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A B S T R A C T

Orally administered amoxicillin is recommended as the first-line treatment of acute bacterial rhinosinusitis (ABR) 
and given in a high-dose regimen. However, the risk of various systemic adverse reactions and low oral 
bioavailability are unbearable, increasing the threat of antibiotic resistance. Therefore, nasal delivery of 
amoxicillin can be a potential approach for effectively treating ABR locally, as well as overcoming those 
drawbacks. In a way to guarantee the effectiveness for local therapy in nasal cavity, the permeation and retention 
properties are of significant importance considerations. Accordingly, the present work aimed to investigate the 
characteristics with respect to the nasal applicability of the in situ gelling amoxicillin trihydrate (AMT) and 
further evaluate its permeability and retention properties through human nasal mucosa. The lyophilized for-
mulations were characterized utilizing the Differential Scanning Calorimetry (DSC) and X-ray Powder Diffraction 
(XRPD), and also evaluated for its polarity, reconstitution time, droplet size distribution, mucoadhesive prop-
erties, and ex vivo permeability and retention studies. The results confirmed that the in situ gelling AMT for-
mulations possess adequate mucoadhesive behavior, especially the formulation containing 0.3 % of gellan gum. 
Substantially, the in situ gelling AMT formulations were able to retain the drug on the surface of nasal mucosa 
instead of permeating across the membrane; thus, suitable for treating nasal infections locally. Altogether, the in 
situ gelling systems demonstrates promising abilities as a delivery platform to enhance local application of AMT 
within the nasal cavity.

1. Introduction

Amoxicillin (AMT) has been utilized as the first-line treatment for 
Acute Bacterial Rhinosinusitis (ABR) (Rosenfeld, 2016; Rosenfeld et al., 
2015; Rovelsky et al., 2021; Snidvongs and Thanaviratananich, 2017). 
Conventionally, a solid dosage form (tablet) is used therapeutically in 
large doses for 7− 14 days of treatment (Axiotakis et al., 2022; 
Lemiengre et al., 2018). As a consequence, various adverse reactions 
may take place, and the resistance threat is greatly unbearable. 
Futhermore, the absorption rate of orally administered high dose AMT 
indicated non-linearity in Cmax therefore, low antibacterial efficacy 
(Huttner et al., 2020; Velde et al., 2016). To overcome these hurdles, the 
alternative route of administering antibiotics comes forward as an ad-
vantageous choice (Mardikasari et al., 2022b), which is suitable to 
deliver effectively the AMT to the target site, minimize the systemic 

adverse effect, and reduce the potency of antibiotic resistance threat 
(Nazli et al., 2022).

Intranasal delivery has emerged as a potential and valuable way of 
administering drugs. The nasal route administration confers multiple 
benefits, including the potential for localized nasal delivery, brain tar-
geting, systemic drug delivery purposes, circumvention of first-pass 
metabolism, ease of application, and increased patient adherence 
(Keller et al., 2021). However, intranasal drug delivery also possesses 
some drawbacks, including nasal permeability, slightly acidic pH, small 
dosage volume, and the well-known challenge is to overcome the pro-
tective function of mucociliary clearance (MCC), which eliminates 
physiologically each exogenous materials within 15− 20 min (Cingi 
et al., 2021). Hence, as an attempt to enhance the efficacy of therapy and 
ensure its prolonged effect, formulation strategy must be taken into 
consideration. The utilization of nanoparticles incorporated into a 
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stimuli-responsive in situ gelling polymer has been proven by many 
research groups to be able to retain the formulation in the nasal cavity 
and avoid rapid elimination due to nasal MCC while releasing the active 
ingredients (Chen et al., 2020; Emad et al., 2021; Huang et al., 2021a; 
Katona et al., 2020). Moreover, the integration of antibiotic substances 
into nanoparticulate delivery systems presents a markedly promising 
and efficacious avenue, offering great potential to mitigate the incidence 
of antibiotic resistance (Arana et al., 2021; Forier et al., 2014; Gao et al., 
2014; Yeh et al., 2020; Zazo et al., 2016).

In line with this, albumin nanoparticles have been widely utilized as 
a promising vehicle for nasal delivery systems as they show many 
beneficial properties, including the specific binding sites for either hy-
drophilic or lipophilic drugs, higher entrapment efficiency, enhancing 
the solubility and stability of the drug, and the ability to generate a 
controlled release profile (Karimi et al., 2016; Kianfar, 2021; Loureiro 
et al., 2016; Singh et al., 2017). In addition, the incorporation of albu-
min nanoparticles into stimuli-responsive in situ gelling polymers can be 
employed as they have shown great potential and valuable results, 
which in this case is the ability to successfully deliver the drug for the 
desired therapeutic efficacy and enhance residence time in nasal cavity 
while extending the drug release (Agrawal et al., 2020; Katona et al., 
2021; Mardikasari et al., 2022a; Protopapa et al., 2022; Verekar et al., 
2020). Gellan gum (GG), one of the most extensively used polymers due 
to its ionic-responsive properties, is capable of undergoing a sol-to-gel 
phase transition upon nasal administration, attributable to the effect 
of nasal ionic conditions, especially Ca2+ (Cao et al., 2009; Gadziński 
et al., 2023), thus allowing the formulation to be retained in the nasal 
cavity and increase its residence time (Hao et al., 2016; Hosny and 
Hassan, 2014; Huang et al., 2021b).

