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Purpose: The poorly soluble nonsteroidal anti-inflammatory drug (NSAID), tolfenamic acid 
(TA), was studied to maximize its solubility, permeability through biological membranes, 
and pharmacological activity.
Methods: A mixture with magnesium stearate (MS) – microenvironment pH-modifier was 
prepared, as well as systems additionally containing incorporating substances methyl-β- 
cyclodextrin (M-β-CD) and 2-hydroxypropyl-β-cyclodextrin (HP-β-CD). The identification 
of TA-MS-CD systems was confirmed using experimental methods: X-ray powder diffrac
tion (XRPD) and Fourier transform infrared spectroscopy (FT-IR) with the theoretical 
support. Apparent solubility study was performed using the paddle apparatus, while 
in vitro gastrointestinal tract (GIT) and blood-brain barrier (BBB) permeability were con
ducted by using PAMPA (Parallel Artificial Membrane Permeability Assay). The in vivo part 
of the study used the mouse nitroglycerin (NTG)-induced migraine pain model.
Results: From practically insoluble substance, TA in TA-MS-M-β-CD system dissolved up 
to 80.13% ± 2.77%, and in TA-MS-HP-β-CD up to 92.39% ± 3.25% in 180 minutes. An 
increase in TA permeability was also obtained in the TA-MS-M-β-CD and TA-MS-HP-β-CD 
systems through GIT membranes (Papp values 2.057 x 10−5 cm s−1 and 2.091 x 10−5 cm s−1, 
respectively) and through BBB (Papp values 3.658 x 10−5 cm s−1 and 3.629 x 10−5 cm s−1, 
respectively). The enlargement of the solubility and permeability impacted analgesia. The 
dose 25 mg/kg of both TA-MS-HP-β-CD and TA-MS-M-β-CD was almost equally effective 
and only slightly less effective than the dose 50 mg/kg of pure TA. Both TA-MS-HP-β-CD 
and TA-MS-M-β-CD used at 50 mg/kg more effectively attenuated tactile allodynia in NTG- 
treated mice than the same dose of pure TA. None of TA forms influenced heat hyperalgesia.
Conclusion: Increasing solubility of TA caused an increase of its analgesic effect in an 
animal model of migraine pain.
Keywords: tolfenamic acid, migraine pain, cyclodextrins, permeability, gastrointestinal 
tract, blood-brain barrier

Introduction
Ineffective pain management is still an unsolved clinical problem. For pain loca
lized in the central nervous system (CNS), the difficulty is to achieve an effective 
drug concentration. Migraine is one of the medical cases requiring central analge
sia. Migraine belongs to the most prevalent neurological disorders worldwide and is 
the main cause of disability within a patient population. Inflammation, in particular 
neurogenic inflammation, is still regarded as an essential contributor to this 
disorder.1 Therefore, in addition to triptans – agonists of serotonergic 5-HT1B/D 
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receptors, the pharmacological approach to treat migraine 
attacks includes the use of non-steroidal anti-inflammatory 
drugs (NSAIDs). These drugs act via the inhibition of 
cyclooxygenases (COXs) – enzymes responsible for the 
synthesis of prostaglandins and they are still the most 
commonly prescribed drugs for analgesic, antipyretic and 
anti-inflammatory purposes.2 Prostaglandins (PGs) are 
widely distributed in the trigeminal-vascular system, and 
their receptors are localized in the trigeminal ganglion and 
the trigeminal nucleus caudalis.3 Sterile inflammatory state 
within the intracranial meninges, also referred to as neuro
genic inflammation is a key phenomenon underlying 
migraine. It results from the sensitization and activation 
of trigeminal meningeal nociceptors and is characterized 
by the release of neuropeptides (eg, substance P, CGRP) 
from the trigeminal innervation, which leads to vasodila
tion, plasma extravasation, edema, and mast cell 
degranulation.4 Moreover, the synthesis of vasodilatory 
prostaglandins can be increased by catecholamines and 
indolamine, and this results in nociceptor sensitization 
and the development of hyperalgesia in migraine.5 

