chloride (CaCl,), and 2.98 g/L potassium chloride (KCI) dissolved in purified
water (pH 5.6), with volume ratio between GG solution and SNES as shown in Table 4. Then, after
20 s, the vials were observed for its gelation capacity. Appropriate gel matrix was determine based
on visual examination in which the formed gels was able to adhere to the bottom of the vials instead

of slipping or flowing down the side [45-48].

15



4.6.3. Preparation of in situ ionic-sensitive nasal gel of AMT

In this step, the concentration of GG was selected based on our preliminary experimental
results of its CIC properties. Briefly, an accurately weighed amount of GG was dispersed in purified
water by heating at 90 °C for 30 mins [49] and then cooled to room temperature. Subsequently, the
prepared solution of AMT-BSA-NPs was added slowly into the obtained GG dispersion with
various concentration (0.2, 0.3, 0.4 % w/v), and the volume ratio was 1:1.5. Finally, the formed in
situ ionic-sensitive nasal gel of AMT was then lyophilized using ScanVac CoolSafe laboratory
freeze-dryer (Labogene, Lynge, Denmark) under 0.013 mbar pressure (—40 °C) for 12 h with an
additional secondary drying for 3 h (25 °C). All freeze-dried samples were placed at 4 °C until
further investigations. Moreover, prior to each analysis, the freeze-dried samples were immediately

redispersed with a specific amount of purified water.

4.7. Characterization of in situ gelling nasal AMT formulation
4.7.1. Particle size, Pdl, ZP, pH and osmolality

The particle size, polydispersity index (Pdl), and zeta potential of the in situ gelling nasal
AMT formulations were investigated as described previously. The evaluation of the pH was
carried out with pH tester instrument (WTW®inoLab pH 7110, Thermo Fisher Scientific,
Budapest, Hungary). Following the pH measurement, the prepared formulations were then
characterized for the osmolality by osmometer (Freezing Point Osmometer, Knauer, Berlin,
Germany) [33]. All evaluations were conducted in triplicate (n = 3) and data are shown as means
+ SD.

4.7.2. Determination of expansion coefficient

Expansion coefficient measurement was carried out according to the previous studies [46,47].
Firstly, 1 mL of each in situ gel formulation was mixed with 0.25 mL SNES (pH 5.6) in a graduated
test tube and the total liquid volume (V1) was noted (1.25 mL). Subsequently, the volume of the gel
after in situ transformation process (Vg) was calculated by the addition of 2.0 mL of SNES and the
observed volume was considered as the total volume (Vy); therefore, basically, Vg = Vi —2. The
expansion coefficient value (S) was determined based on the following equation [46]:

S(%) = —(Vg; "

1

100 4)

4.7.3. Determination of water holding capacity
Water holding properties of the in situ gelling nasal AMT formulations were calculated

following the previous method [45-47]. Approximately 0.25 mL SNES was added into 1.0 mL of
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each formulation of the in situ gelling formulations in a pre-weighed centrifuge tube. The weight of
the gel was noted as W1. Afterward, the samples were centrifuged at 8000g (10 min, 4 °C) and the
formed supernatant was absorbed from the gel using filter paper; the remaining sample (W2) were

weighed. The water holding capacity was measured as the following equation [50]:

Water holding capacity(%) = % x 100 (5)
1

4.7.4. Rheological studies

The rheological evaluations of the in situ gelling nasal AMT formulations were conducted using
a rheometer (Anton Paar Physica MCR302 Rheometer, Anton Paar, Graz, Austria) [38]. The
measuring instrument consisted of a cone and plate apparatus with a 1° cone angle. The cone had a
diameter of 25 mm and a gap height of 0.05 mm at its center. In case of in situ ionic-sensitive nasal
gel of AMT (GG matrix) frequency sweep measurements were applied where the storage modulus
value (G’) and the loss modulus value (G") were recorded at 35 °C, over the angular frequency range
(0.1-100 rad/s) 0.1 % strain value (which was within the linear viscoelastic region of the systems).

Moreover, in case of the in situ thermo-responsive nasal gel of AMT (P407 matrix), the samples
were placed at 5 £ 1 °C before measurement. The gelation temperature was recorded as the
temperature was raised from 20 to 40 °C with a heating rate of 1 °C/min. At a constant angular
frequency of 10 rad/s, strain values of 1% and at 35 °C, the gelation time of the thermos-responsive
in situ gelling nasal gel was monitored. The G’, loss modulus G”, and loss factor were calculated

over the angular frequency range at 35 °C from 0.1 to 100 rad/s.

4.7.5. Evaluation of mucoadhesive strength

The measurement of mucoadhesive strength of the in situ gelling nasal AMT formulations was
conducted using tensile tests by TA-XT Plus texture analyzer instrument (Metron Kft, Budapest,
Hungary) [33], configured with a load cell of 5 kg and 1 cm cylinder probe. A filter paper
(Whatman® qualitative filter paper, Sigma Aldrich Co. Ltd., Budapest, Hungary) was used as a
simulated nasal mucosal surface and impregnated with 50 pL of previously prepared mucin
dispersion in SNES (8 % w/w). The sample (20 mg) was affixed to the cylinder probe and put in
contact with the wetted filter paper. After applying a preload of 2500 mN for 3 min, the cylinder
probe was moved upwards at a predetermined rate of 2.5 mm/min to separate the sample from the
substrate. After that, the value of maximum detachment force (mucoadhesive force) was measured.
The evaluation was performed in triplicate. Aqueous solution of NaHa (0.5 % w/v) was used as a
reference system.
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4.7.6. Evaluation of mucoadhesive properties

In order to evaluate the mucoadhesive properties of the in situ gelling nasal AMT formulations
towards nasal mucin, this evaluation step was carried out by two distinct methods: the displacement
method and the flow-through method. At first, approximately 100 g of hot solution containing 1%
w/v agar with 2% w/v mucin in purified water was casted onto a petri dish (diameter 10 cm) and
left to solidify for 12 h at 4 °C. After that, prior to the test, the petri dishes were then stored at 34 °C
for 1 h, to equilibrate following experimental condition. Subsequently, 1 ml of each formulation and
as reference AMT aqueous solution (1 mg/ ml) were placed on top of the agar-mucin gel. Further,
for the displacement methods [51-53], all petri dishes were oriented at a 60° angle, allowing the
samples to move downwards (displacement). The displacement distance was measured in
centimeters for up to 2 h, with the adhesion potential being inversely proportional to the sample’s
displacement.

On the other hand, for the flow-through method [54-57], a modified apparatus was utilized.
All petri dishes were inclined at a 60° angle, and the flow of the tempered SNES (35 °C) was
maintained through a peristaltic pump with a flow rate of 2 mm/min [58,59] to wash off the
formulation from the surface of agar-mucin gel. Around 1-1 ml aliquots of the wash-out solution
were collected at pre-determine time points (3, 5, 10, 15, 20, and 30 min). Prior to drug content
determination with HPLC, aliquots were freeze-dried and dissolved in 100 pl purified water to
ensure that the concentration of analyte reached the limit of detection (LOD). The measurements

were performed in triplicate and reported as means * SD.

4.7.7. Drug content measurement

Determination of AMT content in the in situ gelling nasal AMT formulations was conducted
by diluting 1 mL sample with 10 mL pH 7.4 phosphate-buffered saline (PBS). Afterwards, the
mixture was stirred for 1 h and then analyzed using HPLC. This measurement was conducted in

triplicate, data were shown as means + SD.