In this regard, our research group has previously developed a nasal 
formulation of AMT-loaded albumin nanoparticle employing GG as an 
ionic-sensitive in situ gelling polymer through the application of Quality 
by Design methodology for enhanced treatment of local nasal infection 
(i.e., ABR). This research exhibited promising results, and therefore, 
further additional investigation should be taken into account to evaluate 
its nasal applicability, especially its nasal mucosal permeation and 
retention properties (Mardikasari et al., 2023a).

Accordingly, present study aimed to characterize the in situ gelling 
formulation of AMT in a lyophilized form and investigate the critical 
properties related to its applicability for nasal delivery. Firstly, the 
prepared formulation of in situ gelling AMT was lyophilized, and then 
the physico-chemical properties of the lyophilized cakes were charac-
terized utilizing Differential Scanning Calorimetry (DSC) and X-ray 
Powder Diffraction (XRPD). Subsequently, to evaluate the potential for 
nasal administration, the investigations were continued to determine 
the polarity of all in situ gelling AMT formulations through optical 
contact angle (OCA) measurements, the reconstitution time, the droplet 
size distribution, and the mucoadhesive properties on agar-mucin dish 
methods. Finally, all formulations of in situ gelling AMT were further 
evaluated for its ex vivo mucosal permeation and retention ability by 
employing human nasal tissues.

2. Materials and methods

2.1. Materials

Analytical grade amoxicillin trihydrate (AMT) was purchased from 
Thermo Fisher (Kandel) GmbH (Karlsruhe, Germany), bovine serum 
albumin (BSA, purity ≥ 97, lyophilized powder), low acyl gellan gum 
(Phytagel®), glucose anhydrous as crosslinker agent, agar 1 % solution, 
mucin from porcine stomach (Type II), ethanol 96 % v/v, and all other 
reagents were obtained from Merck Ltd. (Budapest, Hungary). Purified 
water was acquired through Gradient Water Purification System, the 
Millipore Milli-Q® (Merck Ltd., Budapest, Hungary). Analytical grade 
methanol was obtained from Molar Chemicals (Budapest, Hungary). All 
other chemicals used in this experiment were pharmaceutical grade.

2.2. Simulated nasal electrolyte solution preparation

Simulated nasal electrolyte solution (SNES) was prepared by 
weighing 0.59 g of anhydrous calcium chloride (CaCl2), 2.98 g of po-
tassium chloride (KCl), and 8.77 g of sodium chloride (NaCl). The 
mixture was then dissolved in 1000 ml of deionized water. The pH was 
adjusted to a final pH of 5.6 using 0.1 N NaOH or 0.1 N HCl (Sipos et al., 
2021).

2.3. Preparation of in situ gelling formulation of AMT

The preparation of in situ gelling formulation of AMT was firstly 
started by fabricating the albumin-based nanoparticles of AMT and 
followed by incorporating into the in situ gelling polymer. The albumin- 
based nanoparticles of AMT was prepared according to our previous 
study (Mardikasari et al., 2023a). Initially, an accurately weighed 
amount of AMT (5 mg) was dissolved in purified water (0.9 ml). Sub-
sequently, a 20% w/v solution of BSA (0.5 ml) was introduced and 
subjected to homogenization under continuous stirring at 500 rpm and a 
temperature of 37 ◦C, until a transparent solution was obtained. Then, 
ethanol 96 % v/v (0.8 ml) was added and the final mixture was heated to 
a temperature of 40 ◦C until a soft gel structure with opalescent 
appearance was observed, indicating the successful formation of BSA 
nanoparticles. Afterward, as crosslinker agent, 8% w/v of glucose 
(GLUC) was added to stabilize the resulting nanoparticles (Amighi et al., 
2020).

Following this, specified amount of the in situ gelling polymer, GG, 
was uniformly dispersed and solubilized in purified water through 
heating at 90 ◦C (30 mins) (Salunke and Patil, 2016). After that, the 
obtained GG solution was cooled to ambient temperature. Subsequently, 
the prepared solution of albumin-based nanoparticles of AMT was 
slowly poured into the GG solution, following 1:1.5 vol ratio. The 
incorporation of albumin-based nanoparticles of AMT into GG solution 
as ionic-sensitive in situ gelling polymer was prepared in several con-
centrations, to achieve the final concentration of GG in the formulation 
as 0.2 %, 0.3 %, and 0.4 % w/v. Finally, the in situ gelling AMT for-
mulations (GG0.2 %, GG0.3 %, and GG0.4 %) were then subjected to the 
lyophilization process by employing a ScanVac CoolSafe laboratory 
freeze-dryer (Labogene, Lynge, Denmark). This process was executed at 
a pressure of 0.013 mbar and a temperature of − 40 ◦C over a period of 
12 h, continued by a secondary drying stage at 25 ◦C for 3 h. The 
lyophilized samples were then preserved at 4 ◦C until further 
evaluations.