Prostaglandin-induced vasodilatation, edema, and hyperal
gesia in migraine are strongly associated with inflamma
tion. Therefore, NSAIDs are administered alone or in 
combination with triptans in migraine to improve patient 
outcomes.6 Although not many substances can cross the 
blood-brain barrier (BBB), the research indicates the 
NSAIDs’ capacity to penetrate this barrier.7,8 Tolfenamic 
acid (TA) (N-(2-methyl-3-chlorophenyl)-anthranilic acid) 
is one of the most commonly used NSAID in this neuro
logical disorder, both as a preventive and interventional 
drug with high analgesic efficacy and a good safety 
profile.9 It has been proven that, compared to other 
NSAIDs, TA exhibits low side effects and minor toxicity; 
in particular, it causes fewer gastrointestinal 
complications.10–12 It also has a beneficial effect on the 
maintenance of pregnancy in mice.13 Animal studies sug
gest that TA may penetrate the CNS, as demonstrated in 
the context of the chemopreventive effect, it exhibits neu
roprotective effect, it might slow down the progression of 
Alzheimer’s disease.14–16 The most significant limitation 
of the wide use of TA is its poor water solubility. 
However, solubility of TA might vary among different 
polymorphic forms.17 Bioavailability of TA after oral 
administration is about 75%. As a highly permeable sub
stance with low solubility, TA belongs to class II in 
Biopharmaceutics Classification System (BCS).18

It has been reported in the literature that a combination 
of TA with cyclodextrins (CDs) and suitable excipients 
improves its solubility. CDs are polymers that might 
enlarge the solubility of substances by incorporating 
them into the caves. Preparation of inclusion complexes 
of TA with hydroxypropyl-β-cyclodextrin (HP-β-CD) and 
methyl-β-cyclodextrin (M-β-CD) in a (1:2) ratio resulted 
in a two-fold increase in TA solubility for the system with 
M-β-CD and 30 times for the system with HP-β-CD.19 The 
preparation of inclusion complexes of TA with β-CD and 
HP-β-CD in the ratio 1:1 in the solid-state by the freeze- 
drying technique also resulted in better solubility of TA.20 

Empirical research has been extended to in silico simula
tions. Hitherto, the inclusion complex of TA and β- 
cyclodextrin (1:1) was subjected to quantum chemical 
calculations to define the geometry of the system. The 
results showed that TA is introduced into the cavity in 
two orientations: (1) COOH group of TA points toward 
a wider rim of the β-CD, and (2) the COOH group of TA 
points toward the narrow rim of the β-CD.21

The present study aimed to confirm that prepared CD 
systems, that cause the increase in TA solubility by micro
environmental pH-modification, have a stronger analgesic 
effect in migraine than pure TA. Our studies involved 
three areas: (i) preparation and identification of TA-MS- 
CD systems, (ii) study of the effects of increasing TA 
solubility in regards to permeability through biological 
membranes simulating the GIT and BBB, (iii) evaluation 
of the analgesic effect of TA-MS-CD systems in a mouse 
model of migraine-like pain.

Experimental Part
Preparation, Identification, Solubility and 
Permeability of TA-MS-CD Systems
Materials
For physicochemical studies, TA (purity > 98%) in bulk 
substance, M-β-CD and HP-β-CD were obtained from 
Sigma-Aldrich (Poland). Sodium hydroxide and potassium 
dihydrogen phosphate were supplied by Avantor 
Performance Materials (Poland). Prisma HT, GIT Lipid 
solution, Acceptor Sink Buffer, BBB liquid solution, and 
Brain Sink Buffer were obtained from Pion Inc (United 
Kingdom). High-quality pure water was prepared using an 
Eliux S A 67120 Millipore purification system (Poland).

