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ARTICLE INFO ABSTRACT

Keywords: Effective delivery of peptide or protein-based drugs (PPDs) remains a challenge as parenteral routes are invasive
Bov.ine serum albumin and PPDs are subjected to enzymatic degradation via the oral route. As such, intranasal (IN) route is an effective,
In situ gel non-invasive approach for delivering PPDs locally, systemically, and to the central nervous system (CNS), while
Microfluidic e i1 5 . . .

Nanocarriers maintaining the stability of the drugs. The study investigates the potential of a novel thermoresponsive polymer

(PNPHO), as a carrier to facilitate IN delivery of peptides/proteins. Two types of nanoparticle formulations (Low-
F and High-F) using a low and a high PNPHO concentration (20 mg/mL and 35 mg/mL) were prepared with
bovine serum albumin (BSA) incorporated in it. Both formulations exhibited good physicochemical properties in
terms of particle size (Low-F: 29 nm; High-F: 39 nm), polydispersity index (PDI) (<0.3) and zeta ({) potential (—3
to —6 mV) with a high encapsulation efficiency (EE) (86 %-96 %) maintained at 4 °C during a 4-week stability
study. High-F formulation demonstrated a significantly greater aerosol drug deposition in the entire nasal cavity
and in the olfactory region in vitro compared to free BSA at 45° spray angle. Both formulations were found to be
non-toxic when tested on nasal epithelial cell lines. Importantly, a significant increase in transepithelial resis-
tance was observed for the nasal epithelial cells post 4 h treatment with High-F along with a significant reduction
in BSA transport across the cells compared to free drug, indicating tightening of cellular junctions and prolonged
drug residence time owing to its mucoadhesive property. Altogether, the findings suggest that PNPHO polymer is
a potential carrier for targeted delivery of peptide/protein using the IN route.

Nasal drug delivery
PNPHO polymer

1. Introduction

PPDs are conventionally administered via parenteral routes, which
are invasive, painful, have a higher risk of systemic side effects due to
lack of target specificity, and often lead to poor patient acceptability [1,
2]. While oral route is generally preferred for better patient compliance,
it is not suitable for peptide or protein delivery due to their high sus-
ceptibility to enzymatic degradation and the wide pH range in the
gastrointestinal tract (GIT), as well as their limited absorption resulting

from low GI epithelial permeability [1,3]. Additionally, oral drugs un-
dergo hepatic first-pass metabolism, which further reduces their
bioavailability [3]. An alternative route that can address the challenges
associated with the aforementioned oral route is non-invasive IN de-
livery, which has been extensively studied for both localized and sys-
temic drug delivery [4]. In recent years, this route has attracted
attention due to its unique connection to the CNS via the olfactory and
trigeminal pathways, enabling direct drug access to the brain bypassing
the strict blood-brain barrier (BBB)- an advantage not offered by
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conventional oral and parenteral routes [5]. Thus, the versatility of the
IN route makes it a promising approach for treating a wide range of
conditions, including nasal disorders, systemic diseases such as meta-
bolic, endocrine and cardiovascular conditions, as well as neurological
and inflammatory disorders [6,7]. Currently, several IN PPDs including
insulin, insulin-like growth factor-1 (IGF-1), glucagon, calcitonin,
oxytocin, vasopressin, glucagon-like peptide-1 and 2 (GLP-1 and GLP-2),
human nerve growth factor (hNGF), human growth hormone (hGH),
parathyroid hormone (PTH), leptin, ghrelin, erythropoietin (EPO),
desmopressin, neuropeptide Y, brain-derived neurotrophic factor
(BDNF), basic fibroblast growth factor (bFGF), and glial-derived neu-
rotrophic factor (GDNF), are under investigation for potential systemic
and CNS delivery [3,8-10].

Despite the benefits, the delivery of biomolecules through this route
remains challenging, mainly due to their physicochemical properties
(high molecular weight i.e., >1000 Da, hydrophilic structure, surface
charge, etc.) and the nasal physiological barriers such as low perme-
ability of nasal epithelia, mucosa protease environment, rapid muco-
ciliary clearance, short drug residence time, and limited administrable
volume (25-200 pL), necessitating more frequent dosing [9,11-15]. Asa
result, regardless of the large mucosal surface area, rich vasculature of
the nasal cavity, and the avoidance of hepatic first-pass metabolism
[16], the bioavailability of peptides is generally between 1 % and 3 %
[17,18].

Several strategies, including cell permeation enhancers, mucoadhe-
sive systems, and nanocarriers, are being explored in nasal formulations
to tackle the limitations linked to this route [7,14] and among these,
nanoparticulate systems are considered one of the most promising ap-
proaches [4,19]. Nanoparticles (NPs) enhance drug solubility, elicit high
drug absorption due to their greater surface area, protect encapsulated
drugs from enzymatic degradation, increase the drug residence time at
the absorption site, exhibit low mucociliary clearance, enhance
bioavailability, and control the release rate of the drug. Additionally,
NPs reduce dosing frequency, and minimize systemic side effects, for
instance by reducing the drug distribution to unintended areas in case of
localized and nose-to-brain (N2B) targeted drug delivery [12,14,20].
These highly organized nanostructures made from lipidic, polymeric,
biological, or hybrid materials are used as potential drug carriers due to
their unique and easily customizable properties [21]. Drugs can be
attached to these carriers through conjugation or adsorption, or they can
be entrapped within the carrier system [21]. Moreover, the carrier
surface can be modified with appropriate ligands to improve target
specificity [21]. Polymer-based drug carrier systems include polymeric
NPs, colloidal carriers, polymer-drug conjugates, and smart
polymer-based systems such as stimuli-sensitive hydrogels or in situ
nasal gels [22,23]. In recent years, various biodegradable and biocom-
patible natural polymers (such as alginate, chitosan, silk) and synthetic
polymers (including poly (lactic-co-glycolic acid) [PLGA], poly (acryl-
amide), poly (lactic acid) [PLA], poly (lysine), poly (acryl cyanoacry-
late), poly (caprolactone), and poloxamer 407) have been explored as
novel carrier systems for controlled and targeted drug delivery via the
nasal route [2,22], thus showing the significant impact of nano-
biotechnology in the field of drug delivery.

This study investigates a novel proprietary synthetic polymer, poly
(N-isopropylacrylamide-co-(N-acryloxysuccinimide)-co-(polylactide/-
hydroxy methacrylate)-co-(oligo (ethylene glycol), denoted as PNPHO,
for IN PPD delivery. PNPHO is a thermoresponsive polymer with a
molecular weight of ~70 kDa that undergoes in situ gelation at physi-
ological temperature (37 °C) [24,25]. Additionally, this polymer is
bioadhesive, biocompatible and has tunable biodegradability, exhibits
structural stability, and elicits minimal inflammatory response, which
makes it an ideal platform for drug delivery [24-26]. Its mucoadhesive
property can prolong the residence time of the drug within the nasal
mucosa [26], reducing drug elimination due to ciliary movement,
enhancing drug bioavailability, lowering dosing frequency, and
improving patient adherence to treatment [27]. This cost-effective
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polymer has proven to be clinically important as an injectable hydro-
gel for tissue regeneration and is being currently explored for a wide
range of biomedical applications [24]. Furthermore, a recent study by
Gholizadeh et al. investigated the role of the PNPHO polymer as a
drug-delivery hydrogel platform for a broad range of compounds with
different physicochemical properties [26].

