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ABSTRACT

Background and objective. Meloxicam is a preferential COX-2 inhibitor belonging to BCS Class II. Its slow dissolution
delays the time to peak plasma concentration to several hours, which is a disadvantage when quick analgesia is needed.
This study combined solid dispersion technology with a mucoadhesive buccal tablet to enhance the solubility of
meloxicam and to promote rapid transmucosal delivery.

Methods. Solid dispersions of meloxicam with PVP K30, Poloxamer 188, PEG 6000 and Soluplus® (1:1, 1:2 and 1:3
w/w) were prepared by kneading and solvent evaporation and compared with physical mixtures by phase solubility,
saturation solubility, in vitro dissolution, FTIR, DSC and SEM. The optimized dispersion was compressed into buccal
tablets with HPMC K4M and Carbopol 934P using a 32 full factorial design (F1-F9). Tablets were evaluated for physical
properties, swelling, mucoadhesion, residence time, drug release and release kinetics, followed by numerical
optimization, ex vivo permeation across porcine buccal mucosa, histology and 3-month accelerated stability (40 °C/75%
RH).

Results. The solvent-evaporated dispersion with Soluplus® at 1:3 (SE-S3) raised the saturation solubility of meloxicam
from 24.4 to 310.6 pg/mL (12.7-fold) and the drug dissolved in 10 min from 5.4% to 63.4%, with loss of drug
crystallinity. The tablets showed mucoadhesive strength of 15.8-32.7 g, residence time of 111-361 min, 35.8-56.1%
release in 15 min and t85 of 37.2-71.8 min; higher polymer content increased adhesion but slowed release. The
optimized tablet (13.4 mg HPMC K4M and 8.1 mg Carbopol 934P per 150 mg tablet; mucoadhesive strength 22.8 g,
49.9% release in 15 min, t85 46.2 min) agreed with model predictions within 1%. It gave a 3.98-fold higher flux across
porcine buccal mucosa than the pure-drug tablet (71.8 vs 18.0 pg/cm2/h), a shorter lag time (0.30 vs 0.81 h), no
histological damage, and remained stable for 3 months (f2 = 91.2).

Conclusion. A Soluplus®-based solid dispersion incorporated into an HPMC K4M-Carbopol 934P buccal tablet is a
promising, easily scalable approach for faster delivery of meloxicam. In vivo pharmacokinetic confirmation is required.
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1. INTRODUCTION release oral products and a much larger share of the

The oral route remains the most preferred route of drug
administration because of its convenience, non-
invasiveness and patient compliance!. A drug given by
mouth must, however, dissolve in the gastrointestinal
fluids, remain stable across a changing pH, permeate the
intestinal epithelium and survive pre-systemic metabolism
before reaching the systemic circulation?. Modern
discovery programmes have steadily produced lipophilic,
poorly soluble compounds, and poor aqueous solubility is
now one of the commonest reasons for failure of new
chemical entities®*. Nearly 40% of marketed immediate-

molecules in discovery pipelines are poorly water-
soluble>®. For such drugs, dissolution is the rate-limiting
step in absorption, as formalized in the Biopharmaceutics
Classification System’.

Meloxicam is an enolic-acid (oxicam) non-steroidal anti-
inflammatory drug with preferential COX-2 inhibition,
widely used in osteoarthritis, rheumatoid arthritis and
ankylosing spondylitis, and also for acute musculoskeletal
and post-operative pain®®. Osteoarthritis alone affected
about 303 million people worldwide in 2017'°. Meloxicam
is a BCS Class II drug with pH-dependent solubility,
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practically insoluble in acidic and neutral media''!2,

Although its oral bioavailability is about 89%, absorption
is slow and peak plasma concentrations are reached only
after 4-6 h!>!*, This delayed onset is a clear disadvantage
in acute pain, arthritic flares, dysmenorrhoea and post-
operative pain, where quick relief is desired’>. An
intravenous presentation provides rapid effect but requires
parenteral administration'®; a non-invasive, rapidly acting
alternative would therefore be valuable.

Solid dispersion, in which a drug is dispersed in a
hydrophilic carrier, is a proven and scalable strategy that
improves wettability, apparent solubility and dissolution
through particle size reduction, amorphization and carrier-
mediated solubilization!®'8, Polymeric carriers such as
Soluplus® additionally act as solubilizers and absorption
enhancers'®?,  Because meloxicam  melts  with
decomposition at about 254 °C, solvent-based and
kneading methods are more suitable for it than fusion?!-?2,
Solid dispersions of meloxicam have been reported with
PEG 6000, poloxamer 188, PVP, hydroxypropyl
methylcellulose with nicotinamide, alginate and other
carriers, all improving dissolution?>2°, Most of these
studies stopped at the dispersion powder or converted it
into orally disintegrating tablets that still rely on
gastrointestinal absorption?”2%,

The buccal mucosa offers a non-keratinized, well-
vascularized absorption site from which the drug drains
into the jugular vein, bypassing the gastrointestinal tract
and first-pass hepatic metabolism?*3°. Mucoadhesive
polymers such as HPMC and Carbopol retain the dosage
form at the site of absorption through hydration, chain
interpenetration and hydrogen bonding with mucin®!-33,
Compressed buccal tablets are simple and scalable, and
are typically designed around 100-150 mg of
mucoadhesive matrix**¥. The limited volume of saliva,
however, cannot dissolve an unmodified, poorly soluble
crystalline drug, so a solubility-enhancing step is
necessary for buccal delivery of meloxicam to be
effective’®®,

