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Abstract

Background: The aim of the present study was to enhance the solubility of piroxicam (BCS class II drug) using co-
crystallization technique and formulate the buccal films of selected co-crystals for improved therapeutic utilization
of drug. Co-crystals of drug with various co-formers (molar ratio 1:1) were prepared by solvent evaporation method
and were screened for their aqueous solubility and percent drug content. The formation of co-crystals was
confirmed by FTIR, DSC and XRD. Piroxicam co-crystals loaded buccal films were prepared and evaluated for in vitro
drug release, ex vivo drug permeation while safety of formulation was determined by histopathological study.

Results: The co-crystals prepared with different co-formers have proved their potential to improve the solubility of
the drug. Co-crystals of piroxicam-sucralose have shown six-folds more solubility than parent drug. FTIR analysis
indicated shifting in characteristics peaks of piroxicam. DSC analysis showed an extra exothermic peak and
alteration in characteristic endothermic peak. The powder x-ray diffraction pattern exhibited changes in 2θ values of
intense peaks. Thus, formation of co-crystal was confirmed. Physical characters of buccal films were found to be
within limits. Formulation F6 showed highest mucoadhesive strength (5617 ± 636 dynes /cm2) while formulation F2
showed highest in vitro drug release after 8 h, i.e., 94.557%. The ex vivo drug permeation of F2 was found to be
84.74%. The hisopathological study revealed that there was no damage to buccal mucosal tissue and was found to
be intact.

Conclusion: The piroxicam-suralose co-crystals based mucoadhesive films of piroxicam could be a better
formulation approach with improved solubility, safety, and therapeutic efficacy as compared to conventional tablets.
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Background
Solubility is one of the major physicochemical properties
which affect the therapeutic efficacy of any drug entity.
Among the present new drugs available, approximately
8% possesses high solubility and permeability. Almost
50% of API’s face the problem of diminished efficacy
due to poor solubility. Hence, solubility and dissolution
becomes prime concern in formulation development [1].
Drug polymer complex, emulsification, micronisation,
salt formation, use of co-solvents are various approaches
adopted to overcome the problem of solubility [2, 3].
Many APIs are in the form of molecular crystals. Nor-

mally, solubility of the amorphous form is more as

compared to crystalline form. Co-crystals are basically
molecular complexes resulting from hydrogen bonding
between co-former and drug. The physicochemical
properties of the drug molecule are modified once it gets
converted into co-crystal but its intrinsic activity is pre-
served. Thus co-crystals of many class II drugs have
shown improved dissolution rate (comparable to
amorphous form) and long term chemical and physical
stability [4–6].
Piroxicam being highly potent NSAID preferred in

various inflammatory conditions, osteoarthritis and
rheumatoid arthritis. Oral administration of piroxicam is
associated with adverse effects such as ulcerative colitis,
GI irritation and peptic ulcers whereas severe pain and
inflammation is observed with parenteral at injection
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site. Other major drawback is poor solubility of pirox-
icam (BCS class II drug). After its oral administration,
almost 2 h are required to exert its therapeutic effect.
In such cases for such class of drugs (analgesics), en-
hanced bioavailability with rapid onset of action is es-
sential [7, 8].
When it comes to administration of drug, we do have

numerous routes of administration, among which oral
route of administration is found to be more convenient
and most preferred. However, oral route of administra-
tion is associated with some undesired effects such as
first pass metabolism and enzyme mediated degradation
in GI tract leading to loss of drug. Due to this oral ad-
ministration becomes a limiting factor for some drugs.
As an alternative, drug-loaded buccal patches is found to
be a highly acceptable means of drug administration by
patients. It offers increased contact hour and higher
flux of drug delivery system leading to improved pa-
tient compliance. Further systemic perfusion to the
oral mucosa is comparatively higher than other muco-
sal layers which have added advantage for rapid drug
absorption [9, 10].
Oral route of administration in the form of “buccal

patch” has proved to be a promising alternative to other
routes of administration. The route protects the drug
from hepatic first pass effect, degradation of drug in GI,
thereby allowing the drug to enter directly systemic cir-
culation. Moreover, advantages such as ease of adminis-
tration, removal of administered patches are associated
with buccal patches [11].
In present study, an attempt was made to prepare the

co-crystals of piroxicam using different conformers to
enhance its solubility, further loading of thus formed co-
crystals into buccal patches was done and evaluation for
their in vitro drug release profile and ex vivo permeation
was carried out.