BSA is one of the most widely used proteins in the evaluation of
different drug delivery systems due to its cost-effectiveness, water sol-
ubility, stability, and availability [28,29]. Therefore, in the present
study, BSA has been used as a model protein to explore PNPHO poly-
mer’s role as a nanocarrier for PPDs, as well as to assess how its ther-
moresponsive property can facilitate drug delivery following IN
administration.

2. Materials and methods
2.1. Materials

PNPHO polymer was provided by Tetratherix Technology Pty Ltd,
(Sydney, Australia). BSA, phosphate-buffered saline (PBS), Hanks’
balanced salt solution (HBSS), CelLytic reagent, mucin type III from
porcine stomach, and all HPLC-grade analytical solvents were purchased
from Sigma Aldrich (Sydney, Australia). Water was deionized and pu-
rified by using a Milli-Q Reagent Grade water system (Merck Millipore,
USA). Roswell Park Memorial Institute, RPMI 2650 cells (immortalised
human nasal epithelial cell line derived from septum carcinoma) were
purchased from the American Type Culture Collection (ATCC) (Virginia,
USA). All cell culture reagents including Minimum essential medium
(MEM), foetal bovine serum (FBS), trypsin, and non-essential amino
acids were obtained from Gibco and Invitrogen (Sydney, Australia). Sar-
Gel® paste was purchased from Sartomer (Pennsylvania, USA), and MTS
reagent was provided by Promega Corporation (Wisconsin, USA).

2.2. Methods

2.2.1. Microfluidic manufacturing of BSA-loaded PNPHO polymer NPs

BSA was dissolved in Milli-Q water to a concentration of 2 mg/mL.
The PNPHO polymer was dissolved in PBS and kept at 4 °C overnight on
a shaker to achieve concentrations of 40 mg/mL and 70 mg/mL. The
BSA and the PNPHO solutions were injected into a 3D-printed T-shaped
microfluidic device [30] through two separate inlets using 2 syringe
pumps (Chemyx Fusion 200, Chemyx, Inc., USA) connected to the device
via polytetrafluoroethylene (PTFE) tubing, facilitating passive micro-
mixing inside a “zigzag” channel. The solutions were mixed in a 1:1 ratio
at a total flow rate (TFR) of 10 mL/min, resulting in final concentrations
of BSA 1 mg/mL + PNPHO 20 mg/mL and BSA 1 mg/mL + PNPHO 35
mg/mL in the NPs formulations. These polymer concentrations were
selected for the study because it was observed that the polymer transi-
tioned from liquid to gel at 37 °C starting at 20 mg/mL. The process of
BSA-PNPHO NPs manufacture is illustrated in Fig. 1.

2.2.2. Characterization of BSA-PNPHO NPs

2.2.2.1. Particle size, PDI and zeta potential. The size, PDI and {-poten-
tial of the prepared NPs were measured at 25 °C using dynamic light
scattering (DLS) Zetasizer Nano ZS (Malvern Panalytical, UK). The size
of NPs is crucial in drug delivery, as it significantly impacts both drug
cellular uptake and drug targeting efficiency [31]. The PDI determines
the uniformity of particle sizes within a sample, with a value ranging
from O to 1. A higher PDI suggests a broader size distribution with
multiple particle size populations, which is undesirable [32]. A PDI
value of <0.3 indicates a narrow particle size distribution and is
considered suitable for IN formulations [33]. The {-potential reflects the
surface charge of the NPs and also influences the cellular transport and
stability of the biomolecules [33].
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Fig. 1. Schematic representation of BSA-PNPHO nanoparticle formation using microfluidic method.

2.2.2.2. Encapsulation efficiency. The EE, ie., the amount of drug
entrapped within the polymeric NPs, was determined as follows: 500 pL
of the BSA-PNPHO formulations were added to the Amicon® Ultra-0.5
100 kDa molecular weight cut-off filter device (Merck Millipore, USA)
placed into a microcentrifuge tube. The selection of the filter was based
on the molecular weight of BSA, which is 66.5 kDa [29]. The samples
were centrifuged at 14,000 rpm until there was no change in the volume
of the filtrate. The volume of the filtrate was recorded. The filtrate
containing the free BSA was further filtered through a 0.22-ym poly-
ethersulfone syringe filter (Filter-Bio, China) prior to quantification of
the drug by high performance liquid chromatography (HPLC). The
percentage EE was calculated using the following equation [34]:

% Encapsulation efficiency (% EE) =

term stability study was performed by storing both formulations at 4 °C
and at room temperature (20 °C) for a period of 28 days, with the
abovementioned parameters measured on pre-determined days - Day O,
1,4,7,14, 21 and 28.

2.2.2.5. HPLC quantification method for BSA. BSA quantification was
performed using an HPLC system (Shimadzu, Japan) equipped with an
LC20AT pump, SIL20AHT autosampler, PD-20A UV-VIS detector, and
LabSolution software. Chromatographic separation was performed
using a reverse-phase (RP) C18 column of dimension: 250 mm x 4.6 mm
and 5 pm particle size (Phenomenex, USA) with a gradient elution
method and the column oven temperature set at 25 °C. The mobile phase
was composed of 0.1 % trifluoroacetic acid (TFA) in Milli-Q water
(Aqueous phase) and 0.1 % TFA in acetonitrile (Organic phase). Line-

__ Total mass of drug added — Mass of free drug % 100

Total mass of drug added

2.2.2.3. Drug-polymer interaction study. To assess possible drug-polymer
interaction, mass photometry measurements were acquired using a
TwoMP mass photometer (Refeyn, UK). Mass photometry is a novel way
to measure the mass of biomolecules. It works by quantifying the light
scattered by an individual molecule in solution, which is directly pro-
portional to its mass [35,36]. All mass photometry videos were recorded
for 1 min and analysed using DiscoverMP (version 2022 R1).

Prior to sample analysis, mass calibration was performed according
to the manufacturer’s instructions using BSA. Briefly, 10 uL of 200 nM
BSA was added to 10 pL of PBS in a sample well, and calibration was
performed on peaks corresponding to BSA monomer, dimer and trimer
(66, 132 and 198 kDa respectively). Calibration error was estimated at
4.5 %. For sample dilution and time series (‘quick dilution’) mass
photometry analysis, 2 pL of each sample was added to 18 pL PBS in a
sample well. Measurements commenced within ~3 s of sample addition
and were collected for 6 min.

2.2.2.4. Physico-chemical stability and encapsulation efficiency retention
study of the NPs. The NPs formulations (BSA 1 mg/mL + PNPHO 20 mg/
mL and BSA 1 mg/mL + PNPHO 35 mg/mL) were assessed for changes
in their physicochemical properties in terms of particle size, PDI, and
C-potential. Additionally, the maintenance of EE was evaluated. A short-

arity was obtained for BSA standard solutions at concentrations ranging
from 5 pg/mL to 200 pg/mL (R% = 0.999). Samples were diluted 10-fold
to reach a concentration that falls within the standard concentration
range. The analysis was performed at a detection wavelength of 220 nm
using an injection volume of 20 pL and a flow rate of 1 mL/min with a
retention time of 11 min.