2.4. Characterization of the lyophilized in situ gelling formulation of AMT

2.4.1. Differential scanning calorimetry (DSC)
DSC measurements of all components of the formulation (AMT, BSA, 

GG, and GLUC) and the in situ gelling AMT formulations (GG0.2 %, 
GG0.3 %, and GG0.4 %) were performed utilizing a Mettler-Toledo DSC 
3+ apparatus (Mettler-Toledo GmbH, Gießen, Germany), operating with 
temperature range of 25 to 300 ◦C at a controlled heating rate of 10 ◦C/ 
min, under an inert argon which maintained at a flow rate of 150 ml/ 
min. In this study, approximately 5 mg of all samples were placed into 
40 µl aluminum pans. The obtained results were analyzed through 
STARe Software.

2.4.2. X-ray powder diffraction (XRPD)
XRPD diffractograms of all components of the formulation (AMT, 

BSA, GG, and GLUC) and the in situ gelling AMT formulations (GG0.2 %, 
GG0.3, and GG0.4 %) were recorded sing a BRUKER D8 Advance 
diffractometer (Bruker AXS GmbH, Karlsruhe, Germany). The dif-
fractograms were acquired using a slit-detector Cu Kλ1 radiation (λ =
1.5406 Å). All samples were evaluated and scanned at a voltage of 40 kV 
and 40 mA, spanning an angular range of 3◦–40◦ 2θ, with a step time of 
0.1 s and a step size of 0.007◦ Sample analysis was performed in quartz 
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holder under conditions of room temperature and humidity.

2.4.3. Optical contact angel (OCA) measurement
The evaluation of wetting properties of the in situ gelling AMT for-

mulations (GG0.2 %, GG0.3 %, and GG0.4 %), was performed using the 
OCA 20 Optical Contact Angle Measuring System (Dataphysics, Filder-
stadt, Germany) based on the Wu’s harmonic mean equation (Kiss et al., 
2022; Wu, 2007). A circular tablet of the pure GG as reference was 
compressed to a diameter size of 13 mm utilizing a hydraulic press 
(Specac Inc. Orpington, UK) with a force of 10 tons for 10 s. The solvents 
employed were distilled water with a polar surface tension (γp) of 50.2 
mN/m and dispersive surface tension 

(
γd) of 22.6 mN/m), and diiodo-

methane with a γp of 1.8 mN/m and a γd of 49 mN/m. The surface free 
energy (γ∗) was calculated by measuring the contact angle (θ) of both 
water and diiodomethane on the system using the sessile drop method. 
This procedure facilitated the determination of the interfacial tension of 
the polar component 

(
γP

s
)

and dispersive component 
(
γd

s
)

of the lyoph-
ilized in situ gelling AMT formulations, as delineated by following 
equation (Eq. (1)): 

γ∗ = γd
s + γp

s (1) 

Furthermore, the polarity of the lyophilized in situ gelling AMT for-
mulations was quantified by calculating the ratio of the polar surface 
energy and the total surface energy, in accordance with equation (Eq. 
(2)): 

Polarity (%) =
γp

s
γ∗

∗ 100 (2) 

2.4.4. Determination of reconstitution time
Each formulation of in situ gelling AMT (GG0.2 %, GG0.3 %, and 

GG0.4 %) was reconstituted with 1.5 ml of purified water in order to 
reach the same concentration prior to the lyophilization process (AMT 1 
mg/ml), and constantly stirred until no solid particles were visually 
observed. The time required to completely dissolve the lyophilized 
samples were recorded with stopwatch as the reconstitution time. The 
reconstitution times of all formulations were reported as means ± SD 
(Luoma and Lim, 2020; Taweel et al., 2021).

2.5. Viscosity measurement

The viscosity measurements were performed utilizing a rheometer 
instrument, RheoStress 1 HAAKE (Thermo Fisher Scientific, Karlsruhe, 
Germany). A thermostatic circulator (Thermo Haake Phoenix II + Haake 
C25P) was connected to the equipment to maintain the temperature 
during the measurement. In this experiment, a cone–plate geometry 
(radius: 49.9 mm, gap: 0.052 mm, angle: 1◦) was used with a shear rate 
sweep of 0.01–100 s (Matricardi et al., 2009; Sanz et al., 2018; Sipos 
et al., 2020). The evaluation was carried out using a Haake RheoWin® 
Job Manager v.3.3 software (Thermo Electron Corporation, Karlsruhe, 
Germany). Following this, the obtained data were processed using a 
Haake RheoWin® Data Manager v.3.3 software (Thermo Electron Cor-
poration, Karlsruhe, Germany). All measurements were carried out in 
triplicate at 34 ◦C and the results were reported as the average ± SD.