Materials
Piroxicam was obtained as a gift sample from Zydus
Cadila Pvt Ltd, Goa. Sucralose was procured from
Ozone Pvt Ltd. Other excipients were procured from
verified suppliers. All the solvents and reagents used
were of analytical grade.

Methods
Synthesis of co-crystals
The co-crystals of piroxicam with various co-formers
(viz. sucralose, dioxane, oxalic acid, Malonic acid, cap-
rylic acid, fumaric acid, adipic acid, benzoic acid, and
xylitol) were synthesized by solvent evaporation method
as described by Prasad RV et al. Briefly, piroxicam and
co-formers were taken on the basis of their molecular
weight in 1:1 ratio and mixed completely using acetone.
The mixture was kept aside overnight in order to

remove the solvent completely. The obtained product
was ground to get a freely flowing powder. The solubility
of resulting co-crystals was determined and selected co-
former (co-crystal showing highest solubility) was fur-
ther screened in order to select optimum ratio of drug
and co-former. Three ratios of drug: co-former were
screened viz (1:0.5, 1:1, 1:2) [12–14].

Characterization of co-crystals
Melting point determination [15]
Melting points of co-crystals were determined using ca-
pillary method where co-crystals were placed in the ca-
pillary tube fused at one end tied to thermometer. The
thermometer was dipped in Thiele’s tube containing
paraffin oil. The tube was heated with the help of burner
and the melting point was noted when the co-crystal just
started melting.

Saturation solubility determination [16]
Solubility was determined by dispersing co-crystals cor-
responding to 100 mg of piroxicam in volumetric flask
containing 100 ml of water. The volumetric flask is sub-
jected to agitation using rotary shaker for 24 h. The so-
lution is further diluted suitably with water and analyzed
by UV spetroscopically (Shimadzu UV-1700) at 354 nm.

Drug content determination [1, 17]
The accurately weighed co-crystals equivalent to 10 mg
of the drug was dissolved in 100 ml of distilled water.
The solution was filtered through a filter paper. Ten mil-
liliters of filtrate was withdrawn from the above solution
and diluted to 100 ml with water. The absorbance of the
corresponding solution was taken at 354 nm and con-
centration was calculated. The drug content was calcu-
lated by using previously validated calibration curve.

IR spectroscopy [15]
IR spectrum of the drug, co-former, and co-crystals were
recorded using FTIR (Bruker tensor II, Germany and
Shimadzu IRAffinity-1S, Japan) in order to determine
predictable interaction between the drug and co-former.
The co-crystals were mixed with potassium bromide
(KBr) and then pressed with hydraulic press to form pel-
lets which were further subjected to scanning in between
4000 and 400 cm−1.

DSC analysis [15]
Thermal behavior of the drug, co-former, and their co-
crystals was studied using differential scanning calorim-
eter (Shimadzu DSC-60, Japan). The small quantity of
sample was crimped between the aluminum pans using
hydraulic press. The pans were heated at the rate of 5
°C/min from 0 to 300 °C in the presence of nitrogen gas.
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Powder X-ray diffraction [15]
Powder x-ray diffraction is an important tool for predic-
tion of crystalline nature of any substance. This is pos-
sible because individual substance shows different
diffractogram. Diffractograms of pure drug, co-former
and co-crystal were obtained using powder X-ray dif-
fractometer (Ragaku miniflex-600 X-ray diffractometer,
Japan).