2.2.2.6. Aerosol droplet size distribution. The size of aerosolized droplets
from liquid formulations can vary depending on the type of nasal pumps
and actuators used, as well as the characteristics of the formulations (e.
&, viscosity) [71]. In this study, a VP7 50 pL N2B targeting nasal spray
device (Aptar Pharma) was used to generate the aerosols. The aero-
solized BSA solution and NPs formulations released from the spray pump
were evaluated for their droplet size distribution by laser diffraction
using the Spraytec (Malvern Panalytical, UK). During this experiment,
the tip of the nasal pump was positioned 6 cm from the measurement
zone (laser beam) and was actuated manually at a 45-degree angle
through the laser beam. The experiment was conducted in an open
bench set-up with the measurement mode set to rapid. The particles
were assessed with a dispersion refractive index of 1.0, particle refrac-
tive index of 1.33, and density of 1.0 g/cm?, at a sampling frequency of
2.5 kHz using a 300 mm lens. The extractor was turned on during the



T.T.S. Khan et al.

measurements to capture spray droplets and minimize bias to the results
from aerosol re-entry into the measurement zone between actuations.
Droplet size distribution corresponding to the 10th, 50th and 90th
percentile of particles within the formulations represented as Dv10,
Dv50, Dv90 respectively, percentage of respirable fraction (%< 10 pm),
and Span value (particle size distribution width) were determined using
Spraytec version 3.20 software.

2.2.2.7. Viscosity measurements. The viscosity of the aqueous BSA so-
lution and the NPs formulations were measured at 25 °C using AR 2000
rheometer (TA Instruments, USA) to determine the effect of the rheo-
logical property of the respective samples on the droplet size. The
measurements were performed using a cone-plate geometry with a
diamet{er of 40 mm and a gap of 64 pm at shear rates ranging from 1 to
100 s .

2.2.3. In vitro mucin/nanoparticle interaction

The mucoadhesive properties of the NPs formulations were investi-
gated by monitoring changes in the surface charge of the NPs after in-
cubation with mucin, as this glycoprotein is the primary component of
the nasal mucus layer. Briefly, an aqueous stock solution of mucin type
III (10 mg/mL) was prepared in PBS and stored at 4 °C. Mixtures were
prepared at various NP:mucin ratios (1:0.025, 1:0.5, 1:1, 1:2, and 1:4 w/
w) and incubated at 37 °C for 1 h in a thermo-shaker. Subsequently, the
C-potential of all the samples were measured. Control samples included
mucin at all tested concentrations and NPs formulations without mucin.

2.2.4. Invitro nasal drug deposition study

2.2.4.1. Silicone human nasal cast deposition semi-quantitative meas-
urements. The drug deposition behaviour of the BSA solution and NPs
formulations into the nasal cavity was studied using a transparent sili-
cone human nose model (Koken Co. Ltd., Japan), to mimic human nasal
deposition. The inner surface of the nasal cast was coated with 0.5 gm
SarGel® moisture-sensitive paste evenly to visualize the deposition area,
represented by a purple colour change on exposure to aerosol droplets.
The coated nose model was allowed to equilibrate for 20 min at 37 °C in
a dry-sealed box with silica gel prior to starting the experiment. The VP7
nasal spray device was used to deliver BSA 1 mg/mL and the formula-
tions. The device was inserted into the nostrils of the cast at a depth of 5
mm (maximum depth available) and manually actuated once at two
different angles - 45° and 70° from the horizontal plane to release a
volume of 50 pL per spray from the delivery device, followed by incu-
bation for 20 min in a sealed dry box with silica gel. Spray angles of 45°
and 70° were used to assess potential differences in drug deposition
based on the device orientation. The nose model was positioned verti-
cally both during actuation and incubation. Images were captured every
5 min and the areas of different regions of the nasal cast covered by the
sprayed samples were analysed using Fiji ImageJ software (https://i
magej.net). During the analysis, the segmentation of each region of
the nasal cast was performed as described by D’Angelo et al. [37].

2.2.4.2. Alberta nasal cast drug deposition measurements. The nasal
deposition of the free BSA drug and BSA-PNPHO NPs formulations was
further evaluated using the Alberta Idealized Nasal Inlet (AINI) coupled
with next-generation impactor (NGI) (Copley Scientific, UK). The AINI
model enables quantitative estimation of drug deposited in different
parts of the nasal cavity [38]. In this experiment, an inspiration flow rate
of 15 L/min was used, which is a representative flow rate for most of the
nasal deposition studies, and the particle cut-off diameter of the NGI
stages at this flow rate was 14 pm and below as it progresses from Stage
1 to Stage 8 [38]. The nasal spray device was positioned at 45° and 70°
relative to the horizontal surface at an insertion depth of 5 mm into the
nostril during actuation. Each sample was subjected to 10 sprays to
recover a quantifiable amount of drug from each nasal region, including
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the olfactory region which is difficult to access. The AINI regions
comprising nostril, turbinates, olfactory region, and nasopharynx and
the NGI stages with 8 collection cups were dis-assembled after spraying
followed by rinsing of the individual parts with Milli-Q water to recover
the BSA deposited in each part of the nasal cast and NGI collection cups,
which was quantified using validated HPLC method.

2.2.5. Cytotoxicity study on RPMI 2650 nasal epithelial cells

For the cytotoxicity study, human nasal epithelial cells RPMI 2650
were cultured in MEM supplemented with 10 % (v/v) FBS and 1 % (v/v)
non-essential amino acid solution and incubated at 37 °Cin 5 % CO, and
95 % relative humidity (RH). After reaching approximately 90 % con-
fluency, the cells were seeded at a density of 5 x 10° cells/mL per well in
96-well plates (Corning Costar, USA) and allowed to adhere. BSA solu-
tion, PNPHO polymer solutions, and both the BSA-PNPHO formulations
were diluted in cell medium to obtain BSA 1 mg/mL, PNPHO 20 mg/mL,
PNPHO 35 mg/mL and formulations of corresponding concentrations in
the final volume. After 24 h, the cells were treated with 100 pL of the
samples at the concentrations specified and incubated for another 24 h.
The treatment samples were removed from the wells and cells were
exposed to the MTS reagent (1:5 v/v MTS: cell medium) for 3 h. The
absorbance was measured at a wavelength of 490 nm using the Spec-
traMax ID3 microplate reader (Molecular Devices, USA).

