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Introduction

Nasal powder delivery has emerged as a promising 
approach for systemic delivery of both small and large mol-
ecules given the large surface area and high permeability 
of nasal mucosa, leading to fast drug absorption (Fortuna 
et al. 2014). The majority of nasal products are liquid for-
mulations. However, they present challenges regarding 
chemical and microbiological stability and fast clearance 
from the nasal cavity. Powders for nasal delivery provide 
higher mucoadhesion and stability (Trenkel and Scherließ 
2021) and enable the administration of poorly soluble drugs 
(Tiozzo Fasiolo et al. 2019; Henriques et al. 2022).

In the past decade, there has been a notable rise in the 
number of poorly soluble drugs both in development and 
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Abstract
Purpose Amorphous solid dispersions (ASD) for nasal delivery offer the opportunity to increase drug release performance, 
while using polymers with mucoadhesive properties. The aim of the present study was to apply this solubility enhancement 
technique to a poorly soluble drug for nasal delivery, while comparing two particle engineering strategies, namely spray 
dried microparticles and chimeral agglomerates, with the corresponding physical blends with crystalline drug.
Methods Formulations of piroxicam were manufactured using varied polymer and particle engineering strategies and evalu-
ated through in vitro drug release and ex vivo permeation studies, as well as nasal deposition and in vivo pharmacokinetic 
studies.
Results ASD with hydroxypropyl methylcellulose (HPMC) showed enhanced drug release and permeation, compared to 
polyvinylpyrrolidone/vinyl acetate formulations and blends. Nasal deposition of HPMC chimeral agglomerates suggested 
off-target deposition. In vivo pharmacokinetic studies revealed that spray-dried HPMC-containing microparticles exhibited 
the highest maximum plasma concentration (Cmax) and the lowest time to attain it (tmax). In vitro release rate and in vivo 
absorption rate were correlated as well as tmax and in vitro performance. When excluding the formulation with least nasal 
targeted deposition, in vitro release and ex vivo permeation performance were also correlated with Cmax and area under the 
drug concentration-time curve (AUC) from 0 to 1 h, with R2 > 0.89.
Conclusion ASD for nasal delivery provide fast drug absorption, which depends on the supersaturation ability of the poly-
mer employed. In vitro-in vivo correlations suggested that in vitro release and ex vivo permeation studies are predictive tools 
regarding nasal absorption.
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on the market (Bennett-Lenane et al. 2020; Nunes et al. 
2022). Production of amorphous solid dispersions (ASD) is 
an established formulation strategy to overcome solubility 
challenges (Williams et al. 2013; Newman 2015). It can be 
additionally applied to nasal delivery (Pozzoli et al. 2017; 
Suwabe et al. 2023) with mucoadhesive polymers, increas-
ing both dissolution and residence time of the formulation 
in the nasal cavity. Common strategies to manufacture ASD 
for nasal delivery include spray drying to obtain particles 
within the target size range of 10 to 45 μm (Tiozzo Fasiolo 
et al. 2018), or smaller particles of 1.5 to 29 μm, further 
agglomerated into larger agglomerates of 106 to 1000 μm 
(Colombo et al. 2005). These have been described as chi-
meral agglomerates since their size is transient and reduces 
during insufflation (Colombo et al. 2005). The technology 
of chimeral agglomerates has been shown to improve nasal 
drug release due to the small size of the primary particles 
incorporated in a free-flowing powder (Russo et al. 2004; 
Balducci et al. 2013). In spite of the current knowledge on 
formulation, manufacturing and characterization of nasal 
powders (Tiozzo Fasiolo et al. 2018; Henriques et al. 2022), 
scarce studies compare particle engineering strategies and 
evaluate the potential of ASD (Pozzoli et al. 2017; Tiozzo 
Fasiolo et al. 2021; Suwabe et al. 2023). Additionally, pre-
dictive in vitro methodologies are not standardized (Wadell 
et al. 2003; Jug et al. 2018; Furubayashi et al. 2020; Giesz-
inger et al. 2021) and many different apparatus and method 
variables are used for nasal powder drug release (Huh et al. 
2010; Dalpiaz et al. 2015; Colombo et al. 2016; Papakyria-
kopoulou et al. 2021), permeation (Wadell et al. 2003; Tas 
et al. 2009; Gonçalves et al. 2016) and deposition (Kundoor 
and Dalby 2011; Trows and Scherließ 2016; Cunha et al. 
2022; D’Angelo et al. 2023). In vitro-in vivo correlations 
(IVIVC) would be a valuable tool to support the use of pre-
dictive in vitro methodologies as well as to guide formu-
lation and process development (Shen and Burgess 2015; 
Gieszinger et al. 2021).

In this context, piroxicam (PXC), a non-steroidal anti-
inflammatory drug (NSAID) with analgesic properties, was 
herein chosen as a model low solubility drug for systemic 
nasal drug delivery. Other NSAIDs have been used for nasal 
delivery, such as meloxicam (Bartos et al. 2015) and flur-
biprofen (Tiozzo Fasiolo et al. 2019) in pre-clinical stud-
ies and ketorolac as a commercial nasal spray (Food and 
Drug Administration 1989). The low solubility of NSAIDs 
for nasal delivery, namely meloxicam and flurbiprofen, has 
been addressed in the literature, either through the use of 
excipients, or as a salt form (Bartos et al. 2015; Horváth 
et al. 2016; Tiozzo Fasiolo et al. 2019). To our best knowl-
edge, the low solubility of PXC has never been addressed 
in order to improve drug release and nasal absorption of 
powder formulations. Studies with other drugs have shown 

an enhanced biopharmaceutical performance of amorphous 
nasal powders compared to crystalline drug material (Gavini 
et al. 2006, 2011; Jug and Bećirević-Laćan 2008; Elmowafy 
et al. 2014; Pozzoli et al. 2017; Suwabe et al. 2023). How-
ever, these are often compared only with the corresponding 
blends or crystalline drug, and do not comprise other par-
ticle engineering strategies such as chimeral agglomerates.

The purpose of the present work was to understand the 
relevance of ASD formulations for nasal delivery through 
in vitro/ex vivo performance and in vivo pharmacoki-
netic studies of ASDs of PXC, while investigating the 
impact of different polymers and comparing two different 
particle engineering strategies – (i) spray-dried micropar-
ticles (SDM) within the nasal size range and (ii) chimeral 
agglomerates – with the corresponding physical blends as 
reference. For that, six formulations were developed and 
evaluated regarding their physicochemical properties and 
performance through in vitro drug release and ex vivo per-
meation. Nasal deposition using human idealized geometry 
and in vivo pharmacokinetic studies with a rat model were 
then conducted with the selected formulations. Performance 
methodologies were chosen based on their frequent use in 
the literature and biomimetic potential (similar conditions to 
the nasal cavity) (Wadell et al. 2003; Jug et al. 2018; Jurišić 
Dukovski et al. 2019; Chen et al. 2022; Trenkel and Scher-
ließ 2023). The second aim of this study was to establish 
IVIVCs of the results obtained, in order to investigate the 
potential of the methodologies used as predictive tools for 
nasal powder development.

Materials and methods

Materials

PXC was purchased from abcr GmbH (Karlsruhe, Ger-
many). Hydroxypropyl methylcellulose (HPMC) (grade 
E3, substitution type 2910) was provided by Dow Europe 
(Horgen, Switzerland) and polyvinylpyrrolidone/vinyl ace-
tate (PVP/VA) by Ashland Specialties (Beveren, Belgium). 
Water from Milli-Q® Water Purification System (Milli-
pore®, MA, USA) was used and other solvents as aceto-
nitrile, methanol (Merck KGaA, Darmstadt, Germany) and 
dimethyl sulfoxide (DMSO) (Fisher Scientific, Loughbor-
ough, UK) were from analytical or high-performance liquid 
chromatography (HPLC) grade. Unless otherwise specified, 
all remaining chemicals were obtained from Sigma-Aldrich 
(St. Louis, MO, USA).
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Manufacturing and physicochemical 
characterization of powder formulations

PXC formulations (20%, w/w) were manufactured in a 
previous work (Henriques et al. 2021). Briefly, 3 different 
particle engineering strategies were employed, contain-
ing either HPMC or PVP/VA, in a total of 6 formulations. 
SDM, primary particles for agglomeration and polymer 
microparticles for physical blends were produced by spray 
drying, using either a lab scale spray-dryer or a commer-
cial scale spray-dryers, after dissolving the materials in a 
DCM:MeOH 80:20 (w/w) mixture. The process parameters 
are described in Table 1. The spray-dried formulations were 
further dried to remove any residual solvents in a vacuum 
drying oven at 40 ºC.

Chimeral agglomerates were produced by vibrating 5 g 
of the primary particles in a sieve shaker (Haver & Boecker, 
Oelde, Germany) equipped with two sieves (mesh sizes of 
106 and 710 μm) with an amplitude of 2.5 mm for 2 steps 
of 15 min (total of 30 min). Agglomerates retained on top of 
the 106 μm sieve were collected.

Physical blends were prepared by mixing polymer mic-
roparticles obtained by spray drying with PXC raw material, 
in a Turbula T2F blender (Willy A Bachofen AG, Muttenz, 
Switzerland) at 32 rpm for 10 min.