2.6. Determination of droplet size distribution

The measurement of droplet size distribution of all in situ gelling 
AMT formulations (GG0.2 %, GG0.3 %, and GG0.4 %) was performed 
utilizing laser diffraction technique. This analysis was conducted with a 
Malvern Spraytec® system (Malvern Instruments Ltd., Malvern, UK), 
equipped with a 300 mm lens that capable of analyzing droplet sizes in a 
range of 0.1 − 900 µm (Dv 50: 0.5 − 600 µm) (Jullaphant et al., 2019; 
Kundoor and Dalby, 2011; Pu et al., 2014). The nasal spray device tip 
was aligned and positioned horizontally with the receiving lens, 

ensuring the laser beam precisely intersected with the center of the spray 
cone’s expansion. The measurements were performed at room temper-
ature. Initially, the in situ gelling AMT formulations (0.2 %, 0.3 %, and 
0.4 % of GG) were reconstituted with 1.5 ml of purified water and 
subsequently transferred into a nasal spray container. Manual actuation 
of each nasal spray was performed thrice and discharged into waste, 
allowing the device for a prime condition. Following this, three repeated 
test actuations on different batches were carried out. The data were 
analyzed using Spraytec software v4.00 (Malvern Panalytical Ltd., 
Malvern, UK), with the volume diameter and described as 10 % (Dv10), 
50 % (Dv50), and 90 % (Dv90) of the cumulative volume distribution. 
Span was quantified according to the equation below (Eq. (3)): 

Span =
(Dv90 − Dv10)

Dv50
(3) 

2.7. Evaluation of mucoadhesive properties

The mucoadhesive properties of the in situ gelling AMT formulations 
were evaluated 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. Finally, for the displace-
ment methods (Lungare et al., 2016; Trenkel and Scherließ, 2021; 
Youssef et al., 2018; Yu et al., 2023), 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 (Chen 
et al., 2018; Cook et al., 2017; Khutoryanskiy, 2011; Syed et al., 2022), a 
modified apparatus was utilized. All petri dishes were inclined at a 60◦

angle, and the flow of the SNES was maintained through a peristaltic 
pump with a flow rate of 2 mm/min (Illum, 2006; Inoue et al., 2018) to 
wash off the formulation from the surface of agar-mucin gel. 1–1 ml 
aliquots of the wash-out solution was 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 µl 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.

2.8. Ex vivo mucosal permeation study

Ex vivo mucosal permeation study was carried out using human nasal 
mucosa or mucoperiosteum (Sipos et al., 2023). The experimental pro-
tocol was approved by the institutional ethics committee of the Uni-
versity of Szeged (ETT-TUKEB: IV/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% w/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 Fig. 1, 
featuring a diffusion surface area of 0.785 cm2. 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 
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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 µL) from the acceptor chamber 
were withdrawn. Prior to drug content determination with HPLC, ali-
quots were freeze-dried and dissolved in 75 µl 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 (Keller et al., 2021): 

Papp(cm / s) =
Δ[C]A × VA

A × [C]D × Δt
(4) 

where, (Δ[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 cm2), 
([C]D) is the initial concentration of AMT in the donor compartment at 
time point zero and t is the incubation time (s).

2.9. Ex vivo 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 µl methanol-water (1:1) to ensure that the 
concentration of analyte reached the limit of detection (LOD) (Enggi 
et al., 2021; Permana et al., 2021; Sanz et al., 2018).

2.10. Ex vivo retention study 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 (Katona et al., 2022). The nasal 
tissue membrane was sectioned at 20 µm 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 × 1000 µm surface with a step resolution 
of 50 µm (60 spectra). This process employed a 780 nm diode laser with 
an output power of 12 mW and utilized a 50 µm 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− 1. 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).

2.11. HPLC analysis

The quantification of AMT within the in situ gelling formulation was 
conducted using HPLC Agilent Infinity1260 (Agilent Technologies, 
Santa Clara, CA, USA). The chromatographic separation was achieved 
on a Kinetex® EVO C18 100 Å column (150 mm × 4.6 mm, 5 µm particle 
size; Phenomenex, Torrance, CA, USA). In this investigation, analytical 
samples of 10 µL were injected into the HPLC system and maintained at a 
column temperature of 25 ◦C. The mobile phase consisted of 25 mM 
phosphate buffer (pH 4.6) (A) and methanol (B), delivered at a flow rate 
of 1 ml/min. A gradient elution program was employed over 5 min, 
commencing with 95 % (A) for the initial 2 min, followed by a reduction 
to 75 % (A) for the subsequent 2 min, and concluding with a return to 95 
% (A) for the final minute. Detection was performed at a wavelength of 
230 nm utilizing a UV–VIS diode array detector. Data analysis was 
facilitated by Chem-Station software version B.04.03 (Agilent Technol-
ogies, Santa Clara, CA, USA). The retention time for AMT was estab-
lished at 2.5 min, and the calibration curve exhibited a regression 
coefficient (R2) of 1.0 within the concentration range of 100–1000 µg/ 
ml. The LOD was 89.38 µg/ml, while the limit of quantification (LOQ) 
was 270.84 µg/ml.