2.2.6. Transepithelial drug transport, transepithelial electrical resistance
measurement and Flu-Na permeability study

2.2.6.1. Drug transport study. The RPMI 2650 cells with a seeding
density of 2.5 x 10° cells/mL were cultured on the apical side of
Snapwell cell culture inserts (Corning Costar, USA) coated with a
polyester membrane (0.4 pm pore size, 12 mm diameter insert) in 6-well
plates at 37 °C and 5 % CO5. The cells were initially grown in 200 pL cell
media on the apical side of the insert and the insert was submerged in 2
mL cell media on the basolateral side. After 48 h, the apical medium was
aspirated and the basal medium was replenished with fresh cell medium
every second day to facilitate the growth of nasal cells at the air-liquid
interface (ALI) for 14 days. For the drug transport study, Snapwell in-
serts containing cells were fitted into a 3D printed modified expansion
chamber connected to NGI as described by Pozzoli et al. [39] and BSA
solution and NPs formulations aerosolized at a flow rate of 15 L/min, as
illustrated in Fig. 2. The inserts were then placed back into the wells
with 2 mL HBSS in the basolateral chamber and incubated for 4 h to
conduct the transport study. During this 4-h transport study, 200 pL of
samples were withdrawn from the basolateral compartment at regular
time intervals (0.5, 1, 1.5, 2, 2.5, 3 and 4 h) and replaced with an equal
volume of pre-warmed HBSS to maintain sink conditions. At the end of
the experiment, the cells were washed gently with HBSS to collect and
quantify the amount of drug remaining on the cell surface. CelLytic re-
agent was used to lyse the cells and determine the amount of drug
present inside the cells. All the samples were analysed using HPLC
method described in Section 2.2.2.5.

2.2.6.2. Assessment of cellular integrity using TEER measurements and Flu-
Na permeability of RPMI 2650 cells. Transepithelial electrical resistance
(TEER) measurement is used to assess the barrier integrity of the
epithelial cell monolayers that is highly regulated by the tight junction
proteins [7,39,40]. The TEER of the RPMI 2650 nasal cells was
measured using EVOM2 Voltohmmeter (World Precision Instruments,
Sarasota, USA) before and after 4 h of treatment with the BSA solution
and NPs formulations (Fig. 2) as previously described by Baldelli et al.
[41]. The TEER (Q.cmz) values for the control (cells without treatment)
and treatment groups were calculated using the following equation [40]:

TEER = (RTEER - RBlank) X AMembrane

where Rrggp is the resistance of the membrane with cells for control and
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Fig. 2. Schematic illustration of the experimental setup for RPMI 2650 nasal cell treatment in a 3D printed modified expansion chamber.

treatment groups, Rpjank is the resistance of the membrane without a cell
monolayer and Apembrane iS the membrane surface area of the Snapwell
insert (1.12 cmz).

Following the TEER measurement, 200 pL of pre-warmed fluorescein
sodium (Flu-Na) solution (2.5 mg/mL), a well-known marker for the
assessment of paracellular transport [39], was added to the apical side of
the Snapwell plate and incubated at 37 °C and 5 % CO; for 60 min. 200
pL of samples were collected from the basolateral chamber at regular
time intervals (15, 30, 45 and 60 min). After the withdrawal of each
sample, an equal volume of fresh pre-warmed HBSS was added. Flu-Na
standard solutions were prepared at concentrations ranging from
0.00125 pg/mL to 250 pg/mL. The standard solutions and the samples
were added to clear flat bottom black 96 well plates (Corning, USA). The
fluorescence intensity of Flu-Na was detected using SpectraMax ID3
microplate reader (Molecular Devices, USA) at excitation A of 485 nm
and emission 4 of 538 nm. The apparent permeability coefficient (Papp,
cm/s) of Flu-Na was calculated using the following equation [40]:

dQ 1

Pop =—~
P thCOA

where dQ/dt is the flux of Flu-Na (pg/s) across the membrane, Cy is the
initial Flu-Na concentration (ug/ml) in the donor compartment, and A
(cm?) is the membrane surface area of the Snapwell insert (1.12 cm?).

2.2.7. Drug release kinetics study

The drug release kinetics from the polymeric system were evaluated
using in vitro drug transport data from the RPMI 2650 nasal cell line,
which closely simulates the nasal environment. To analyse the release
kinetics and elucidate the underlying release mechanism, the data were
fitted into various mathematical models, including zero order, first
order, Higuchi, and Korsmeyer-Peppas models.

The zero-order model (Eq. (1)) describes the systems where the rate

of drug release is independent of its concentration [42].

C=kot (Eq. 1)
where C = concentration of drug at time ‘t’

t = time

ko = zero order rate constant expressed in units of concentration/
time

The first-order model (Eq. (2)) explains the release from systems
where the drug release rate is concentration dependent [42].

Log C=Log Co—k;t/ 2.303 (Eq. 2)
where Cy = initial concentration of drug

ky = first order rate constant

The Higuchi model (Eq. (3)) explains the release of drugs from an
insoluble matrix as a square root of time-dependent process based on
Fickian diffusion [42].

C=Kyt" (Eq. 3)
where Ky = constant reflecting the design variables of the system

The Korsmeyer-Peppas model (Eq. (4)) is generally used to describe
the drug release from a polymeric system [42].

Log (M, / M) =Log Kxp + n Log t (Eq. 49
where My/M,, = fraction of drug released at time ‘t’

Kgp = rate constant

n = release exponent

2.2.8. Statistical analyses

All the experiments were conducted in triplicate and results
expressed as mean + standard error of the mean (SEM). Statistical data
analyses were performed by two-way analysis of variance (ANOVA)



T.T.S. Khan et al.

with Tukey’s post-test using GraphPad Prism (version 10.2.2) with a p-
value less than 0.05 considered as statistically significant.

3. Results and discussion
3.1. Characterization of BSA-PNPHO NPs

3.1.1. Size, PDI, {-potential, and encapsulation efficiency of the NPs
formulations

The BSA NPs were characterized in terms of particle size, PDI,
C-potential, and drug EE.

Particle size is crucial for achieving targeted drug delivery and
hence, minimizes systemic side effects [31]. Although nasal drug de-
livery offers rapid absorption and high bioavailability, most PPDs are
not well absorbed across the nasal mucosa due to their low permeability
[43]. Nanoparticulate systems have been particularly useful for bio-
pharmaceuticals that have low epithelial cellular permeability [44].
Currently, no evidence regarding the optimal particle size is available
for effective nasal drug delivery for systemic use and N2B delivery.
However, studies suggest that to successfully cross the N2B epithelial
barrier, the particle size should generally be less than 200 nm [31,33,
45-48]. Moreover, the transport of therapeutic agents across the olfac-
tory epithelium to the olfactory bulb (OB) and subsequently to the brain
occurs through different processes, depending on their size [49]. If the
size is between 10 nm and 300 nm, the NPs can deliver the therapeutic
agents directly to the brain via the olfactory region [49]. Particles <200
nm are taken up via clathrin-dependent endocytosis, while those be-
tween 100 nm and 200 nm are transported by caveolae-mediated
endocytosis [49]. Most of the peptide- or protein-loaded NPs studied
for N2B delivery typically fall within the size range of 50-150 nm,
however, particles as large as 440 nm have also been successfully
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delivered to the brain [14]. In the current study, the average particle
sizes of the BSA 1 mg/mL + PNPHO 20 mg/mL and BSA 1 mg/mL +
PNPHO 35 mg/mL NPs formulations were found to be 28.32 + 0.09 nm
and 39.64 + 0.31 nm, respectively, which fall within the suitable range
of drug delivery to the systemic circulation and brain. The increase in
particle size with higher polymer concentration was statistically signif-
icant (p < 0.05).

For IN formulations, a PDI value of <0.3 is typically recommended
[33]. In this study, both NPs formulations exhibited PDI values ranging
from 0.25 to 0.39, indicating a narrow particle size distribution and
suggesting that the particles are monodispersed and suitable for nasal
aerosolization.