Formulation of piroxicam co-crystals incorporated buccal
film [18] (Procedure)
The films containing piroxicam co-crystals were pre-
pared using different ratios of sodium hydroxypropyl
cellulose, chitosan and carbopol 934. Chitosan was dis-
persed and stirred in 1% glacial acetic acid solution until
a clear solution (0.1% w/v) is obtained. Carbopol 934
was soaked in water for an hour to get 0.1% w/v disper-
sion. HPMC K4M was soaked in 95% ethanol to get
0.5% w/v dispersion. These polymeric dispersions were
mixed gradually in a quantity as mentioned in Table 1
for an hour in 95% ethanol to get bubble free dispersion.
Then the weighed quantity of piroxicam co-crystals were
added slowly in the polymeric solution and stirred on
the magnetic stirrer to obtain a uniform distribution of
the drug. The quantity of material to be taken is decided
on the basis of surface area of the petridish. Glycerol
was added as plasticizer. The solution was poured in cir-
cular dish. The films were dried for 2 h at room
temperature. Then they were further dried at 40 °C in
hot air oven for 24 h. These were then kept in vacuum
desiccator for further drying. Various formulations pre-
pared were as shown in Table 1.

Evaluation of buccal film
Thickness and weight variation [19]
Thicknesses of 10 films were measured using digital ver-
nier caliper, and their mean value was taken. The results
were expressed in mean ± standard deviation (SD).
Weights of 10 films were measured on digital balance
and their mean value was expressed as mean ± standard
deviation (SD).

Percentage moisture loss [20]
Weighed films were kept in desiccators containing an-
hydrous calcium chloride and reweighed after 3 days.
The % moisture loss was calculated using following
formula.

Percent moisture loss ¼ Initial weight−Final weight
Initial weight

� 100

Percentage moisture uptake [21]
Films were kept in desiccators containing saturated
aluminum chloride solution and reweighed after 3 days.
The % moisture uptake was calculated using formula.

Percent moisture uptake ¼ Final weight−Initial weight
Initial weight

� 100

Drug content [21]
It is determined by UV spectroscopic method wherein a
film containing piroxicam co-crystals equivalent to 10
mg of drug was chopped and dissolved in 100 ml of pH
6.8 buffer in a 100 ml volumetric flask. The solution is
filtered through 0.4 mm filter paper and from the same
solution 10 ml is diluted and absorbance was measured
at 354 nm.

Folding endurance [21]
A specific area of strip was cut and repeatedly folded at
the same place till it broke. The number of times the
film could be folded without breaking is considered as
folding endurance.

Tensile strength
It is the maximum stress applied at which the film
breaks. In order to determine the elongation as a tensile
strength, the polymeric film was pulled by means of pul-
ley system; weights were gradually added to the pan to
increase the pulling force till the film was broken. Elong-
ation of the film was noted with the help of magnifying
glass. It is expressed in terms of kg/cm2. The tensile
strength was calculated by using formula.

Table 1 Formulation of buccal film F1 to F6

Formulation code HPMC
(0.5% w/v) (ml)

Chitosan
(0.1% w/v) (ml)

Carbopol
(0.1 %w/v) (ml)

Glycerol
(ml)

Piroxicam co-crystals
(mg)

95 % ethanol
(ml)

F1 1 1 – 0.1 22 7.9

F2 2 2 – 0.1 22 5.9

F3 3 3 – 0.1 22 3.9

F4 1 – 1 0.1 22 7.9

F5 2 – 2 0.1 22 5.9

F6 3 – 3 0.1 22 3.9
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S¼m�g
b�t

Where S is tensile strength, m is mass in grams, g is
acceleration due to gravity, b is breadth in cm, and t is
thickness

Percent swelling index
The polymeric films of 1 cm diameter were weighed ac-
curately and kept immersed in 50 ml of water. The films
were taken out carefully at 5, 10, 30, and 60 min inter-
vals and blotted with filter paper to remove the water
present on their surface and weighed accurately, the per-
cent swelling is calculated using formula.

Percent swelling index ¼ Final weight−Initial weight
Final weight

� 100

Surface pH [21]
The combined glass electrode was used for determin-
ation of surface pH. The films were kept in contact with
distilled water for 1 h in glass tubes. The surface pH was
then noted by bringing a single glass electrode near the
surface of film and allowing it to equilibrate for 1 min.