Reported buccal systems of meloxicam are either
sustained-release tablets of plain crystalline drug, such as
the HPMC—-Carbopol tablets of Arabi et al.”’, or solubility-
enhanced patches and films*®*. A  compressed
mucoadhesive buccal tablet that incorporates a meloxicam
solid dispersion and targets rapid onset was not identified
in the literature reviewed. The present work addresses this
gap. Solid dispersions of meloxicam were prepared with
four carriers by two methods, characterized and the best
one incorporated into buccal tablets whose HPMC K4M
and Carbopol 934P levels were optimized by a 32 full
factorial design to balance mucoadhesion against release
rate. The optimized tablet was evaluated for ex vivo
permeation across porcine buccal mucosa, mucosal safety
and accelerated stability.

2. MATERIALS AND METHODS

2.1. Materials

Meloxicam (model drug), PVP K30, Poloxamer 188, PEG
6000, Soluplus®, HPMC K4M, Carbopol 934P, sodium
carboxymethylcellulose, chitosan (the last two used only
in preliminary screening), microcrystalline cellulose (pH
102), mannitol, sodium saccharin, magnesium stearate and
talc were obtained as pharmaceutical-grade samples from
Cuckos Pharmaceutical pvt. Ltd. Company. Methanol,
ethanol, dichloromethane, phosphate buffer salts, sodium
lauryl sulphate (SLS), n-octanol and other reagents were
of analytical grade. Double-distilled water was used
throughout. Fresh porcine buccal mucosa was collected
from a local abattoir immediately after slaughter,
transported in chilled Krebs—Ringer bicarbonate solution
and used within 2 h*. As the tissue was an abattoir by-
product, no live-animal experimentation was involved.

2.2. Preformulation studies

Organoleptic properties and melting point (open capillary
method) of the drug were recorded, and identity was
confirmed by FTIR against the reported meloxicam
bands!'!*, Qualitative solubility was described using
Indian Pharmacopoeia terms*!. Equilibrium solubility was
determined by the shake-flask method*?: excess drug was
shaken in distilled water, 0.1 N HCI, acetate buffer pH 4.5
and phosphate buffers pH 6.8 and 7.4 at 37 £ 0.5 °C for 48
h, filtered (0.45 pm) and assayed. The apparent partition
coefficient was determined in the n-octanol/phosphate
buffer pH 6.8 system.

A UV spectrophotometric method was developed in
phosphate buffer pH 6.8 (scan 200—400 nm; calibration 5—
35 pg/mL) and validated for linearity, accuracy (80, 100
and 120% recovery), repeatability, intermediate precision,
LOD and LOQ according to ICH Q2(R1)*. Drug-
excipient compatibility was assessed on 1:1 binary
mixtures stored at 40 £ 2 °C/75 + 5% RH for 4 weeks
(physical observation and drug content), and by FTIR
(4000400 cm ™!, 4 em™! resolution) and DSC (30-300 °C,
10 °C/min, nitrogen purge)***.

2.3. Phase
dispersions
Phase solubility studies followed Higuchi and Connors*.
Excess drug was equilibrated for 48 h at 37 + 0.5 °C with
0-5% w/v solutions of each carrier in phosphate buffer pH
6.8, and the stability constant was calculated as K1:1 =
slope/[S0(1 — slope)], where SO is the intrinsic solubility.
The Gibbs free energy of transfer (AG°tr) was calculated
from the ratio of drug solubility in carrier solution and in
buffer.

solubility and preparation of solid

Solid dispersions were prepared at drug : carrier ratios of
1:1, 1:2 and 1:3 w/w with PVP K30 (P), Poloxamer 188
(X), PEG 6000 (G) and Soluplus® (S) by three procedures,
giving 36 batches (batch codes: PM, physical mixture;
KN, kneading; SE, solvent evaporation; the suffix 1-3
denotes the ratio). Physical mixtures were blended
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geometrically in a mortar for 10 min'’. For kneading, the
carrier was wetted with water—ethanol (1:1 v/v), the drug
was added gradually and the paste was kneaded for 45
min, dried at 45 °C for 24 h, pulverized and sieved (#60)*.
For solvent evaporation, drug and carrier were dissolved in
methanol (or methanol-dichloromethane), the solvent was
removed under reduced pressure at 45 °C in a rotary
evaporator and the mass was dried under vacuum for 24 h,
pulverized and sieved (#60); residual solvent was
controlled with reference to ICH Q3C46:47,

2.4. Characterization of solid dispersions

Practical yield and drug content were determined for all
batches. Saturation solubility was measured by agitating
dispersion equivalent to 10 mg of drug in 10 mL of
phosphate buffer pH 6.8 at 37 + 0.5 °C for 24 h*. In vitro
dissolution of pure drug, physical mixtures and dispersions
(equivalent to 7.5 mg meloxicam) was studied using the
USP Type II apparatus (900 mL phosphate buffer pH 6.8,
37 + 0.5 °C, 50 rpm; sampling at 5-60 min). The
percentage dissolved in 10 min (DP10), dissolution
efficiency at 30 min (DE30), t50 and the similarity factor

2 were calculated*®*. Surface morphology was examined
by SEM after gold sputtering'®*. The dispersion giving
the highest solubility enhancement and fastest dissolution,
with drug content within 98-102% and evidence of
amorphization, was selected for tablet formulation.