C-potential is an important index for drug uptake and physical sta-
bility of NPs formulations [33]. The BSA-PNPHO NPs demonstrated
C-potential values between —3 mV and —5 mV, reflecting an overall
negative surface charge. While NPs with a positive {-potential tend to
enhance and prolong drug retention in the nasal mucosa owing to the
electrostatic interaction with negatively charged mucin residues, how-
ever, they can also induce cytotoxicity, potentially leading to nasal
irritation and subsequently injury [14]. Some studies have shown that
the use of certain anionic nanocarriers resulted in improved perme-
ability across the olfactory epithelium based on their surface chemical
composition compared to positively charged carriers such as chitosan
[14,33]. These results can be correlated with our study that shows that
the NPs produced with a negative surface charge may consist of a
chemical moiety responsible for the mucoadhesivity of the polymer, and
thus could facilitate controlled and effective drug delivery to the target
tissues [50].

The EE for both NPs formulations was found to be approximately 86
%, indicating that a significant fraction of the active drug is effectively
incorporated into the nanocarriers, which is critical for maximizing
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Fig. 3. BSA-PNPHO interaction study using mass photometry. Time course analyses for (A) BSA (B) PNPHO and (C) BSA-PNPHO.
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therapeutic efficacy. This is particularly important for N2B drug de-
livery, where achieving an adequate concentration to the olfactory re-
gion, which constitutes only a small portion of the nasal cavity [51], is
essential for efficacy. Moreover, encapsulating the PPDs in polymeric
NPs provides drug protection against protease environment, enhancing
their stability [52]. Additionally, a high EE ensures less drug wastage
and effective utilization of the active ingredient, potentially lowering
production costs [53].

3.1.2. Drug-polymer interaction study

The individual time course analyses of the possible drug-polymer
interaction for each sample are presented in Fig. 3. From the results it
can be observed that the ~40 kDa peak in the BSA sample (Fig. 3A) is
consistently missing from each time point of the BSA-PNPHO sample
analysed (Fig. 3C), suggesting interaction between the drug and the
polymer under the experimental conditions. However, further comple-
mentary techniques (e.g., isothermal titration calorimetry, nuclear
magnetic resonance) are needed to confirm the nature and strength of
the interaction. The interaction indicated by the observed mass shift in
the mass photometry data potentially may enable controlled drug
release by modulating the drug’s dissolution or diffusion rates.
Furthermore, drug-polymer complexes could improve bioavailability by
protecting the drug from degradation.

3.1.3. Physico-chemical stability and encapsulation efficiency retention
study of the NPs

The changes in the physicochemical properties of NPs formulations
were evaluated by comparison of the size, PDI, and {-potential over a
period of 28 days after storage at 4 °C and 20 °C (Fig. 4). No significant
changes were observed in these parameters during the experimental
period when stored at 4 °C, with average sizes maintained at around 28
nm and 39 nm, respectively, PDI< 0.4, and {-potential between —3 mV
and —6 mV. A greater fluctuation in size and {-potential of the NPs was
observed when stored at 20 °C. At this higher temperature, the size of
the NPs was observed to increase significantly from Day 14 onwards.
This change may be attributed to particle agglomeration upon long-term
storage at higher temperatures, while the lower temperature prevents
particle collision and agglomeration due to reduced kinetic energy [54].
Additionally, at lower temperature, the polymer adopts a coiled chain
structure, which is less prone to degradation. As the temperature
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Table 1
Encapsulation efficiency of NPs formulations at 4 °C and 20 °C for a period of 4
weeks.

Encapsulation efficiency (%)

Day BSA 1 mg/mL + PNPHO 20 mg/mL  BSA 1 mg/mL + PNPHO 35 mg/mL

®© 4°C 20°C 4°C 20°C

DO 85.59 - 86.55 -
(£0.15) (+0.46)

D1 89.06 92.26 (+0.16) 91.38 8.19 (+1.03)
(+0.06) (+0.03)

D4 91.57 95.23 (£+0.04) 92.24 36.79 (£0.32)
(+0.07) (+0.29)

D7 89.70 92.36 (+0.16) 92.13 28.05 (£3.59)
(+0.08) (+0.02)

D14 94.53 29.43 (+4.66) 96.14 30.72 (£0.43)
(+0.18) (+0.018)

D21 87.75 white 91.68 white
(+0.20) agglomerates (+0.004) agglomerates

D28 90.73 94.21
(£0.04) (+£0.12)

Data is expressed as mean (+SEM), n = 3.

increases, the polymer is in the process of degradation, gradually tran-
sitioning to a globular structure, leading to the formation of agglomer-
ates over time. Furthermore, both NPs at room temperature drifted
towards the positive charge over time.

The polymer’s ability to maintain BSA entrapment was assessed over
a period of 4 weeks (Table 1). The EE was retained within a range of 86
%-96 % for both NPs formulations at 4 °C throughout the study period.
However, for BSA 1 mg/mL + PNPHO 20 mg/mL, the EE significantly
dropped from 92 % to 29 % by Day 14 at 20 °C. Similarly, the EE of BSA
1 mg/mL + PNPHO 35 mg/mL decreased to 30 % by Day 14 at 20 °C.
Both the formulations formed white agglomerates at 20 °C post Day 14.
This infers that the NPs formulations should be stored at 4 °C to maintain
their physical stability.

3.1.4. Aerosol droplet size distribution

Determining the droplet size distribution is important not only for
evaluating the nasal deposition efficiency of the aerosol produced by the
nasal spray device but also for complying with the FDA guidelines that
restrict the unwanted deposition of a fraction of small droplets in the
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Fig. 4. Short-term stability study of BSA-PNPHO NPs formulations stored at (A) 4 °C and (B) room temperature (20 °C). Samples were evaluated in terms of size (i),
PDI (ii), and zeta potential (iii) for a period of 28 days. The results are represented as mean + SEM (n = 3).
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Table 2

Aerosol droplet size distribution.

BSA 1 mg/ BSA1mg/mL + PNPHO  BSA 1 mg/mL + PNPHO
mL 20 mg/mL 35 mg/mL
Dv (10) 47.70 73.64 (£1.90) 70.43 (£2.64)
(pm) (+1.22)
Dv (50) 147.77 218.07 (+3.08) 237.23 (+£13.13)
(pm) (£1.28)
Dv (90) 373.00 567.03 (+£27.52) 643.67 (£19.60)
(pm) (£13.35)
%V <10p  0.09 (£0.05) 0.004 (£+0.004) 0.05 (+0.01)
(%)
Span 2.20 (+0.08) 2.26 (£0.11) 2.42 (£0.07)

Data is expressed as mean (+SEM), n = 3.

lungs from the nose [55,56]. In general, Dv50 for nasal spray is between
30 pm and 120 pm [57]. If the droplet size is too fine (<10 pm) there is a
possibility that the particles will pass through the nasal passages and
deposit in the lungs, which can result in undesirable effects [57,58]. On
the other hand, if the droplet size is too large (>120 pm), the spray may
be trapped in the nostrils [57,58].