For in vivo assays, the test compounds were prepared 
in 1% Tween 80 solution (Avantor Performance Materials, 
Poland), and they were administered by the oral route. To 
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perform a quantitative comparison of antiallodynic and 
antihyperalgesic properties of TA-MS-M-β-CD and TA- 
MS-HP-β-CD systems, we selected two doses: 25 and 
50 mg/kg. The latter was the starting dose for our study 
as it is the most widely used dose of TA in various in vivo 
assays (oral route).22 Control mice received 1% Tween 80. 
To induce migraine-like pain, nitroglycerin (NTG) 
(Perlinganit, 1mg/1mL, UCB Pharma GmbH, Germany) 
was administered by the intraperitoneal route 60 min 
before further behavioral tests.23

Behavioral tests were performed at the Department of 
Pharmacodynamics, Faculty of Pharmacy, Jagiellonian 
University Medical College in Cracow, Poland. In 
in vivo tests, 63 adult male Albino Swiss (CD-1) mice 
weighing between 18 and 22 g were used. The animals 
were housed in groups of 10 mice per cage at room 
temperature of 295.15 ± 2 K, under light/dark (12:12) 
cycle. The animals had free access to food and tap water 
before experiments. The ambient temperature of the 
experimental room and humidity (50 ± 10%) were kept 
consistent throughout all the tests. For behavioral experi
ments, the animals were selected randomly. Each experi
mental group consisted of 6–10 animals/dose. The 
experiments were performed between 9 AM and 2 PM. 
To avoid potential bias in data recording, the investigators 
who were involved in behavioral assays were blinded to 
the experimental groups. Immediately after the in vivo 
assay, the animals were euthanized by cervical dislocation. 
The 1st Local Ethics Committee of the Jagiellonian 
University in Krakow (ethical approval No. 290/2019, 
26.06.2019) approved all procedures, and the treatment 
of animals was in full accordance with ethical standards 
laid down in respective Polish and EU regulations 
(Directive No. 86/609/EEC). Animal studies are reported 
in compliance with the ARRIVE guidelines.24

Preparation of TA-MS-CD Systems by 
Co-Precipitation Method
150.0 mg of TA and 150.0 mg of magnesium stearate 
(MS) (mass ratio 1:1) were ground in a mortar for 15 
minutes. Next, they were dissolved in a small amount of 
methanol. Independently there were prepared solutions of 
CDs (M-β-CD and HP-β-CD) in a small amount of water. 
Both solutions were mixed in a 1:1 molar ratio (TA:CD) 
and of the solvents were evaporated to dryness for 24 
hours at 310 ± 0.5 K and 50 rotations per minute (MaxQ 
4450 – Thermo Scientific).

The Identification of TA-MS-CD Systems
Identification of the CD systems of TA with MS and M-β- 
CD or HP-β-CD prepared by co-precipitation method was 
conducted basing on experimental methods such as X-ray 
powder diffraction (XRPD) and Fourier transform infrared 
spectroscopy (FT-IR). TA in free form was used as the 
reference substance in both analyzes.

XRPD
The powder X-ray diffraction patterns of TA, MS, M-β- 
CD, HP-β-CD, their physical mixtures (TA+MS, TA+MS 
+M-β-CD and TA+MS+HP-β-CD) and the binary TA-MS 
and ternary TA-MS-CD’s systems were collected on 
a Bruker AXS D2 Phaser diffractometer with LynxEye 
XE-T 1-dim detector using Cu Kα radiation (λ = 1.54060 
Å). The machine operated with a generator voltage and 
current of 30 kV and 10mA, respectively. The measure
ments were performed at the 2θ scanning range between 5° 
and 40° with a step size of 0.02° and a counting rate of 2s/ 
step. The program DIFFRAC.EVA was used to analyze the 
acquired data.25

FT-IR Spectroscopy
FT-IR spectroscopy was performed on a FT-IR Bruker 
Equinox 55 spectrometer. The samples were first mixed 
with KBr (IR grade) and then turned into pellets by using 
in the hydraulic press. The spectra were recorded in 
a frequency range of 400–4000 cm−1. Identification of 
bands, their intensity, and location on FT-IR spectrum of 
TA was conducted in comparison with FT-IR theoretical 
spectrum, which was obtained by using Density Functional 
Theory (DFT). The geometry was optimized using DFT 
with Becke, three-parameter, Lee-Yang-Parr hybrid func
tional, and 6–31G (d, p) basis set.