4.8. Investigation of in vitro drug release

In vitro drug release study was carried out using the dialysis membrane method [60]. For this
investigation, 1 mL of AMT solution in water (1 mg/ml) and the formulations of in situ gelling
nasal AMT formulation with different GG and P407 concentrations (equals to 1 mg/ml of AMT)
were placed in a dialysis bag with 12,000-14,000 MW cut-off (Spectra-por®, Spectrum Labs, Sigma
Chemical Co., USA). The investigation was conducted with 100 mL of freshly prepared SNES as
the dissolution medium at 50 rpm (35 °C % 0.5). Aliquots of 0.5 mL of the released medium were

withdrawn at specific time intervals up to 240 mins (15, 30, 60, 120, and 240 min). The release
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amount of AMT from the in situ gelling formulation was analyzed using HPLC. This study was
carried out in triplicate. Data were presented as means + SD.

4.9. Quantification of amoxicillin trihydrate via High Performance Liquid Chromatography

The concentration of AMT in the in situ gelling nasal AMT formulations was quantified using
HPLC (Agilent Infinity1260, Agilent Technologies, Santa Clara, CA, USA). As a stationary phase,
a Kinetex® EVO C18 100 A column with a particle size of 5 um and 150 mm x 4.6 mm in size
(Phenomenex, Torrance, CA, USA) was applied. For the analysis, 10 puL samples were injected and
analyzed at 25 °C using mobile phase of 25 mM phosphate buffer (pH 4.6) (A) and methanol (B).
Then, the mobile phase was run at a constant flow rate of 1 mL/min, with a 5 min gradient program,
starting with 95 % (A) for the first 2 min, after that the flow rate was immediately decreased to 75
% (A) for an additional 2 min, and finally changed back to 95 % (A) for 1 min. The samples were
detected at 230 nm using UV-VIS diode array detector. Data were evaluated using Chem-Station
B.04.03. Software (Agilent Technologies, Santa Clara, CA, USA). The retention time of AMT was
at 2.5 min, while the regression coefficient (R?) of the calibration was 1.0 in the concentration range
of 12.5-1000 pg/mL.

4.10. Investigation of antibacterial activity

The antibacterial studies were conducted following the recommendation of the European
Committee On Antimicrobial Susceptibility Testing (EUCAST) [61]. To assess the antibacterial
activities, the disk diffusion method and the following five bacterial strains were utilized:
Haemophilus influenzae (ATCC® 10211), Staphylococcus aureus (ATCC® 29213), Moraxella
catarrhalis (ATCC® 23238), Streptococcus pyogenes (ATCC® 19615), and Streptococcus
pneumoniae (ATCC® 49619). All prepared strains were B-lactams-sensitive bacteria. The
investigations were performed for the freshly prepared AMT solution (1 mg/ml) as a positive
control, in situ nasal gel (0.3 % w/v of GG and 23% w/v) without AMT as a negative control, and
the three-three formulations of in situ gelling nasal AMT formulations (0.2, 0.3, 0.4 % w/v of GG
and 21, 22, 23% wi/v of P407). Firstly, the growth medium of Mueller-Hinton (MH) agar plates
(Ref. 64884, Bio-Rad, CA, USA) was prepared according to the manufacturer’s instructions for the
testing of S. aureus. Whilst, for the other species, the growth medium was prepared following the
EUCAST qguidelines on Mueller-Hinton agar for Fastidious Organisms (MH-F) (Ref. 43901,
Biomerieux, France; MH supplemented with 5 % defibrinated horse blood and 20 mg/L -NAD).

In brief, the suspension of each bacterias with a density of 0.5 McFarland was inoculated into
the appropriate agar plates. Afterwards, the sterile disks were then immersed in the drug solutions
and immediately placed on the agar plates. After the incubation period (24 h) at room temperature,
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the obtained inhibitory zones were analyzed using ImageJ software (ImageJ version 1.52r, U.S.
National Institutes of Health, Bethesda, MD, USA). Further, the diameter of inhibitory zones was
carefully calculated. The investigations were carried out in separate studies of the five bacterial

strains with five times replications for each.

4.11. Exvivo mucosal permeation studies through human nasal tissue

Ex vivo mucosal permeation study was carried out using human nasal mucosa or
mucoperiosteum [62]. The experimental protocol was approved by the institutional ethics
committee of the University of Szeged (ETT-TUKEB: 1VV/3880-1/2021/EKU). Nasal mucosa tissue
samples were procured during the routine nasal and sinus surgical procedures (septoplasty),
performed under either general or local anesthesia. Briefly, a local injection of 1% wi/v lidocaine-
Tonogen was given to secure the nasal surgical area. Then, the mucosa was elevated from the nasal
base using a Cottle elevator or raspatorium. After that, the obtained nasal mucosa tissue was
transported from the surgical facility to the laboratory in a maintained condition using a
physiological saline solution, and the experiment was immediately performed.

The permeation study was executed employing a modified Side-Bi-Side® type horizontal
permeation apparatus as shown in Figure 3 featuring a diffusion surface area of 0.785 cm?. The
nasal mucosa tissue was cut and excised using a surgical scalpel and affixed between the donor and
acceptor compartments. The donor medium was 1 ml of AMT solution (1 mg/ml) and in situ gelling
AMT formulation, diluted with 8 ml of SNES. Conversely, the acceptor compartment was filled
with 9.0 ml of PBS (pH 7.4 + 0.1). Temperature was maintained at 34 + 2 °C using a ThermoHaake
C10-P5 heating circulator (Sigma—Aldrich Co., Ltd., Budapest, Hungary) and stirred at 100 rpm
continuously. Sequentially, at 60 min, aliquots (150 pL) from the acceptor chamber were
withdrawn. Prior to drug content determination with HPLC, aliquots were freeze-dried and
dissolved in 75 pl purified water to ensure that the concentration of analyte reached the limit of
detection (LOD). The apparent permeability (Papp) of AMT across the nasal mucosa at 60 min was

quantified using the following equation [8]:

A[Cla XV, (6)

Fapp (cm/s) = 7 [Clp X At

where, (A[C]a) is the concentration differential of AMT in the acceptor chamber after the
experiment (60 min), VA is the volume of the acceptor chamber (9 ml), A is the surface area of
permeability test (0.785 cm?), ([C]p) is the initial concentration of AMT in the donor compartment

at time point zero and t is the incubation time (s).
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Figure 3. lllustration of Side-Bi-Side® permeation apparatus.

4.12. Exvivo recovery and extraction assays

The recovery and extraction assays were performed by measuring the amount of AMT
retained in the nasal mucosa following the ex vivo permeation studies. After completing the ex vivo
permeation test, the nasal tissue membrane was taken and weighted. Subsequently, the nasal tissue
membrane was soaked with 2 ml methanol-water (1:1) and placed on an orbital shaker (PSU-10i
Orbital Shaker, Grant Instruments Ltd, Cambs, England) for 60 min at 450 rpm to extract the
retained AMT. Prior to AMT content determination with HPLC, aliquots were freeze-dried and
dissolved in 100 pl methanol-water (1:1) to ensure that the concentration of analyte reached the
limit of detection (LOD).