2.5. Experimental design and preparation of buccal
tablets

HPMC K4M and Carbopol 934P were selected after
preliminary screening of HPMC K4M, Carbopol 934P,
sodium CMC and chitosan (5-20% w/w), because the
former pair gave adequate adhesion with acceptable
swelling®. A 32 full factorial design (two factors at three
levels each, 3 x 3 = 9 batches) was applied’! with HPMC
K4M (X1) and Carbopol 934P (X2) as the two factors,
each at a low, medium and high level (Table 1), giving
nine batches (F1-F9). Four responses were measured:
mucoadhesive strength (Y1), swelling index at 4 h (Y2),
cumulative release at 15 min (Y3) and time for 85%
release (Y4). Design-Expert® software was used to set up
the design and analyze the results.

Table 1. Factors and levels of the 3% full factorial design (mg per tablet).

Factor Low (-1) | Medium (0) | High (+1)
X1: HPMC K4M 10 15 20
X2: Carbopol 934P 5 10 15

Responses: Y1 mucoadhesive strength (maximize); Y2
swelling index at 4 h (in range); Y3 release at 15 min
(maximize); Y4 t85 (minimize).

Each 150 mg tablet contained 30 mg of the selected 1:3
dispersion (equivalent to 7.5 mg meloxicam, the lowest
clinical oral dose®), the mucoadhesive polymers,
microcrystalline cellulose-mannitol (1:1) as diluent,
sodium saccharin (1.5 mg), magnesium stearate (1.5 mg)

and talc (1.5 mg)>2. Ingredients were passed through a #60
sieve, blended for 15 min, lubricated for 3 min and
compressed by direct compression on a rotary press using
8 mm flat-faced punches™ to a hardness of about 3.5-5.5
kg/cm?. A control tablet containing pure meloxicam (7.5
mg) with the same polymer combination as the optimized
batch was prepared in parallel. The composition of batches
F1-F9 is given in Table 2.

Table 2. Composition of the buccal tablets of the 3 full factorial design (mg per tablet).

Ingredient F1 F2 F3 F4 F5 Fo6 F7 F8 F9
Solid dispersion SE-S3 (= 7.5 mg 30 30 30 30 30 30 30 30 30
meloxicam)
HPMC K4M 10 10 10 15 15 15 20 20 20
Carbopol 934P 5 10 15 5 10 15 5 10 15
Microcrystalline cellulose— 100.5 | 95.5 90.5 955 | 90.5 | 855 90.5 85.5 80.5
mannitol (1:1)
Sodium saccharin 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5
Magnesium stearate 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5
Talc 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5
Total weight 150 150 150 150 150 150 150 150 150
Coded levels (X1, X2) -1,-1 | -1,0 | -1,+1 | 0,1 00 | 041 | +1,-1 | +1,0 | +1,+1

2.6. Evaluation of powder blends and tablets

Angle of repose (fixed-funnel method), bulk and tapped
density, Carr's index and Hausner's ratio were determined
for each blend®*%. Tablets were evaluated for appearance,
thickness and diameter, weight variation (IP limits),
hardness (Monsanto type), friability (Roche friabilator,
100 revolutions) and drug content*'. Surface pH was

measured after swelling in distilled water for 2 h*,
Swelling index was measured gravimetrically in phosphate
buffer pH

6.8 at 37 °C up to 6 h*°, and matrix erosion was
determined after drying the swollen tablet to constant
weight. Moisture absorption was measured on 5% agar gel
at 37 °C, and wetting time was recorded with eosin-

IJDDT, Volume 16 Issue 89s, 2026

Page: 690



Solid Dispersion-Based Mucoadhesive Buccal Tablets of Meloxicam for Enhanced Solubility and Rapid Onset of Action:
Formulation, Factorial Optimization and Ex Vivo Evaluation

containing buffer on tissue paper.

Ex vivo mucoadhesive strength was measured on porcine
buccal mucosa with a modified physical balance (3 min
contact time; weight required for detachment)®’-*; force
of adhesion