Mucoadhesive strength [22, 23]
Mucoadhesive strength of the film was determined by
using pan balance. Section of goat buccal mucosa was
obtained from a local slaughter house and was used
within 2 h of slaughtering. The required mucosal mem-
brane was cut and washed with distilled water and then
with phosphate buffer of pH 6.8. The two pieces of mu-
cosal membranes were tied to two different slides with
thread. One slide was then fixed to underneath portion
of pan and second slide was fixed to wooden board of
pan balance such that mucosal membranes would face
towards each other. The film was placed in between
these two membranes and little force is applied for 1
min. Dummy granules were then added in another pan
until the slides get detached from each other. The
weight of granules that detaches slides apart was re-
corded and mucoadhesive strength was calculated using
formula as follows:

Mucoadhesive strength dynes=cm2
� � ¼ m� g

A
� 100

Wherein m = weight of granules, g = acceleration due
to gravity, A = area of mucosa exposed

In vitro drug release study [24]
In vitro drug release from buccal patch was studied by
using Franz diffusion cell assembly (PermeGear, Inc.
Hellertown, PA, USA). Buffer solution of pH 6.8 was
added into the receptor chamber. Buccal film of 1 cm

diameter containing 10 mg of drug was placed in donor
compartment. Both the compartments were separated
by dialysis membrane (Mol. wt 12000-14000) which was
previously soaked in receptor medium for 2 h. Care was
taken for the absence of air bubble between membrane
and liquid surface for avoiding any disruption in be-
tween the process. The temperature of the receptor
medium was maintained at 37 ± 1 °C during whole study
by circulating water bath (Thermofisher Scientific,
India). 0.5 ml of sample was withdrawn at predeter-
mined time intervals from receptor compartment and
replaced with fresh buffer till 8 h. The samples were di-
luted suitably and analyzed spetroscopically at 354 nm.
The amount of drug release was determined by using
previously validated calibration curve. The flux value
was determined by using following formula

Flux ¼ Amount of drug released mgð Þ
Time hrð Þ � Area cm2ð Þ

Ex vivo drug permeation study [25]
This study was done in the same manner as described
under in vitro drug release study. In this study, dialysis
membrane was replaced with buccal tissue of goat,
which was obtained from local slaughter house immedi-
ately after its slaughtering. It was then carefully brought
to laboratory by keeping it in phosphate buffer solution
of pH 6.8. Buccal membrane was separated from under-
lying membrane without damage using a sharp knife.
The membrane was placed between the donor and re-
ceptor compartment. The film of 1 cm diameter con-
taining 10 mg of piroxicam was placed in the donor
compartment. The temperature of the Franz diffusion
cell was maintained at 37 ± 1 °C. Saline phosphate pH
6.8 was used as receptor medium. The sampling was
done at predetermined time interval for 8 h and amount
of drug permeated was analyzed by UV spectrophotom-
eter at 354 nm.

Histopathological evaluation of buccal mucosa
Histopathological evaluation of buccal mucosa was car-
ried out to check any cellular damage occurred due to
the film during ex vivo drug permeation study. The buc-
cal mucosa previously used for ex vivo was taken for the
study and was compared with the mucosa which was in-
cubated in PBS (pH 6.8). The tissue was fixed on glass
slide by using 10% buffered formalin. Paraffin section
were cut on glass slides and stained with hematoxylin
and eosin. These sections were examined under light
microscope by a pathologist who was unaware of the
study, to detect any damage to tissue during ex vivo
drug permeation.
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Stability studies
Stability studies were performed to check any consider-
able changes that may occur in formulation during its
storage. All the formulations were kept for 3 months in
triplicate at 40° ± 2°C and 75% ± 5% RH in stability
chamber. Stability of the formulations was evaluated by
determining their folding endurance, drug content and
in vitro drug release.

Results
Selection of suitable Co-former for any API is most vital
step in the synthesis of co-crystal. Various knowledge as
well as experimental based models are available, but hit
and trial approach is most widely practiced by re-
searchers. In the present study, same approach was uti-
lized for the selection of profound co-former. Piroxicam
co-crystals were synthesized by using 9 different co-
formers and solubility of the co-crystals was determined.
All the co-crystals have shown increase in the solubility
of the drug. The highest solubility was observed with the

co-crystals of Sucralose (60.73 ± 1.95 mg/100 ml), com-
prising 6 times to that of actual solubility of the bulk
drug. Hence, sucralose was selected for further study.
The sweet taste of sucralose offers added advantage of
taste masking which helps during buccal film
preparation.
Melting point of drug, co-formers and co-crystals

were determined. Melting point of any crystalline
chemical entity reveals about purity and crystalline
nature of the entity. The melting points of the co-
crystals were found to be different from drug as well
as corresponding co-former. This reveals the produc-
tion of new crystalline packing arrangement and for-
mation of co-crystals. This may lead to enhancement
of solubility and variation in other physico-chemical
properties.
The percentage drug contents of co-crystals were

found to be in the range of 95.66% to 99.39%. The re-
sults of solubility, melting point and percent rug content
are as shown in Table 2.