4.13. Exvivo retention test by Raman Chemical Mapping

Retention study utilizing Raman chemical mapping was conducted to visually analyze the
AMT which retained in the human nasal tissues following the ex vivo permeation studies[63]. The
nasal tissue membrane was sectioned at 20 microns thickness using microtome (Leica CM1950
Cryostat, Leica Biosystems, Wetzlar, Germany) and put on an aluminum foil-covered glass slide as
a sample holder. Raman mapping of cross-sectioned mucosa was carried out utilizing a DXR Raman
Microscope (Thermo Fisher Scientific Inc., Waltham, MA, USA), which was outfitted with a
charge-coupled device (CCD) camera. Raman maps were acquired from a 100 x 1000 pum surface

with a step resolution of 50 um (60 spectra). This process employed a 780 nm diode laser with an
21



output power of 12 mW and utilized a 50 um slit aperture. Each spectral scan was conducted for
over 2 s, following a preliminary 2 s laser exposure and the spectrum represented the average of 32
scans within the spectral domain of 3300-200 cm™ . Furthermore, cosmic ray and fluorescence
correction were applied in order to decrease the signal-to-noise ratio. The distribution of AMT in
the sectioned tissue was determined by using the Raman spectrum of pure AMT as a profile. Raman
maps were evaluated through OMNIC 8.3 software (Thermo Fisher Scientific Inc., Waltham, MA,
USA).
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5. RESULTS AND DISCUSSION

5.1. Optimization of albumin-based nanoparticles

The composition for preparing BSA nanoparticles gel matrices through the gelation process by
ethanol-induced method was investigated using a 3-factor with 3-level of full factorial design with
9 standard runs. The ratio of all variables and the obtained responses on the Z-average, Pdl, and ZP
values are shown in Table 3. Using the TIBCO Statistica 13.4 software, the polynomial equations
were created to describe the individual main effects as well as the interaction effects between the
independent variables on each dependent variable. Moreover, the Z-average and Pdl are the
parameters that are highly influenced by the experimental condition. Therefore, the responses of
these two parameters were employed for this optimization and their surface plot are shown in Figure
4,

Table 3. Composition of the experimental design with the observed responses. Data are presented

as mean = SD.
Independent Variables
Standard Z-average 7P £ SD
BSA20% Et-OH PW PdI = SD Appearance
run + SD (nm) (mV)
(mL) (mL) (mL)
1 0.5 0.6 0.1 100.63 £ 9.12 0.687+0.16 -32.2+0.64 Hard gel, turbid
2 0.5 0.9 0.9 77.55 +0.50 0.409+0.02 -29.7+0.40 High viscosity, bluish
3 0.5 1.2 0.5 81.81 + 3.68 0.297 £ 0.01 -33+0.60 Hard gel, turbid
4 1.0 0.6 0.9 64.67 + 2.64 0.326 + 0.01 -9+0.02  Liquid, clear
5 1.0 0.9 0.5 7151 +13.45 0.584+0.01 -19.2+0.37 Hard gel, turbid
6 1.0 1.2 0.1 138.60 + 7.43 0.418+0.01 -29.1+0.35 Hard gel, turbid
7 15 0.6 0.5 64.35+6.12 0.404+0.04 -10.8%3.44 Liquid, clear
8 15 0.9 0.1 198.70 £ 3.10 0479001 -31.8+0.45 Hard gel, turbid
9 15 1.2 0.9 98.91+5.78 0.675+0.01 -15.6+1.33 Liquid, clear

According to multiple regression analysis on the experimental data, the relationship of the variables

on Z-average (Yy) could be described using the following equation:

Z-average = 99.61 + 16.995x; + 14.985x, — 22.1x3 + 12.2325%,%— 27.235%3% — 13.89x1X2 + 16.11X1Xo? (7)

The regression coefficient of the surface plot was 0.98086 (R?). Based on the polynomial equation,
the positive sign before the variables indicates that the effects of those variables are directly
proportional to the Z-average. The increase in the concentration of BSA and ethanol subsequently
increases the value of the Z-average. The interaction between BSA and ethanol can encourage
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gelation to occur, thus generating the larger particle size of the obtained BSA nanoparticles [40—
42,64]. Meanwhile, the negative sign indicates that the effect of the variable is inversely
proportional to the Z-average. The increase in purified water results in a reduced particle size of
BSA nanoparticles. The reduction of the Z-average value could be due to the ability of purified
water to enhance the solubilization of BSA, leading to a lower concentration of BSA in the
formulation for performing gelation while in contact with ethanol [38].
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Figure 4. Response surface plots showing the effect of independent variables PW — Ethanol (a),
BSA — Ethanol (b) and PW — BSA (c¢) on Z-average as well as PW — Ethanol (d), BSA —
Ethanol (e) and PW — BSA (f) on PdI.

Furthermore, the effect of the independent variables on Pdl (Y2) can be described with the following
equation:

Pdl = 0.475444 + 0.0275x; — 0.029%3 — 0.024583x: + 0.011417x,? + 0.094583x5” + 0.259833x 1%, (8)

The regression coefficient (R?) of the surface plot was 0.98228. It was found that the amount of
water (x3) and the interactive influence of BSA and ethanol (x1x2) demonstrated a significant effect
on the Pdl. The coefficients with positive signs indicate the directly proportional relationship of the
variable with the Pdl, which means that a higher amount of the variable can lead to a higher PdI
value in the resulting formulation. The higher Pdl value can be explained as being due to the

increased concentration of BSA affecting the tendency of the particles to form aggregates [65].
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Moreover, the negative sign of the coefficients indicates that the effect of the variables is inversely
proportional to the Pdl, in which the addition of those variables might decrease the Pdl value. The
amount of purified water influences the concentration of BSA in the formulation, in terms of the
ability to solubilize BSA, resulting in a reduced aggregation of the particle and generating a lower
Pdl value [65].

5.2. Structural investigation of BSA-NPs
5.2.1. Raman spectroscopy

The addition of ethanol to the BSA solution by up to 30% v/v can cause the unfolding of
albumin, indicating a change in the a-helical structure. Therefore, Raman spectroscopic studies were
performed (Figure 5) to investigate the refolding behavior of BSA-NPs after the removal of ethanol
through the freeze-drying process. The intensity changes of the peak at 1655 cm™ (amide | region)
in the Raman spectra of BSA, which can usually be attributed to the ordered a-helix (ho), indicate
the unfolding and refolding of the protein. In the Raman spectrum of BSA-EtOH, the decreased
intensity of the amide | peak suggests the unfolding of BSA [66], while the peaks appearing at 882
cm™ (CCO skeleton symmetric stretching vibration), 1047 cm™* (CO scaling), 1088 cm™ (CCO
skeleton stretching vibration), 1279 cm™ (CH, deformation), and 1456 cm™ (CH3 antisymmetric
deformation) are characteristic of ethanol [67]. These characteristic peaks cannot be identified in
the spectrum of the BSA nanoparticles, indicating a successful freeze-drying process, while the
increased intensity of the amide | peak in comparison to BSA-EtOH supports the possible partial
refolding of BSA after the redispersion of the nanoparticles in purified water, due to hydrophobic

interactions.

—— BSA-NP
—— BSA-EtOH
—— BSA-PW

Amide |

Relative intensity (a.u.)