The formulations surface morphology was investigated 
by scanning electron microscopy (SEM). For that, samples 
were attached to carbon tapes (Ted Pella Inc., CA, USA) 
which were fixed in aluminum stubs. Any powder excess 
was removed by vacuum. Particle morphology was exam-
ined by a Phenom ProX scanning electron microscope 
(Thermo Fisher Scientific, USA) in high vacuum mode and 
acceleration voltage at 10 kV.

Particle size distribution (PSD) was assessed by laser 
diffraction in a Sympatec dry dispersion unit (Sympatec 
HELOS/BR Rodos/M Aspiros Sympatec GmbH, Claust-
hal-Zellerfeld, Germany). Depending on the formulation, 
lenses with different measuring ranges were used: R2 (0.45–
87.5 μm) and R4 (1.8–350 μm). In the dispersing method, 
the feed velocity was set to 18 mm/s and the considered 

pressure was 1 bar. Measurements were performed in 
duplicate.

XRPD was performed in an Empyrean® II diffractom-
eter (Malvern Panalytical, Malvern, UK) using a PIXcel1D 
detector with a copper radiation source, a voltage of 45 kV, 
and a filament emission of 40 mA. The samples were mea-
sured over a 2θ interval of 5–40º with a step size of 0.0131º 
and time per step of 99.45 s.

In vitro drug release and ex vivo permeation studies

In vitro drug release and ex vivo permeation studies were 
performed using vertical Franz diffusion cells (PermeGear, 
Inc., PA, USA) with a diffusion area of 0.636 cm2, with either 
a dialysis cellulose membrane (MWCO ~ 14,000, average 
flat width 33 mm, D9652, Sigma-Aldrich) as artificial mem-
brane or porcine nasal mucosa as barrier, respectively.

The fresh mucosa was provided by a local slaughter-
house (Incarpo, Condeixa, Portugal). On the day of experi-
ment, nasal tissue was carefully harvested from the ventral 
nasal turbinates of the pig and immersed in saline solution 
(0.9% w/v NaCl in MilliQ Water). Afterwards, it was cut 
to appropriate size, washed with PBS pH 7.4 and clamped 
between the donor and receptor compartments of vertical 
Franz diffusion cells (PermeGear, Inc., PA, USA), with the 
apical side facing up. Before experiments, the donor cham-
ber was filled with simulated nasal fluid (SNF) (8.77 mg/mL 
NaCl, 2.98 mg/mL KCl, 0.78 mg/mL CaCl2.2H2O, pH = 6) 
and leakage to the empty receptor chamber was monitored, 
in order to assess membrane integrity and proper arrange-
ment on the cell surface (Karavasili et al. 2016).

The receptor compartment comprised 5 mL of SNF, 
stirred at 600 rpm and maintained at 37 ºC ± 0.5 ºC (assur-
ing 32 ºC at the membrane surface) by a thermostatic water 
pump, mimicking nasal mucosa physiological conditions. 
Powder formulations (5 mg) were applied directly to the 
donor compartment followed by the addition of 50 µL of 
SNF in order to promote powder wetting. Samples from 
the receptor compartment (400 µL) were collected at 0.17 
(10 min), 0.33 (20 min), 0.5 (30 min), 1, 1.5, 2, 3, 4, 6 and 

Table 1 Spray-drying process parameters
Formulation Spray-dryer Csolids

(% w/w)
Ffeed (kg/h) Tout (ºC) Fdrying 

(kg/h)
SDM Büchi model B-290 (Flawil, Swit-

zerland) with custom made extended 
drying chamber

5 1.5 60 20

Primary particles for agglomeration Büchi model B-290 5 1.5 30 20
Polymers for physical blends PVP/VA PSD4 (Gea, Düsseldorf, Germany) 10 152 60 1500

HPMC Mobile Minor (Gea, Düsseldorf, 
Germany)

5 4 50 75

Csolids – Solids concentration; Fatom – atomization gas flow rate for two-fluid nozzle; Fdrying – drying gas flow rate; Ffeed – liquid feed flow rate; 
HPMC – hydroxypropyl methylcellulose; NA – not applicable; Pfeed – pressure for pressure nozzle; PVP/VA - polyvinylpyrrolidone/vinyl 
acetate; SDM - spray-dried microparticles; Tout – outlet drying temperature
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Scientific, Nottingham, United Kingdom) coupled with 
Next Generation Impactor (NGI) (Copley Scientific, Not-
tingham, United Kingdom). This idealized nasal airway 
geometry in aluminum was developed according to com-
putational fluid dynamics simulations performed in a set of 
realistic nasal geometries, in order to mimic human nasal 
deposition (Chen et al. 2020, 2022). The drug was quantified 
in the four regions of interest: vestibule (nostril), the turbi-
nates, the olfactory region and the nasopharynx. To mitigate 
particle bounce, the AINI and NGI stages were coated with 
Brij solution (0.15 g/ml Brij in ethanol) in glycerol (1mL 
Brij solution for 5 g glycerol) (Murphy et al. 2022). The 
device was actuated at a 45º angle between the inlet plane 
of the vestibule and the device tip (Chen et al. 2022), with 
an inhalation flow rate of 15 L/min (Kiaee et al. 2019), in 3 
actuations of 2 s each, based on previous experience using 
this device. Piroxicam quantification was performed by 
HPLC analysis in the AINI regions, NGI stages and device 
after washing with fixed volumes of methanol. The mass 
balance was calculated by the following equation,

MassBalance (%) =
mrecovered

mfilled
× 100 (1)

where mrecovered
 is the PXC mass quantified in all AINI 

regions, NGI stages and device after actuation and mfilled  is 
the PXC mass filled in the device before actuation. In order 
to normalize the results, data are presented as the fraction 
of recovered dose on AINI regions and NGI stages, with-
out considering dose retention in the device or lost in the 
equipment.

Experiments were carried out in triplicate.

In vivo studies

Animals and ethical considerations

Healthy male Wistar rats (RccHan®:WIST) were acquired 
from Charles River Laboratories (L’Arbresle, France) and 
housed under controlled environmental conditions (12 h 
light/dark cycle, temperature 22 ± 1 °C; relative humidity 
50 ± 5%) with ad libitum access to food (4RF21, Mucedola, 
Italy) and tap water. Animals were acclimated for at least 
one week before experiments.

All animal procedures were conducted in agreement 
with the international regulations of the European Directive 
(2010/63/EU) regarding the protection of laboratory ani-
mals used for scientific purposes and with the Portuguese 
law on animal welfare (Decree-Law 113/2013). The experi-
mental and care procedures were reviewed and approved 
by the Animal Welfare Board (ORBEA, 02-2021—Órgão 
Responsável pelo Bem-Estar Animal) at the Faculty of 

8 h. After each collection, the same volume was replaced 
with pre heated SNF. Collected samples were centrifuged 
for 5 min at 12,100 g (MiniSpin, Eppendorf Ibérica S.L., 
Madrid, Spain) before HPLC analysis.

The samples were analyzed by HPLC diode array detec-
tor in an integrated chromatograph model LC-2040 C-3D 
(Shimadzu Corporation, Tokyo, Japan) (Table 2). The coef-
ficient of variation (CV, %) and deviation from nominal 
value (Bias, %) were in accordance with the international 
bioanalytical guidelines issued by the International Council 
for Harmonization of Technical Requirements for Pharma-
ceuticals for Human Use (International Council For Harmo-
nization of Technical Requirements for Pharmaceuticals for 
Human Use 2022) (Table 2).

Artificial membrane inertness was assessed by incubat-
ing the dialysis cellulose membrane in SNF with a PXC 
known concentration at 32 ± 1 °C for 24 h. The membrane 
was considered to be inert if at least a 95% PXC recovery 
was attained.

Experiments were carried out in triplicate for in vitro 
drug release studies and triplicate in 3 independent experi-
ments for ex vivo permeation studies.

The attained cumulative drug release curves were fitted 
to different mathematical models in order to identify the 
possible mechanisms involved in drug release and obtain 
parameters for IVIVC, specifically zero order, first order, 
Higuchi and Korsmeyer-Peppas (Bruschi 2015).

Nasal deposition studies

Powders (20 mg) were manually filled in the same devices 
used for in vivo studies. Nasal deposition was evaluated 
using the Alberta Idealized Nasal Inlet (AINI) (Copley 

Table 2 Chromatographic conditions and partial validation parameters 
obtained for the high performance liquid chromatography (HPLC) 
assays applied for the quantification of piroxicam in in vitro drug 
release and ex vivo permeation studies
Mobile Phase Water:Acetonitrile 55:45 

(v/v) and 0.1% (v/v) of 
trifluoroacetic acid

Column InfinityLab Poroshell 
120 EC-C18 (150 mm x 
4.6 mm; 2.7 μm) at 45ºC

Flow rate (mL/min) 1.0
Detection Wavelength (nm) 337
Injection Volume (µL) 10
Retention Time (min) 3.0
Calibration Range (µg/mL) 0.03 to 50
Coefficient of determination (R2)a 0.9999
LLOQ (µg/mL) 0.03
Precision (% CV)a 3.69 to 11.41
Accuracy (% Bias)a -5.96 to 6.06
Bias, deviation from nominal value; CV, coefficient of variation; 
LLOQ, lower limit of quantification; a Inter-day values (n = 3)
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with sodium chloride 0.9% solution, dried with a sterile 
compress and weighed. Using a THOMAS® Teflon tissue 
homogenizer, tissues were homogenized with 3 mL (brain) 
or 4 mL (lungs) of sterile saline per gram of tissue and tissue 
homogenates were centrifuged at 4147 g for 15 min at 4 °C 
(Serralheiro et al. 2014; Gonçalves et al. 2021).

