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Abstract: Conventional oral and topical piroxicam formulations employed in the treatment of
inflammatory conditions are limited by adverse effects and low bioavailability which can be
surmounted using lipid-based formulations. The objectives of the study were to comparatively evaluate
the physicochemical and pharmacodynamic properties of surface-engineered solid lipid microparticles
(SLMs) and microgels of piroxicam designed for oral and topical administration, respectively.
Piroxicam (0.2, 0.5, 1.0%w/w) SLMs were formulated using optimized tailor-made Transcutol-
HP/Capra hircus (CH) lipid-matrix by melt-homogenization, characterized for physicochemical
performance, optimized and employed to prepare carbopol-based and poloxamer-based topical
microgels. The microgels were evaluated for drug content, physical characteristics, compatibility,
viscosity, spreadability, and stability. Thereafter, comparative studies were carried out on the
formulations regarding in-vitro drug release and anti-inflammatory activity in rats vis-a-vis the controls.
Differential scanning calorimetry (DSC) thermograms showed amorphicity of the lipid-matrix
compared with Transcutol-HP/CH, which consequently, led to good encapsulation efficiency
(89.16+0.4%) and drug release obtained with SLM containing 0.5%w/w piroxicam. This optimized
SLMs also had significantly (p<0.05) better anti-inflammatory activity (92+0.7%) than piroxicam
(6620.5%). The microgels showed good physicochemical performance and controlled release potential.
Marketed formulation (Roxy® Gel) and carbopol-based microgels gave relatively decreased drug
release and exhibited 65.6+£0.3% edema inhibition, while poloxamer-based microgel had 67.7+0.2%
edema inhibition at 6h. The enhanced anti-inflammatory activity of optimized SLMs and microgels
could be attributed to the hydrodynamic sub-micron particles, adequate spreadability, and low viscosity.
This study has shown surface-engineered SLMs and microgels as novel oral and topical platforms for
amplifying piroxicam delivery and anti-inflammatory activity.
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1. Introduction

Inflammatory disorders are treated primarily with non-steroidal anti-inflammatory
drugs (NSAIDs). Piroxicam, an oxicam derivative having an enolic 4-hydroxy substituent and
a member of the NSAIDs, acts by inhibiting the synthesis of arachidonate cyclo-oxygenase
enzyme (COX) and so causes the inhibition of the production of prostaglandins (a phospholipid
of the cell membrane), reduces inflammation [1,2]. Piroxicam thus exhibits pronounced anti-
inflammatory, analgesic, and antipyretic effects, and is thus useful in the chronic management
of rheumatoid arthritis, ankylosing spondylitis, osteoarthritis, acute musculoskeletal disorder,
acute gout, post-operative pain or after acute trauma, and treatment of primary dysmenorrhea
in patients of 12 years old and above [3,4].

Meanwhile, a lot of techniques are used to improve the biopharmaceutical and
pharmacodynamics of poorly water soluble drugs, including formulation approaches invloving
polymeric and lipidic systems [5-24]. The poor aqueous solubility and severity of some adverse
effects of piroxicam (e.g., gastrointestinal tract (GIT) ulceration and bleeding) have been
reduced through lipid-based formulations [1-3], which are widely used due to the diversity,
biocompatibility and versatility of pharmaceutical grade lipid excipients and their compatibility
with liquid, semi-solid and solid drugs [25-29]. Owing to the fact that various lipid-based
excipients which have unique features can easily be obtained, this makes it possible for these
excipients to be easily manipulated and applied in enhancing the bioavailability of poorly
water-soluble drugs and in controlling drug release [30-35]. Lipid formulations generally
provide increased drug solubilization for water-insoluble drugs owing to the ease of wetting of
hydrophobic drug particles in the presence of lipid matrix and the presence of surfactants that
promote wetting [36]. Furthermore, lipids are non-adhesive and, therefore, do not adhere to
intestinal walls, unlike most polymers, and so present a good matrix for formulating NSAIDS.

Drugs which have intrinsic delivery problems have been formulated into novel lipid-
based drug delivery systems (LBDDS) using the concept of solidified reverse micellar delivery
systems (SRMDS) [37-43]. This delivery technique utilize the merits of the traditional delivery
systems, including controlled and targetted drug release and industrial production of medicines
and also circumvents remarkable demerits of SRMDS, especially toxicity and instability
problems [5,44-52].

Recently, homolipids and heterolipids have gained renewed interest as pharmaceutical
excipients and have been copiously studied for improved delivery of various drugs [53-59].
Homolipids are esters of fatty acids with various alcohols. This study is centered on formulating
oral SLMs of piroxicam based on surface-modified homolipids obtained from goat fat (Capra
hircus, CH) and subsequent delivery as topical microgels (prepared with polymeric hydrogels:
Carbopol® 971 and Poloxamer® 407). Both oral and topical delivery systems (TDS) have
been employed to achieve controlled drug release [60-64]. Hydrogels and microgels are
potential TDS [65-68]. Hydrogels are cross-linked water-soluble polymers, which are highly
swollen but they do not solublize in the surrounding medium [66,67]. On the other hand,
microgels are microscopic particles of hydrogels which achieve sustained release by diffusion
from a reservoir through a micro-porous membrane into the skin [65,68,69].

To attenuate the low aqueous solubility and gastric ulceration of piroxicam, both oral
SLMs and TDS of piroxicam were developed in this investigation using tailor-made lipid-
matrix; topical piroxicam microgels based on poloxamer® 407 and Carbopol® 974 respectively
were prepared from SLMs containing homolipids obtained from CH and Transcutol®-HP (lipid
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base), Solutol® HS-15 (solubiliser), Tween® 80 (surfactant), and Lutrol® F68 (poloxamer® 188)
(solubility enhancer). These excipients and SRMDS have been successfully employed in
previous studies by our research team to achieve sustained, controlled, and targeted delivery of
several drugs via oral and topical routes of administration [44,57-59,65,70,71]. However, there
are no literature reports on topical SRMDS of piroxicam and piroxicam-loaded surface-
engineered SLM based on CH and Transcutol®-HP.