Table 2 Melting point, solubility, and % drug content of co-crystals

Sr. no. Drug/co-former Melting point of single entity Co-crystal melting point (1:1) Solubility (mg/100ml) % drug content

1 Piroxicam 206–208 °C – 10.73 ± 0.985 –

2 Piroxicam-sucralose 125 °C 186 °C 60.73 ± 1.95 98.37

3 Piroxicam-dioxane 11.8 °C 178 °C 34.22 ± 3.56 95.66

4 Piroxicam-oxalic acid 189 °C 230 °C 32.52 ± 2.21 95.86

5 Piroxicam-malonic acid 135.6 °C 165 °C 42.84 ± 2.82 96.30

6 Piroxicam-caprylic acid 16.7 °C 186 °C 38.20 ± 1.21 98.96

7 Piroxicam-fumaric acid 287 °C 194 °C 37.62 ± 3.61 97.93

8 Piroxicam-adipic acid 152 °C 196 °C 34.14 ± 4.50 99.39

9 Piroxicam-benzoic acid 122 °C 180 °C 32.55 ± 2.43 96.50

10 Piroxicam-xylitol 92 °C 196 °C 35.68 ± 7.81 96.55

Fig. 1 FTIR spectra of a piroxicam, b physical mixture, and c co-crystal
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Confirmation of formation of co-crystals
FTIR analysis of co-crystals
The FTIR analysis of the pure drug, physical mixture
(drug + sucralose) and co-crystal was done. IR spectra
are as shown in Fig. 1. The characteristic peaks of pirox-
icam and sucralose were found to be remarkably chan-
ged in IR spectra of the co-crystal. The peak
corresponding to –NH2 group (3351 cm1) was disap-
peared in the co-crystal spectra

DSC analysis of co-crystals
Thermal behavior of the drug, sucralose, and co-crystals
were studied with the help of DSC. The thermograms
obtained are as shown in Fig. 2. Drug has shown sharp
endothermic peak at 206 °C corresponding to its melting

point. The sucralose has also shown sharp doublet near
125 °C. The co-crystal obtained has shown changes in
the positions of the endotherms. The endothermic peaks
were obtained at 200 °C, 146 °C, and 134 °C.

Powder X-ray diffraction (PXRD) study
The PXRD diffractograms for piroxocam, sucralose, and
their co-crystal are shown in Fig. 3. The characteristic
peaks of piroxicam were observed at their corresponding
2θ values viz 8.4, 14.4, 17.4, 21.4, and 27.14. Sucralose
has also showed its characteristic peaks at their relative
2θ values viz 15.2, 16.2, 19.4, 20.2, and 24.1. Identical re-
sults of diffractogram were reported in previous studies.
The diffractogram of piroxicam co-crystals was found to
be different from its parent material and more numbers

Fig. 2 DSC thermogram of a piroxicam, b sucralose, and c co-crystal

Fig. 3 PXRD pattern of a piroxicam, b sucralose, and c piroxicam co-crystals
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of peaks were observed. Various peaks observed for co-
crystal were at 2θ values of 8.5, 8.7, 11.6, 11.7, 12.6, 14.6,
17.5, 27.5, 24.3, 24.7, and 27.9.

Solubility analysis for selection of drug-coformer ratio
Solubility analysis of co-crystals prepared with three dif-
ferent molar ratios of piroxicam:sucralose viz. 1:0.5, 1:1,
and 1:2 were carried out and results obtained are as
shown in Fig. 4. The 1:1 ratio was selected for further
study.