Drug analysis

The HPLC method to quantify PXC in plasma was firstly 
developed and validated in human plasma (see supplemen-
tary material) and then adapted and partially validated for 
rat plasma and tissues.

Sample preparation consisted of adding 10 µL of 
naproxen working solution (internal standard, at 100 µg/mL 
in acetonitrile) and 50 µL of hydrochloric acid 0.1 M to 100 
µL of plasma or lung homogenate supernatant, or 150 µL of 
brain homogenate supernatant. After vortex-mixing for 5 s, 
samples were subjected to two liquid-liquid phase extrac-
tions with diethyl ether. Briefly, 330 µL of diethyl ether was 
added and, after vortex-mixing for 1 min, samples were cen-
trifuged for 5 min at 12,100 g (MiniSpin, Eppendorf Ibérica 
S.L., Madrid, Spain). The organic phase was collected into 
a glass tube and the procedure was repeated. Organic phases 
were totally evaporated at 60 °C under a slight nitrogen 
stream. The solid residue was reconstituted in 100 µL of 
mobile phase (water:acetonitrile 55:45% v/v with 0.1% v/v 
trifluoroacetic acid), followed by 1 min of vortex-mixing 
and centrifugation for 5 min at 12,100 g (MiniSpin, Eppen-
dorf Ibérica S.L., Madrid, Spain). Supernatant (20 µL) were 
injected in the HPLC system. Lung samples were addition-
ally filtered through Costar® Spin-X® (0.22 μm, Corning, 
Inc., NY, USA) at 12,100 g for 3 min before injection of 20 
µL.

A Shimadzu HPLC system (Shimadzu Corporation, 
Kyoto, Japan) equipped with a solvent release model (LC-
20 A), a degasser (DGU-20A5), an autosampler (SIL-
20AHT), a column oven (CTO-10ASVP) and a diode array 
detector (SPD-M20A) were used. Control and monitoring of 
the apparatus, as well as result collection were performed by 
LCsolution Software (Shimadzu Corporation, Kyoto, Japan). 
Chromatographic separation was achieved with a Infinity-
Lab Poroshell 120 EC-C18 (150 mm x 4.6 mm; 2.7 μm), at 
45 °C with isocratic elution using water:acetonitrile 55:55 
(v/v) with 0.1% trifluoroacetic acid at 1 mL/min as mobile 
phase. PXC and internal standard were detected at 337 nm 
and 262 nm, at retention times of approximately 3.0 and 
5.4 min, respectively. To assure elution of all sample impu-
rities, run time was defined as 18 min.

The full validation in human plasma (see supplementary 
material) and partial validation in rat plasma, brain and lung 
was performed according to the international guidelines of 

Pharmacy of the University of Coimbra and the Portuguese 
Directorate-General for Food and Veterinary (DGAV). All 
efforts were made to minimize the number of animals used 
and their suffering.

In vivo pharmacokinetic study

Fifteen Wistar Han® rats, weighing between 235 and 315 g, 
were randomly divided into five groups (3 animals each). 
Each group was treated with a single dose of one of the fol-
lowing treatments: (a) Intravenous (IV) bolus administra-
tion of a 0.27 mg/kg PXC dose through the tail vein; (b) 
Intranasal (IN) administration of SDM HPMC powder for-
mulation; (c) IN administration of SDM PVP/VA; (d) IN 
administration of chimeral agglomerates of HPMC and (e) 
IN administration of PXC blend with HPMC. All IN formu-
lations were administered at a dose of 0.3 mg of PXC.

Each group was treated with a single dose of PXC and 
blood samples (~ 0.3 mL) were collected into heparinized 
tubes at 0.33, 1, 2, 4, 6, 8, 12, 24 and 30 h post-adminis-
tration. Before PXC administration, rats were anesthetized 
with ketamine (75 mg/kg, i.p.) and xylazine (10 mg/kg, i.p.), 
and their lateral tail vein was cannulated by inserting the 
Introcan® Certo IV indwelling cannula (22G; 0.9 × 2.5 mm; 
B. Braun, Melsungen, Germany). This procedure allowed 
the obtainment of a complete plasma concentration-time 
profile from each rat. After recovery from anesthesia, rats 
were administered and blood was collected through the 
inserted cannula. The collected blood volume was periodi-
cally replaced by the injection of sterile heparinized saline 
(5 I.U./mL). Blood samples were immediately centrifuged 
at 1514 g for 10 min at 4 °C to obtain plasma, which was 
processed for drug analysis (Gonçalves et al. 2017).

For IV administration, PXC was firstly dissolved in 
DMSO at 20 mg/mL and then added to a solution of sterile 
saline and polyethylene glycol 400 50:50 (v/v) to a final con-
centration of 0.18 mg/mL (0.9% DMSO). Animals received 
an IV bolus (1.5 ml/kg) into the lateral tail vein opposite to 
the inserted cannula.

For IN administration, powders (~ 1.5 mg, correspond-
ing to ~ 0.3 mg of PXC) were filled in a commercial device 
adapted for administration to small animals. Before admin-
istration, the rat was placed in right lateral decubitus, mak-
ing the left nostril accessible for powder insufflation. The 
tip of the nasal insufflator was inserted into the nostril with 
1–2 mm depth. The pump was actuated and the powder was 
emitted in one shot. Immediately after use, the device was 
re-weighed to determine the quantity of emitted powder and 
calculate the actual administered dose.

At the final timepoint of 30 h, animals were sacrificed 
by decapitation under deep isoflurane anesthesia. At this 
timepoint, brain and lungs were excised, gently washed 
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F (%) =
AUCt(IN) ×DoseIV

AUCt(IV ) ×DoseIN
× 100 (3)

Where AUCt(IN) is the AUCt  for IN administration, 
AUCt(IV ) is the AUCt  for IV administration, DoseIV  is the 
IV administered dose and DoseIN  is the IN administered 
dose.

Additionally, monocompartmental analysis was per-
formed to obtain additional parameters for IVIVC. These 
pharmacokinetic parameters included tmax, and absorption 
rate (ka) for IN formulations.

In vitro/in vivo data correlation (IVIVC)

The data generated in the in vitro release studies, ex vivo 
permeation, and in vivo pharmacokinetic studies of PXC 
formulations were used to develop the IVIVC. Two levels of 
correlation, B and C, were investigated according to EMA 
guidelines (European Medicines Agency 2014).

In order to establish level B IVIVC, in vitro release rate 
was compared with the in vivo absorption rate. For level C 
IVIVC, the in vitro release and ex vivo permeation param-
eters considered were: (i) percentage of drug released at 
0.33 h (20 min) (ii) percentage of drug permeated at 0.33 h 
(20 min) (iii) percentage of drug released at 1 h (iv) per-
centage of drug permeated at 1 h. These parameters were 
correlated with pharmacokinetic parameters including 
Cmax,tmax,AUC1?h  obtained with non-compartmental anal-
ysis and tmax obtained with monocompartmental analysis 
(tmaxMCA). For both IVIVC levels, linear regression analy-
sis was applied using least squares method to estimate the 
regression parameters, where the correlation coefficient 
(R2) was evaluated. Additionally, non-linear regression 
(four-parameter logistic regression and exponential plateau 
regression) was applied to level B IVIVC as alternative 
curve fits.

bioanalytical method validation of the European Medicines 
Agency (EMA) (European Medicines Agency 2011) and 
the Food and Drug Administration (FDA) (Food and Drug 
Administration 2018), as demonstrated in Table 3.