Consequently, our aim was to formulate oral SLMs and topical microgels of piroxicam
using CH and Transcutol®-HP as lipid-base and to compare the anti-inflammatory activity of
the formulations with that of unformulated piroxicam and commercial piroxicam gel,
respectively. It is expected that the increased surface area of particles making up the
formulations would enhance the anti-inflammatory effects of the formulations and possibly
delay/prolong the release of piroxicam vis-a-vis the commercial piroxicam gel.

2. Experimental

2.1. Materials.

The materials used include: pure piroxicam sample (Juhel Nigeria Limited, Nigeria),
Transcutol®-HP (Gattefossé, Saint-Priest Cedex, France), Tween® 80 (Kermel, China),
Solutol® HS 15 (Polyoxyl 15 Hydroxystearate, USP/NF), Poloxamer® 407 and Lutrol® F-68
(poloxamer® 188) (BASF, Ludwigshafen, Germany), Carbopol® 974 (Lubrizol Corporation,
USA), triethanolamine (Spectrum Corporation, USA), dialysis membrane (Molecular Weight
Cut Off 6000-8000 Spectrum, Netherlands), distilled water (Lion Waters Limited, Nsukka,
Nigeria), sodium hydroxide, hydrochloric acid (BDH, England), commercial piroxicam gel
(Roxy® Gel) (Bond Pharm. Nig. Ltd., Lagos, Nigeria). Capra hircus was obtained from a batch
processed in Pharmaceutics Laboratory, University of Nigeria, Nsukka, Nigeria.

2.2. Tailor-made lipid matrix formulation.

The tailor-made lipid matrix was formulated by fusion method in water-bath using a
hot plate (Ika RCT basic, Ika, Staufen, Germany), employing homolipid from CH and
Transcutol®-HP in the ratio 2:1, which was optimized from our preliminary studies. Briefly,
specified amounts of these lipids were weighed and melted together in temperature-regulated
water bath at 70 °C. The lipid melt was stirred until a homogenous admixture was obtained.
This thereafter stirred at room temperature to get a solid mass. The lipid matrix was then
properly stored until used.

2.3. Thermal characterization.

Thermal properties of pure piroxicam, Transcutol® HP, CH, and optimized lipid-matrix
were assessed using 5 mg of each sample. First, empty aluminum pan were used to ascertain
the baselines. Thereafter, weighed samples were sealed hermetically and a differential scanning
calorimeter (DSC Q100 TA Instrument, Germany) was used to determine the thermal
behaviours of the samples when heated between 20 — 250 °C at a heating rate of 5 °C/min, held
at 80 °C for 10 min and cooled at 5 °C/min. Importantly, all the thermograms obtained were
baseline-corrected.

The DSC analysis was extended to the solid lipid microparticles and gel formulations
(representative batches).
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2.4. Formulation of solid lipid microparticles (SLMs).

The SLMs were prepared by the melt-emulsification technique [42]. Briefly, the lipid
matrix (15 g) was melted over a water bath in a thermo-controlled hot plate which was set at
80°C. Solutol® HS-15 and Tween® 80 were added to the lipid matrix to enhance drug
dissolution. Distilled water was added to Lutrol® F-68 and the temperature of the aqueous phase
obtained was made uniform with that of the lipid matrix. The aqueous phase was poured into
the lipid phase, and the Ultra-Turrax homogenizer (T-25 digital Ultra-Turrax; IKA, Staufen,
Germany) was used to homogenize the two phases at 10,000 rpm for 5 min. Thereafter, the hot
O/W emulsion obtained was collected in pre-warmed packages. These unloaded (zero-drug)
SLMs were to serve as a control. By adding piroxicam (0.2, 0.5, and 1.0 %w/w) to the lipid
matrix and following the above procedure, drug-loaded formulations were produced into three
batches. The formulation composition is presented in Table 1.

Table 1. Formulation composition of the surface-engineered solid lipid microparticles.

Compositions Batch A (% Batch B (% Batch C (% Batch D (%
quantity) guantity) quantities) guantity)

Piroxicam 0 0.2 0.5 1.0
Capra hircus (goat fat) 10 10 10 10
Transcutol® HP 5 5 5 5
Solutol® 3 3 3 3
Tween® 80 1 1 1 1
Lutrol® F68 2 2 2 2
Distilled water (g.s.) (ml) 79 78.8 78.5 78

2.5. Characterization of SLM.
2.5.1. Encapsulation efficiency (EE%) determination.

This was done by centrifuging a 6ml sample of piroxicam-loaded SLMs in a micro
concentrator (Vivascience, Germany) at 3000 rpm for 120 min. After adequate dilution of the
resultant supernatants with simulated intestinal fluid (SIF), the amount of un-encapsulated drug
in the microparticles was analyzed by UV spectrophotometer (Unico 2102, England) at a
predetermined wavelength of 345 nm. The EE% was calculated using equation (1) [1].

EE (%) — Actual drug content % 100 (1)

Theoretical drug content

2.5.2. Determination of mean particle size.

The mean particle sizes of the SLMs were determined by polarized light microscopy
(PLM). Briefly, a drop of an aqueous dispersion of each batch of the SLMs was introduced on
a slide. This was covered with a cover slip and the image captured at X400 magnification.
Average sizes of the particles were taken.

2.5.3. Short-term stability studies.

The formulated SLMs were left undisturbed at room temperature for 7 days and
observed for physical examinations (phase separation and color/odor changes). In addition, the
pH of the SLM formulations was periodically determined (on day-1, day-7, and day-30) by
inserting the electrode of the potentiometer into each batch of the SLMs and recording the pH
values. These short-term stability studies were carried out to determine the most stable
(optimized) batch for further studies.
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Furthermore, the short-term stability study was extended to the gel formulations.
2.6. Preparation of microgels.