(N) = strength (g) x 9.81/1000, and bond strength was
obtained by dividing the force by the tablet area. Ex vivo
residence time was determined in a modified USP
disintegration apparatus in phosphate buffer pH 6.8 at 37 +
0.5 °C*. In vitro release was studied in the USP Type 11
apparatus (900 mL phosphate buffer pH 6.8, 37 + 0.5 °C,
50 rpm; sampling at 5—-120 min) with one face of the tablet
fixed to a glass disc to simulate unidirectional release*.
Release data were fitted to zero-order, first-order, Higuchi,
Hixson—Crowell and Korsmeyer—Peppas models, and the
release exponent (n) was used to infer the

mechanism*%¢! Profiles were compared using the
62,63

similarity factor 2

2.7. Ex vivo permeation and mucosal integrity
Permeation of the optimized tablet and the pure-drug
tablet was studied in vertical Franz diffusion cells with
porcine buccal mucosa (about 500 pm thick, epithelial
side facing the donor)***. The tablet was hydrated with 1
mL phosphate buffer pH 6.8 in the donor compartment,
the receptor contained phosphate buffer pH 7.4 with 0.5%
w/v SLS (sink conditions) at 37 = 0.5 °C and 600 rpm,
and samples were withdrawn up to 6 h. Steady-state flux
(Jss) was obtained from the linear portion of the
cumulative-amount plot, lag time from the x-intercept,
permeability coefficient as Kp = Jss/Cd, and the
enhancement ratio as the flux ratio of optimized to pure-
drug tablet. Drug retained in the mucosa was extracted
with methanol®. For safety assessment, mucosa exposed
to the optimized tablet or to buffer (negative control) was
fixed in 10% neutral buffered formalin, embedded in
paraffin, stained with haematoxylin—eosin and examined
by light microscopy®.

2.8. Optimization, stability and statistical analysis

The results were fitted to simple equations (linear,
interactive or quadratic), and the best equation was chosen
using adjusted and predicted 12, lack of fit and ANOVA.
For optimization, the desirability approach was used: each
response was given a goal, and the software found the
polymer amounts that best meet all the goals together.
Three confirmatory batches of the optimized formulation
were then prepared, and the percentage prediction error
between observed and predicted values was calculated.
The optimized tablet was characterized by FTIR, DSC and
SEM and stored in amber glass bottles with desiccant at
40

+ 2 °C/75 £ 5% RH for 3 months according to ICH

QIA(R2)%; samples at 0, 1, 2 and 3 months were
evaluated for appearance, hardness, drug content, surface
pH, mucoadhesive strength and release. Data are mean +
SD (n = 3 unless stated). Differences were tested by one-
way ANOVA with Tukey's post hoc test or by Student's t-
test, and p < 0.05 was considered significant.

3. RESULTS AND DISCUSSION

3.1. Preformulation
Meloxicam was a pale yellow, odourless crystalline
powder with a melting point of 253.0 +

0.7 °C, consistent with the reported value of about 254
°C!!, Its solubility was strongly pH dependent: 1.9 + 0.0
pg/mL in 0.1 N HCl, 4.9 + 0.2 ng/mL in water, 24.4 + 0.6
pg/mL at pH

6.8 and 60.3 + 2.5 pg/mL at pH 7.4. This behaviour is
typical of a weak enolic acid (pKa = 4.2), whose
ionization increases solubility at higher pH, and confirms
dissolution-limited BCS Class I  behaviour>!!2,
Phosphate buffer pH 6.8 was therefore selected as the
saliva-simulating medium. The apparent log P in n-
octanol/pH 6.8 buffer was 0.63 + 0.03; moderate
lipophilicity of this order favours passive transcellular
permeation across the buccal epithelium, so that, once
dissolved, the drug should permeate readily and enhancing
dissolution is the key requirement®%%4,

The UV method showed Amax at 364 nm and was linear
over 5-35 pg/mL (y = 0.0301x + 0.0038, 1> > 0.999).
Recovery was 100.28 + 0.86%, repeatability and
intermediate precision had RSD of 0.53% and 0.85%, and
LOD/LOQ were 0.06/0.17 pg/mL, all within ICH Q2(R1)
criteria®*. Binary mixtures with all carriers, polymers and
diluents showed no change in colour, caking or
liquefaction after 4 weeks at 40 °C/75% RH, with drug
content of 98.9-99.6%. The FTIR bands of meloxicam at
3289 cm! (N-H), 1621 cm™!' (C=0) and 1347 and 1183
cm! (S=0) were retained in physical mixtures, and
the DSC melting endotherm at

255.3 °C persisted with reduced intensity, indicating
compatibility>**,

3.2. Phase solubility

Drug solubility increased linearly with the concentration
of all four carriers (AL-type diagrams), suggesting soluble
1:1 interactions*2. The stability constant followed the order
Soluplus® > PVP K30 > Poloxamer 188 > PEG 6000
(Table 3), and the negative AG°tr values show
spontaneous solubilization, stronger for the amphiphilic
polymers. Micellar solubilization and hydrogen bonding
between the enolic and amide groups of meloxicam and
the carrier are the likely mechanisms!®20,

Table 3. Phase solubility parameters of meloxicam—carrier systems in phosphate buffer pH 6.8 at 37 °C.