T T T T T T 1
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Raman shift (cm™")
Figure 5. Raman spectrum of the BSA aqueous solution (BSA-PW), BSA nanoparticles after
being desolvated with ethanol (BSA-EtOH), and BSA nanoparticles after the freeze-drying

process (BSA-NP).
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5.2.2. TG analysis

TG analysis was performed to determine the residual ethanol content and support the Raman
investigations. The TG thermograms as shown in Figure 6 revealed that BSA undergoes
denaturation above 60 °C, as indicated by the weight loss. Ethanol evaporates within the same
temperature range (45-110 °C); therefore, we investigated the weight loss in the mentioned
temperature interval and compared it with the TG curve of the initial BSA. As ethanol belongs to
the Class 3 solvents, its residual concentration should be less than 5000 ppm in a daily dose of the
final product, a requirement of the International Conference for Harmonization (ICH) Q3C (R5)
guidelines for residual solvents [68]. It has been revealed that, when comparing the weight loss of
BSA-NPs formulations to the initial BSA, no remarkable difference was obtained, indicating that
the residual ethanol content is under the limit of detection, thereby meeting the acceptance criteria
of the ICH (Table 4).
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Figure 6. TG curve of BSA nanoparticles after the freeze-drying process (BSA-NPs) compared to
the initial BSA.

Table 4. Weight-loss results for the BSA-NPs formulation in comparison to the initial BSA

Formulation Weight Loss (mg) Weight Loss (%)
Initial BSA 0.2507 6.67
BSA-NPs 0.2515 6.69




5.2.3. DSC

DSC study was conducted in order to further investigate the thermal behavior of BSA-NPs
formulations. In accordance with the TG results, the endothermic peak at 91 °C that was seen in the
DSC thermogram (Figure 7) of the initial BSA indicates the denaturation temperature of protein,
while the endothermic peak at approximately 217 °C belongs to its melting point [69]. In the case
of BSA-NPs, the denaturation peak of BSA was markedly shifted to a lower temperature
proportional to the BSA content of formulations [70]. However, the melting point of BSA increased

in all BSA-NPs formulations, supporting the formation of nanoparticle complex.
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Figure 7. DSC thermogram of BSA nanoparticles after the freeze-drying process (BSA-NPs)
compared to the pure BSA.

5.3. Entrapment efficiency and drug loading capacity of AMT-BSA nanoparticles

Entrapment efficiency (%EE) and drug loading (%DL) capacity of AMT-loaded albumin
nanoparticles was observed to be 95.62 + 0.07% and 2.18 + 0.01%, respectively. The high
entrapment efficiency of albumin nanoparticles could be attributed due to the high binding
capacities of albumin, in which the presence of positively and negatively charged amino acids in
bovine serum albumin allows the interaction with various hydrophilic or lipophilic drugs [71,72].
Whereas, a small drug loading capacity might be due to a low amount of AMT used in the
formulation with a quite high concentration of BSA solution (20% w/v), in order to ensure all AMT

is properly loaded into the nanoparticles
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5.4. Determination of critical ionic concentration of gellan gum

The GG solutions can undergo a sol-gel transformation upon contact with SNES following
nasal administration [34]. Therefore, the range of GG concentration was investigated based on the
minimum concentration of SNES required to produce gelation with acceptable viscosity for nasal
application [73]. According to our preliminary studies regarding the appropriate ratio between GG
solution in water and SNES using Rheometer, it was found that the storage modulus (G”) reached
its maximum in the ratio of 2:1 v/v (water:SNES) and will not further increase even though in case
of applying a higher ratio of SNES. Therefore, the 2:1 v/v ratio of water:SNES was considered as
the maximum ratio to be used in determining the critical ionic concentration of GG.

As shown in Table 5, the results showed that cation concentrations in SNES were subcritical,
and GG solutions with a concentration of more than 0.3% w/v might rapidly transform into a clear,
colorless gel. Accordingly, the greater the concentration of GG, the more sensitive it is to experience
the sol-gel transition. This indicated that the correlation between the GG concentration and gelation
characteristics was directly proportional [29]. However, the increased viscosity of GG at the higher
concentration rendered administration in the nasal cavity inconvenient. Thus, the concentration of
GG below 0.5% wi/v was considered ideal to employ in the in situ ionic-sensitive nasal gel of AMT
formulation. In addition, considering the influence of BSA in the formulation, which can affect the
gelling properties of the in situ ionic-sensitive nasal gel, then GG solution with a range
concentration of 0.2 — 0.4% w/v was chosen for preparation and further investigation

Table 5. Gelation properties based on the ratio between GG and SNES

GG concentration Ratio of GG:SNES (vv)
(% wv) 2:0.1 2:0.2 2:0.5 2:0.8 2:1
0.1 - - - - -
0.2 - - - + +
0.3 - - + + +
0.4 - + + + +
0.5 + + + - +
0.6 + + + + +

5.5. Characterization of in situ gelling nasal AMT formulation
5.5.1. Particle size, Pdl, ZP, pH, and osmolality
The measurement of Z-average, Pdl, and ZP was carried out to characterize the in situ gelling

nasal AMT formulation since these variables could have an impact on nasal mucosal
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absorption. Overall, the results in Table 6 showed that the Z-average value of all in situ gelling
AMT formulations complied with the recommended size for optimal applicability for nasal
administration, which should be within 200 nm [74] to maximize the surface area of the formulation
to be in contact with nasal mucosa. However, particle size of the in situ thermo-sensitive nasal gel
of AMT formulation (P21%, P22%, and P23%) were slightly higher compared to the in situ ionic-
sensitive nasal gel of AMT formulation (GG0.2%, GG0.3%, and GGO0.4%). In term of this, it has
been previously studied that a significant interaction might occur between the smaller nanoparticles
and bacterial membrane [75]. Smaller nanoparticles can have stronger antibacterial action because
of their increased surface area for interacting and binding with bacterial surfaces and their ease of
penetration into bacterial membranes [76,77]. Moreover, for the zeta potential results, negative
surface charges were observed for all in situ gelling AMT formulations. In line with this, since the
nasal mucosa also has a negative charge due to the ionic composition of the mucus [78], hence
repulsive interactions can occur and nasal absorption of the in situ gelling AMT formulation may
perform in a low tendency [79]. Thus, these characteristics may provide greater benefit for local
nasal delivery. Additionally, for the PdI results, all in situ gelling AMT formulation showed a quite
similar value.

Furthermore, the pH of all in situ gelling AMT formulation was also evaluated since it can
influence patient comfort following the administration into the nasal cavity. Besides that, the pH of
nasal preparation can predominantly affect the frequency of ciliary beat [80]. According to the
results, the pH values of all in situ gelling AMT formulations exhibited quite similar results, which
suitable for nasal administration. in this case, the pH of human nasal mucosa ranges around 5.5 to
6.5 [81,82], with a baseline nasal pH of about 6.3 [83]. Nevertheless, the pH values are frequently
altered in disease states, for instance, patients with rhinosinusitis typically have nasal pH values
between 5.3 and 7.6 [84]. Subsequently, with regards to the rhinosinusitis treatment, the tonicity of
nasal product is also essential to investigate. Based on the results of osmolality measurement, all in
situ gelling AMT formulations demonstrated a hypertonic condition, in which a quite higher value
was observed for the in situ thermo-sensitive formulations (P21%, P22%, and P23%) compared to
the in situ ionic-sensitive formulation (GG0.2%, GG0.3%, and GGO0,4%). Interestingly, for the
treatment of rhinosinusitis, the hypertonic solution was found to be well-tolerated and more
efficacious in comparison to the isotonic solution or normal saline [85-89]. Also, the hypertonic
solution showed higher clinical benefits, including minimizing adverse effects, reducing related

symptoms, and improving patient’s quality of life in terms of sinus-state [85,86,88,90].
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Table 6. Z-average, Pdl, ZP, pH, and osmolality of in situ gelling AMT (Means £ SD, n = 3).