The gels were prepared by the cold-dispersion method [65]. Two types of gelling agents
were employed — poloxamer-based polymer: Poloxamer® 407 (P407) and polyacrylic acid-
based polymer: Carbopol® 974 (C974P). Briefly, P407 was properly solubilized in distilled
water followed by addition of propylene glycol, this was mixed until a homogenous semi-solid
mass (hydrogel) was formed. The SLM formulations (1 ml) were added to the hydrogels and
mixed thoroughly until homogenous semi-solid microgels were formed. Several batches of
P407-based and C974P-based gel formulations were prepared, including plain hydrogel and
plain and drug-loaded microgels. The C974P hydrogel/microgel was further neutralized with
triethanolamine, and pH was adjusted to 5.5. All formulations were properly stored until used.

2.7. Characterization of the microgels.
2.7.1. Drug content determination.

A 2 g quantity of each gel preparation was weighed and placed in a 100-ml volumetric
flask. Then, 10 ml of methanol was added, mixed thoroughly, and stirred continuously for 30
min. The volume was made up to the mark with the solvent, then centrifuged at 4000 rpm for
30 min. and filtered. The content of piroxicam in the solution was spectrophotometrically

assayed at 345 nm, and the drug content efficiency was determined employing equation (2).
Actual drug content

Drug content ef ficiecy (%) = X 100 2

" Theoretical drug content

2.7.2. Spreadability determination.

This study was carried out by adopting a reported technique [65]. Briefly, 0.5 g of each
test sample was placed in-between two unmarked upper and marked lower glass slides after
which varying weights (50, 100, 200, and 300 g) were placed on the upper slide and respective
diameters occupied by the spreading gel were employed to ascertain the area of spread (length
X width). The experiment was replicated using the same weight in each case [65].

2.7.3. Rheological assessment.

The viscosity assessment of all formulations was done using NDJ-55 digital viscometer.
The spindle at a speed of 12 rpm was inserted into 10 g of the gel for Imin. The viscosity was
read off the display and recorded.

2.7.4. In-vitro drug release studies.

Release study was carried out using a dialysis bag placed in the release medium
(phosphate buffer, pH 5.5 for topical microgels, and pH 7.4 for oral SLMs) under constant hot
plate magnetic stirring [42,59]. The dialysis membrane (Molecular Weight Cut Off 6000-8000
Spectrum, Netherlands) was soaked for 24 h after which one end of the membrane was tied,
and 5 ml of each batch of the drug-loaded formulations (SLMs and microgels) was introduced
into the membrane. The loose end was tied afterward and suspended in 200 ml of the medium,
all in a thermostatic rotating basket dissolution sytem. Samples were collected at various time
intervals (0.5, 1, 2, 4, 6, 8, 10, and 12 h) and replaced with equal volume of phosphate buffer
https://nanobioletters.com/ 5 of 24
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serving as the dissolution medium (to maintain sink condition). The samples obtained were
analyzed with a UV-vis spectrophotometer at a predetermined wavelength of 375 nm. The
concentration of piroxicam present in the samples was calculated and recorded. This entire
procedure was repeated for pure piroxicam samples and commercial samples (Roxy® Gel),
which served as controls for the SLMs and microgels, respectively.

2.7.5. Anti-inflammatory investigation.

The anti—inflammatory activity of the formulations (piroxicam-loaded oral SLMs and
topical microgels) was carried out using the rat paw edema test [44,71]. The guidelins of the
Animal Ethics Committee of the Faculty of Pharmaceutical Sciences, University of Nigeria,
Nsukka were followed and fresh undiluted egg albumin served as the phlogistic agent [50].
Forty-eight male and female adult Wistar rats (120 — 200 g) were acclimatized for 10 days,
fasted and deprived of water for 12 (to ensure uniform hydration and to minimize variability in
oedematous response) after which they were divided into eight groups of six rats per group as
follows:

Group-1 represents animals that received unloaded SLM (negative control for SLMs).
Group-2 represents animals that received pure piroxicam drug (reference or positive

control for SLMs).

Group-3 represents animals that received optimized SLM (batch B).

Group-4 represents animals that received optimized poloxamer-based microgels.

Group-5 represents animals that received optimized Carbopol-based microgels.

Group-6 represents the animal that received unloaded poloxamer-based microgels (negative
control for P408 microgels).

Group-7 represents animals that received unloaded Carbopol based microgels (negative
control for C974P microgels).

Group-8 represents animals that received a commercial sample of piroxicam gel (Roxy® Gel)
(reference or positive control for microgels).

Rats in groups 1-3 were used to determine the anti-inflammatory activity of the
optimized SLM formulation (batch B) and a pure sample of piroxicam in the following order:
Negative control (group-1) received 10 mg/kg of unloaded SLMs, Positive control (group-2)
received 10 mg/kg of a pure sample of piroxicam while optimized piroxicam—loaded SLMs
(batch B) equivalent to 10 mg/kg body weight was given per oral to the animals in group-3.
Thirty minutes post-treatment, edema was induced by injection of 0.1 ml fresh undiluted egg—
albumin into the subplantar region of the right hind paw of the rats [1,2]. Rats in groups 4-8
were used in determining the anti-inflammatory effect of the microgels and commercial sample
in the following order: one gram of optimized piroxicam loaded, poloxamer-based microgel
(containing 0.37 mg piroxicam) was applied to the sub plantar surface of the hind Paw of rats
in group-4 by gentle rubbing 50 times with the index finger [63]. One gram of optimized
piroxicam-loaded Carbopol-based microgel was applied to rats in group-5 using the same
procedure. Rats in group-6 and group-7 served as negative controls and received 1 g of
unloaded poloxamer-based and Carbopol-based microgels (hydrogels), respectively. Rats in
group-8 received 74 mg of commercial piroxicam gel (Roxy® Gel) containing 0.37 mg
piroxicam, which is equivalent to 1 g of microgel formulations. Induction of edema was done
at 0.5 hour after treatment by administering the phlogistic agent on the right had paw of the
animals [50]. Plethysmometer was then used to determine the amount of distilled water
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displaced by the treated right hind paw of the animals before and at 0.5, 1, 2, 3, 4, 5, and 6 h
post-edema induction. The percent inhibition of edema was calculated using equation (3) [71].