Pharmacokinetic analysis

For IN administration, concentrations were dose normal-
ized, since administered doses comprised variability inher-
ent to device actuation. Normalization was accomplished by 
dividing each concentration by the actual dose administered 
(0.26 to 0.37 mg) and multiplying by the average theoretical 
dose of 0.3 mg, according to the following equation:

Plasma concentration normalized
(
µ

g

mL

)
=

Observed plasma concentration
(
µ g
mL

)

Dose administered (µg)
×Average theoretical dose (300µg)

 (2)

The mean normalized experimental concentration (n = 3) 
versus time profiles were plotted and submitted to non-
compartmental pharmacokinetic analysis, using WinNonlin 
software, version 5.2 (Pharsight Co, Mountain View, CA, 
USA). The pharmacokinetic parameters included the area 
under the drug concentration-time curve (AUC) from time 
zero to one hour (AUC1h ), the AUC from time zero to time 
of the last measurable drug concentration (AUCt ) which 
were calculated by the linear trapezoidal rule; the AUC 
from time zero to infinity (AUCinf ) which was calculated 
by the addition of AUCt and the quotient between the last 
quantifiable concentration and the apparent elimination rate 
constant. Additionally, the apparent terminal elimination 
half-life (t1/2) and mean residence time (MRT) were also 
determined. The maximum concentration (Cmax) in plasma 
and tissues of PXC and the corresponding time to reach 
Cmax (tmax) were directly obtained from the experimental 
data. Absolute bioavailability [F (%)] of each formulation 
was calculated by the following equation:

Rat plasma Rat brain Rat lung
Calibration range (µg/mL) 0.08–24 0.027–10 0.5–100
Regression equationa y = 0.2014x + 0.0006 y = 0.3308x + 0.0006 y = 0.2575x 

– 0.0133
Coefficient of determination (R2) 0.9951 0.9957 0.9970
LLOQ (µg/mL) 0.08 0.027 0.5
Precisionb (% CV) 1.43 to 6.89 2.96 to 11.13 5.96 to 

12.55
Accuracyb (% Bias) -10.73 to -6.44 -13.24 to 11.38 0.01 to 

5.66
Bias, deviation from nominal value; CV, coefficient of variation; LLOQ, lower limit of quantification;
a Equation of the calibration curve is given by the general equation of y = mx + b, with m corresponding to 
the slope and b to the intercept. The equation represents the peak area signals of PXC to that of the internal 
standard (y), versus the corresponding concentration of PXC (x), with a weighted linear regression using 
1/x2 as the best weighting factor. bInter-day values (n = 3)

Table 3 Validation parameters of 
the HPLC method employed for 
the quantification of piroxicam in 
rat plasma, brain and lung
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the respective physical blends with crystalline drug, all at 
20% drug load.

Table 4 shows the physicochemical characterization of 
powder formulations regarding PSD and solid state. SDM 
containing PVP/VA or HPMC showed a Dv50 of 28.4 and 
44.6 μm respectively, which falls within the nasal size range 
of 10 to 45 μm (Tiozzo Fasiolo et al. 2018). Primary parti-
cles for agglomeration were produced by spray drying PSD 
within the desired range for agglomeration (Colombo et al. 
2005) (Dv50 between 2 and 3 μm). Chimeral agglomerates 
were then obtained by vibrating microparticles in sieves 
with the intended size range. The respective physical blends 
were produced as a control at the same drug load by mixing 
polymer microparticles with PXC raw material. Amorphous 
PXC without excipients as an additional control sample 
could not be obtained, as this drug is not a good glass for-
mer (Van Eerdenbrugh et al. 2010) and rapidly crystallizes 
without a stabilizer excipient.

SEM micrographs of powder formulations are shown 
in Fig. 1. PVP/VA based microparticles showed a smooth 
round surface, while HPMC microparticles revealed a wrin-
kled morphology, both for SDM and primary particles for 
agglomeration (Fig. 1a-b and e-f). The particle structures 
obtained by spray drying are closely linked to the physico-
chemical properties of the materials being dried, including 
solute viscoelastic properties and molecular size (de Souza 
Lima et al. 2020). The ability of HPMC polymer to induce 
wrinkled morphology has been previously reported (Jüptner 
and Scherließ 2020).

Physical blends were obtained by mixing polymer mic-
roparticles obtained by spray drying with PXC raw material. 
Given that PXC raw powder contained a high percentage 
of particles below 10 μm, a larger polymer microparticle 
carrier was added to minimize the powder fraction with 
potential of reaching the lungs. The Dv50 of the blends was 
within the nasal size range (Table 4). SEM micrographs 
showed small needle-like structures alone or distributed on 
the polymer microparticles surface, which correspond to 
PXC raw material (Fig. 1c-d).

XRPD analysis was carried out to determine solid state 
characteristics. Diffractograms of SDM and agglomerates 

Statistical analysis

Data were processed using GraphPad Prism 8 (GraphPad 
Software, San Diego, USA). In vitro data are expressed as 
mean ± standard deviation (SD), and in vivo pharmacoki-
netic profiles are expressed as mean ± standard error of the 
mean. Two-way analysis of variance (ANOVA) with Tukey 
multiple comparison test were used when appropriate. Dif-
ferences were considered statistically significant when 
p < 0.05.

Results and discussion

Manufacturing and physicochemical 
characterization of powder formulations

Nasal powders can be manufactured by spray drying, an 
established technology that allows the control of particle 
size and shape, as well as the generation of ASD, a strategy 
to improve solubility of drugs. For this study, the mucoad-
hesive polymers HPMC and PVP/VA were selected as the 
amorphous stabilizers in ASD of the model drug, poorly sol-
uble piroxicam. These polymers were selected due to their 
common use in spray dried dispersions (Vig and Morgen 
2017), as well as polymers in mucosal delivery (Salamat-
Miller et al. 2005; Ugwoke et al. 2005; Sosnik et al. 2014). 
It is worth noting that HPMC (substitution type 2910) is one 
of the few excipients in the FDA inactive ingredients data-
base, as it has been used in FDA-approved nasal powders 
(Food and Drug Administration 2023). This further rein-
forces its relevance for nasal powder formulations.

Spray drying can additionally be applied to fine tune 
particle properties and manufacture SDM within the target 
nasal size range of 10 to 45 μm. Alternatively, spray drying 
can produce smaller primary particles that are subsequently 
agglomerated into chimeral agglomerates. Despite the extra 
manufacturing step, this strategy has the advantage of possi-
ble faster dissolution of the smaller primary particles. Here, 
these two manufacturing strategies were applied to the 
model drug poorly soluble PXC and benchmarked against 

Table 4 Physicochemical characterization of powder formulations
 Spray-dried microparticles Primary particles for Chimeral 

agglomerates
Blends

Analysis Unit PVP/VA HPMC PVP/VA HPMC PVP/VA HPMC
Particle size Dv10 µm 13.10 ± 0.39 17.43 ± 0.47 0.50 ± 0.01 0.61 ± 0.01 2.98 ± 0.02 3.95 ± 0.03

Dv50 µm 28.40 ± 0.62 44.60 ± 0.33 2.01 ± 0.03 2.86 ± 0.12 20.72 ± 0.05 16.42 ± 0.05
Dv90 µm 50.31 ± 0.61 82.92 ± 0.29 4.97 ± 0.03 6.74 ± 0.41 47.29 ± 0.73 33.66 ± 0.13

Solid form (XRPD) - Amorphous Amorphous Amorphous Amorphous Has PXC crys-
talline content

Has PXC 
crystalline 
content

HPMC - hydroxypropyl methylcellulose; NA, not applicable; PVP/VA - polyvinylpyrrolidone/vinyl acetate; PXC – piroxicam; XRPD – X-ray 
powder diffraction
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Even though powders can remain in the nasal cavity for up 
to several hours (Marttin et al. 1998), this time frame may 
exceed the residence time of formulations in the nasal cav-
ity, due to the mucociliary clearance.

The percentage of PXC released was plotted as a func-
tion of time (Fig. 2). Due to the low solubility of PXC (53 
± 1 µg/mL as experimentally determined in the SNF pH = 6 
at 37ºC) and the reduced receptor compartment volume, 
sink conditions could not be met at the last two sampling 
points for SDM of HPMC and at the last timepoint for chi-
meral agglomerates of HPMC (concentrations from 17.7 
to 22.6 µg/mL). In general, low percentages of PXC were 
released throughout the test (up to 15.1% w/w). This is asso-
ciated with the very low diffusion area and low fluid volume 
on the donor compartment for the quantity of powder consid-
ered. In fact, comparing with in vivo human conditions, the 
available area for drug transport in Franz diffusion cells is 
approximately 236 times lower than the nasal cavity surface 
(0.636 cm2 vs. 150 cm2 (Mygind and Dahl 1998), and the 
quantity of powder is only around 10 times lower than the 
maximum recommended for nasal administration(Tiozzo 
Fasiolo et al. 2018) (5 mg vs. 50 mg (Tiozzo Fasiolo et al. 
2018). Therefore, a higher drug release percentage would be 
expected under closer in vivo conditions.

The results evidence that both the manufacturing strategy 
and the polymer have impact on the release behavior of the 
powder formulations. All SDM and chimeral agglomerates 

formulations showed no crystalline peaks characteristic of 
PXC (supplementary material, Fig. S1). It is noteworthy 
that the HPMC-based SDM formulation showed a peak in 
XRPD diffractogram at ~ 32º, which is consistent with the 
HPMC raw material behavior and not with the PXC diffrac-
togram (supplementary material, Fig. S1B). As the blends 
were manufactured by mixing crystalline drug with amor-
phous polymer, the resulting formulation showed a diffrac-
togram with the amorphous pattern of the polymer and the 
crystalline peaks characteristic of the drug.

In vitro drug release studies

Franz diffusion cells were used to study the drug release 
profile of the powder formulations having one of two dif-
ferent polymers (PVP/VA and HPMC), manufactured by 
three different strategies (SDM, chimeral agglomerates and 
blends). Membrane inertness was confirmed, since a 98.5% 
PXC recovery was attained.

This methodology makes it possible to mimic physiolog-
ical conditions of the nasal cavity, including temperature, 
medium and slow powder hydration in a humid environ-
ment similar to that encountered in the nasal cavity (Jug et 
al. 2018). The drug transport across the artificial membrane 
is governed by the drug concentration in the donor compart-
ment, resulting from the dissolution of the solid formula-
tions. In vitro drug release studies were conducted over 8 h. 