Carrier Slope | SO (ug/mL)

Ki1:1 M)

AG°tr at 1% w/v (kJ/mol) | Type

PVP K30 0.0103 25.6

143 —4.09 AL
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Poloxamer 188 | 0.0077 25.0 109 -3.59 AL
PEG 6000 0.0047 232 71 -3.07 AL
Soluplus® 0.0156 25.6 217 —5.09 AL

3.3. Solubility and dissolution of solid dispersions
Practical yield of the 36 batches ranged from 84.6 to
99.8% (lowest for kneading, owing to material loss during
kneading, drying and pulverization?!) and drug content
from 98.1 to 101.4%, indicating uniform drug distribution.
The saturation solubility of pure meloxicam at pH 6.8
(244 + 0.6 pg/mL) increased to 41.5 £ 0.7 pg/mL for
the physical mixture PM-S3,

170.8 + 3.5 pg/mL for KN-S3, 242.5 + 1.4 ug/mL for SE-
P3 and 310.6 + 3.6 pg/mL for SE-S3, a 12.7-fold
enhancement (Table 4, Figure 1a; one-way ANOVA with
Tukey's test, p < 0.001 versus pure drug). The superiority
of the dispersions over the physical mixture shows that the
gain is not merely due to better wetting, but also to
reduced crystallinity and molecular dispersion produced
during processing!'®!743

Pure meloxicam released only 20.1% in 60 min because of
poor wettability and crystallinity, whereas the dispersions
released 76.7-98.9% (Figure 1b). The ranking was solid

dispersion > physical mixture > pure drug, with SE-S3
giving the highest DP10 (63.4%) and DE30 (67.8%) and
the shortest t50 (7.3 min) (Table 4). The low f2 values

(7.4 for SE versus pure drug) confirm profiles that differ
markedly. Carrier, drug : carrier ratio and preparation
method all significantly affected DP10 (ANOVA; method
F =111.23, ratio F = 14.39, carrier F = 8.89; p

< 0.001), and the 1:3 ratio was optimal. The improvement
agrees with the mechanisms proposed for dispersions,
namely particle size reduction, increased wettability,
absence of aggregation  and carrier-controlled
dissolution'®!’, and with earlier reports of improved
meloxicam dissolution from PEG 6000, poloxamer 188
and alginate dispersions®?*%,  Solvent evaporation
outperformed kneading because the drug and carrier are
mixed in solution and solidified rapidly, which favours
molecular dispersion®’.

Table 4. Saturation solubility and dissolution parameters of meloxicam and its solid dispersions (phosphate buffer pH

6.8).
Sample Solubility Enhancement | DP10 (%) | DE30 (%) | t50 (min) | f2 vs pure drug
(ng/mL) ratio
Pure drug 244 +£0.6 — 54+0.6 7.0+04 > 60 —
Physical mixture 41.5+£07 1.7 13.9+0.5 16.9 £ 0.0 > 60 42.8+0.2
Kneading (KN- 170.8 £3.5 7.0 30,009 | 36.6+03 | 20.8+1.0 19.1+£02
S3)
Solvent 310.6 £3.6 12.7 634+14 | 67.8+£05 7.3+0.1 74+0.1
evaporation
(SE-S3)

Mean + SD, n = 3. Dissolution parameters are those of the best batch of each category; all solubility values differ from

pure drug at p <0.0001.
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Figure 1. (2) Saturation solubility of meloxicam, physical mixture (PM-S3) and solid dispersions in phosphate buffer pH
6.8; (b) in vitro dissolution profiles of pure drug, physical mixture and the best kneaded (KN) and solvent-evaporated
(SE-S3) dispersions (mean + SD, n = 3).
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3.4. Solid-state characterization

In the FTIR spectrum of SE-S3, the N-H and C=0O bands
of meloxicam shifted from 3289 to 3312 cm™! and from
1621 to 1632 cm™! and broadened, suggesting hydrogen
bonding with the carrier, as reported for amorphous
dispersions in polymers**®’. The DSC endotherm at
255.3 °C disappeared, confirming conversion to an

(a) Meloxicam

%

3.5. Pre- and post-compression properties of buccal
tablets

The blends flowed well (angle of repose 25.9-28.1°, Carr's
index 11.5-14.1%, Hausner's ratio 1.13-1.16)*%. All
batches gave round, flat tablets without capping or
chipping; diameter was 8.00 mm, weight was 149—151 mg
(fixed tablet weight 150 mg) and the other properties are
in Table 5. Weight variation was within the IP limit,

(b) Carrier

o
a'te\s

Figure 2. Scanning electron micrographs of (a) meloxica, (b) Soluplus® carrier and (c) the optimized solid dispersion
SE-S3 (scale bar 20 um).

amorphous or molecularly dispersed state!®4445. SEM

showed irregular rod-like drug crystals that were no longer
distinguishable in the smooth aggregates of the dispersion
(Figure 2). These findings explain the solubility and
dissolution gains. On this basis SE-S3 (meloxicam :
Soluplus® 1:3, solvent evaporation) was selected for the
buccal tablets.

(c) Solid dispersion

friability was below 1%, and drug content was 98.3—
100.5%. Hardness increased with polymer content (3.7 to
5.1 kg/cm?), probably reflecting the plastic deformation of
HPMC. Surface pH (6.54—7.16) was close to salivary pH,
so mucosal irritation is unlikely*’. Wetting time rose from
19 to 58 s and moisture absorption from 9.6 to 26.7% with
increasing polymer, indicating that hydration is rapid in
every batch.

Table S. Physical properties of buccal tablets F1-F9 (mean + SD, n = 3).