In situ Zeta Osmolality +
) Z-average )
gelling Pdl + SD potential + pH £ SD SD
_ + SD (nm)
formulation SD (mV) (mOsm/kg)
P21% 11843 +3.02 0.615+0.02 -1843+0.3 6.74+0.01 663 + 2
P22% 13453+£2.90 0.648+0.03 —18.67+0.1 6.89%0.01 623 +3
P23% 137.20+2.66 0.682+0.01 -19.76+0.5 6.86+0.01 611+ 2
GGO0.2% 46.50+234 0592+0.03 —22.8x0.2 6.61 +0.01 460 £ 2
GG0.3% 65.90+2.78 0.504+0.01 —-22.7+0.3 6.51 +0.01 493 +2
GG0.4% 83.34+3.08 0.615+0.02 —-33.2%0.1 6.25+0.01 557+1

5.5.2. Expansion coefficient

The transformation (solution—gel systems) of in situ gelling formulation will definitely increase the
volume of the instilled dosage form once in contact with particular conditions in the nasal cavity.
Thus, it might form a clog in the nasal passage and create physical discomfort for the patient due to
its larger dimension [91]. Therefore, it is important to investigate the expansion coefficient of the
in situ gelling of AMT formulation. According to the result in Figure 8, overall, the findings showed
that no overt volume growth was observed. However, the expansion coefficient of the in situ thermo-
sensitive formulation (P21%, P22%, and P23%) was found higher (5.3—12.6%) compared to the in
situ ionic-sensitive formulation (GG0.2%, GG0.3%, and GG0.4%) with around 3.7-8.2%. In this
case, a smaller value may seems convenient with a proper transition of solution-gel, thus patients
would not experience any substantial discomfort when the formulation was applied to the nasal

cavity.
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Figure 8. Expansion coefficient of all in situ gelling AMT formulation. Data are shown as means
+SD,n=3.
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5.5.3. Water holding capacity

The in situ gelling formulation should be capable of hydrating and holding water to provide
optimal mucoadhesive behavior. In this case, the water holding capacity was related to the texture
properties of the produced nasal gel [50]. Higher water holding capacity may indicate a more
elastic gel properties than brittle gels. Also, sufficient water holding capacity can ensure better
humidity in the nasal mucosal, which might contribute to facilitating drug absorption [92].

In this study, the measurement was conducted for both type of formulations; the in situ
thermo-sensitive and the in-situ ionic-sensitive. However, in case of the in situ thermo-sensitive
formulation (P21%, P22%, and P23%), no changes was observed after the evaluation. At the end,
the mixture of formulation and SNES was still in a liquid state, which might be due to the addition
of SNES into the formulation, reducing the concentration of polymer (P407) in total solution.
Consequently, the ability to transform solution to gel was also reduced. Meanwhile, for the in situ
ionic-sensitive formulation (GG0.2%, GG0.3%, and GGO0.4%), the results in Figure 9 showed that
the values of water holding capacity were in the range of 87.96-90.44% and no significant
difference between GG concentration (p>.0.05). This result suggested that the in situ ionic-

sensitive nasal gel of AMT possess a favorable water holding capacity.
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Figure 9. Water holding capacity of in situ ionic-sensitive nasal gel of AMT. Data are shown as

means + SD, n = 3.

5.5.4.Rheological studies
The rheological evaluation of in situ thermo-sensitive formulation (P407 matrix) were
conducted to observe the gelling temperature and gelling time. Gelation temperature (Tsol-ger) IS

one of the critical parameters in formulating the in situ gelling thermosensitive nasal gel. The
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optimized formulation should remain in liquid form at room temperature to provide the correct
dosing and immediately change to a gel form when administered into the nasal cavity due to the
nasal physiological temperature [32]. The average temperature in the nasal cavity is reported as
~35°C [25].

In this study, the investigation was conducted using five different concentrations of P407
(21-25% wi/v). Based on the results shown in Figure 10, the suitable concentration for gelling
temperature and gelling time was in the range of 21-23% w/v of P407. The Tsoiger Of 21, 22, and
23% wi/v P407 were 33.43 £ 1.11°C, 32.11 £ 1.9°C, and 27.71 £ 0.35°C, respectively. These results
showed that as the concentration of P407 increases, the Tsoiger Of in situ gelling nasal preparations
decreases. This phenomenon is basically due to the effect of the P407 concentration. The gelation
process is linked to the hydrophilic-hydrophobic structure of P407, which involves dehydration
process of the PPO block and then hydration of the PEO block that affects the polymer to swell
based on its concentration [93].

Furthermore, the gelling time can be explained as the time required to undergo sol-gel
transition at the nasal physiological temperature after administration. The gelling time is critically
essential for in situ gelling thermosensitive nasal preparation, as it is significantly associated with
the bioavailability of the drug. If the gelation process performs too slowly, the product will be
easily eliminated from the nasal passage due to mucociliary clearance. However, the rapid gelation
process will make it challenging for the product to spread well on the nasal mucosa, which results
in a lower absorption surface and affects its efficacy [33,94]. In this study, the investigation
revealed that gelling time decreases with an increase in P407 concentration. The obtained values
varied (1-3.5 min) for the concentrations of 21, 22, and 23% wi/v. These results are evidently
suitable for nasal application.
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Figure 10. Gelling properties of in situ thermo-sensitive formulation. Data are expressed as

means + SD, n = 3.
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Meanwhile, the results as depicted in Figure 11 showed the storage modulus (G”) value of the in
situ ionic-sensitive nasal gel of AMT formulations (GGO0.2%, GG0.3% and GG0.4%) at nasal
temperature (35°C). Determination of gel strength of the in situ ionic-sensitive nasal gel of AMT
were calculated by comparing the storage modulus (G’) value at a constant frequency of 1 and 10
rad/s, as this frequency range corresponds to the shear rate of nasal cilia [95]. The G’ value
represents the elastic behavior, which is described as the stored energy in a solid-state due to the
elastic deformation. Therefore, the G’ can reflect on the gel strength properties of the formulation.
The higher the storage modulus, the greater the gel strength [96]. According to the results, as the
GG concentration increased, the G’ value increased. Moreover, G’ values of the in situ ionic-
sensitive nasal gel of AMT were in the range of 750-2500 Pa (with the highest G’ value of GG0.4%)
indicating proper gel strength behavior for nasal applicability, more permanently resisted to

mucociliary clearance.
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Figure 11. Storage modulus (G’) value of the in situ ionic-sensitive nasal gel of AMT. Data are

expressed as means + SD, n = 3.

5.5.5. Mucoadhesive strength

Mucoadhesion is a crucial parameter for in situ gelling formulation as it can prevents rapid
drainage of the gels from the nasal cavity and thus affects the bioavailability [97,98]. Therefore,
appropriate mucoadhesive properties are important in terms of illustrating the force of attraction
between the in situ gelling formulation and the surface of the mucus layer [99]. The presence of the
hydrogen bond formation due to the rapid absorption of fluid from the mucus layer (simulated

mucosal membrane) could explain the enhancement of the mucoadhesive forces of the in situ gelling
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formulation [100]. This allows the polymer chains to enter the mucin network and form adhesive
bonds. Adhesive force is a detachment force which illustrates the force of attraction between the
surface of the mucus layer and the prepared gel [99].