Formulation of mucoadhesive buccal film of piroxicam
buccal film
The buccal films of synthesized co-crystals were pre-
pared by using various polymers as described by
Augusthy AR et al. [26]. Preliminary screening was car-
ried out for selection of suitable polymers and their
optimum ratios. Based on this screening, HPMC E15,
chitosan, and carbopol were selected for film formation.
The prepared buccal films were subjected to various
evaluation parameters, as summarized in Table 3.

In vitro drug release of films
In vitro drug release studies from all formulations were
carried out in phosphate buffer of pH 6.8. The study was
performed for 8 h and cumulative drug release was cal-
culated at different time intervals. The formulation F2
showed highest drug release of 94.557% (Fig. 5). The flux
values were found to be ranged from 1.277 to 1.441 mg/
h/cm2 as shown in Table 4.

Ex vivo drug permeation
Ex vivo drug permeation study was carried out through
freshly excised goat buccal mucosa. The formulation F2
which was having maximum drug release after 8 h was
selected for ex vivo permeation study (Table 5). The per-
cent cumulative amount drug permeated in 8 hrs was
calculated. The cumulative drug permeation was found
to be 84.74 % for formulation F2 after 8 h.

Histopathological study
The histopathological images of buccal mucosa obtained
are as shown in Fig. 6. Collective segments were

Fig. 4 Results of solubility studies of piroxicam-sucralose co-crystals

Table 3 Evaluation parameters of formulated films of piroxicam co-crystals

Parameters F1 F2 F3 F4 F5 F6

Weight (mg) 43.94 ± 5.69 48.44 ± 4.57 65.02 ± 8.73 46.74 ± 6.12 54.89 ± 4.16 68.45 ± 5.69

Thickness (mm) 0.112 ± 0.04 0.148 ± 0.03 0.213 ± 0.03 0.138 ± 0.02 0.196 ± 0.05 0.235 ± 0.06

% Drug content 94.88 ± 0.14 96.86 ± 0.08 94.94 ± 0.17 96.88 ± 0.08 94.88 ± 0.12 93.15 ± 2.90

% moisture uptake 15.807 ± 6.85 9.633 ± 3.25 11.61 ± 2.32 12.6 ± 42 13.553 ± 3.9 12.89 ± 4.2

% moisture loss 4.76 ± 2.38 5.29 ± 1.47 11.3 ± 0.86 8.27 ± 3.81 3.74 ± 2.38 5.96 ± 2.63

Surface pH 6.61 ± 0.03 6.38 ± 0.07 6.82 ± 0.03 6.82 ± 0.06 6.76 ± 0.07 6.29 ± 0.07

Folding endurance 256.33 ± 1.46 285.66 ± 2.08 290.10 ± 1.00 286.66 ± 2.56 296.66 ± 1.52 274.40 ± 2.00

Mucoadhesive strength (dyne/cm2) 3760 ± 273 4685 ± 450 5033 ± 530 4828 ± 452 5034 ± 563 5617 ± 636

Tensile strength (kg/cm2) 1.61 ± 0.01 1.57 ± 0.03 1.26 ± 0.01 1.61 ± 0.01 1.57 ± 0.031 1.26 ± 0.01

% Swelling index 12.12 ± 1.24 14.33 ± 1.77 20.51 ± 1.58 16.77 ± 1.69 17.25 ± 1.43 23.04 ± 1.25
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investigated which have shown normal structure of buc-
cal mucosal membrane. The buccal mucosal tissue
which was made to remain in contact with the formula-
tion for 8 h found to be undamaged and no manifest-
ation of harmful effect was seen as compared to tissue
which was placed in phosphate buffer pH 6.8. Therefore,
buccal film of piroxicam co-crystals seems to be safe for
administration of formulation via buccal mucosa.

Stability studies
The formulations were kept for 3 months at 40 °C ±
2 °C and 75 ± 5% RH and checked for its folding en-
durance, drug content and percent drug release after
8 h. The results have showed negligible changes in
the parameters of F1 to F6 after 3 months of storage
(Table 6).