% Inhibition of oedema =1 — [g x 100 (3)

Where ‘a’ is the mean paw volume of treated rats after egg albumin injection, ‘x’ is the mean
paw volume of treated rats before egg albumin injection, ‘b’ is the mean paw volume of control
rats after egg albumin injection, and ‘y’ is the mean paw volume of control rats before egg
albumin injection.

2.8. Statistical analysis.

Data obtained from the study were analyzed statistically using one-way analysis of
variance (ANOVA), and considered statistically significant at p < 0.05.

3. Results and Discussion

3.1. Thermal properties of tailor-made lipid matrix.

The DSC thermograms of the individual lipids and optimized tailor-made lipid matrix
are shown in Figure 1. Homolipids from Capra hircus (goat fat) had a melting peak of 53.7 °C
and an enthalpy of -16.42 mW/mg (Figure 1A). Transcutol®-HP alone had a melting
temperature of 174.1 °C and an enthalpy of -24.35 mW/mg (Figure 1B). When Transcutol® HP
was incorporated into the Capra hircus to form the tailor-made lipid matrix, the thermal
properties changed to two melting peaks of 53.4 and 100.8 °C, with corresponding enthalpies
of -31.63 and - 11.42 mW/mg, respectively (Figure 1C).

The thermal analysis shows that the CH-Transcutol® HP lipid matrix melted with
endothermic decomposition. The increase in melting peak in one of the modifications suggests
that the physical mixture of CH and Transcutol®-HP was more stable than the individual
components alone. The results showed that structuring of CH with Transcutol®-HP produced
a tailor-made matrix with low enthalpy. Generally, a decrease in enthalpy implies reduction in
crystallinity of lipid matrices [46]. Therefore, the CH-Transcutol® HP lipid matrix generated
an disordered matrix (attributed to disorganization of crystals of individual lipids following
melting and subsequent solidification), which ultimately would enhance drug encapsulation
[46]. The interaction of different fatty acid contents of the lipids might be responsible for the
crystal disorganization and rearrangement of the individual lipids [45]. By implication, the
reduction in enthalpy shows that CH/Transcutol®-HP admixture was less crystalline and hence
has a tendency to entrap more drugs.

3.2 Physicochemical properties of the SLMs.
3.2.1 Encapsulation efficiency.

Table 2 depicts the results of the loading efficiency of the SLMs. It can be seen that the
encapsulation efficiency of the SLMs loaded with 0.2 % piroxicam was higher than the lipid
matrix loaded with 0.5 and 1.0 % of the drug. In other words, SLM batch B had the highest
encapsulation efficiency (89.16 + 0.4 %), followed closely by SLM batch D with EE% of 79.55
+ 0.3 %, and SLM batch C with EE% of 59.96 + 0.2 %.
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Figure 1. Differential scanning calorimetry (DSC) thermograms of Capra hircus, CH (goat fat) (A),
Transcutol® HP (B), Capra hircus/Transcutol® HP admixture (lipid matrix) (C), Transcutol® HP and lipid matrix
in superposition (D). Key: For superimposed figures (D), 1 represents Transcutol® HP while 2 represents the
tailor-made Capra hircus/Transcutol® HP lipid matrix.

A good number of NSAIDs with various degrees of lipophilicity have been
incorporated into SLMs [1-3,50]. The EE% is an important tool to evaluate a potential drug
carrier system and for SLMs, it is obviously desirable to produce microparticles with high drug
content in order to decrease the number of microparticles to be administered. For this purpose,
a sufficiently high solubility of the drug in the lipid melt would facilitate loading capacity.
Various factors affect the loading efficiency of the drug in the lipid, including lipid material
polymorphicity, drug solubility in the melted lipid, structure of the lipid matrix, and miscibility
of the lipid melt and drug melt [72]. It was observed that the amount of drug loaded in the
SLMs affected the encapsulation efficiency. However, all the batches showed high
encapsulation efficiency, which may be due to the lipophilicity of piroxicam. The highest drug
loading capacity obtained with the optimized SLM means that, on the one hand, the matrix had
enormous spaces which accommodated the piroxicam, and on the other hand, the solubilizers
promoted drug solubilization. The high loading efficiency also agrees with the observation
from solid-state characterization using DSC, where the tailor-made lipid matrix showed an
imperfect and disordered matrix with numerous spaces for drug loading, which is consistent
with earlier studies [1-3,50].

Table 2. Some physicochemical properties of solid lipid microparticles and microgels formulated with tailor-
made Capra hircus/Transcutol® HP composite.