Studies of Solubility and Permeability of 
TA-MS-CD Systems Through Biological 
Membranes Simulating Gastrointestinal 
Walls and BBB
The changes of the TA solubility after its introduction into CD 
cavities during studies of apparent solubility and permeability 
through membranes simulating gastrointestinal walls and 
BBB were measured spectrophotometrically at 288 nm.

Apparent solubility study was conducted using the 
paddle Agilent 708-DS Dissolution Apparatus with 
a 500 mL dissolution medium at 310 K and 50 rpm. The 
TA+MS mixture and TA-MS-CD systems (containing 
5 mg of TA) were weighed into gelatin capsules, which 
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were later placed in metal springs to prevent flotation on 
the medium surface. The phosphate buffer with pH of 6.8 
was used as the medium. The test was performed under 
sink conditions. At specific time intervals, 6.0 mL samples 
were removed and filtered. At the same time, equal 
volumes of the medium at the temperature 310 K was 
supplemented to the vessels. The changes in concentration 
of TA were measured using UV spectroscopy at 288 nm.

In vitro gastrointestinal tract (GIT) and BBB perme
ability were studied using PAMPA (Parallel Artificial 
Membrane Permeability Assay).26–28 The permeability of 
the TA+MS mixture was taken as reference. The system is 
based on an artificial membrane – a 120-μm-thick micro
filter disc coated with a 20% (w/v) dodecane solution of 
a lecithin mixture (Pion, Inc.) – which separates two 
compartments – donor and acceptor in two 96-well plates. 
The tests were conducted in two environments: for GIT, 
the donor solution was adjusted to pH ≈ 6.8, and for BBB, 
the pH was ≈ 7.4 according to manufacturer’s recommen
dations. After adding samples to donor compartments, the 
plates were combined and then incubated for 3 hours for 
GIT model and 4 hours for BBB model in a humidity- 
saturated atmosphere at the temperature set at 310 K. The 
apparent permeability coefficient (Papp) was calculated 
according to the formula:

Papp ¼
� ln 1 � CA

Cequilibrium

� �

S � 1
VD
þ 1

VA

� �
� t 

where VD – donor volume, VA – acceptor volume, 
Cequilibrium – equilibrium concentration 
Cequilibrium ¼

CD�VDþCA�VA
VDþVA

, S – membrane area, t – incuba
tion time (in seconds).

In vivo Studies of Analgesic Activity of 
TA-MS-CD Systems
Behavioral Testing Protocol and Studies of Analgesic 
Effect of TA-MS-CD Systems
Induction of Migraine-Like Symptoms 
In order to develop migraine-like pain in mice, the animals 
were injected intraperitoneally with a single dose of NTG 
(10 mg/kg).29 To assess the effect of the test compounds 
on tactile allodynia and heat hyperalgesia, mechanical and 
thermal pain sensitivity threshold of experimental animals 
was assessed using von Frey and hot plate tests, respec
tively. Based on our previous research measurements were 
collected before NTG administration (referred to as 

“before nitroglycerin”), 60 min after its injection (baseline, 
pre-drug measurements), and then, 60 min after TA sys
tems administration (post-drug measurements).23 This 
time point for measuring post-drug effects of TA forms 
was selected based on the available literature data which 
showed that for TA used orally the mean time to reach the 
peak plasma concentration (Tmax) was approx.1 h.30

Assessment of Tactile Allodynia – Von Frey Test 
Mechanical hypersensitivity (tactile allodynia) in mice was 
assessed using the electronic von Frey unit (Bioseb, 
France).31 This device is supplied with a single flexible fila
ment applying increasing force (from 0 to 10 g) against the 
plantar surface of the hind paw of a mouse. The paw with
drawal response automatically turns off the stimulus, and the 
mechanical pressure that evokes the response is recorded.