Fig. 1 SEM micrographs of spray-dried microparticles [a) PVP/VA, 
b) HPMC], physical blends [c) PVP/VA; d) HPMC], primary particles 
for agglomeration [e) PVP/VA; f) HPMC] and chimeral agglomerates 
[g) PVP/VA; h) HPMC], 1000x magnification for a-d, 2000x magnifi-

cation for e-f, 1400x magnification for g), 900x magnification for h). 
HPMC - hydroxypropyl methylcellulose; PVP/VA - polyvinylpyrrol-
idone/vinyl acetate; SEM - scanning electron micrography
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model (kKP .t
n ) has been widely used to characterize drug 

release kinetics from polymer systems. The diffusion expo-
nent (n) is an indicator of the drug release mechanism, where 
four scenarios can be possible: (i) n approximately 0.5 — 
Fickian diffusion process, (ii) n = 1 — non-Fickian diffusion 
process (zero-order model), (iii) 0.5 < n < 1.0 — non-Fick-
ian or anomalous transport and (iv) n > 1 — super case II 
transport (Bruschi 2015; Simões et al. 2020). As shown in 
Table 6, the values of n for SDM and chimeral agglomer-
ates were closer to 0.5, indicating that these formulations 
followed the Fickian drug transport mechanism where dif-
fusion is the dominant mechanism for drug release. Diffu-
sion is characterized by fast solvent diffusion to the inner 
matrix and slow polymeric relaxation (Bruschi 2015). Our 
findings are in accordance with reported studies where the 
drug release of nasal spray-dried formulations containing 
a polymer was also characterized by a diffusion-controlled 
mechanism (Hasçiçek et al. 2003; Elmowafy et al. 2014). 
The corresponding blends were better characterized by the 
first-order kinetic model of drug release, where the release 
rate is concentration dependent. As expected, the different 
best fit models suggest that the drug arrangement within the 
polymer – either molecularly dispersed into an amorphous 
solid dispersion, or physically mixed (crystalline drug) – is 
a determinant for the drug release kinetics. Nevertheless, 
since the Korsmeyer-Peppas model provided good correla-
tion coefficients for all formulations (R2 > 0.995), its release 
rate coefficient (kKP) was used for further IVIVC (Table 6).

Aiming at a fast absorption of PXC after nasal powder 
administration, formulations should guarantee a prompt dis-
solution and diffusion across the mucosa (Tiozzo Fasiolo et 
al. 2019). SDM and chimeral agglomerates formulations of 
HPMC showed the most promising results.

Ex vivo permeation studies

Porcine nasal mucosa has been widely used in nasal drug 
permeation models (Wadell et al. 2003; Fransén et al. 2007; 

had higher percentages of drug released than the corre-
sponding blends during the first 3 h, with 2.8–10.0% of drug 
release for SDM and chimeral agglomerates and 2.1–2.5% 
for blends at 3 h. For HPMC formulations, this was valid 
for the 8 h of the test. Additionally, it could be expected 
that chimeral agglomerates would have a higher drug 
release than SDM, given the considerably smaller size of 
the primary particles that would promote faster drug release. 
Surprisingly, that was only the case for PVP/VA-based for-
mulations (Fig. 2). This is possibly due to the dominating 
effects of the fast drug dissolution of the amorphous powder 
formulations with generation of supersaturated solutions, 
hindering the effect of changes in particle size.

Regarding the polymer, SDM and chimeral agglomer-
ates formulations containing HPMC showed higher mean 
percentages of drug release. From the 20-minute time-
point onwards, SDM of HPMC exhibited a significantly 
(p < 0.001) higher percentage of drug release, when com-
pared to all other formulations. Blend formulation presented 
a slower release, with major differences seen in the first 2 h 
(Fig. 2), most likely due to the crystalline state of the drug. 
The amorphous form of the drug in the polymer matrix can 
generate a supersaturated solution, increasing the drug dis-
solved which is available to cross the artificial membrane. 
The polymer has a major impact on the ability of an ASD 
to achieve and maintain supersaturation (Vig and Morgen 
2017). Indeed, HPMC may sustain the supersaturated drug 
for a longer period of time, allowing a higher drug release. 
Even though PVP/VA may promote some degree of super-
saturation, this polymer may lead to a faster drug precipita-
tion, thereby decreasing the release rate.

The in vitro drug release profiles were evaluated using 
different kinetic models – zero order, first order, Higuchi 
and Korsmeyer-Peppas model – for the timepoints in sink 
conditions. According to the coefficients of determination 
(R2), adjusted R2 and root mean square deviation, the SDM 
and chimeral agglomerates release was best characterized by 
the Korsmeyer-Peppas model (Table 5). This mathematical 

Fig. 2 In vitro cumulative 
drug release profile of powder 
formulations. Results report to 
the mean ± standard deviation 
calculated from 3 replicates. CA 
– chimeral agglomerates; HPMC 
- hydroxypropyl methylcellulose; 
PVP/VA - polyvinylpyrrolidone/
vinyl acetate; SDM – spray-dried 
microparticles
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Vitorino et al. 2020), since it resembles the human nasal his-
tology and physiology (Wadell et al. 1999) thereby provid-
ing a successful and biorelevant model for nasal absorption 
studies (Fransén et al. 2007). In this study, the transport of 
PXC across porcine nasal mucosa was evaluated in Franz-
type diffusion cells, using the same conditions of in vitro 
release experiments.

Figure 3 depicts the ex vivo permeation profiles of PXC 
formulations across porcine nasal mucosa. Similar to in 
vitro drug release studies, sink conditions could not be met 
at all timepoints, namely for SDM and chimeral agglomer-
ates of HPMC at the last three sampling points and both 
blends at the last two timepoints. Additionally, the steady-
state flux could not be calculated as the drug concentration 
in donor compartment is not constant, depending on kinetic 
processes such as supersaturation and precipitation (Nunes 
et al. 2023), and some formulations do not present a linear 
relationship in the cumulative permeation curve even when 
considering initial timepoints up to 1 h.

The results showed higher drug permeation for SDM and 
chimeral agglomerates of HPMC throughout the entire dura-
tion of the experiment. SDM and chimeral agglomerates of 
PVP/VA presented higher permeation than PXC blends in 
the first 30 min (Fig. 3). However, from the 1 h and 2 h time-
points, PXC blends presented greater average permeation 
than SDM and chimeral agglomerates of PVP/VA respec-
tively, with statistically significant differences between both 
blends and SDM of PVP/VA from the 3 h timepoint onward 
(p < 0.001) and between blends and chimeral agglomerates 
of PVP/VA from the 4 h timepoint onward (p < 0.01).

SDM and corresponding chimeral agglomerates exhib-
ited very similar permeation profiles with no statistically 
significant differences except between SDM and chimeral 
agglomerates of HPMC at 1 and 1.5 h. However, within these 
particle engineering strategies, different polymers showed 
high impact on drug permeation. As mentioned before, for 
these amorphous formulations, HPMC may sustain a super-
saturated drug solution in the donor compartment for longer 

Ta
bl

e 
5 

C
oe

ffi
ci

en
t o

f d
et

er
m

in
at

io
n 

(R
2 ), 

ad
ju

st
ed

 R
2  a

nd
 ro

ot
 m

ea
n 

sq
ua

re
 d

ev
ia

tio
n 

(R
M

SD
) r

es
ul

tin
g 

fr
om

 th
e 

ap
pl

ic
at

io
n 

of
 th

e 
ki

ne
tic

 m
at

he
m

at
ic

al
 m

od
el

s z
er

o 
or

de
r, 

fir
st

 o
rd

er
, H

ig
uc

hi
 

an
d 

K
or

sm
ey

er
–P

ep
pa

s.
Ze

ro
 o

rd
er

Fi
rs

t o
rd

er
H

ig
uc

hi
K

or
sm

ey
er

-P
ep

pa
s

k
0
.t

F
m
a
x
.(
1
−

e−
k
1.
t )

k
H
.t
0.
5

k
K
P
.t
n

R
2

A
dj

us
te

d 
R

2
R

M
SD

R
2

A
dj

us
te

d 
R

2
R

M
SD

R
2

A
dj

us
te

d 
R

2
R

M
SD

R
2

A
dj

us
te

d 
R

2
R

M
SD

SD
M

 P
V

P/
VA

0.
38

30
0.

38
30

0.
95

13
0.

92
28

0.
91

42
0.

33
65

0.
95

84
0.

95
84

0.
24

70
0.

99
92

0.
99

91
0.

03
43

1
SD

M
 H

PM
C

0.
29

02
0.

29
02

3.
00

1
0.

95
17

0.
94

48
0.

78
29

0.
91

73
0.

91
73

1.
02

4
0.

98
51

0.
98

30
0.

43
45

C
A

 P
V

P/
VA

-0
.3

02
2

-0
.3

02
2

2.
02

5
0.

94
06

0.
93

40
0.

43
25

0.
75

30
0.

75
30

0.
88

19
0.

98
63

0.
98

48
0.

20
75

C
A

 H
PM

C
0.

52
40

0.
52

40
2.

14
5

0.
92

32
0.

91
36

0.
86

17
0.