Discussion
Pharmaceutical co-crystal is recently explored as an as-
piring approach to enhance the solubility, dissolution
rate, and physicochemical stability of API without chan-
ging its pharmacological efficacy. It is a multicomponent
system wherein two distinct solid substances viz. API
and conformer are bound together in stoichiometric ra-
tio by non-covalent interactions. Various research
groups have studied and defined co-crystals differently
[27–30]. Among available definitions most accepted

definition was put forth by a group of 46 scientists dur-
ing Indo-US Science and Technology Forum sponsored,
Indo-US Bilateral Meeting (Delhi-2012) entitled “The
Evolving Role of Solid State Chemistry in Pharmaceut-
ical Science.” According to them co-crystals are solids
that are crystalline single-phase materials composed of
two or more different molecular and/or ionic com-
pounds generally in a stoichiometric ratio which are
neither solvates nor simple salts. According to a draft of
USFDA released in 2013, co-crystals are solids which are
crystalline materials composed of two or more molecules
in the same crystal lattice (http://www.fda.gov/downloads/
drugs/guidancecompliancergulatoryinformation/guidances/
ucm281764.pdf), [31]. Co-crystals have opened an easiest
and economical way to modify the drug properties without
use of harsh chemicals and offering high yields.
During the study co-crystals were prepared with vari-

ous co-formers among which sucralose co-crystals have
shown highest improvement in the solubility of drug.
Normally, the co-crystal formation involves non-
covalent interactions between API and conformer like
hydrogen bonding and van der Walls forces. Out of
these interactions, hydrogen bonding interactions are
most commonly observed. According to graph-set nota-
tion system described by Etter, there are three rules for
preferable hydrogen bond formation: every acidic hydro-
gen molecule will involve in hydrogen bond formation,

Fig. 5 Graphical representation of in vitro % cumulative drug release

Table 4 Results of in vitro % CDR, flux, and release kinetics

Formulations % cumulative drug release in 8 h Flux (mg/h/cm2) Release kinetics R2

F1 85.628 ± 2.54 1.363 R2= 0.998 (first order)

F2 94.557 ± 3.21 1.441 R2 = 0.994 (first order)

F3 86.707 ± 2.36 1.380 R2 = 0.994 (first order)

F4 85.007 ± 2.87 1.353 R2 = 0.995 (first order)

F5 88.197 ± 3.05 1.404 R2 = 0.996 (first order)

F6 80.211 ± 1.89 1.277 R2 = 0.994 (first order)
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all hydrogen bond acceptors will be involved in bond
formation and best hydrogen donors and hydrogen ac-
ceptors will form hydrogen bonds [32]. Thus reason be-
hind improvement in solubility may be attributed to the
structure of the sucralose, as it has hydrogen bond
donor count of 5 and hydrogen bond acceptor count of
8 which results in more chances of formation of hydro-
gen bonds and generating co-crystals with enhanced
hydrophilic nature (https://pubchem.ncbi.nlm.nih.gov/
compound/71485).
Various studies have described different methods to

confirm the formation of co-crystals. These methods
utilize different physicochemical properties of co-crystals
for confirmation like pKa, Hansen solubility parameter,
FTIR, thermal analysis (DSC), PXRD, and solid-state
NMR. In the present study, FTIR, DSC, and PXRD ana-
lysis of co-crystals were carried out to confirm the syn-
thesis of co-crystals. As reported earlier in results
section, the peak corresponding to –NH2 group (3351
cm−1) was disappeared in co-crystal spectra. This may
be the probable group which is involved in the bond for-
mation with sucralose to synthesize co-crystal. The other
peaks were also altered moderately and found to a bit
wide in IR spectra of the co-crystal. Similar observations
have been observed in earlier studies thus confirm the
formation of co-crystal.
DSC thermogram of co-crystal has shown the reduc-

tion in the sharpness of peak as well as peak intensity
which indicates the probable chances of change in crys-
talline pattern. Surprisingly, thermogram of co-crystal
was also showing one exothermic peak which was absent

in drug as well as co-former thermogram. This may be
attributed to formation of more stable form of the drug
produced after recrystallization. This is in confirmation
to the earlier reports wherein 20 drug:co-former systems
were analyzed by DSC and all have shown exothermic
peaks [33]. Thus presence of exothermic peak is also
considered as an indication of formation of co-crystal.
Though single crystal X-ray diffraction (SXRD) is con-