Composition (g) Particle size (um <+ | Drug contentor pH®®
SEM)? encapsulation (% + SEM)P Day-7 Day-30
Day-1
Zero drug SLM-A | 1.704+0.02 | - | 4.240.1 41403 4.0+0.1
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Composition (g) Particle size (um <+ | Drug contentor pH®¢
SEM)? encapsulation (% + SEM)P Day-7 Day-30
Day-1

Drug-loaded SLM-B 2.338+0.05 89.16+0.4 4.4+0.2 43+0.1 4.3#0.2
Drug-loaded SLM-C 1.410+0.02 59.96+0.2 4.4+0.1 4.4+0.2 4.340.3
Drug-loaded SLM-D 1.057+0.01 79.5540.3 4.640.3 45+0.3 4.5+0.2
C974-based unloaded | 1.234+0.03 - 5.6+0.4 55+04 5.4+40.3
microgel

C974-based  batch B | 1.880+0.04 77.24+0.9 5.5+0.3 5.6+0.2 5.6+04
microgel

C974-based  batch  C | 1.410+0.02 80.76+1.2 5.5+0.1 54+0.1 5.4+0.1
microgel

C974-based  batch D | 1.939£0.01 75.62+0.8 5.7+0.2 5.6+0.3 5.5+04
microgel

C974-based hydrogel - - 5.5+0.3 5.4+0.2 5.4+0.3
P407-based unloaded | 2.115+0.04 - 5.5+0.1 5.6+04 5.6+04
microgel

P407-based batch B | 1.763+0.02 94.05+1.4 5.4+0.2 55+0.3 55+0.1
microgel

P407-based batch C | 2.028+0.01 86.02+0.9 5.5+0.1 5.6+0.3 5.6%0.2
microgel

P407-based batch D | 2.038+0.03 85.19+0.6 5.6+0.3 55+0.1 5.4+0.3
microgel

P407-based hydrogel - - 5.4+0.2 5.4+0.2 5.3%0.1

Key: ?n = 5, n = 3, °Mean + SEM, SEM is the standard error of mean; zero drugs SLM-A means solid lipid
microparticles formulated without piroxicam; drug-loaded SLM-B, drug-loaded SLM C and drug-loaded SLM-D
are solid lipid microparticles containing 0.2, 0.5 and 1.0 %w/w of piroxicam, respectively, in the formulations.
P407 means Poloxamer® 407; C974 means Carbopol® 974P; P407-based batch B microgel, P407-based batch C
microgel, and P407-based batch D microgel are poloxamer-based microgels containing 0.2, 0.5 and 1.0 %w/w of
piroxicam, respectively, in the solid lipid microparticles used in formulating the drug-loaded poloxamer-based
microgels; C974-based batch B microgel, C974-based batch C microgel and C974-based batch D microgel are
Carbopol-based microgels containing 0.2, 0.5 and 1.0 %w/w of piroxicam, respectively, in the solid lipid
microparticles used in formulating the drug-loaded Carbopol-based microgels; C974-based unloaded microgel
and P407-based unloaded microgel are microgels formulated with zero drug SLM-A and based on Carbopol®
974P and Poloxamer® 407, respectively; while C974-based hydrogel and P407-based hydrogel are plain hydrogels
prepared with Carbopol® 974P and Poloxamer® 407, respectively.

3.2.2. Mean particle size and morphology.

Table 2 shows the mean particle sizes of all batches of the SLMs, which were in the
sub-micron range. The mean particle size of unloaded SLMs (batch A) was 1.704 + 0.02 um
while the mean particle sizes of piroxicam-loaded SLMs were in the range of 1.057 + 0.01 to
2.338 = 0.05 pm, with SLM batches D and B having the least and highest mean particle sizes,
respectively. The mean particle sizes of SLMs containing piroxicam and the zero-drug SLMs
did not show any significant difference (p > 0.05). The photomicrographs of the SLMs are
depicted in Figure 2. It could be seen that they comprise of spherical and non-spherical
particles.

The mean particle size range obtained with the SLMs formulations is within the micro-
meter-sized particles reported in the literature for piroxicam microparticles [1-3], which would
exhibit greatly increased surface area leading to enhanced permeability across biological
membranes. The ratio of drug to lipid affected the size of the SLMs produced. Increase in the
concentration of the loaded drug decreased the particle size of the SLMs, which is in contrast
with the work done by Joseph and co-researchers [73], who prepared piroxicam-loaded
polycarbonate microspheres. However, the particle sizes of SLMs formulations could be
affected by several factors, including pharmaceutical excipients, particle size growth, particle

https://nanobioletters.com/ 9 of 24


https://doi.org/10.33263/LIANBS131.015
https://nanobioletters.com/

https://doi.org/10.33263/LIANBS131.015

crystalline habit, homogenization pressure and degree, etc [74]. The morphological features of
the SLMs are indicative of physical stability due to absence of particle agglomeration[74].

3.2.3. Physical examination and pH analysis.

Upon physical examination of the SLM formulations, it was observed that batch B SLM
was very stable and did not separate on standing for 30 days. In addition, the short-term pH-
dependent time-resolved stability tests on the SLMs showed insignificant deviation (p > 0.05)
in the pH values, as shown in Table 2. However, drug-loaded SLMs had higher pH values than
unloaded SLM. In addition, there was a concentration-dependent increase in pH of drug-loaded
SLMs (Table 2). Overall, Table 2 showed that the pH values of the SLMs varied from between
4.2 £ 0.1 to 4.6 £ 0.3 within 24 h of preparation to between 4.0 + 0.1 and 4.5 + 0.2 within 1
month of preparation.

The pH analysis performed in this study was essential for pharmaceutical formulations
because wide variations in pH can irritate biological membranes. However, for the SLMs
developed in this study, there were insignificant variations in the pH values following short-
term stability studies, and the pH range of the SLMs falls within the acceptable pH range for
oral formulations.

Based on the fact that SLM batch B gave the best results concerning physicochemical
and short-term stability studies, it was selected as the optimized batch for further investigations.
With larger sub-micron particle size due to increased drug entrapment, batch B SLM would be
expected to have higher edema inhibition.

3.2.4. Thermodynamic stability of piroxicam in the SLMs.

Figure 3 shows the DSC thermographs of plain solid lipid microparticles, piroxicam,
and drug-loaded formulation in superposition. The DSC thermograph of pure piroxicam
exhibited a major sharp endothermic single peak indicating melting at 203.1 °C and enthalpy
of -29 mW/mg as presented in Figure 3(A). The unloaded SLMs show a melting peak of 121.6
°C and an enthalpy of -193 mW/mg (Figure 3B). Optimized piroxicam-loaded SLMs batch B
had a melting peak of 118.1 °C and an enthalpy of -167 mW/mg (Figure 3C). It could be seen
that drug-loaded formulation gave lower melting point and enthalpy than pure piroxicam as the
melting temperature was lowered from 121.6 °C to 118.1 °C and the enthalpy from -193
mW/mg to -167 mW/mg.