98
04

0.
98

04
0.

43
54

0.
99

62
0.

99
58

0.
19

06
B

le
nd

 P
V

P/
VA

0.
99

36
0.

99
36

0.
15

86
0.

99
94

0.
99

94
0.

04
71

2
0.

87
29

0.
87

29
0.

70
59

0.
99

80
0.

99
78

0.
08

85
2

B
le

nd
 H

PM
C

0.
99

39
0.

99
39

0.
12

82
0.

99
96

0.
99

96
0.

03
26

6
0.

87
58

0.
87

58
0.

57
85

0.
99

87
0.

99
86

0.
05

87
6

CA
 –

 c
hi

m
er

al
 a

gg
lo

m
er

at
es

; H
PM

C
 –

 h
yd

ro
xy

pr
op

yl
 m

et
hy

lc
el

lu
lo

se
; P

V
P/

VA
 –

 p
ol

yv
in

yl
py

rr
ol

id
on

e/
vi

ny
l a

ce
ta

te
; R

M
SD

 –
 ro

ot
 m

ea
n 

sq
ua

re
 d

ev
ia

tio
n;

 S
D

M
 –

 sp
ra

y-
dr

ie
d 

m
ic

ro
pa

rt
ic

le
s

Table 6 Regression coefficients obtained from the application of the 
kinetic mathematical model Korsmeyer–Peppas. Data are expressed as 
mean ± standard error of the mean

Korsmeyer-Peppas -kKP .t
n

kKP n R2

SDM PVP/VA 1.82 ± 0.01 0.38 ± 0.01 0.9992
SDM HPMC 6.99 ± 0.18 0.34 ± 0.03 0.9851
CA PVP/VA 3.45 ± 0.08 0.27 ± 0.02 0.9863
CA HPMC 4.80 ± 0.08 0.42 ± 0.01 0.9962
Blend PVP/VA 0.91 ± 0.03 0.90 ± 0.02 0.9980
Blend HPMC 0.77 ± 0.02 0.90 ± 0.02 0.9987
CA – chimeral agglomerates; HPMC - hydroxypropyl methylcellu-
lose; PVP/VA - polyvinylpyrrolidone/vinyl acetate; SDM – spray-
dried microparticles
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studies were lower than in in vitro release studies during 
the first hour for all formulations. This can explain the 
lower performance of amorphous PVP/VA formulations 
in permeation studies, since permeation is slow during the 
short period of time where supersaturation occurs before 
drug precipitation. These results suggest that ASD for nasal 
delivery should be able to maintain the supersaturated state 
and prevent drug precipitation in supersaturated solutions, 
in order to improve drug release and permeation of a crys-
talline drug.

Based on the in vitro/ex vivo results, four formula-
tions were selected for nasal deposition studies and in vivo 
evaluation, namely the formulations of HPMC and SDM 
of PVP/VA. SDM and chimeral agglomerates of HPMC 
were selected due to higher drug release and permeation, 
and the corresponding blend was selected as a comparator. 
Additionally, SDM of PVP/VA was also tested to study the 
impact of a different polymer and to establish IVIVC of for-
mulations with different release rates, as recommended by 
EMA and FDA guidelines (Food and Drug Administration 
1997; European Medicines Agency 2014).

Nasal deposition studies

The selected formulations for in vivo studies were submitted 
to nasal deposition studies using an idealized nasal airway 
geometry that mimics human nasal deposition, the AINI 
(Chen et al. 2020, 2022). This model makes it possible to 
estimate the quantitative deposition in different parts of the 
nasal cavity. It was coupled with NGI to provide a detailed 
deposition profile of the entire respiratory tract. Particles 
with deposition outside the AINI (NGI stages) were con-
sidered to have more potential to reach the gastrointestinal 

time, leading to a higher quantity of dissolved drug avail-
able to permeate the mucosa (Tiozzo Fasiolo et al. 2019). 
SDM and chimeral agglomerates of PVP/VA may also gen-
erate supersaturated solutions but for a shorter period of 
time, leading to higher permeation than the corresponding 
blend with crystalline drug for the first 30 min. The polymer 
did not affect the permeation of physical blends, which have 
similar profiles, indicating that HPMC and PVP/VA only 
affect permeation through solubility enhancement.

The PXC formulations do not comprise permeability 
modifiers. Additionally, this drug has high nasal perme-
ability (Henriques et al. 2023), having a lipophilic char-
acter (logP = 3.06) (Szabó-Révész 2018) and belonging to 
Class II of the Biopharmaceutical Classification System of 
drugs (high permeability through the gastro-intestinal mem-
branes) (Amidon et al. 1995; Mirza et al. 2010). Therefore, 
the diffusion rate through porcine mucosa should be primar-
ily dependent on the drug release profile of the formulation 
(Henriques et al. 2022), with correlations between ex vivo 
permeation and in vitro release profiles. In fact, the first 
1.5 h of permeation testing showed very similar results to in 
vitro release testing in terms of formulation ranking. How-
ever, in permeation studies, the blends showed a superior 
performance than amorphous formulations of PVP/VA from 
earlier timepoints. This tendency was observed in the in 
vitro release studies, in which the drug released from SDM 
and chimeral agglomerates of PVP/VA reached a plateau, in 
contrast to the blends. The artificial dialysis cellulose mem-
brane and porcine nasal mucosa are different barriers, with 
the latter being thicker and more complex. Thus, drug trans-
port across nasal mucosa is expected to occur more slowly 
(Tiozzo Fasiolo et al. 2019). As anticipated, PXC concentra-
tions on the receptor compartment in ex vivo permeability 

Fig. 3 Ex vivo cumulative permeation of powder formulations for 8 h 
(left) and the first 40 min (right). Results are expressed as mean ± stan-
dard deviation. CA – chimeral agglomerates; HPMC - hydroxypropyl 

methylcellulose; PVP/VA - polyvinylpyrrolidone/vinyl acetate; SDM 
– spray-dried microparticles
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and the method variables used. The airstream rate, limited 
by the selected device (Henriques et al. 2022), may have a 
more determinant role on deposition profile on these areas.

Deposition on the nasopharynx and NGI stages was dif-
ferent for the chimeral agglomerates. The size of agglom-
erates is transient, with a reduction during insufflation that 
depends on interparticle cohesion and agglomerate mechan-
ical resistance (Russo et al. 2004). In the case of HPMC 
chimeral agglomerates, the generated fragments showed 
higher potential to reach the gastrointestinal tract and the 
lungs than the other formulations, given the significantly 
higher deposition on the NGI stages. In fact, on average, 
21.3% of this formulation deposited on NGI stages, while 
for the other formulations it was below 7.7%. Additionally, 
HPMC agglomerates had, on average, 4.11% deposition on 
NGI stages 5 and 6 (1.36 < d50 < 3.3 μm), while other for-
mulations had below 0.62% average deposition. This frac-
tion of the formulation can deposit on small airways and 
alveoli region, since particles are within the aerodynamic 
size range of 1 to 5 μm (Buttini et al. 2012). The results 
suggest that deposition of HPMC agglomerates is less nasal 
targeted with more off-target drug losses.

In vivo piroxicam plasma concentrations and 
pharmacokinetic analysis

The selected four formulations were administered into the 
nose of rats in order to study the PXC pharmacokinetic pro-
file and the impact of different particle engineering strategies 
and excipients in ASD. The animal model was chosen based 
on literature studies using the rat for nasal powder admin-
istration (Dalpiaz et al. 2008; Gavini et al. 2011; Cho et al. 
2015; Rassu et al. 2015, 2018; Tiozzo Fasiolo et al. 2021), 
and the possibility of collecting sequential plasma samples 
(Gonçalves et al. 2017), complying with the reduction in 
3Rs principle – Replacement, Reduction and Refinement.

tract and the lungs. Tests were conducted at 15 L/min flow, 
as reported in the literature as a representative flow rate in 
nasal deposition studies (Pozzoli et al. 2017; Jüptner et al. 
2019; Kiaee et al. 2019; Gomes dos Reis et al. 2020). Addi-
tionally, the NGI can be operated at this flow rate without a 
pre-separator, with known aerodynamic diameter cut sizes 
for each stage (between 0.98 and 14.1 μm d50 aerodynamic 
diameter) (Marple et al. 2004). An actuation angle of 45º 
was also chosen based on nasal deposition studies, includ-
ing nasal powders (Kundoor and Dalby 2011; Jüptner et al. 
2019; Chen et al. 2020).

Figure 4 shows the fraction of recovered dose on AINI 
regions and NGI stages for each tested formulation. Depo-
sition on the olfactory region and turbinates did not show 
statistically significant differences between formulations. In 
the vestibule, only SDM of PVP/VA and blend of HPMC 
showed statistically significant differences in deposition 
fraction (p = 0.04). Chimeral agglomerates of HPMC had 
lower deposition on nasopharynx and higher deposition on 
NGI stages, comparing to all the other formulations with 
statistically significant differences (Fig. 4). The mass bal-
ance was higher than 77% for all formulations (supplemen-
tary material, Table S4). The United States Pharmacopeia 
indicates a mass balance acceptance criterion of 85–115% 
in cascade impaction tests of dry powder inhalers (US Phar-
macopeia 2021). However, the unsealed AINI system due 
to the rigid vestibule inlet along with the manual actuation 
of the device promotes powder losses that could justify this 
value.