Table 2 shows the Dv10, Dv50, Dv90, and Span values generated
upon actuation of the BSA solution and NPs formulations at 45° angle.
Both Dv50 and Dv90 were significantly higher for the NPs formulations
compared to the BSA solution alone (p < 0.01), due to the presence of

(A)
0
s .5_ U
E
S -104
[
£
S -15-
©
° T
N 220 s
*
-25 1 I 1 1 ] I
LRSI
S N
R
NP/Mucin (w/w)
©
0
S 54
E I.l
S 10
| =
2
o -15+ rrrn
Q -k —_—
s LR L
E -20- conn L
o
-25 1 I 1 1 1 1 1 I 1 1
\<°\ g’f’ \6\\ ,Q"’ &Q& \'5 \(& \”} \\o\ \h
S ¥ O N ) O
RS AR SR
Q.& & & & &
SR R R
& °

Journal of Drug Delivery Science and Technology 110 (2025) 107070

the PNPHO polymer in the formulations. It was also observed that the
droplet size becomes larger with increase in polymer concentration from
20 mg/mL to 35 mg/mL. The median droplet size ie., Dv50 of the
aerosols for the BSA solution and formulations was found >120 pm,
indicating the aerosols are most likely to deposit on the anterior parts of
the nose upon actuation, and can be quickly removed by sneezing or
mucociliary clearance [56,59]. A negligible respirable fraction (droplets
<10 pm) was observed for all samples, minimizing aerosol deposition to
the lungs.

3.1.5. Viscosity measurements

As the rheological behaviour of nasal formulations influences their
spray characteristics [58], the viscosity of the NPs formulations were
measured at 25 °C and compared to the aqueous BSA solution as the
control. Both BSA and NPs formulations exhibited a very low viscosity of
0.00224 Pa.s (for control formulation containing BSA only), 0.00163 Pa.
s (for BSA with PNPHO 20 mg/mL formulation), and 0.00205 Pa.s (for
BSA with PNPHO 35 mg/mL formulation), respectively. Some studies
reported that nasal formulations with higher viscosity is associated with
larger droplet size [58]. However, in the current study, the viscosity
levels were not high enough to produce such large droplets for all
samples (Table 2). Notably, a directly proportional correlation was
observed between polymer concentration and viscosity. Interestingly,
the Dv50 of the free drug was lower, while its viscosity was higher
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Fig. 5. Mucin-nanoparticle interaction. (A) {-potential measurements of BSA 1 mg/mL + PNPHO 20 mg/mL without mucin (NP) and with mucin at varying NP:
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compared to the formulations, which did not exhibit a similar
correlation.

3.2. In vitro mucin/nanoparticle interaction

The ¢-potential of the mucin-NP complexes was measured to evaluate
the mucoadhesive characteristics of the PNPHO polymer encapsulating
BSA. As shown in Fig. 5A and B, the surface charge of the NPs became
more negative upon incubation with mucin at NP:mucin ratios of
1:0.025 and 1:0.5 for both formulations, compared to the NPs without
mucin. The observed shifts in {-potential were statistically significant,
indicating an interaction between the mucin and the NPs. However, as
the mucin concentration increased further, a decrease in the negative
{-potential was noted, suggesting that the mucin may begin to saturate
the available surface binding sites on the NPs, thereby shielding the NP
surface charge at higher ratios and reducing the overall electrostatic
interactions between the mucin and the NPs. Additionally, when the
C-potential of the mucin-NP complexes was compared with that of mucin
at corresponding concentrations (Fig. 5C and D), a statistically signifi-
cant difference was observed. This further infers that the changes in the
surface charge of the NPs are due to the adsorption of mucin onto the NP
surface. Furthermore, NPs with a more negative {-potential than the
mucin may experience electrostatic repulsion, leading to weaker or no
mucoadhesion. In contrast, NPs with a charge similar to or slightly less
negative than mucin may interact more favourably with mucin, pro-
moting mucoadhesion. These interactions are crucial for overcoming
mucociliary clearance, thereby prolonging the drug residence time on
mucosal surface and enhancing its bioavailability following IN
administration.

Compared to cationic NPs, which typically exhibit stronger
mucoadhesion and enhanced paracellular transport by transiently
opening epithelial tight junctions (e.g., chitosan) [60], anionic systems
generally display weaker binding to mucin [61], resulting in reduced
nasal residence time. However, despite the lower surface charge of the
NPs used in this study, the sol-gel transition of the thermoresponsive
PNPHO polymer at physiological temperature may partially compensate
for the limited nasal mucosal interaction by reducing mucociliary
clearance, thereby prolonging drug residence time. Moreover, although
cationic systems provide improved adhesion, they are often associated
with epithelial toxicity or irritation, especially upon repeated adminis-
tration, raising safety concerns [62]. Therefore, in this context, the
PNPHO polymer’s biocompatibility renders it a safer option compared
to these cationic polymers.

3.3. In vitro nasal drug deposition study

3.3.1. Silicone human nasal cast

A transparent silicone nasal cast was used to evaluate the regional
deposition of the formulations in the nasal cavity 20 min after actuation
of the Aptar VP7 N2B targeting nasal spray device at 45° and 70° angles
to the horizontal, and results compared with free BSA solution. The area
covered was analysed by segmenting each region of the nasal cavity, as
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illustrated in Fig. 6, with the coverage for each region calculated as a
percentage of the total surface area of that region (Table 3). Compared to
the free drug (14.74 + 0.58 % vs 13.26 + 3.11 %), the NPs formulations
demonstrated greater coverage of the total nasal cavity (16.60 + 0.45 %
vs 16.96 + 0.98 % and 24.16 + 1.98 % vs 22.60 + 0.31 %) at both spray
angles, with coverage increasing as polymer concentration rose. For the
BSA only, drug deposition was predominantly observed in the nostrils,
followed by the olfactory region and turbinates at the 45° spray angle. In
contrast, both NPs formulations showed a similar deposition pattern
across all three regions, at their respective concentrations. At the 70°
spray angle, the nostrils and olfactory region had higher coverage than
the turbinates for all three samples.

The area of the olfactory region covered by BSA 1 mg/mL + PNPHO
35 mg/mL (40.88 + 0.62 %) was found to be greater than that of BSA 1
mg/mL (30.42 + 0.14 %) and BSA 1 mg/mL + PNPHO 20 mg/mL (20.10
+ 3.87 %) at 45°, with the increase being statistically significant
(Table 3 and Fig. 7). This suggests that the NPs formulation containing
35 mg/mL of polymer achieves more targeted deposition in the olfactory
region, likely due to its thermosensitive nature at 37 °C, enabling
mucoadhesivity to the target area at this higher concentration and en-
hances its surface retention relative to the free drug and NPs formulation
with a lower polymer concentration at 20 min time point. These results
indicate the potential of the polymer at higher concentrations to facili-
tate N2B drug delivery. In contrast, there is no notable difference in
olfactory area coverage among the three samples at 70° spray angle
(Table 3 and Fig. 7), with a similar deposition pattern.

Regardless of the variation in nasal spray administration angles, no
significant difference in the total area coverage of the nasal cavity and
other nasal sections was observed, except for BSA 1 mg/mL + PNPHO
20 mg/mL, which demonstrated a significant increase in olfactory area
coverage at 70° compared to 45°, as depicted in Fig. 7. Deposition of BSA
and the NPs formulations appeared to be negligible in the nasopharynx
at both angles, suggesting the samples are less likely to deposit in the
lower airways.