Overall, the DSC thermograms of the drug showed a sharp endothermic peak which
revealed high crystallinity and purity consistent with earlier report [1]. Total disappearance of
the drug peak was observed in the SLM formulations containing piroxicam such that it became
indistinguishable from the zero-drug-loaded formulations. Even though this does not guarantee
the complete absence of drug crystals yet it suggests that there was an improved dissolution of
the drug in the matrices. It has been observed that polymorphic transformations occur during
preparation and storage [1,53]. Since a decrease in the enthalpy correlates with enhanced drug
entrapment in the matrix core, this agrees with the good encapsulation efficiency (89.16 + 0.4
%) obtained with the optimized SLM batch B.

https://nanobioletters.com/ 10 of 24


https://doi.org/10.33263/LIANBS131.015
https://nanobioletters.com/

https://doi.org/10.33263/LIANBS131.015

Figure 2. Photomicrographs of the SLMs formulations. A-D represents batches A to D SLMs.
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Figure 3. Differential scanning calorimetry (DSC) thermograms of piroxicam (A), unloaded SLMs formulation
(B), piroxicam-loaded SLMs formulation (C), SLMs formulations in superposition (D).

Key: For superimposed figures (D), 3 represents unloaded SLM formulation, 4 represents pure piroxicam sample

while 5 is piroxicam-loaded SLMs (optimized SLM formulation).
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3.3. Physicochemical properties of the gel formulations.
3.3.1. Organoleptic and pH analyses.

The gel formulations were consistent, odorless, and had uniform color. Results of the
pH studies (Table 2) showed that, for Carbopol-based gel formulations, the pH of plain C974
hydrogel varied from 5.5 + 0.3 within 24 h of preparation to 5.4 + 0.3 within 1 month of
preparation, the pH of unloaded C974 microgel varied from 5.6 + 0.4 within 24 h of preparation
to 5.4 + 0.3 within 1 month of preparation, whereas the pH of piroxicam-loaded C974 microgel
varied from between 5.5 + 0.1 to 5.7 £ 0.2 within 24 h of preparation to between 5.4 £ 0.1 and
5.6 + 0.4 within 1 month of preparation. Similarly, for poloxamer-based gel formulations, the
pH of plain P407 hydrogel varied from 5.4 + 0.2 within 24 h of preparation to 5.3 + 0.1 within
1 month of preparation, the pH of unloaded P407 microgel varied from 5.5 + 0.1 within 24 h
of preparation to 5.6 = 0.4 within 1 month of preparation, whereas the pH of piroxicam-loaded
P407 microgel varied from between 5.4 £ 0.2 to 5.6 + 0.3 within 24 h of preparation to between
5.3+ 0.1 and 5.6 = 0.2 within 1 month of preparation.

Overall, the pH values of the gel formulations, which generally did not deviate from
the reported pH range of the skin (range = 4.5-6.5) [65-68], indicated the suitability of the
developed gel formulations for topical delivery of piroxicam, consistent with previous reports
on topical delivery of bioactive agents [34]. Thus, the optimized formulations are safe for use
on the skin.

3.3.2. Drug content of the microgels.

Table 2 shows the percentage drug content of the mucoadhesive gel formulations.
Carbopol-based microgels showed percentage drug content in the range of 75.62 + 0.8 to 80.76
+ 1.2 %, whereas poloxamer-based microgels had percentage drug content in the range of 85.19
+ 0.6 to 94.05 + 1.4. Results showed that poloxamer-based microgels had higher percentage
drug content that Carbopol-based microgels, with poloxamer-based microgels containing 0.2
%w/w of piroxicam (lowest drug loading) in the solid lipid microparticles used in formulating
the drug-loaded poloxamer-based microgels having the highest whereas Carbopol-based
microgels containing 1.0 %w/w of piroxicam (greatest drug loading) in the solid lipid
microparticles used in formulating the drug-loaded Carbopol-based microgels having the least.

The microgel formulations had good percent drug content. Microgel drug content
analysis agrees that independent of the drug being incorporated or attached, it is still possible
to achieve high drug content whenever the drug-lipid interaction favors
attachment/incorporation [73]. Therefore, to improve skin uptake and targeting, a semi-solid
vehicle, as has been demonstrated in this study, remains a standard approach that exhibits high
stability and low toxicity.

3.3.3. Mean particle size and morphology.

Table 2 shows the mean particle size of the microgels, while the micrographs of the gel
formulations are depicted in Figure 4. It could be deciphered that Carbopol-based microgels
had smaller mean particle sizes than poloxamer-based microgels. For Carbopol-based
microgels, the mean particle size of unloaded C974-based microgel was 1.234 + 0.03 pum while
the mean particle sizes of piroxicam-loaded C974-based microgels were in the range of 1.410

+ 0.02 to 1.939 £+ 0.01 um, with batch D containing 1.0 %w/w of piroxicam (greatest drug
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loading) in the solid lipid microparticles used in formulating the drug-loaded Carbopol-based
microgels having the largest mean particle sizes. For poloxamer-based microgels, the mean
particle size of unloaded P407-based microgel was 2.11 + 0.04 um while the mean particle
sizes of piroxicam-loaded P407-based microgels were in the range of 1.763 + 0.02 to 2.038 +
0.03 um, with batch B containing 0.2 %w/w of piroxicam (lowest drug loading) in the solid
lipid microparticles used in formulating the drug-loaded poloxamer-based microgels having
the least mean particle sizes. Moreover, the microgels showed the microstructures of the gel as
well as the dispersed lipidic particles.