Based on the results shown in figure 12, the adhesive force of the in situ thermo-sensitive
(P21%, P22%, P23%) were varies within the range of 1400 — 1700 mN. Meanwhile, for the in situ
ionic-sensitive formulation (GG0.2%, GG0.3%, and GG0.4%), the values were found higher, within
1900 — 2000 mN. Moreover, in comparison to 0.5% w/v solution of NaHa, a well-known and widely
used mucoadhesive polymer for ocular and nasal formulations, the formulation of in situ ionic-
sensitive nasal gel demonstrated a significantly higher adhesive force value (p < 0.05). This finding
also supports the possibility of a longer residence time of the in situ ionic-sensitive nasal gel of
AMT formulations on the nasal mucosa following nasal administration compared to the in situ

thermo-resposnsive formulation.
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Figure 12. Mucoadhesive strength of the in situ gelling nasal formulations of AMT in comparison
to 0.5% w/v NaHa aqueous solution. Data are presented as means + SD, n = 3. Statistical analysis:
Student’s t-test (** p<0.00, *** p <0.001).

5.5.6. Mucoadhesive properties
The investigation of mucoadhesion properties of the in situ gelling AMT formulation was assessed
by two modified methods, namely the flow-through and the displacement method. In this work, all

in situ thermo-sensitive nasal gel of AMT formulation (P21%, P22%, and P23%) was unable to
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perform sol-gel transition and cannot attach on the surface of agar-mucin due to its liquid state that
made it directly move downward once placed on the surface of the inclined agar-mucin gel.
Therefore, the measurement only conducted for the in situ ionic-sensitive nasal gel of AMT
formulation (GG0.2%, GG0.3%, and GG0.4%).

The results of the flow-through method, as illustrated in Figure 13 showed that the washed
amount of AMT from all samples increased by the time. The in situ ionic-sensitive nasal gel of
AMT formulations (GG0.2%, GG0.3%, and GG0.4%) exhibited a lower washed amount of AMT
in comparison to the AMT 1 mg/ml solution. The washed amount of AMT tends to be proportional
to the concentration of GG in the formulation. The higher the GG concentration, the lower the
amount of AMT obtained after washed off process. This can be explained through the mechanism
in which the SNES droplets from peristaltic pump promote ionic condition (providing Ca?*) that
immediately facilitate the sol-gel transformation of GG in the formulation, resulting in a higher
viscosity solution that is able to be retained on the surface of agar-mucin gel [101]. Moreover, the
mucoadhesive properties were also supported by the interaction between the BSA content in the in
situ gelling formulations of AMT with the mucin in the agar mixture. The BSA plays an important
role for the interaction with mucin, due to its high binding affinity to the mucin, which known as
BSA-mucin binding [102-104]. Accordingly, the in situ gelling AMT formulations can definitely
attach to the surface of agar-mucin gel, that indicates high mucoadhesive potential, resulting in a
lower amount of washed-out AMT.

80-
_ 70
= —— GG0.2%
= 601 —— GG03%
= 504 —— GG04%
g 40 —— AT
£
5 30
2
2 20
m —
= 10/ 4 T

0" T T T T Jn- 1

0 5 10 15 20 25 30 35

Time (min)

Figure 13. The flow-through method, illustrating the washing resistance of all in situ gelling AMT
formulations (GG0.2%, GG0.3%, and GGO0.4%) in comparison to the AMT solution (1 mg/ml) as
control. Data are shown as means = SD, n = 3.
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In addition, for the displacement method, the results as shown in Table 7 exhibited a quite similar
results with the previously mentioned method. The AMT solution directly moved downward while
placed on the surface of inclined agar-mucin gel, due to its behavior as a liquid solution. Meanwhile,
the formulations of in situ ionic-sensitive nasal gel of AMT formulations showed interesting
displacement results for up to 2 h of investigation. The formulation of GG0.2% showed a higher
displacement distance of about 5.5 + 0.2 cm, compared to GG0.3% and GG0.4% with approximately
1.6 £ 0.3cmand 1.1 + 0.2 cm, respectively. These results reflect good adherence and recorded as
good mucoadhesion potential. Overall, the evaluation of mucoadhesive properties demonstrated that
the in situ ionic-sensitive nasal gel of AMT formulation (GG0.2%, GGO0.3%, and GGO0.4%) have
the potential to adhere to the nasal wall once instilled to the nasal cavity and would not be easily

washed out, allowing the formulation to be retained to the nasal mucosa and release the drug.

Table 7. Displacement distance of the in situ ionic-sensitive nasal gel of AMT formulation and

AMT solution. Data are shown as means = SD, n = 3.

Formulation AMT solution GG0.2% GG0.3% GG0.4%
(1 mg/ml)
Displacement after 2 h (cm) - 5506 1.6+£03 1.1+£0.8

* Not measurable, directly flows downwards

5.5.7. Determination of drug content

The in situ gelling formulations of AMT (GG0.2%, GGO0.3%, GG0.4%, P21%, P22% and
P23%) theoretically contained AMT equivalent to 1 mg/ml concentration. In this study, the drug
content was examined to confirm that enough amount of AMT remained inside the in situ gelling
formulation and to demonstrate that the preparation has proper solubilization properties that could
completely dissolve all of its substances. Drug content percentage of all in situ gelling AMT
formulation was observed in the range of 98.41-103.15%. This finding demonstrated that the
procedure which was used for fabricating the in situ gelling nasal formulations of AMT did not
cause a reduction in drug amount or loss of drug during formulation process. In addition, the drug
content recovery complied with ICH requirements for an acceptable range for analytical procedures
[105]. Therefore, it was confirmed that the amount of AMT in the in situ gelling AMT formulations
was not affected by the fabrication method and the integration of AMT-loaded BSA-NPs into the
in situ gelling polymers (GG and P407) could produce a proper distribution of drug (AMT)
throughout the in situ gelling matrix.
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5.6. Investigation of in vitro drug release

The investigation of in vitro drug release were conducted using the dialysis membrane method
[83] in a simulated nasal electrolyte solution (SNES) medium for 240 min at 35 £ 0.5 °C. The in
vitro drug release profiles (Figure 14) showed the results of in situ thermo-responsive AMT
formulation (P21%, P22%, and P23%) as well as the in situ ionic-sensitive AMT formulation
(GGO0.2%, GG0.3%, and GGO0.4%) in comparison with the pure drug (AMT 1 mg/ml solution in
water). Overall, the release behavior of AMT from the in situ gelling AMT formulation
demonstrated a controlled drug release profile, which may result due to the influence of the
consistency and structure of the obtained nasal gel [106] and sufficient crosslinks in the polymer
matrix of BSA nanoparticles that could possibly hinder the release of the drug from the polymer
[43,107].

For the results of in situ thermo-responsive AMT formulation (P21%, P22%, and P23%), in
the first hour, 48.07 = 2.61% and 49.96 + 4.35% of drug release were observed for P22% and P23%,
followed by 62.92 + 6.78% of drug release for P21%, compared to pure AMT (control) which has
released the drug of 95.68 + 3.4%. Moreover, after 4 h, 91.37 + 2.98% of AMT was released from
P21%. Meanwhile, for P22% and P23% the release of AMT was 78.53 + 8.70% and 79.61 £ 6.15%,
respectively, and the complete release profile was achieved by pure AMT as the control solution.
This findings demonstrated that as the concentration of P407 increased, the viscosity of formulation
increased, leading to a tighter structure of the gel, which decreased the release of the drug (prolonged
drug release) [33,108]. Moreover, the gel erosion rate as well the drug diffusion rate are the two
mechanisms that control the release profile of P407-based nasal gel [93,108].