3.3.2. Alberta nasal cast deposition

The drug recovered from each section of the Alberta nasal cast was
evaluated at 45° and 70° angles, as illustrated in Fig. 8. At 45° spray
angle, only a small fraction of the drug administered i.e., ~0.5 %-0.8 %
reached the olfactory area and the difference in deposition between BSA
and the NPs formulations was not statistically significant. The low drug
deposition in the olfactory area may be since it comprises only a small
portion of the nasal cavity and requires the drug to navigate through a
narrow nasal airway passage, which is difficult to access [7].

For the BSA only, the drug predominantly deposited in the turbinates
(67.33 + 1.13 %), followed by the nasopharynx (25.15 + 0.45 %),
nostril (6.78 + 0.51 %), and olfactory region (0.75 + 0.18 %). In
contrast, both the NPs formulations primarily deposited in the naso-
pharynx (63.12 + 1.50 % and 61.22 + 2.76 %), followed by the turbi-
nates (27.64 £ 0.72 % and 30.82 + 3.24 %), nostril (8.38 & 0.79 % and
7.36 + 0.44 %), and olfactory region (0.85 + 0.01 % and 0.59 + 0.04
%).

Nasal cavity

Nostril

Turbinates

Olfactory area Nasopharynx

Fig. 6. Segmentation of different regions of the silicone human nose model for in vitro drug deposition analysis.
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Table 3
Area coverage data for different regions of the silicone nasal cast.

Journal of Drug Delivery Science and Technology 110 (2025) 107070

Region area coverage (%)

Spray angles Total nasal cavity Nostril Turbinates Olfactory region Nasopharynx
BSA 1 mg/mL 45° 14.74 (+£0.58) 41.67 (+4.22) 21.18 (+0.92) 30.42 (+0.14) 0 (+0)
70° 13.26 (£3.11) 35.39 (+13.68) 18.48 (+4.42) 34.09 (+1.66) 0 (+0)
BSA 1 mg/mL + PNPHO 20 mg/mL 45° 16.60 (£0.45) 25.39 (4+2.06) 25.30 (+0.47) 20.10 (+3.87) 0 (£0)
70° 16.96 (£0.98) 33.33 (£2.15) 24.45 (+3.00) 34.30 (+0.53) 0 (+0)
BSA 1 mg/mL + PNPHO 35 mg/mL 45° 24.16 (+1.98) 36.67 (+3.82) 36.43 (+4.62) 40.88 (+0.62) 0.43 (+0.43)
70° 22.60 (+0.31) 45.15 (+0.86) 34.20 (+1.05) 36.62 (+0.80) 0.64 (+0.64)

The coverage for each region was calculated as a percentage of the total surface area of that specific region. Data is expressed as mean (=SEM), n = 3.
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Fig. 7. Graphical representation of the percentage area of the olfactory region
covered at 20 min post actuation of BSA 1 mg/mL and the NPs formulations
from the VP7 nasal delivery device at 45° and 70° angles to the horizontal
plane. (n = 3, mean + SEM), *, p-value <0.05, **, p-value <0.01, ***, p-
value <0.001.

At a spray angle of 70°, the formulation with PNPHO 20 mg/mL
showed only 0.36 + 0.36 % deposition in the olfactory region, and no
drug deposition was observed in the target area for either the BSA so-
lution or the PNPHO 35 mg/mL containing formulation, which may be
attributed to the drug concentration falling below the detection limit. At
this spray angle, the free BSA aerosol droplets predominantly deposited
in the turbinates (66.91 + 3.15 %), followed by the nasopharynx (19.76
+ 2.48 %), and nostril (13.33 £ 5.63 %). The NPs formulations mostly
deposited in the turbinates (53.85 + 12.14 % and 64.94 + 9.25 %), with
similar amounts reaching both the nasopharynx (20.75 + 2.67 % and
19.02 + 0.84 %) and nostril (25.04 + 15.18 % and 16.03 + 10.08 %).
No drug was detected in the NGI stages for either of the samples, sug-
gesting these NPs formulations can be suitable for nasal delivery.
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While the silicone and Alberta nasal casts used in this study offer
valuable insights into regional deposition patterns of the NPs formula-
tions, they do not fully replicate the physiological complexity of the
human nasal cavity. Specifically, they lack dynamic factors such as
mucociliary clearance, enzymatic degradation, local immune responses,
variations in nasal airflow due to breathing patterns or posture, and
interindividual anatomical variability [63,64]. As a result, these static in
vitro models may overestimate nasal deposition or retention compared
to in vivo conditions, limiting their predictive accuracy for human nasal
drug delivery and N2B targeting. Nevertheless, the casts encompass key
anatomical regions, including the vestibule, turbinates, olfactory region,
and nasopharynx, making them more physiologically representative
than simpler models. They remain a valuable and cost-effective pre-
clinical tool for evaluating IN deposition and enabling rapid optimiza-
tion of IN drug formulations.

3.4. Cytotoxicity study of RPMI 2650 nasal epithelial cells

The cytotoxicity of BSA, PNPHO at varying concentrations, and NPs
formulations were evaluated in RPMI 2650 cells using the MTS assay.
The cell viability threshold was set to <70 % compared to the negative
control group (cells without treatment) according to ISO 10993-5, for
the samples to be considered cytotoxic.

The cell viability for all treatment samples was found to be above 70
% as shown in Fig. 9, indicating that none of the treatments elicited
toxicity at the concentrations used.

3.5. Transepithelial drug transport, TEER measurement and Flu-Na
permeability study

The RPMI 2650 cells grown under ALI conditions were treated with
BSA alone and with formulations containing PNPHO to evaluate the
polymer’s effect on drug permeation across the cells compared to
unencapsulated BSA. Approximately 60 % of the BSA drug was
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Fig. 8. Graphical representation of in vitro drug deposition in various regions of Alberta nasal cast. BSA 1 mg/mL and the NPs formulations were delivered to the
nasal cavity using VP7 nasal spray pump positioned at (A) 45° and (B) 70° angles to the horizontal plane. Each sample was subjected to 10 actuations per run. (n = 3,

mean + SEM).
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Fig. 10. Drug transport study and assessment of the epithelial barrier integrity in ALI cultured RPMI 2650 cells. (A) Transport study with BSA and BSA-PNPHO NPs
formulations in RPMI 2650 cells over 4 h period. The bars represent the percentage of the total mass of BSA remaining on the apical chamber (black bars), inside the
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transported across the nasal cells to the basolateral chamber after 4 h of
aerosol deposition for all the treatments (BSA alone and in combination
with the polymer). The amount of drug retained on the apical surface of
the cells and inside the cells was similar for all the treatments and was
found to be significantly lower than the amount of drug transported
(Fig. 10A). While no significant difference in drug permeation was
observed between the free drug (63.37 + 0.80 %) and the NPs formu-
lation with lower polymer concentration (59.02 + 0.55 %), BSA 1 mg/
mL + PNPHO 35 mg/mL displayed a statistically significant decrease in
drug transport (p < 0.01), i.e., 55.77 £ 2.09 %, compared to the free
drug ie., 63.37 £+ 1.13 % at 4 h. This suggests that the polymer may
provide a sustained drug release effect at higher concentrations.