The particle sizes of the microgel formulations were generally small. By implication,
this shows the suitability of the developed microgels for topical skin delivery of piroxicam,
consistent with previous reports [34]. Decrease in the particle size would facilitate penetration
of the particulate formulations to the skin layers [65].

3.3.4. Spreadability.

Figure 5 depicts the spreadability of the gel formulations. It could be seen from the
figure that poloxamer-based microgels were more spreadable than Carbopol-based microgels.
Among Carbopol-based gel formulations (Figure 5A), the plain hydrogel was the most
spreadable, whereas among poloxamer-based gel formulations (Figure 5B), unloaded microgel
had the highest spreadability, followed by the plain hydrogel and lastly, the drug-loaded
microgel formulations. Moreover, there was a load-dependent increase in the area of spread
across all batches of the gel formulations.

The higher spreadability of poloxamer-based microgels vis-a-vis Carbopol-based
microgels, consistent with earlier reports on topical microgels [65,68], would enhance the drug
administration, release and anti-inflammatory activity of piroxicam. Meanwhile, C974P NF
polymer is a highly cross-linked polymer and it has been used to produce highly viscous gels
with rheology similar to mayonnaise (low spreadability) [65].

3.3.5. Rheological determination.

The results of the rheological evaluation are shown in Figure 6. Incorporation of SLMs
into the Carbopol-based hydrogel caused a reduction in viscosity across all batches of
Carbopol-based microgels, while the incorporation of SLMs into poloxamer-based hydrogel
slightly increased viscosity across all batches of poloxamer-based microgels. However, all
drug-loaded C974-based microgels were more viscous than all batches of drug-loaded P407-
based microgels. Moreover, decreased viscosity was generally observed at high concentrations
of the microgels.

The highly viscous nature of C974-based microgels vis-a-vis P407-based microgels
would lower the spreadibility Carbopol-based microgel, which invariably would result in lower
pharmacodynamic activity vis-a-vis the poloxamer-based microgel. This is in consonance with
earlier reports on microgels [65,68].
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Figure 4. Photomicrographs of the microgels formulations.

Keys: A-D represents Carbopol-based microgels batches A to D while E-H represents poloxamer-based microgels
batches A to D.
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Figure 5. Spreadability of (A) Carbopol-based gel formulations and (B) Poloxamer-based gel formulations.
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Figure 6. Viscosity profiles of the gel formulations.
3.3.6. Drug-excipient compatibility of the gel formulations.

The thermal properties of Carbopol plain hydrogel, Carbopol-based unloaded
microgels, piroxicam-loaded Carbopol-based microgels, Carbopol-based formulations
alongside pure piroxicam in superposition, poloxamer-based plain hydrogel, poloxamer-based
unloaded microgels, piroxicam-loaded poloxamer-based microgels and poloxamer-based
formulations alongside pure piroxicam in superposition are shown in Figures 7A- H,
respectively. It can be deciphered from the figure that, correlating the thermal properties of the
plain hydrogels, Carbopol-based hydrogel had a melting peak of 103.9 °C and an enthalpy of -
70.05 mW/mg (Figure 7A) while poloxamer-based hydrogel exhibited a melting peak of 116.4
°C and a higher enthalpy of -139.4 mW/mg (Figure 7E). Furthermore, in correlation of the
thermal properties of the microgels, the melting peaks of poloxamer-based unloaded microgels
and Carbopol-based unloaded microgels were 134 and 119.1 °C, respectively, with
corresponding enthalpies of -304.2 and -160.2 mW/mg (Figures 7B and 7F). Obviously, glass
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transition (change in heat capacity without heat being absorbed or evolved.) was observed in
the DSC trace of poloxamer-based unloaded microgels (Figure 7F). Clearly, there were
modifications in melting point values and enthalpies for piroxicam-loaded microgels compared
to the thermal properties of plain hydrogels, unloaded microgels, and the drug. The results
showed that piroxicam-loaded Carbopol-based microgel showed a melting peak of 125.2 °C
with the corresponding enthalpy of - 119.3 mW/mg (Figure 7C) while piroxicam-loaded
poloxamer-based microgel showed melting peak of 105.7 °C with the corresponding enthalpy
of - 103.9 mW/mg (Figure 7G).

Furthermore, there were modifications in melting point values and enthalpies for
piroxicam-loaded microgels compared to the thermal properties of plain hydrogels, unloaded
microgels, and the drug. Since higher melting point values implies greater crystallinity, [1-3],
it follows that both Carbopol-based and poloxamer-based piroxicam-loaded microgels were
less crystalline than piroxicam as the drug was molecularly dispersed in the microgels.
Moreover, the physicochemical compatibility in the microgels of the drug, surface-engineered
SLMs, and polymeric hydrogels of C974 and P407 studied by DSC suggested the absence of
any incompatibility. The results showed that piroxicam, SLMs and hydrogel polymers (C974
and P407) are compatible as also indicates the stability of the drug in the drug-loaded
microgels. This was because piroxicam-loaded microgels gave lower melting point values than
the drug, implying that the drug existed in an amorphous state in the formulations, similar to
recent reports [65,68,74].

3.3.7. In-vitro drug release from the SLMs and gel formulations.

The release profiles of piroxicam from the oral SLMs and topical microgels in
corresponding phosphate buffers of pH 5.5 and 7.4 are shown in Figures 8A and 8B,
respectively. The results indicate a very significant release of piroxicam from the SLMs as
against a retarded release recorded with highly lipophilic pure piroxicam powder. It can be
deduced from Figure 8A that, among piroxicam-loaded SLMs, the optimized batch B SLM
with the greatest EE% released the highest amount of piroxicam (76.72 + 0.9 %) after 12 h,
whereas SLM batches C and D gave lower percentages of drug release (42.07 £ 0.3 and 45.75
+ 0.8 %, respectively). After 12 h, drug dissolution was higher in the drug-loaded
microparticles than in the pure piroxicam sample (reference) (28.87 £ 0.9 %). Similarly, for
topical microgels, Figure 8B shows that optimized poloxamer-based microgel, as well as
marketed gel formulation, had higher percentages of drug release (90.2 + 0.8 % and 81.74 +
0.2 %, respectively) than Carbopol-based microgels (62.01 = 0.5 %) during the 12 h period of
study.