Batch | Thickness Weight Hardness | Friability (%) | Drug content Surface Wetting time
(mm) mg) | (kglem?) (%) pH )
Fl1 2.78+0.01 | 1503+2.0 | 3.7+0.1 0.74 +£0.03 98.7+£0.2 7.16 +£0.03 19+1
F2 2.81+0.03 | 149.2+09 | 4.1+0.0 0.67 +£0.01 99.9+£0.2 6.91 +0.03 30+2
F3 2.86£0.04 | 1509+0.8 | 4.0+0.1 0.62 £0.01 99.0 £ 0.6 6.72 £ 0.01 462
F4 2.88+0.04 | 149.6+0.8 | 42+03 0.63 +0.03 98.3+04 7.05 +£0.03 27+2
F5 2.89+0.03 | 1499+1.5 | 42+0.1 0.60 +0.03 99.4+04 6.79 £ 0.04 40+1
F6 2.88+£0.01 | 1503+1.8 | 4.6+0.1 0.53 £0.01 98.8£04 6.66 £ 0.02 52+1
F7 2.89+0.01 | 1494+1.8 | 45+£0.2 0.61 £0.01 98.7 £ 0.6 7.02 +0.01 32+1
F8 2.92+0.01 | 149.6+0.2 | 4.6+0.1 0.54 £0.02 100.5 £ 0.5 6.82 +£0.03 46+ 1
F9 2.96+0.03 | 150.6+0.6 | 5.1+0.1 0.50 £0.01 98.8 +£0.8 6.54+0.04 58+1

3.6. Swelling, mucoadhesion and residence time

Swelling index increased with time and with polymer
content, reaching 118-256% at 4 h (Table 6), because
hydrophilic polymers absorb water and relax their
chains®®. Swelling is essential for adhesive contact with
mucus, but excessive swelling can erode the gel and
reduce adhesion; matrix erosion fell from 20.0% (F1) to
7.7% (F9) as polymer increased. Mucoadhesive strength
ranged from 15.8 to 32.7 g (force of adhesion 0.155-0.321
N) and ex vivo residence time from 111 to 361 min. Both
rose with Carbopol 934P and HPMC K4M, owing to more
carboxyl and hydroxyl groups able to hydrogen-bond with
mucin and to deeper chain interpenetration®' 3. The

significant X1X2 interaction term indicates a synergistic
effect of the two polymers, as reported for polymer
combinations in buccal systems™.

3.7. In vitro release and release kinetics

Release at 15 min was 35.8-56.1% (Table 6; Figure 3).
Every batch released at least 79.9% of the drug in 60 min
and 95.3% in 120 min, compared with 19.7% and 31.9%
from the pure-drug tablet, so the dissolution advantage of
the dispersion was retained after compression into a
mucoadhesive matrix. Release slowed as polymer
increased, because a thicker gel layer lengthens the
diffusional path, so adhesion and release rate pull in
opposite directions. The same compromise has been seen
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with HPMC and Carbopol in other buccal tablets: Phan et
al.%® found higher permeation with HPMC but longer
mucoadhesion with Carbopol, and the HPMC—-Carbopol
tablets of Arabi et al.*’ sustained release over 12 h. In
contrast to such sustained-release designs built on plain
crystalline drug, the present tablets were intended for fast

levels that still adhere.

Release followed first-order kinetics best (> 0.9980—
0.9995), and the Korsmeyer—Peppas model fitted almost
equally well (12 0.9969-0.9995) with release exponents of
0.707-0.801, indicating anomalous (non-Fickian) transport
in which diffusion through the hydrated gel and polymer

release, and the dispersion made this possible at polymer

relaxation both contribute

48,60,61

Table 6. Hydration, mucoadhesion and release responses of the 32 factorial batches (mean + SD, n = 3).

Batch (X1, X2) | Swelling at 4 h, Y2 Erosion Mucoadhesive Residence time | Release at 15 min,
(%) (%) strength, Y1 (g) (min) Y3 (%)
Fl1(-1,-1) 118 +2 20.0+04 | 15.8+03 111 £10 56.1 £0.5
F2 (-1,0) 154 +4 16.4+£03 | 20.9+06 159+5 50.1+£1.0
F3 (-1,+1) 188+ 3 13.1+£0.1 | 23.7+£0.2 230+2 44.4+0.9
F4 (0,-1) 142+ 6 17.0£0.6 | 20.3+£0.2 141+7 52.0+0.7
F5(0,0) 182+5 13.6+£04 | 25.7+£04 209+ 7 45.6+0.7
F6 (0, +1) 225+ 5 9.9+0.3 294 +£0.9 302+ 3 39.8+0.6
F7 (+1,-1) 165+3 154+£05 ]209+08 172 £ 16 479+0.2
F8 (+1, 0) 211+5 11.3£02 | 27.6+£04 269 £ 8 43.4+1.7
F9 (+1, +1) 256+ 8 7.7+0.7 32.7+05 361 +5 358+£1.0

X1, HPMC K4M; X2, Carbopol 934P (coded levels). Pure-drug tablet: 19.7% release at 60 min and 31.9% at 120 min.

100 A

80 A

60 -

40 A

Cumulative drug release (%)

20 A

F6
F7
F8
F9
Pure drug tablet

60 80 100 120

Time (min)

Figure 3. In vitro release profiles of buccal tablets F1-F9 and the pure-drug tablet in phosphate buffer pH 6.8 (mean of
three determinations; SD < 2% at every time point).