In this test, the mice were placed individually in test 
compartments with a wire mesh bottom for 30-min habi
tuation. Then, each mouse was tested 3 times alternately in 
each hind paw, allowing at least 30 s between each mea
surement. Subsequently, the mice were pretreated with 
NTG solution, and 60 min later, the animals were tested 
again for their pain sensitivity threshold (pre-drug mea
surements). This procedure was also repeated 60 min after 
TA administration (post-drug measurements).

Assessment of Heat Hyperalgesia – Hot Plate Test 
Antihyperalgesic properties of TA forms were assessed in 
the hot plate test using the hot plate apparatus (Hot/cold 
plate, Bioseb, France) according to a slightly modified 
method previously described.32 In the hot plate appara
tus, a temperature-controller maintains the surface tem
perature to a set point (here 328–329 K). In this assay, 
the animals were tested first to obtain baseline latencies 
to pain reaction (licking hind paws or jumping) before 
NTG injection (referred to as latencies “before nitrogly
cerin”). Then, NTG was injected, and latencies to pain 
reaction were measured again (referred to as ‘pre-drug 
latencies’). After that, TA systems were administered, 
and post-drug latencies were measured again. In this 
assay, a cut-off time of 60 s was established to avoid 
potential paw tissue damage, and animals not responding 
within 60 s were removed from the apparatus and 
assigned a score of 60 s.

Data Analysis 
Data analysis of the results obtained in behavioral tests 
was provided by GraphPad Prism Software (v.8, CA, 
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USA). Numerical results obtained in behavioral tests are 
expressed as the mean ± SEM. Statistical analysis was 
performed using the Shapiro–Wilk normality test, fol
lowed by the analysis of variance (ANOVA) of repeated 
measures of two factors (treatment x time) and Tukey’s or 
Dunnett’s post hoc comparison. P < 0.05 was considered 
significant.

Results
In the first of our studies, we prepared the TA-MS-CD 
systems by using the co-precipitation method. The mixture 
of TA and MS (1:1 mass ratio) was dissolved as starting 
reagents for the preparation of the TA-MS-CD systems. 
Simultaneously, aqueous solutions of CDs: M-β-CD and 
HP-β-CD were prepared. Next, the solutions were mixed, 
the solvents were evaporated, and the TA-MS-CD systems 
were obtained. Their formation was spontaneous and repe
titive. The TA-MS-CDs systems were characterized by 
XRPD and FT-IR spectroscopy.

Pure TA, MS, M-β-CD, HP-β-CD, their mixtures 
obtained by grinding (TA+MS, TA+MS+β-CD’s), or sys
tems prepared by recrystallization (TA-MS) and co- 
precipitation (TA-MS-β-CD’s) were studied by powder 
XRPD. Diffraction patterns of the pure TA, MS, 
M-β-CD, HP-β-CD are shown in Figure 1A–D. The 
experimental TA diffraction patterns were compared with 
the diffraction patterns in the Cambridge Structural 
Database (CSD) (Supplementary Materials, Figure S2, 
S1). Diffraction patterns of the TA+MS, as well as the 
TA+MS+β-CD’s are generally composed of the sum of the 
contributions of all constituent phases (Figure 1E–G) 
showing that mixtures obtained by grinding are physical 
mixtures. A different situation is observed for the TA-MS 
system obtained by recrystallization, where the change in 
the number and position of the peaks on the diffractogram 
indicates the formation of a new solid phase (Figure 1H). 
The most intense peaks of this phase occur at 2θ angles 
10.4°, 13.3°, 13.8°, 17.6°, 20.0°, 23.6°, 25.5° and 26.5°. 
The peaks of a new TA-MS phase superimposed with the 
humps of amorphous CD’s are observed in XRPD patterns 
of ternary TA-MS-M-β-CD and TA-MS-HP-β-CD systems 
obtained by co-precipitation (Figure 1I and J).