The drug release results correlated well with the result obtained from the drug loading
efficiency. This might be responsible for the lower percentage release obtained with SLMs
batch D compared with SLMs batch B. The surfactant properties of the excipients used in
formulating the SLMs must have improved the aqueous solubility of poorly water-soluble
piroxicam and hence the improved drug release into the medium (phosphate buffer). This is in
line with previous studies where SLMs were employed to improve aqueous solubility and
hence bioavailability of piroxicam [1-3]. The results of this study also agree with earlier studies
that employed CH-based and Transcutol-based formulations for enhanced oral delivery of
bioactive agents [41,57,58,70,71].
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Figure 7. Differential scanning calorimetry (DSC) thermograms of Carbopol plain hydrogel (A), Carbopol-based
unloaded microgels (B), piroxicam-loaded Carbopol-based microgels (C), Carbopol-based formulations alongside
pure piroxicam in superposition (D), Poloxamer-based plain hydrogel (E), Poloxamer-based unloaded microgels
(F), piroxicam-loaded Poloxamer-based microgels (G), Poloxamer-based formulations alongside pure piroxicam
in superposition (H). Key: For superimposed figures (D and H), 4 means pure piroxicam sample, 6 is Carbopol-
based plain hydrogel, 7 is poloxamer-based plain hydrogel, 8 represents Carbopol-based unloaded microgel, 9
represents poloxamer-based unloaded microgel, 10 is piroxicam-loaded Carbopol-based microgel while 11 is
piroxicam-loaded poloxamer-based microgel.
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Figure 8. Release profiles of piroxicam from (A) piroxicam-loaded SLM formulation in phosphate buffer, pH
7.4, and (B) piroxicam-loaded gel formulations in phosphate buffer, pH 5.5.

Drug release from the microgels correlates with the result obtained from the viscosity
and spreadability evaluations since lower viscosity could lead to higher spreadability and more
effective drug release. The microgels equally served as a good platform for topical delivery of
piroxicam, having recorded enhanced drug release compared with market piroxicam topical
gel formulation, which is in perfect agreement with a recent study on topical microgels reported
elsewhere [74].

3.4. Pharmacodynamics of the oral SLMs and topical gel formulations.

The pharmacodynamic properties of the optimized SLM and microgel formulations
administered orally and topically, respectively, are correspondingly shown in Figures 9A and
9B as a function of time. The formulations exhibited edema inhibition values statistically
different from controls (p < 0.05). Oral piroxicam-loaded surface-engineered SLMs showed
high inhibition of edema (92 + 0.7 %) in comparison with the reference drug (66 + 0.5 %)
within the 6 h test period (Figure 9A). Similarly, optimized poloxamer-based microgel
exhibited 67.7 % inhibition of edema, while Carbopol-based microgels and commercial
piroxicam samples exhibited 65.6 % edema inhibition after 6 h test period (Figure 9B).

Furthermore, administration of the optimized SLMs and microgels led to reduction in
the edema caused by the phlogistic agent. Higher edema inhibition values obtained with
optimized SLMs suggest that formulation of piroxicam as SLMs increased the bioavailability
of the drug which was observed as higher therapeutic action. In addition, the increased surface
area of the microgels enhanced the anti-inflammatory activity of piroxicam. Besides, the
microgels formulations had sustained therapeutic action. Piroxicam stops edema by blocking
the action of the cyclooxygenase enzyme which is needed for prostaglandins synthesis [2].
Optimized poloxamer-based microgel (batch B) had a slightly higher activity than the
commercial piroxicam gel, which might be due to the micro-meter size of the piroxicam
particle present in the microgels formulation. The reduction in particle size increased the
surface area and led to increased drug permeability. Overall, the microgels formulations had
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delayed anti-inflammatory activity compared to the SLMs. The pharmacodynamics of the
positive control and optimized SLMs and microgels indicates a improved bioavailability of the
peoral piroxicam-loaded formulations, which agrees with recent reports on lipid-based

formulations of piroxicam [1-4,57].
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Figure 9. Inhibition of edema against time for (A) optimized piroxicam-loaded SLMs and (B) optimized
piroxicam-loaded gel formulations.

4. Conclusions

In this study, formulation of piroxicam as surface-engineered oral SLMs and topical
microgels based on tailor-made CH/Transcutol-HP lipid-matrix preserved the integrity of the
drug and enhanced its pharmacodynamics compared with controls, an indication of enhanced
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bioavailability of the optimized oral and topical lipid-based formulations. This is especially
true for oral piroxicam-loaded surface-engineered SLMs, which showed high inhibition of
edema (92 £ 0.7 %) compared with the reference drug (66 £ 0.5 %) within the 6h test period.
Similarly, topical poloxamer-based microgels achieved slightly higher (67.7 £ 0.2 %)
inhibition of inflammation within the 6 h test period than both the market piroxicam gel and
Carbopol-based microgels which equally inhibited inflammation but to a lesser degree (65.6 +
0.3 %) when compared to that produced by poloxamer-based systems. While the observed
enhanced anti-inflammatory activity of optimized oral SLMs vis-a-vis unformulated piroxicam
might be ascribed to increased loading efficiency caused by the lipidic and surfactant excipients
and greater drug release from the formulation, the improvement of the anti-inflammatory effect
of piroxicam by optimized poloxamer-based topical microgels vis-a-vis marketed gel
formulation could be attributed to larger absorption surface area and lipophilic nature of the
microgels, thus encouraging further development of the optimized oral SLM and topical
microgel formulations.
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