3.8. Factorial design and optimization

A quadratic model best described mucoadhesive strength
(adjusted 12 = 0.9890, predicted > = 0.9852, non-
significant lack of fit p = 0.470; model F = 466.65, p <
0.0001), according to Equation (1):

Y1 =25.73 + 3.48X] + 4.81X2 + 0.99X1X2 — 1.50X]2
~0.94X 2 (1)

Both polymers increased adhesion, Carbopol 934P (B2 =
4.81) more strongly than HPMC K4M (B1 = 3.48) (Figure
4). Swelling (Y2) and t85 (Y4) followed interactive
models, and release at 15 min (Y3) a linear model with
negative coefficients, confirming that early release is

retarded by polymer (Table 7). All models were significant
(p < 0.0001). The desirability approach (scored from 0 to
1, where a higher value means the goals are better met
together; D

= 0.643) gave the best combination at 13.4 mg HPMC
K4M and 8.1 mg Carbopol 934P (coded levels X1 =
—0.32, X2 = —0.38), close to batch F2. Each 150 mg
optimized tablet contained 30 mg of SE-S3 (= 7.5 mg
meloxicam), 13.4 mg HPMC K4M, 8.1 mg Carbopol
934P, 94.0 mg of microcrystalline cellulose—mannitol
(1:1) and 1.5 mg each of sodium saccharin, magnesium
stearate and talc. The observed responses of three
confirmatory
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batches agreed with the predictions, with errors below 1%
(Table 8), which validates the model®.

The final formulation was chosen against the requirements
of a fast-acting buccal tablet: mucoadhesive strength of at
least 20 g, residence time of at least 150 min, about 50%
release in 15 min with t85 of about 45-46 min, and a 4-h
swelling index of about 140-200%. Batch F1 released
fastest (56.1% in 15 min; t85 37.2 min) but adhered
weakest (15.8 = 0.3 g), had the shortest residence time
(111 £ 10 min) and the highest matrix erosion (20.0%),
and was rejected. Batch F9 gave the strongest adhesion

(32.7 £ 0.5 g) and longest residence (361 + 5 min) but the
slowest release (35.8% in 15 min; t85 71.8 min), which
defeats the aim of rapid onset. F2 (10 mg HPMC K4M, 10
mg Carbopol 934P) was the only factorial batch meeting
all requirements (20.9 + 0.6 g; 159 + 5 min; swelling 154
+ 4%; 50.1 £ 1.0% in 15 min; t85 45.4 + 1.3 min). The
optimized tablet is a refinement of F2, with slightly more
HPMC K4M and less Carbopol 934P, giving higher
adhesion (22.8 + 0.3 g) and a residence time of about 170
min with practically the same release.

Table 7. Fitted models and regression coefficients for the responses.

Response Model Bo B1 (X1) | B2 (X2) | P12 | Adj.r* | Pred.r?
Y1 Quadratic 25.73 3.48 481 0.99 0.9890 0.9852
Y2 Interactive 182.20 28.73 40.53 5.22 0.9820 0.9754
Y3 Linear 46.14 -3.92 —6.00 — 0.9756 0.9720
Y4 Interactive 52.09 7.10 10.13 2.20 0.9920 0.9904

All models: p <0.0001.

Table 8. Predicted and observed responses of the optimized formulation.

Response Predicted | Observed (mean +SD) | Prediction error (%)
Y1: mucoadhesive strength (g) 22.6 22.8+03 +0.80
Y2: swelling at 4 h (%) 158 158 +1 —-0.39
Y3: release at 15 min (%) 49.7 499+04 +0.44
Y4: t85 (min) 46.2 46.2+ 04 +0.03
(a) (b)
33
30

Carbopol 934P (mg/tablet)

18

12 16 20

HPMC K4M (mg/tablet)

Mucoadhesive strength (g)

>
Y1 (g)

10

12

14
16 is 6
Hewe (mg) 20 4

Figure 4. Effect of HPMC K4M and Carbopol 934P on mucoadhesive strength (Y1): (a) contour plot and (b) three-
dimensional response surface generated from Equation (1).

3.9. Ex vivo permeation and mucosal safety

The optimized tablet delivered 408.9 + 7.8 pg/cm? across
porcine buccal mucosa in 6 h compared with 90.3 + 2.6
pg/cm? from the pure-drug tablet (Table 9; Figure 5).
Steady-state flux was 71.79 + 2.42 versus 18.02 + 0.46
pg/cm?h (enhancement ratio 3.98), and the lag time was
shortened from 0.81 to 0.30 h (all p < 0.05). Mucosal drug
retention was also higher (27.6 versus 5.4 ug/cm?). The
higher flux is attributable to the larger concentration of

dissolved drug at the mucosal surface supplied by the
dispersion, which steepens the concentration gradient,
together with the intimate and prolonged contact provided
by the mucoadhesive polymers®%*640, The shorter lag time
is consistent with the aim of rapid onset. Histological
sections of mucosa exposed to the optimized tablet
showed intact epithelium without necrosis, inflammatory
infiltrate or cell lysis, comparable with the buffer control,
as shown in Figure 6%.
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Figure 5. Ex vivo permeation profiles of meloxicam across porcine buccal mucosa from the optimized buccal
tablet and the pure-drug tablet.