The characteristic FT-IR band assignments for the TA 
spectrum are presented in supplementary materials (Table 
S1, Figure S3). Identification of bands, their location and 
intensity on FT-IR spectrum of the TA was conducted in 
comparison with FT-IR theoretical spectrum calculated 

using DFT-B3LYP functional and 6–31G (d, p) as 
a basis set.

Comparison of FT-IR spectra of the TA and the TA-MS 
showed no changes in position and intensity of the band. 
Additional bands related to the presence of the carboxylate 
ion did not appear in the TA+MS spectra. In the result of 
FT-IR of TA and TA+MS did not shown differences. The 
FT-IR spectra of TA-MS-CDs systems were characterized 
by differences with respect to the spectrum of the TA+MS 
and TA+MS+CDs mixture (Figure 2). The strongest dif
ferences involved changes in the intensity of the bands in 
the range of 1110–1270 cm−1, a decrease in the intensity of 
the characteristic bands at about 1640 cm−1 and a change 
in the intensity of the bands at about 2900 cm−1 and at 
3450 cm−1. Changes in band intensity in the range of 
1100–1270 cm−1 are associated with changes of vibrations 
for the group C=O, changes of stretching vibrations 
(1079 cm−1) for the bond of C-O in the COOH group 
and rocking vibrations in the phenyl ring (1164 cm−1). 
Changes in band intensity at about 1265 cm−1 are com
bined with C-O-H bending vibrations and C-C stretching 
vibrations of the aromatic ring. The strong change in 
vibration intensity for the C = O carbonyl domain 
(1664 cm−1) is caused by its interaction with CDs. 
Changes in band intensity in the area of about 3420 cm−1 

are associated with differences in the stretching vibrations 
of the O-H in the COOH group. It is worth noting that the 
results of system identity studies using FT-IR technique 
exclude the formation of stable salts while confirming the 
creation of hydrogen-bonded TA-MS-CD’ systems. XRPD 
studies confirmed the presence of a new crystalline phase 
of the systems.

Studies of apparent solubility and permeability were 
performed in the water environment. The differences in 
concentrations of pure TA during those experiments were 
undetectable according to its low solubility. Thus, the 
results for TA were excluded.

Studies on the changes of solubility of the incorpora
tion of the TA into CDs began with the preparation of 
a mixture of TA and MS (1:1 weight ratio). As a result of 
the pH-modification, practically insoluble TA, was dis
solved in 180 minute up to 63.21% ± 0.70% (C= 5.98 
x 10−3 mg/mL). Systems with CDs: M-β-CD, HP-β-CD 
allowed for additional improvement of solubility up to 
80.13% ± 2.77% (C= 7.69 x 10−3 mg/mL), and 92.39% 
± 3.25% (C= 8.66 x 10−3 mg/mL), respectively (Figure 3).

The studies of the TA permeability through membranes 
simulating the gastrointestinal walls and the BBB were 
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conducted using the PAMPA model with appropriate modifi
cations (Figure 4). Changes in the TA concentration in accep
tor and donor fluids were evaluated spectrophotometrically. 