Furthermore, for the in vitro drug release profiles of the in situ ionic-sensitive nasal gel of
AMT formulation (GG0.2%, GGO0.3%, and GG0.4%) showed that in the first 60 mins around 53.34
+ 3.61%, 45.15 * 4.35%, and 45.31 + 6.7% drug release for GG0.2%, GG0.3% and GGO0.4%,
respectively. Meanwhile, AMT solution (control) showed around 95.68 * 3.4%. After 240 mins
GGO0.2%, GG0.3% and GG0.4% exhibited around 89.87 + 2.98%, 87.41+ 8.70%, and 84.43+ 6.15%
release of AMT, respectively. The GG gel structure once in contact with SNES, appeared more
closely packed and coupled with sufficient crosslinked properties through the BSA nanoparticle
matrix, thus able to inhibit drug release from the polymer [43]. In addition, as the concentration of
GG increased, the viscosity of the formulation also increased. This phenomenon might occur due to
the polymer chains becoming closer, resulting in more interactions between molecules leading to a

thicker network structure of the prepared nasal gel and decrease the drug release.
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Figure 14. Drug release profile of in situ ionic-sensitive nasal gel of AMT (GG0.2%, GG0.3% and
GG0.4%) (a) and in situ thermosensitive nasal gel of AMT (P21%, P22% and P23%) (b) in
comparison to AMT control. Data are shown as means = SD, n = 3.

5.7. Investigation of in vitro antibacterial activity

Antibacterial activity studies were conducted to assess the potential of in situ gelling AMT
formulation as the alternative choice for antibiotic preparation delivered through the nasal route for
the treatment of acute bacterial rhinosinusitis locally in the nasal cavity. Five common nasal
pathogens (H. influenzae, S. aureus, M. catarrhalis, S. pneumoniae and S. pyogenes) were employed
to evaluate the effectiveness of the in situ gelling AMT formulations [4,11], and the procedure was
in accordance with the EUCAST disk diffusion method [61,109]. In this study , AMT aqueous
solution was used as a positive control (PC), in situ gel base without AMT (22% of P407 and 0.3%
GG) as negative control (NC), and all in situ gelling AMT formulations (P21%, P22%, P23%,
GG0.2%, GG0.3% and GGO0.4%) as shown in Figure 15 and 16.

After 24 h incubation time, the observations of antibacterial properties were performed. The
antibacterial activity of the formulations significantly correlates with the obtained inhibitory zones
[109]. The results exhibited the highest inhibitory zone was found in M. catarrhalis and S.
pneumoniae cultures or both the PC (AMT solution) and all in situ gelling AMT formulation
[110,111]. Similarly, the in situ gelling AMT formulation showed identical results with the PC for
the diameter of inhibitory zones of S. pyogenes. On the other hand, a smaller inhibitory zone
diameter was found in the case of H. influenza and S. aureus for the PC as well as the in situ gelling
AMT formulations. Nevertheless, the results obtained for the in situ gelling AMT formulations
remained nearly the same as the results shown by the PC sample. In addition, the in situ gel base

formulation without AMT showed no antibacterial activity during the investigation.
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These findings showed that there were no statistically significant differences between positive
control (AMT solution) and the in situ gelling AMT formulation (p > 0.05). Accordingly, these
results demonstrated that integrating the AMT-loaded BSA-NPs to the in situ gelling polymer (P407
and GG matrix) could successfully maintain its antibacterial capability against the five nasal
pathogens in ABR. Therefore, the application of aloumin-based nanoparticles incorporating into the
in situ gelling polymer appear as a novel platform for delivering antibiotic with the purpose of local
treatment in the nasal cavity as it was able to preserve the antibacterial activity of AMT and generate

a prolonged drug release profile [75,112,113].

39



S. aureus H. influenzae S. pyogenes

(b)
B s. aureus
50 - A influenzae
[ M. catarrhalis

= Ao [ ]S. pyogenes
£ 40- [ S. pneumoniae
g 35 -
N
> 30 1
9
S 25-
&=
C
= 50
o
8 15-
£
10+
a

5 -

0 : : |

NC GG0.2% GG0.3% GG0.4% PC

Figure 15. Disk diffusion test zone of NC, PC and in situ ionic-sensitive nasal gel of AMT
formulations (GG0.2%, GG0.3% and GGO0.4%) against five common nasal pathogens of ABR (S.
aureus; H. influenzae; M. catarrhalis; S. pyogenes and S. pneumoniae) (A). Diameter of the
inhibitory zones formed against the pathogens (B). Data are shown as means + SD, n = 5.
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Figure 16. Disk diffusion test zone of NC, PC and in situ thermo-responsive nasal gel of AMT
formulations (P21%, P22%, and P23%) against five common nasal pathogens of ABR (S. aureus;
H. influenzae; M. catarrhalis; S. pyogenes and S. pneumoniae) (A). Diameter of the inhibitory

zones formed against the pathogens (B). Data are shown as means + SD, n = 5.
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5.8. Ex vivo mucosal permeation studies

According to the results of all previous investigation, the properties of in situ ionic-sensitive
nasal gel of AMT formulation (GG0.2%, GG0.3%, and GG0.4%) appears more suitable for nasal
application with respect to its smaller particle size, proper expansion coefficient and water holding
capacity, as well as the mucoadhesive behaviour, compared to the in situ thermo-responsive nasal
gel of AMT formulation (P21%, P22%, and P23%). Therefore, the in situ ionic-sensitive nasal gel
of AMT was employed for further investigation step; the ex-vivo mucosal permeation studies [114].

The ex vivo mucosal permeation study of the in situ ionic-sensitive nasal gel of AMT
formulations and aqueous AMT solution (1 mg/ml) were executed using a modified Side-Bi-Side®
type permeation cell using human nasal mucosa. The Side-Bi-Side® type horizontal diffusion cell is
widely recommended for the investigation of nasal liquid preparations [115] as in present case for
the in situ ionic-sensitive nasal gel of AMT formulations. In this circumstance, the cumulative
permeation of AMT through the human nasal mucosa and the apparent permeability coefficient
(Papp) are suitable parameters to characterize the nasal penetration of drug. Both mentioned
parameters were determined after 60 min treatment. As graphically illustrated in Figure 17A, the
mass permeated after 60 min in the case of AMT solution was significantly higher (p<0.05)
compared to that of in situ gelling AMT formulations. The permeation profile of the in situ gelling
formulations of AMT could be attributed to gelling properties of GG which immediately undergo
sol to gel once in contact with SNES medium in the acceptor compartment, then able to retain the

drug without permeating through the membrane.
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Figure 17. Cumulative permeation curves (a) and apparent permeability (b) of the in situ gelling
AMT formulations: GG0.2%, GGO0.3%, and GG0.4%; compared to the AMT solution (1 mg/ml)
as control during 60 minutes of treatment. Data are shown as means + SD, n = 3. Significant

differences are indicated with asterisks (*p<0.05 and **p<0.01).
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Moreover, the role of BSA nanoparticles which have sustained release properties [116] and
attributed to their low permeability was also considerable in protecting the release of AMT against
nasal conditions [111]. Figure 17B shows the Papp value of the AMT solution was also significantly
higher (p<0.05) compared to the in situ gelling AMT formulations, moreover the GG0.4% indicates
significantly lower (p<0.05) Papp value in comparison to GG0.2%. All these parameters were
inversely proportional to the GG concentration, an increased gel strength by increasing the GG
concentration in the formulations resulted in higher retention of AMT in the gel matrix, supporting

the application for local therapeutic effect and hindered systemic absorption [101].