(8) Phosphate buffer (control)

(b) Optimized tablet

Figure 6. Histological sections of porcine buccal mucosa treated with (a) phosphate buffer and (b) the optimized tablet

(H&E, x100).

Table 9. Ex vivo permeation parameters across porcine buccal mucosa (mean = SD, n = 3).

Parameter 0 month 1 month 2 months
Appearance White, flat, intact | No change | No change
Hardness (kg/cm?) 50+0.1 4.7+0.1 4.7+0.1
Drug content (%) 99.6 + 0.6 99.5+0.2 99.1+0.2
Surface pH 6.62 + 0.02 6.58+0.01 | 6.55+0.01
Mucoadhesive strength (g) 22.8+0.3 22.5+0.3 22.7+0.1
Release at 15 min (%) 499+ 09 493+0.3 48.7+0.2

Unpaired t-test.

3.10. Characterization of the optimized tablet and
stability

FTIR of the optimized tablet retained the characteristic
meloxicam bands, indicating no interaction among drug,
carrier and tablet excipients. The DSC endotherm
remained absent, so the amorphous state was preserved
during compression, which is essential for a dispersion-
based tablet?>. SEM of the hydrated tablet showed a

porous gel network favourable to water ingress, diffusion
and adhesion.

After 3 months at 40 + 2 °C/75 + 5% RH there was no
significant change in appearance, hardness (5.0 to 4.7
kg/cm?), drug content (99.6 to 98.7%), surface pH,
mucoadhesive strength (22.8 to 22.0 g) or release (Table
10; Figure 7). The similarity factor between initial and 3-
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month release profiles was 91.2, well above 50%2. The
formulation can therefore be considered stable under

accelerated conditions.

100 o

90

80

70

60 -

50

Cumulative drug release (%)

40 A

30 A

20

e A
5 —
f,=91.2
—&— Initial
3 months (40 °C/75% RH)
T T T T T T T
0 20 40 60 80 100 120

Time (min)

Figure 7. In vitro release profiles of the optimized tablet before and after 3 months of storage at 40 + 2 °C/75 + 5% RH.
Table 10. Stability of the optimized tablet at 40 + 2 °C/75 + 5% RH (mean + SD, n = 3).

Parameter 0 month 1 month 2 months 3 months
Appearance White, flat, intact | No change | Nochange | No change
Hardness (kg/cm?) 5.0+0.1 4.7+0.1 4.7+0.1 4.7+0.1
Drug content (%) 99.6 + 0.6 99.5+0.2 99.1+0.2 98.7+ 0.4
Surface pH 6.62 +0.02 6.58+0.01 | 6.55+£0.01 | 6.56+0.00
Mucoadhesive strength (g) 22.8+0.3 22.5+03 22.7+0.1 22.0+04
Release at 15 min (%) 499+ 09 493+03 48.7+0.2 48.6+04
t85 (min) 45.6+£0.2 47.1+£09 47.1+0.1 48.5+1.2
. . . compression into HPMC K4M-Carbopol 934P tablets, it
3.11. Comparison with earlier work ave satisfactory physical properties, a mucosa-compatible
Fast-disintegrating meloxicam tablets made from £ 1y phy prop § P

poloxamer- or menthol-based dispersions released 82.7%
and 77.8% of the drug in 30 min, but they still depend on
swallowing  and  gastrointestinal ~ absorption?’%,
Meloxicam dispersion-loaded buccal patches improved
release over plain-drug patches®, and bilayer buccal films
gave instant release and prompt absorption in rabbits®,
whereas buccal meloxicam tablets reported so far were

sustained-

release systems of crystalline drug®’. The present tablet
joins a dispersion with a compressed mucoadhesive
matrix, and shows 57.0-79.0% release at 30 min across
the batches (49.9% at 15 min for the optimized tablet)
together with 3.98-fold higher ex vivo flux. A similar
dispersion-to-buccal-tablet strategy has been used for a
poorly soluble drug, simvastatin, with improved
dissolution®.

4. CONCLUSION

A solid dispersion of meloxicam with Soluplus® (1:3,
solvent evaporation) increased saturation solubility 12.7-
fold and increased dissolution in 10 min from 5.4 to 63.4%
through conversion of the drug to an amorphous,
hydrogen-bonded  state.  Incorporated by  direct

surface pH, adequate mucoadhesion and prolonged
residence time. The factorial design showed that polymer
content governs a trade-off between adhesion and release,
and the optimized formulation balanced the two, releasing
about 50% of the drug in 15 min and 85% in about 46
min. The optimized tablet increased transmucosal flux
3.98-fold, shortened the lag time from 0.81 to 0.30 h
without epithelial damage, and was stable for 3 months
under accelerated conditions. The solid dispersion-based
mucoadhesive buccal tablet is a promising, patient-
friendly and scalable alternative to the conventional oral
tablet of meloxicam where rapid onset is needed. In vivo
pharmacokinetic and pharmacodynamic studies, in vitro—
in vivo correlation, long-term stability and scale-up are the
logical next steps.
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