Powder physical properties, such as particle size and 
morphology, affect particle impaction and therefore the 
aerodynamic profile (Jüptner et al. 2019; Farinha et al. 
2022). However, no differences were observed in deposi-
tion on the turbinates and olfactory region for the different 
formulations tested. This suggests that deposition on these 
areas is robust to changes in these formulations’ physical 
properties, considering the range of PSD tested, the device 

Fig. 4 Fraction of recovered dose 
on AINI regions and NGI stages 
of PXC formulations. Results 
are expressed as mean ± standard 
deviation. *denotes p < 0.05 as 
statistically significant. CA – 
chimeral agglomerates; HPMC 
- hydroxypropyl methylcellulose; 
PVP/VA - polyvinylpyrrolidone/
vinyl acetate; SDM – spray-dried 
microparticles
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After nasal powder administration, the Cmax of PXC 
was attained in plasma between 0.33 and 4 h, ranging from 
1.53 to 5.60 µg/mL. SDM of HPMC presented the high-
est Cmax and lowest tmax, suggesting a faster absorption of 
PXC. For this formulation, PXC plasma concentration at 
20 min was significantly higher (p < 0.01) than the other 
formulations. This indicates that this formulation could 
provide a faster onset of action with quicker and effective 
therapeutic action, as desired for pain relief. However, this 
formulation also presented the lowest t1/2 and MRT, leading 
to lower systemic exposure for the duration of the experi-
ment (41.06 µg h/mL). SDM of PVP/VA and chimeral 
agglomerates of HPMC had a similar tmax, followed by the 
blend with HPMC with the highest tmax. In general, amor-
phous formulations provided lower tmax, indicating that the 
faster drug release provided by these formulations has, as 
expected, impact on drug absorption. SDM of PVP/VA pro-
vided the second higher Cmax, followed by blend of HPMC 
and chimeral agglomerates of HPMC. The pharmacokinetic 
profiles obtained for SDM of PVP/VA and blend of HPMC 
were comparable, with close Cmax and bioavailability values 
(Table 7). Even though SDM of PVP/VA provided lower tmax 
and higher systemic exposure in the first hour, faster elimi-
nation (lower t1/2) led to similar bioavailability compared 
to the blend formulation. This is in accordance with the in 
vitro results, where drug release from SDM of PVP/VA was 
superior in early timepoints but reached a plateau, while the 
blend of HPMC presented a continuous drug release. The 
same tendency was observed in permeation studies where 

The average normalized concentration–time profiles of 
PXC in plasma after nasal powder administration is pre-
sented in Fig. 5. The main pharmacokinetic parameters of 
each individual concentration–time profile estimated by 
non-compartmental analysis are summarized in Table 7, as 
well as absolute bioavailability of each formulation.

Table 7 Pharmacokinetic parameters following intranasal or intrave-
nous administration of piroxicam by non-compartmental analysis
Pharmacokinetic 
parameters

SDM 
PVPVAa

SDM 
HPMCa

CA 
HPMCa

Blend 
HPMCa

IVb

Tmax (h) 2.33 0.89 2.33 3.33 0.33
Cmax (µg/mL) 3.35 4.68 2.76 3.26 13.11
AUC1h (µg h/mL) 2.16 3.63 1.93 1.78 11.81
AUCt (µg h/mL) 46.05 41.06 36.41 44.70 40.41
AUCinf (µg h/mL) 48.46 43.28 41.36 53.12 44.71
t1/2 (h) 6.42 6.24 9.68 11.72
MRT (h) 10.32 8.92 13.55 16.06 9.68
 F (%)c 29.98 26.73 23.70 29.10 -
a Parameters estimated considering a normalized PXC dose of 0.3 mg
b Parameters estimated considering a PXC dose of 1.5 ml/kg of 
0.18 mg/mL PXC solution (0.0780 to 0.0799 mg of PXC)
c Absolute intranasal bioavailability (F) was calculated based on 
AUCt values
AUC1h, Area under the concentration time-curve from time zero 
to 1 h; AUCinf, Area under the concentration time-curve from time 
zero to infinite; AUCt, Area under the concentration time-curve from 
time zero to the last quantifiable drug concentration; CA – chimeral 
agglomerates; Cmax, Maximum peak concentration; F, absolute intra-
nasal bioavailability; HPMC - hydroxypropyl methylcellulose; MRT, 
Mean residence time; PVP/VA - polyvinylpyrrolidone/vinyl acetate; 
SDM – spray-dried microparticles; t1/2, Apparent terminal elimina-
tion half-life; tmax, Time to achieve the maximum peak concentration

Fig. 5 Plasma concentration-time profiles of piroxicam for the com-
plete duration of the in vivo pharmacokinetics experiments (left) and 
the first 4 h (right) after intranasal administration of powder formu-
lations. **p < 0.01 was considered as statistically significant. CA 

– chimeral agglomerates; HPMC - hydroxypropyl methylcellulose; 
PVP/VA - polyvinylpyrrolidone/vinyl acetate; SDM – spray-dried 
microparticles
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sink conditions with aqueous media (Phillips et al. 2012). 
In the present work, sink conditions could not be met at 
the last 2 or 3 timepoints for in vitro release and ex vivo 
permeation studies respectively. Strategies to overcome 
this challenge include the use of surfactants or organic sol-
vents on the aqueous media or increasing the volume of the 
medium (Phillips et al. 2012). However, surfactants and 
organic solvents can damage the ex vivo membrane (Bao et 
al. 2018), and the static Franz diffusion cell does not allow 
volume change. Therefore, SNF was the selected biorele-
vant medium for ex vivo permeation studies, and the same 
medium was applied in in vitro drug release studies. Despite 
employing an aqueous medium and a poorly soluble drug, 
all the values selected for IVIVC, including the percentage 
of drug release or permeation at 0.33 and 1 h and the drug 
release rate (Korsmeyer–Peppas model), were obtained in 
sink conditions.

Level B correlations can include either a relationship 
between in vitro dissolution/release time and in vivo resi-
dence time or in vitro dissolution/release rate constant and 
absorption rate (European Medicines Agency 2014). How-
ever, since drug release was not complete in our studies, 
the in vitro release rate constant obtained by the Kors-
meyer-Peppas model was correlated with an absorption rate 
obtained by monocompartmental analysis (Fig. 6a). Linear 
regression provided a R2 of 0.725. Visual inspection of the 
plot suggests a better fit with non-linear correlation mod-
els where a plateau occurs at higher absorption rates, for 
example with an exponential plateau equation. A maximum 
drug release rate value for increasing absorption rates, as 
suggested by the plateau, would limit the application of the 
correlation model to formulations with release rates below 
the maximum value. However, additional points would be 
necessary to confirm this hypothesis.

For level C correlations, percentage of drug release or 
permeation at 0.33 and 1 h were correlated with the pharma-
cokinetic parameters Cmax,tmax,AUC1h  (non-compartmental 
analysis) and tmaxMCA (monocompartmental analysis). 
Early in vitro and in vivo timepoints were selected since we 
observed a fast nasal absorption for powder formulations, 
with the shortest tmax of 0.89 h, and an impact of supersatu-
ration on earlier timepoints in in vitro experiments. Addi-
tionally, AUCt or AUCinf data were not considered in IVIVC 
since they showed different formulation rankings than in 
vitro experiments.

The tmaxMCA parameter was included after conducting a 
monocompartmental analysis (Table 8). Formulations pre-
sented little differentiation in tmax with non-compartmental 
analysis due to limited blood collections at early timepoints, 
an inherent limitation of sequential collection. Therefore, 
normalized concentration–time profiles were fitted to a 
monocompartmental model which has been previously used 

the blend of HPMC provided higher drug permeation only 
from the 30-minute timepoint onward.

Surprisingly, chimeral agglomerates of HPMC provided 
the lowest Cmax and AUCt. Indeed, drug release and per-
meation studies suggested a similar profile with SDM of 
HPMC (Figs. 2 and 3). Additionally, plasma concentra-
tion–time profile showed two peaks (Fig. 5), which was not 
characteristic in the other formulations. This suggests that 
this formulation could have a less targeted deposition pro-
file leading to partial drug deglutition or lung delivery with 
a later absorption. Even though there are anatomical dif-
ferences between the rat and human nose (Henriques et al. 
2022), nasal deposition studies in a human idealized nasal 
airway geometry corroborated these findings, where chi-
meral agglomerates of HPMC showed a less targeted nasal 
deposition with 21.3% deposition on NGI stages (Fig. 4). In 
fact, PXC oral absorption in humans provides a tmax (4.78 
to 5.22 h (Rasetti-Escargueil and Grangé 2005) similar to 
values observed for the second peak.

At the final timepoint of 30 h, PXC was quantified in 
the brain and lungs of each animal, to detect possible accu-
mulation of the drug in these tissues. The obtained concen-
trations were below the LLOQ for all animals. In fact, at 
this timepoint, the drug had been vastly eliminated with low 
plasma concentrations of 0.08 to 0.67 µg/mL. For the most 
promising formulation, full pharmacokinetic studies in tis-
sues should be performed to evaluate drug accumulation at 
earlier timepoints and relate with or predict possible adverse 
effects.