5.9. Exvivo recovery and extraction assays

The aim of this work was to develop in situ ionic sensitive gel of AMT for local therapy in
nasal cavity. In this circumstances, the AMT was intended to be retained in the nasal mucosa instead
of permeating through the membrane. Therefore, it is important to investigate the amount of AMT
retained in the nasal mucosa, in order to evaluate the ability of the formulation to hold the drug in
the gel matrix, which further greatly influence the efficacy of the treatment. The results showed that
GG0.4% showed the lowest amount of AMT, approximately 0.180 pg/mg. This demonstrated that
the drug was entrapped in the gel matrix of GG0.4% formulation and because of its high viscosity,
then the AMT was not able to permeate to the nasal mucosa. Moreover, higher amount of AMT was
found on the nasal mucosa for GG0.3% and GGO0.2%, which were around 0.298 pg/mg and 0.378
pg/mg, respectively, compared the AMT solution as control with 3.314 pg/mg amount of retained
AMT. These findings were also in line with previous results of ex vivo permeation studies, as
presented by the low amount of drug permeated and inversely proportional to the GG concentration
used in the formulation. Hence, this investigation indicated the potential of the in situ ionic sensitive
gel of AMT formulation to retain the drug locally in the nasal tissue.

5.10. Ex vivo retention test by Raman Chemical Mapping

Raman chemical mapping was utilized to investigate the retention properties of the in situ
gelling AMT formulation in order to ensure its applicability is suitable for the treatment intended
for localized effect on the nasal mucosa in comparison to the AMT solution. For localization of
AMT within the cross-sectional slice of nasal mucosa, the Raman spectrum of pure AMT was
utilized as a reference. The frequency of occurrence was visually represented in the chemical maps,
correlating to the statistical distribution of specific chemical constituents (Figure 18). Various colors
of the chemical map demonstrate the relative intensity change of AMT in each region of the tissue.
The red area indicates the availability of AMT in high intensity, while the green area denotes zones

that are related to the formulation’s components, including water, BSA, and gellan gum; and then
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the blue part depicts regions with distinct spectral resolution, which are the characteristics of the
nasal mucosa tissue [62]. The results revealed that in the case of in situ gelling AMT formulation,
the mucosal distribution correlation maps demonstrated a remarkable Raman intensity in the upper
part of nasal mucosa specimens, corresponding to the high content of protein of the nasal epithelial
layer. Meanwhile, for AMT solution, strong existence of AMT was detected in the whole cross-
section of the nasal mucosa indicating remarkable penetration of drug and presuming high systemic
absorption. Notably, the findings were reliable with the results of ex vivo permeation studies.
Therefore, this investigation indicated that the in situ gelling AMT formulations is instead in the
mucosa surface than permeating across the nasal mucosa membrane; therefore, it could be suitable
for treating a local infection in the nasal cavity.

Based on the findings presented here, it is clear that the formulation of mucoadhesive in situ
nasal gel of amoxicillin trihydrate was able to provide great potential for local treatment in nasal
mucosa. The formulation of GG0.3% showed proper characteristics based on the mucoadhesive
properties and the ability to retain the drug. From these findings, some extensive investigations are
essential to take into consideration for future actions to completely explore the efficacy and

effectiveness of this preparation as well as to guarantee the usability of this delivery systems.

Mucus

Olfactory
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Figure 18. Raman correlation mapping of the in situ gelling AMT formulations: (A) GG0.2%, (B)
GG0.3%, and (C) GGO0.4%, in comparison to (D) AMT solution (1 mg/ml).
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6. CONCLUSION

Amoxicillin-loaded albumin nanoparticles incorporated into in situ gelling polymer matrices

(P407 or GG) may become a valuable alternative to oral antibiotic therapy with the aim for an

effective treatment of local nasal bacterial infections, such as ABR. The application of an in situ

gelling system embedded albumin-based nanocarrier with the aim of local nasal antibiotic therapy

was a novel approach utilizing the slow diffusion of BSA nanoparticles in polymer matrix, therefore

reducing mucosal absorption and increase residence time which further supported the prolonged

drug release in the nasal cavity. The main conclusions can be summarized in the following points:

1.

The optimization of albumin-based nanoparticles utilizing a 3-factor, 3-level of full factorial
design successfully generated the appropriate composition of BSA, ethanol, and purified water
for fabricating albumin-based nanoparticles in nanosized range suitable for nasal

administration.

The obtained amoxicillin-loaded BSA incorporated into in situ gelling system showed higher
entrapment efficiency with proper essential parameters for nasal administration, such as
expansion coefficient, water holding capacity, and rheological properties. In this work, the
concentration of 21% P407 and 0.3% gellan gum can be considered as suitable concentrations

for preparing in situ nasal gel of AMT for enhanced nasal applicability.

The utilization of in situ gelling system could be a promising approach to effectively
administer AMT via nasal delivery route. In this work, noteworthy outcomes were attained
concerning crucial characteristics of nasal formulation, which in this case, the in situ ionic-
sensitive polymer matrices exhibited adequate mucoadhesive properties with appropriate in

vitro drug release profile, facilitating the AMT formulation to stay longer in the nasal cavity.

In vitro antibacterial activity studies revealed that the effectiveness of AMT against five
common nasal pathogens in ABR remained stable and can maintain its efficacy in the form of
in situ gelling nasal gel formulations. Therefore, the incorporation of amoxicillin-loaded BSA
nanoparticles into in situ gelling polymers appears to be a promising approach to overcome
the limitation of nasal route administration and to effectively deliver antibiotic therapy for
local nasal bacterial infection.

The ex vivo permeability and retention studies revealed that the in situ ionic-sensitive nasal gel
of AMT formulations were able to retain the drug on the surface of the human nasal mucosa

tissue instead of directly penetrating through the membrane, confirming its potential for
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treating nasal infections locally. This work demonstrates that the in situ gelling systems
exhibited potential as a delivery vehicle for improved nasal applicability of AMT for local

therapeutic purpose.
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7. NOVELTY AND PRACTICAL ASPECTS

The main new findings and practical aspects of the work can be summarized by the following:

1.

The Ph.D. thesis aimed to develop nasal drug administration of antibiotic substances for local
nasal therapeutic purpose. To date, the orally administered antibiotics have been the only
treatment option for ABR so far. Therefore, this research showed the possibility of delivering
antibiotic substance to treat nasal infections directly to the infection site, minimizing the
adverse effect, and establishing proper use of antibiotic.

The important step for developing nasal antibiotic formulation can be achieved through
determining the therapeutic target, then considering the challenges and limitation in nasal route
delivery. Following this, appropriate formulation strategy and approach can be established to

achieve successful fabricating of nasal antibiotic formulation.

A novel strategy of developing nasal antibiotic formulation has been demonstrated, and this
method opens up more way of nasal drug formulation possibilities in a liquid dosage forms
containing active substances which is not very soluble in water, taking into account the

requirements for both the nasal delivery method and the nanoparticulate systems.

The integration of albumin-based nanoparticles into the in situ gelling polymers presents a
valuable and promising nasal drug delivery approach. This combination exhibits significant
potential to overcome nasal route challenges, facilitating adequate mucoadhesion, and
allowing remarkable drug release properties, while preserving the efficacy of antibiotic

substance.

The successful retention behavior of AMT in the form of in situ ionic-sensitive nasal gel
formulation on the surface of human nasal mucosa tissue, instead of directly penetrating
through the mucosa membrane, proves that nasal formulation utilizing in-situ gelling systems
as delivery vehicle have the great potential to be an effective way for delivering antibiotic

substances via the nasal route administration for local therapeutic purposes.
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