2.12. Statistical analysis

The collected data were presented as means ± standard deviation 
(SD). Statistical analysis were conducted utilizing GraphPad Prism® 
software version 8 (GraphPad Software, San Diego, CA, USA) and TIBCO 
Statistica® 13.4 (Statsoft Hungary, Budapest, Hungary). One-way 
analysis of variance (ANOVA) was employed to evaluate statistical sig-
nificance within the ex vivo permeability study for comparing the results. 
Moreover, a p value of <0.05 was considered significant.

3. Results and discussion

3.1. Characterization of the lyophilized in situ gelling AMT formulation

3.1.1. DSC study
The DSC thermograms of the formulation components (AMT, BSA, 

GG, and GLUC) and the in situ gelling AMT formulations (GG0.2 %, 
GG0.3 %, and GG0.4 %) are depicted in Fig. 2. The thermogram of AMT 
exhibited a characteristic endothermic peak at 127 ◦C, emphasizing the 
loss of crystalline water from AMT, however, this peak was shifted to a 
higher temperature (140− 143 ◦C) in the case of GG0.2 %, GG0.3 % and 
GG0.4 %, indicating the gel matrix of the formulation hindered the 
elimination of crystalline water. Furthermore, the thermogram of AMT 
also showed an exothermic peak at 182 ◦C, which indicates the 
decomposition temperature (Obaidat et al., 2022). This peak is missing 

Fig. 1. Illustration of Side-Bi-Side® permeation apparatus.
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from the thermogram of GG0.2 %, GG0.3, and GG0.4 %, suggesting 
improved thermal stability of the drug. Another endothermic peak of 
AMT was found at 198 ◦C which belongs to its melting point, and can 
also be found in the formulation of GG0.2 %, GG0.3, and GG0.4 %, 
indicating the presence of the drug in crystalline form in all formula-
tions. The thermogram of GLUC exhibited a characteristic endothermic 
peak at 160 ◦C which indicates its melting point (Hurtta et al., 2004); 
however, in the thermogram of GG0.2 %, GG0.3 %, and GG0.4 % this 
peak cannot be observed due to the amorphization of GLUC during 
lyophilization process.

3.1.2. XRPD investigation
XRPD diffractograms of all components in the formulation (AMT, 

BSA, GG, and GLUC) and the in situ gelling AMT formulations (GG0.2 %, 
GG0.3 %, and GG0.4 %) are expressed in Fig. 3. The main characteristic 
peaks of AMT as strong and sharp peaks are located at 2θ of 12.12◦, 
15.14◦, 18.04◦, 19.31◦, 25.74◦, 26.68◦, and 28.69◦ which presents its 
crystalline nature. However, the characteristic peaks of AMT are missing 
from the diffractogram of GG0.2 %, GG0.3 %, and GG0.4 %, confirming 

that the AMT was successfully entrapped in the amorphous GG-BSA gel 
matrix in the formulation. This result conforms to the result of DSC 
which revealed that AMT can be found in crystalline form in the 
formulation of in situ gelling AMT, the GG0.2 %, GG0.3 %, and GG0.4 %. 
Moreover, the diffractogram also denoted the characteristic peaks of 
GLUC at 2θ of 14.64◦, 17.05◦, 20.61◦, and 28.41◦ The absence of char-
acteristic GLUC peaks in the diffractogram of GG0.2 %, GG0.3 %, and 
GG0.4 % also supports that the GLUC went through amorphization 
during the lyophilization process.

3.1.3. Wettability studies
The measurement of contact angle serves as an assessment of a liq-

uid’s capacity to wet a solid substrate, with lower contact angle values 
indicates a superior wetting characteristics (Kulkarni et al., 2018). 
Contact angle is directly associated with surface free energy in which a 
higher surface free energy can particularly cause a good wetting 
behavior and highly affected by the polarity or hydrophobicity of the 
liquid. Good wettability of a lyophilized sample is essential for facili-
tating penetration process of the reconstitution fluid through the matrix 
interior. Nonetheless, while wettability is a critical initial step, it is not 
the sole factor influencing the duration of the reconstitution process 
(Kulkarni et al., 2018).