In vitro-in vivo correlations

IVIVC is a mathematical model able to predict in vivo 
response of drug products based on in vitro properties, 
which normally include the rate or extent of drug dissolu-
tion or release (Shen and Burgess 2015). These relation-
ships are normally categorized in different levels, including 
level A of a point-to-point correlation between in vitro and 
in vivo profiles, level B of a one-point relationship that can 
be between in vitro dissolution rate constant and absorp-
tion rate and level C of a one-point relationship between 
quantity dissolved/released at a specific time and one mean 
pharmacokinetic parameter as Cmax, tmax or AUC (European 
Medicines Agency 2014). Here, we attempted to establish 
level B and C correlations for PXC nasal formulations, 
based on in vitro release and permeation results and in vivo 
rat pharmacokinetics profile. It should be noted that the in 
vitro/ex vivo values used for IVIVC were obtained in sink 
conditions, assuring that the amount of drug dissolved in 
the receptor would not affect the drug release and perme-
ation rate, reflecting the in vivo environment. For poorly 
soluble drugs, it can be particularly challenging to obtain 
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in the literature for PXC pharmacokinetic analysis (Gwak 
et al. 2005). The model provided good fits (R2 > 0.98) 
and allowed better discrimination of formulations in tmax 
(Table 8).

The coefficients of determination (R2) of the linear 
correlations between the aforementioned parameters are 
presented in Table 9. The results showed that in vitro param-
eters better correlate with tmaxMCA (Fig. 6b), with the high-
est correlation between tmaxMCA and ex vivo permeation 
at 0.33 h (R2 = 0.9781). As previously mentioned, the fast 
drug release and permeation in early timepoints affected 
drug absorption decreasing tmax. Aiming at a fast onset of 
action for a poorly soluble drug, amorphous nasal formula-
tions with high release rate could then be an adequate for-
mulation strategy.

Table 8 Pharmacokinetic parameters following intranasal administra-
tion of piroxicam nasal powders applying monocompartmental analy-
sis
Pharmacokinetic parametersa SDM 

PVPVA
SDM 
HPMC

CA 
HPMC

Blend 
HPMC

tmax MCA (h) 1.60 0.44 1.11 1.75
ka (h-1) 2.38 22.78 4.20 2.04
R2 0.9921 0.9851 0.9804 0.9834
a Parameters estimated considering a normalized PXC dose of 0.3 mg
CA – chimeral agglomerates; HPMC - hydroxypropyl methylcel-
lulose; ka, in vivo absorption rate; PVP/VA - polyvinylpyrrolidone/
vinyl acetate; SDM – spray-dried microparticles; tmax MCA, time to 
achieve the maximum peak concentration using monocompartmental 
analysis

Fig. 6 In vitro-in vivo correlations between (a) Korsmeyer–Pep-
pas release rate coefficient and in vivo absorption rate obtained with 
monocompartmental analysis of pharmacokinetic profile; (b) in vitro 
parameters (obtained from in vitro release and ex vivo permeation 
studies) and tmaxMCA, for the 4 nasal powder formulations; (c) in vitro 
parameters and Cmax for 3 nasal powder formulations, namely SDM of 
HPMC, SDM of PVP/VA and blend of HPMC and c) in vitro param-

eters and AUC1h for the same 3 nasal powder formulations. AUC1h, 
Area under the concentration time-curve from time zero to 1 h; Cmax, 
Maximum peak concentration; HPMC - hydroxypropyl methylcel-
lulose; IVR, in vitro release; PVP/VA - polyvinylpyrrolidone/vinyl 
acetate; SDM – spray-dried microparticles; tmax, time to achieve the 
maximum peak concentration; tmaxMCA, time to achieve the maxi-
mum peak concentration using monocompartmental analysis
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correlations with Cmax, tmaxMCA and AUC1h for three for-
mulations, suggesting that these methods are biorelevant 
and provide valuable insights into drug nasal absorption. 
Furthermore, the in vitro drug release method is simple and 
easier to implement in the industry than methods that require 
excised tissues as ex vivo permeation studies. Therefore, for 
formulations without permeability modifiers, in vitro drug 
release testing could be preferred over ex vivo permeation 
studies. In vitro studies were conducted over 8 h, provid-
ing information on the drug release and permeation over 
a longer time frame. However, a shorter time frame of 2 h 
could have been sufficient for formulation development and 
ranking. This time frame is consistent with the rapid drug 
dissolution and absorption that occurs at the nasal mucosa 
that is time-limited by the mucociliary clearance, which 
is responsible for the renewal of nasal mucus every 15 to 
20 min (Marttin et al. 1998). The results suggest that in 
vitro drug release studies are a suitable performance meth-
odology to guide early stages of nasal powder formulation 
development, being useful for the estimation of the absorp-
tion behavior of nasal powders including ASD formulations 
and the selection of the most promising prototypes to move 
forward to in vivo studies.

Conclusion

The present work aimed to evaluate the performance of dif-
ferent powders for nasal delivery of a poorly soluble drug, 
including ASD formulations, and evaluate the in vivo pre-
dictability of in vitro/ex vivo models. To the best of our 
knowledge, this is the first report on correlations between in 
vitro and in vivo performance of nasal powder formulations 
manufactured by three manufacturing strategies, including 
ASDs.

HPMC-based amorphous formulations showed enhanced 
drug release and permeation across porcine mucosa, com-
pared to PVP/VA formulations and blends. This polymer 
may sustain the supersaturated drug for a longer period of 
time, compared with PVP/VA. Nasal deposition of HPMC 
chimeral agglomerates was higher in NGI stages, suggest-
ing off-target deposition.

In vivo pharmacokinetic studies revealed fast drug 
absorption from nasal powders, especially from ASDs, with 
correlations between the release and absorption rates and 
between in vitro performance and tmax. This indicates that 
ASDs for nasal delivery of poorly soluble drugs could be a 
suitable strategy to provide a faster onset of action, which 
could be valuable for several therapeutic indications, such 
as pain management, migraine or angina pectoris (Fortuna 
et al. 2014). Cmax and AUC1h also revealed good correla-
tion with in vitro release and ex vivo permeation studies in 

As mentioned in Sect. 3.5., chimeral agglomerates of 
HPMC showed an unexpected pharmacokinetic profile, with 
low Cmax and AUCt, possibly due to partial drug deglutition 
or lung delivery. Therefore, additional correlations were 
performed with the remaining three formulations. With-
out chimeral agglomerates of HPMC, R2 increased for all 
parameters (Table 10). In addition to tmaxMCA, correlation 
between in vitro parameters and Cmax or AUC1h showed a 
R2 of 0.9969 for the correlation between ex vivo permeation 
at 0.33 h and Cmax and a R2 of 1.0000 for the correlation 
between in vitro release at 0.33 h and AUC1h (Fig. 6c-d). An 
inherent limitation of removing one of the formulations is 
the reduction of the degrees of freedom in the linear regres-
sion model, which reduces the precision of the estimates 
and the power of the model.

Overall, correlations with ex vivo permeation were 
stronger at the first timepoint of 0.33 h compared with 
the 1 h timepoint. This suggests that drug supersaturation, 
even when maintained for a short period of time, affects 
absorption.

In general, in vitro release and ex vivo permeation 
studies with vertical Franz diffusion cells showed strong 

Table 9 Matrix with the coefficients of determination (R2) of the linear 
correlations between in vitro and in vivo parameters, for the 4 nasal 
powder formulations
R2 Cmax tmax tmax 

MCA
AUC1h

Ex vivo permeation at 1 h 0.4061 0.6589 0.9383 0.6286
Ex vivo permeation at 0.33 h 0.6473 0.9063 0.9781 0.8834
IVR at 1 h 0.3466 0.8158 0.9736 0.6406
IVR at 0.33 h 0.3772 0.8565 0.9773 0.6772
AUC1h, Area under the concentration time-curve from time zero to 
1 h; Cmax, Maximum peak concentration; IVR, in vitro release; tmax, 
time to achieve the maximum peak concentration; tmaxMCA, time to 
achieve the maximum peak concentration using monocompartmental 
analysis

Table 10 Matrix with the coefficients of determination (R2) of the lin-
ear correlations between in vitro and in vivo parameters, for 3 nasal 
powder formulations namely SDM of HPMC, SDM of PVP/VA and 
blend of HPMC.
R2 Cmax tmax tmax MCA AUC1h

Ex vivo permeation 
at 1 h

0.9614 0.7179 0.9425 0.8899

Ex vivo permeation 
at 0.33 h

0.9969 0.9089 0.9999 0.9928

IVR at 1 h 0.9906 0.9314 0.9972 0.9981
IVR at 0.33 h 0.9802 0.9519 0.9907 1.0000
AUC1h, Area under the concentration time-curve from time zero to 
1 h; Cmax, Maximum peak concentration; HPMC - hydroxypropyl 
methylcellulose; IVR, in vitro release; PVP/VA - polyvinylpyrrol-
idone/vinyl acetate; SDM – spray-dried microparticles; tmax, time to 
achieve the maximum peak concentration; tmaxMCA, time to achieve 
the maximum peak concentration using monocompartmental analy-
sis
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