To assess the barrier integrity of the RPMI 2650 ALI cultures post 4 h
of treatment, TEER measurements and Flu-Na study were performed. As
presented in Fig. 10B, the TEER of RPMI 2650 cells remained unaffected
after exposure to BSA (before treatment: 105.51 + 3.67 Q cm? vs after
treatment: 115.97 + 1.98 Q cm?) for 4 h. Conversely, a significant in-
crease in TEER value was observed for low polymer formulation (52.40
+4.52 Q cm? (pre-treatment) to 91.81 + 4.10 Q cm? (post treatment), p
< 0.05) and also for high polymer formulation (51.56 + 4.23 Q cm?
(pre-treatment) to 149.44 + 23.02 Q cm? (post treatment), p < 0.001)
(Fig. 10B). These findings suggest that exposure of the nasal cells to the
formulations with polymer affected their barrier integrity by tightening
the tight junctions, with more pronounced effect observed with the
higher polymer concentration, thus, enhancing drug retention in situ.

To investigate the impact of all the three treatments on the para-
cellular permeability of nasal cells, which also depends on the integrity
of the epithelial tight junctions, Papp of the paracellular marker, Flu-Na,
was assessed. As shown in Fig. 10C, exposure of RPMI 2650 cells to BSA
only and the formulations had no significant effect on the permeation of
Flu-Na compared to the cells with no treatment (control) after 4 h of
drug deposition, with Papp of 12.9 + 7.60 x 107 cm/s, 12.8 + 1.40 x
107° cm/s, 15.6 + 6.92 x 10°° cm/s, and 12.8 + 1.62 x 1073 cm/s,
respectively. These results suggest that although, TEER values increased
with increase in polymer concentration, however, the PNPHO contain-
ing NP formulations does not affect paracellular permeability, thus
maintaining the epithelial barrier integrity.

Importantly, the formulation with higher polymer concentration -
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PNPHO 35 mg/mL exhibits significantly higher TEER and demonstrates
notably less BSA transport compared to free BSA, suggesting the po-
tential of the formulation to retain the drug for longer on the nasal
surface by delaying the drug release compared to the free drug, resulting
in a sustained release effect that is desirable for nasal formulations.

3.6. Drug release kinetics study

The release kinetics of BSA from NPs formulations were investigated
by fitting the drug transport data to zero order, first order, Higuchi, and
Korsmeyer-Peppas models (Fig. 11). The model that best described
release behaviour and underlying mechanism was determined based on
the correlation coefficient (RZ) and n values for each formulation sum-
marized in Table 4. The Korsmeyer-Peppas model provided the best fit to
the drug release data, as evidenced by the highest R? values. The n
values < 0.21 for both formulations, indicated that the release mecha-
nism followed Fickian diffusion, suggesting that drug release was pri-
marily governed by diffusion through the hydrated polymer matrix
rather than matrix erosion. Since the transport study was conducted
over a 4-h period, which is short relative to the expected biodegradation
rate of the PNPHO polymer, polymer erosion is unlikely to significantly
contribute to the drug release observed during this study duration,
further supporting the predominance of diffusion as the release mech-
anism. Additionally, at higher polymer concentration, the NPs matrix
becomes more compact and crosslinked, likely reducing pore size and
increasing diffusional resistance, thereby resulting in slower drug
release. The thermoresponsive behaviour of the polymer may also pro-
mote matrix densification at physiological temperature, further retard-
ing drug diffusion and prolonging residence time in the nasal mucosa.
Such a diffusion-controlled release profile is particularly beneficial for
protein therapeutics, which are susceptible to enzymatic degradation in
the nasal environment and require protection during epithelial
transport.

A number of stimuli-responsive polymers have been already
explored in several studies for PPD delivery, however, the PNPHO
polymer offers potential advantages that could complement existing
systems. For instance, chitosan, a natural polymer derived from crus-
tacean chitin, exhibits considerable immunostimulatory activity [65]. In
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Fig. 11. Drug release kinetics plot. (A) Zero order (B) First order (C) Higuchi (D) Korsmeyer-Peppas model.
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Table 4

Journal of Drug Delivery Science and Technology 110 (2025) 107070

Interpretation of parameters from drug release kinetics models for NPs formulations.

Zero order First order Higuchi Korsmeyer-Peppas

R? ko R? ky R? K R? Kxp n
BSA 1 mg/mL + PNPHO 20 mg/mL 0.59 11.18 0.68 0.18 0.85 28.27 0.91 0.46 0.21
BSA 1 mg/mL + PNPHO 35 mg/mL 0.56 10.28 0.65 0.16 0.83 26.21 0.89 0.44 0.18

contrast, the PNPHO polymer is synthetic, non-toxic, and has been
shown to induce minimal inflammatory responses in multiple in vitro
studies [26]. PLGA, while commonly used, is not inherently mucoad-
hesive and typically requires modification with other materials like
chitosan to achieve mucoadhesion [66,67]. Similarly, PEGylated sys-
tems are generally not mucoadhesive [68,69]. In contrast, the PNPHO
polymer is naturally mucoadhesive, forming a gel at physiological
temperature, as demonstrated by in vitro mucin-binding study. Addi-
tionally, while other polymeric nanocarriers, such as poloxamer, are not
biodegradable [70], the PNPHO polymer is [25,26]. Altogether, the
findings of this study highlight the potential of the PNPHO polymer in
enabling more efficient and targeted IN delivery of peptides and pro-
teins, offering a promising strategy to improve current therapeutic
approaches.

4. Conclusions

PPDs play a crucial role in pharmaceutical formulations due to their
specificity and biocompatibility, for a wide range of chronic and acute
conditions. To avoid the conventional invasive method of PPD admin-
istration, PPDs could be delivered via the IN route. However, there are
significant challenges associated with IN delivery owing to the small
nasal cavity area resulting in limited absorption capacity, rapid muco-
ciliary clearance and enzymatic degradation. In the present study, a
polymer-based nanocarrier system, PNPHO polymer, known for its in-
situ gelling property at physiological temperature has been utilised to
address these challenges and prolong drug residence time for enhanced
absorption. PNPHO formulation at a concentration of 35 mg/mL
demonstrated greater targeted deposition of BSA protein across the nasal
cavity and the olfactory region compared to PNPHO 20 mg/mL and free
BSA. Importantly, the 35 mg/mL PNPHO formulation exhibited lower
drug transport and higher TEER values post 4 h of exposure in nasal
epithelial cells, thus indicating enhanced mucoadhesion and prolonged
drug release while reducing mucociliary clearance and increasing nasal
surface contact time. Although, both PNPHO formulations demonstrated
high encapsulation efficiency, highlighting their ability to protect pep-
tides and proteins against biological barriers, the higher concentration
of PNPHO formulation was found to be the optimum NPs formulation for
increasing drug residence time and attain the desired sustained release
effect. Overall, the study has shown that PNPHO polymer holds signif-
icant potential as a carrier for targeted delivery of peptide/protein using
the IN route.
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