In the present work, the wetting properties investigation of the 
lyophilized in situ gelling AMT formulation, as provided in Table 1, 
revealed that by increasing the GG concentration, the polarity of the 
lyophilized samples decreased, which can be claimed with the less polar 
behavior of the initial GG. Substantially, the used GG in this experiment 
which is a low-acyl GG, is an anionic polysaccharide composed of a 
tetra-saccharide repeating unit with low acetyl content and requires a 
high temperature to be fully dispersed in water (Cassanelli et al., 2018; 
Fiorica et al., 2021). Hence, the polarity of the initial GG was found to be 
lower than all formulations of in situ gelling AMT. In terms of this, the 
BSA and GLUC content in the formulations has a role as the hydrophilic 
components, thereby raising the polarity of in situ gelling AMT formu-
lations. In addition, it has been previously studied that sugar molecules 
can improve wettability of the cake solid, allowing easier cake disinte-
gration in the lyophilized product (Cao et al., 2013; Kulkarni et al., 
2018).

Further, a decreasing polarity was observed for all lyophilized sam-
ples of in situ gelling AMT formulations which contain 0.2 %, 0.3 %, and 
0.4 % of GG, with a proportionally decreasing trend depending on the 
GG concentration. Since various GG concentrations demonstrated 
different polarity, the water absorption capacity of each formulation can 
particularly be affected, which then potentially generates variations in 
the reconstitution time (Luo et al., 2021).

3.2. Reconstitution time

Reconstitution process is a significant factor influencing the appli-
cation of pharmaceutical products which are stored in solid form and 
need to be reconstituted before use, as the liquid form has more 

Fig. 2. DSC Thermogram of the formulation components: AMT − amoxicillin 
trihydrate, BSA – bovine serum albumin, GG – gellan gum, and GLUC – glucose; 
and all formulations of the in situ gelling AMT: GG0.2 %, GG0.3 %, and 
GG0.4 %.

Fig. 3. XRPD diffractogram of the formulation components: AMT, BSA, GG, 
and GLUC; and all formulations of the in situ gelling AMT: GG0.2 %, GG0.3 %, 
and GG0.4 %.

Table 1 
Contact angle, surface free energy, and polarity of the lyophilized in situ gelling 
AMT formulations and the initial GG. Data are shown as means ± SD, n = 3.

Surface Θwater 

(◦)
Θdiiodomethane 

(◦)
γd

s 
(mN/ 
m)

γp
s 

(mN/ 
m)

γ∗

(mN/ 
m)

Polarity 
(%)

GG 40.97 ±
2.85

7.31 ± 2.66 25.32 45.59 70.91 35.71

GG 0.2 
%

35.17 ±
2.37

24.41 ± 2.45 29.05 41.84 70.89 59.02

GG 0.3 
%

18.3 ±
1.78

27.18 ± 2.08 35.89 40.87 76.76 53.24

GG 0.4 
%

22.81 ±
2.84

35.67 ± 2.43 35.66 37.69 73.35 51.38
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therapeutic potential. Long reconstitution times not only cause incon-
venience to the patient, but can also pose a safety risk if the product is 
administered before all solids are completely disintegrated or redis-
persed. A short reconstitution time results from the reconstitution fluid 
penetrating the freeze-dried cakes more effectively due to good wetta-
bility, polarity, and a more open pore network (Beech et al., 2015).

Based on the results as shown in Fig. 4, the lyophilized samples of in 
situ gelling AMT formulation (GG0.2 %, GG0.3 %, and GG0.4 %) showed 
complete dispersion with a reconstitution time of 4.09 ± 0.5, 6.18 ±
1.2, and 9.23 ± 1.5 min, respectively. These results demonstrated that 
the higher the polymer (GG) content, the longer the reconstitution time. 
As the polymer (GG) has a quite low polarity as mentioned in the pre-
vious section, then the formulation with higher GG concentration 
particularly required more time to completely redisperse the lyophilized 
in situ gelling AMT formulations. Particularly, reconstitution process 
involves some steps related to the lyophilized cakes attributes, including 
the wettability, penetration process of the reconstitution fluid into the 
lyophilized cakes, and dispersibility behavior (Beech et al., 2015; Kul-
karni et al., 2020). Therefore, the higher concentration of polymer (GG) 
in the formulation (i.e., GG0.4 %) which may perform a more packed 
and entangled structure, required longer time for the rehydration pro-
cess compared to the other formulations (Beech et al., 2015; Kulkarni 
et al., 2020; Luo et al., 2021; Luoma and Lim, 2020).

3.3. Viscosity measurement

For the viscosity (η) results, as illustrated in Fig. 5, the viscosity of all 
in situ gelling AMT formulations (GG0.2 %, GG0.3 %, and GG0.4 %) 
before the sol-to-gel transition showed quite low viscosity values and it 
can be confirmed that the viscosity increased along with the increasing 
amount of polymer (GG) in the formulation. Interestingly, the viscosity 
behavior can directly affect the droplet size of the nasal spray product 
and its nasal deposition (Scherließ, 2020). In this case, an in situ gelling 
formulation with a low viscosity nature before the administration into 
the nasal cavity could potentially generate uniformity of the delivered 
dose, allowing an easier spraying process and ultimately supporting its 
nasal applicability.