sidered as best technique to analyze the crystal at its
atomic level, it is highly difficult to get single crystal
suitable for SXRD analysis. Thus PXRD is widely used to
confirm the co-crystal formation. Reduction in the peak
intensity of the co-crystal was observed as compared to
the pure drug and sucralose. Further, some intense
peaks with different angles other than drug specific an-
gles were observed. The changes in diffraction pattern
and increment in number of peaks were reported as an
evidence of formation of co-crystals [34]. Thus, dis-
appearance of the characteristic peak in FTIR spectrum,
addition of one exothermic peak in thermogram of DSC
and increment in number of peaks with different angles
other than drug-specific angles in diffractogram has con-
cluded that co-crystals have been successfully
synthesized.
The selection of drug: conformer ratio is important in

order to avoid the unnecessary excess of the co-former.
Solubility was found to be increased significantly with
increase in quantity of conformer from 1:0.5 to 1:1.
However, further increase in co-former (1:2) did not
show remarkable improvement in the solubility. This
may be due to complete occupancy of all the groups
available for binding on the drug at 1:1 ratio. Hence,
molar ratio of 1:1 of piroxicam:sucralose was considered
as best stoichiometric ratio for co-crystal formation and
selected for further studies.
The prepared co-crystals were incorporated into

mucoadhesive buccal films prepared with various

Table 5 Result of ex vivo % cumulative drug permeation and
flux

Formulation % Cumulative drug permeation Flux (mg/h/cm2)

F2 84.74% 1.349

Fig. 6 Histopathological images of a normal mucosa and b mucosa exposed to formulation
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polymers. All the formulations were smooth and elegant.
Weight variation and thickness of prepared films were
within acceptable limits. Results obtained from % mois-
ture uptake and % moisture loss showed good sustain-
ability of the films in different moisture conditions.
Percent drug content of the films were within the range
of 93.15 ± 2.90 to 96.88 ± 0.08. Tests of folding endur-
ance and tensile strength have revealed that the films
possess good flexibility and mechanical strength [35].
The surface pH of prepared formulations were ranging
in between 6.29 ± 0.07 and 6.82 ± 0.06, i.e., nearer to
salivary pH (pH 6.8), indicating physiologically compati-
bility of prepared films thus lesser chances of mucosal
irritation due to film. The mucoadhesive strengths of the
formulations were increased with increase in quantity of
polymers. The films containing carbopol 934 exhibited
more mucoadhesive strength than those films containing
chitosan. Cabopol 934 is a cross-linked polyacrylate
polymer consisting of large number of carboxylic acidic
groups having tendency to form hydrogen bonding with
oligosaccharide chains in mucosal tissue. This may be
reason for the higher values of mucoadhesive strength of
carbopol [36, 37]. Swelling indices of the films were
within range of 12.12 ± 1.24% to 23.04 ± 1.25% which is
a prerequisite for release of the drug from films.
All the formulations were following first order release

kinetics with R2 value ranging in between 0.994 and 0.998
indicating concentration dependent drug release. Ex vivo
drug permeation (F2) was found to be 84.74%. The formu-
lation F2 is consisting of chitosan, which is well known for
its penetration enhancing power thus based on in vitro
drug release and ex vivo drug permeation study it can be
inferred that absorption of the drug is solubility limited
and not permeability limited. In order to investigate the
safety of the formulations to biological tissues, histopatho-
logical study plays a crucial role. The intactness of buccal
mucosa without any cellular damage after 8 h of exposure
to the formulation has revealed the safety of the formula-
tion. The stability study has revealed that there is no any
significant variation in studied parameters of the formula-
tions after 3 months of storage at 40 °C ± 2 °C and 75 ±
5% RH. These results suggest that the formulations are
stable for long term storage.

Conclusion
Mucoadhesive buccal films of piroxicam co-crystals were
successfully prepared and evaluated. Co-crystals

prepared with sucralose have highest (five-fold) solubility
enhancement as compared to other co-formers. The for-
mulation F2 has shown 84.74% drug permeation during
ex vivo permeation study through goat buccal mucosa.
Histopathological study witnessed the safety of the films.
Based on the present study, it can be proposed that the
co-crystallization technique is an effective technique for
solubility enhancement of piroxicam. Further co-crystal-
loaded buccal patches could be a safer and effective for-
mulation approach for improvement of therapeutic effi-
cacy of drug.
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