Moreover, the results in Fig. 5 revealed that as the shear rate 
increased from 0 to 100 s-1, the in situ gelling AMT formulations (GG0.2 
%, GG0.3 %, and GG0.4 %) experienced a decrease in the viscosity 
value, demonstrating a non-Newtonian pseudoplastic behavior. 
Notably, this pseudoplastic characteristic is preferable for nasal formu-
lations as it facilitates less dripping from the nasal cavity; thus, in terms 
of in situ gelling formulation, it might support the proper sol-to-gel 
transition once the formulation in contact with nasal environment. In 
this circumstances, viscosity plays important role in nasal formulation, 
in which it can affect the droplet size of the spray, drug deposition and 
retention time, as well as drug absorption through nasal mucosa 
(Furubayashi et al., 2007; Scherließ, 2020).

3.4. Droplet size distribution of the in situ gelling AMT formulation

Droplet size distribution (DSD) is a pivotal parameter for nasal 
sprays, as it profoundly impacts the deposition of the therapeutic agent 
within the nasal cavity (Djupesland and Skretting, 2012; Le Guellec 
et al., 2021), which can ultimately affect the efficacy of a product. 
Moreover, in order to ensure adequate retention of the formulation 
within the nasal passage, the cutoff points for the droplet sizes should 
adhere to the FDA’s specification range for nasal spray products, which 
is 30 − 120 μm (Trows et al., 2014). The droplet size which are too small 
(<10 μm), can pass through the nasal cavity and enter into the lung, 
resulting in ineffectiveness of nasal sprays (EMA, 2006; Gao et al., 2020; 
Gholizadeh et al., 2019). The results of droplet size measurement, as 
shown in Table 2, exhibited that the droplet size of in situ gelling for-
mulations of AMT varies. However, obtained droplet size distribution of 
the formulation with GG0.3 % was in agreement with the guidelines. 
Moreover, it was found that the formulation with GG0.4 % showed the 
largest droplet size of all, which might be due to its higher polymer 
concentration that provides greater cohesive forces. On the other hand, 
the formulation with GG0.2 % showed a quite opposite results, in which 
a much bigger droplet size than the formulation with GG0.3 % was 
observed, while the polymer concentration was lower. This phenome-
non might be attributed to the actuation force’s impact on the nasal 
spray product’s and the formulation’s shear-thinning properties (Dayal 
et al., 2004; Trows et al., 2014). Moreover, according to the result of 
Span value, the formulation of GG0.3 % seems appropriate, as the 
smaller the number, the less variation there is between the size of the 
droplets in the spray spectrum (Chen and Ashgriz, 2022; Kramm et al., 
2023).

Fig. 4. Reconstitution time of all in situ gelling AMT formulations: GG0.2 %, 
GG0.3 %, and GG0.4 %. Data are shown as means ± SD, n = 3.

Fig. 5. Viscosity curve of all in situ gelling AMT formulations: GG0.2 %, GG0.3 
%, and GG0.4 %. Data are shown as means ± SD, n = 3.

Table 2 
Droplet size distribution parameters of all in situ gelling AMT formulations. Data 
are shown as means ± SD, n = 3.

Formulations Dv10 (µm) Dv50 (µm) Dv90 (µm) Span

GG0.2 % 57.74 ± 2.72 108.05 ± 5.39 233.10 ±
25.70

1.69 ±
0.19

GG0.3 % 53.01 ± 5.07 82.80 ± 7.63 136.52 ±
17.60

0.97 ±
0.16

GG0.4 % 64.22 ±
10.02

150.85 ±
23.98

515.76 ±
66.39

2.84 ±
0.54
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3.5. Evaluation of mucoadhesion properties

The evaluation of mucoadhesion properties of the in situ gelling AMT 
formulation was assessed by two modified methods, namely the flow- 
through and the displacement method. The results of the flow-through 
method, as illustrated in Fig. 6, showed that the washed amount of 
AMT from all samples increased by the time. The higher washed amount 
was generated by AMT 1 mg/mL solution as control, due to its liquid 
state that made it directly move downward once placed on the surface of 
the inclined agar-mucin gel. Also, the SNES droplets leaving the peri-
staltic pump allowing the AMT solution to be pushed downward without 
being retained on the surface of the agar-mucin gel.

Furthermore, the in situ gelling AMT formulations (GG0.2 %, GG0.3 
%, and GG0.4 %) exhibited a lower washed amount of AMT in com-
parison to the AMT solution. According to the results, 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 pro-
mote ionic condition (providing Ca2+) 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 (Kolawole and Cook, 2023). 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 
(del Castillo-Santaella et al., 2022; Kakati et al., 2022; Mardikasari et al., 
2023b). Accordingly, the in situ gelling AMT formulations can definitely 
attach to the surface of agar-mucin gel, that indicates high mucoadhe-
sive potential, resulting in a lower amount of washed-out AMT.

In addition, for the displacement method, the results as shown in 
Table 3 exhibited a quite similar results with the previously mentioned 
method. The AMT control 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 gelling AMT formula-
tions showed interesting displacement results for up to 2 h of investi-
gation. 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 ± 0.3 cm and 1.1 ± 0.2 cm, respectively. These re-
sults reflect good adherence and recorded as good mucoadhesion po-
tential. Overall, the evaluation of mucoadhesive properties 
demonstrated that the in situ gelling AMT formulations have the po-
tential 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.

3.6. Ex vivo mucosal permeation study

Ex vivo permeation study of the in situ gelling 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 (Bartos et al., 2021) as in 
present case for the in situ gelling AMT formulations. In this circum-
stance, the apparent permeability coefficient (Papp) is suitable parameter 
to characterize the nasal penetration of drug. Fig. 7 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 %. This 
parameter was inversely proportional to the GG concentration, an 
increased gel strength by increasing the GG concentration in the for-
mulations resulted in higher retention of AMT in the gel matrix, sup-
porting the application for local therapeutic effect and hindered 
systemic absorption (Kolawole and Cook, 2023).

3.7. Ex vivo 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 circumstance, the AMT was 
intended to be retained in the nasal mucosa instead of permeate 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 µg/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 GG0.2 %, which were 

Fig. 6. The flow-through method, illustrating the washing resistance of all in 
situ gelling AMT formulations (GG0.2 %, GG0.3 %, and GG0.4 %) in comparison 
to the AMT solution (1 mg/ml) as control. Data are shown as means ± SD, n 
= 3.

Table 3 
Displacement distance of the in situ gelling AMT formulations and AMT solution. 
Data are shown as means ± SD, n = 3.

Formulation AMT solution (1 
mg/ml)

GG0.2 
%

GG0.3 
%

GG0.4 
%

Displacement after 2 h 
(cm)

-* 5.5 ±
0.6

1.6 ±
0.3

1.1 ±
0.8

* Not measurable, directly flows downwards.

Fig. 7. Apparent permeability of the in situ gelling AMT formulations: GG0.2 %, 
GG0.3 %, and GG0.4 %; compared to the AMT solution (1 mg/ml) as control 
during 60 min 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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around 0.298 µg/mg and 0.378 µg/mg, respectively, compared the AMT 
solution as control with 3.314 µg/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.

3.8. 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 spec-
trum of pure AMT was utilized as a reference. The frequency of occur-
rence was visually represented in the chemical maps, correlating to the 
statistical distribution of specific chemical constituents (Fig. 8). 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 the blue part depicts regions with distinct spectral 
resolution, which are the characteristics of the nasal mucosa tissue 
(Sipos et al., 2023). The results revealed that in the case of in situ gelling 
AMT formulation, the mucosal distribution correlation maps demon-
strated 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 absorp-
tion. 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 
reconstitution time, mucoadhesive properties, and the ability to retain 
the drug. In the future, it is essential that more thorough research be 
done to guarantee the usability of this delivery system.

4. Conclusion

The utilization of in situ gelling system could be a promising 
approach to effectively administer AMT via nasal delivery route for 
treating local infections within the nasal passages, such as ABR. 
Accordingly, it is of great importance to carry out ex vivo mucosal 
permeation and retention studies, to ensure the application of nasal 
formulation is in alignment with its therapeutic purposes. In this work, 
noteworthy outcomes were attained concerning crucial characteristics 
of nasal formulation, which in this case, the in situ gelling AMT 

Fig. 8. Raman correlation mapping of the in situ gelling AMT formulations: (A) GG0.2 %, (B) GG0.3 %, and (C) GG0.4 %, in comparison to (D) AMT solution (1 
mg/ml).
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formulations exhibited proper mucoadhesive properties, facilitating the 
formulation to stay longer in nasal cavity. Moreover, the in situ gelling 
AMT formulation containing 0.3 % of GG was selected as a suitable 
polymer concentration by considering all essential results. Interestingly, 
the ex vivo permeability and retention studies revealed that all in situ 
gelling 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 treating nasal infections 
locally. In summary, 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. Further, more thor-
ough investigations should be taken into account to intensively explore 
the potential of this delivery systems for nasal application.

Funding

The publication was funded by The University of Szeged Open Access 
Fund (FundRef, Grant No. 6940).

CRediT authorship contribution statement

Sandra Aulia Mardikasari: Writing – original draft, Visualization, 
Software, Methodology, Investigation, Conceptualization. Gábor 
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