As a result of its combination with MS, pH-modification of 
the TA solubility allowed its dissolution, which ensured 
proper permeability through gastrointestinal membranes. 
The effect of the increased solubility of the TA was better 
permeability through the system of artificial biological mem
branes simulating the gastrointestinal system. The permeabil
ity of the TA+MS mixture was described as 1.825 x 10−5 ± 
2.496 x 10−6 cm s−1. The preparation of systems with CDs 
resulted in increased permeability: for the system with M-β- 
CD Papp value was 2.057 x 10−5 ± 3.949 x 10−6 cm s−1 and for 
the system with HP-β-CD Papp value was 2.091 x 10−5 ± 
3.183 x 10−6 cm s−1. According to the guidelines, all tested 
systems can be treated as well-permeable API, because the 
Papp value in the gastrointestinal model greater than ≥1 x 10−6 

cm s−1 appears to be highly permeable.33 The results of the 
BBB barrier permeation study allowed the classification of all 
tested systems also as well-permeable according to the guide
lines that compounds having the Papp value bigger than 4.0 
x 10−6 cm s−1 are highly permeable.34 The permeability in the 

Figure 1 XRPD diffraction patterns of M-β-CD (A), HP-β-CD (B), TA (C), MS (D), TA+MS mixture (E), TA+MS+M-β-CD mixture (F), TA+MS+HP-β-CD mixture (G), TA- 
MS system (H), TA-MS-M-β-CD system (I), and TA-MS-HP-β-CD system (J).

Figure 2 Experimental FT-IR absorption spectra of TA, TA+MS mixture, TA-MS-HP 
-β-CD and TA-MS-M-β-CD systems.
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BBB model showed that CD impacts the permeability of 
TA. The Papp values for the TA+MS mixture and the systems 
with M-β-CD and HP-β-CD were 3.014 x 10−5 ± 3.693 x 10−6 

cm s−1, 3.658 x 10−5 ± 2.400 x 10−6 cm s−1 and 3.629 x 10−5 ± 
1.614 x 10−6 cm s−1, respectively.

The in vivo model study aimed to assess potential 
changes in the analgesic activity of TA-MS-HP-β-CD 
and TA-MS-M-β-CD systems in relation to pure TA action 
by assessing their effects on tactile allodynia and heat 
hyperalgesia. In the von Frey test, repeated measures 
ANOVA revealed an overall effect of treatment (F[6.165] 
=30.62), p < 0.0001). Time also affected the results 

significantly (F[2.165]=499.8), p < 0.0001) and the drug 
x time interaction was significant (F[12.165]=18.55), 
p < 0.0001). As shown in Figure 5A, the paw withdrawal 
threshold before NTG administration was similar in all 
experimental groups. After NTG administration, 
a statistically significant difference in the paw withdrawal 
threshold was observed between vehicle-treated mice not 
receiving NTG and mice that received NTG (p < 0.0001). 
The comparison of post-drug paw withdrawal threshold of 
the control group that was injected with NTG and all other 
groups tested revealed significantly (p < 0.0001) lower 
post-drug paw withdrawal threshold in the former group 
compared to all other experimental groups, which indi
cates that the test TA systems effectively attenuated tactile 
allodynia in the mouse model of migraine pain.

The comparison of pre-drug and post-drug paw with
drawal threshold in each particular group demonstrated no 
significant differences in the paw withdrawal threshold in 
control mice not treated with NTG, or in control mice that 
were treated with NTG. In contrast to this, in all other 
NTG-treated groups, a statistically significant elevation of 
post-drug paw withdrawal threshold compared to the pre- 
drug measurement was noted (p < 0.01 for NTG+TA-MS- 
HP-β-CD 25 mg/kg-treated mice, and p < 0.0001 for all 
other NTG+TA forms-treated mice; Figure 5A).

The comparison of the antiallodynic efficacy of all 
three TA forms revealed that the dose 25 mg/kg of TA- 
MS-HP-β-CD was almost equally effective as the same 

Figure 3 Apparent solubility study of TA+MS mixture and the systems with M-β-CD and HP-β-CD.

Figure 4 Permeability study diagram for TA+MS mixture, TA-MS-M-β-CD and TA- 
MS-HP-β-CD systems in the GIT model and the blood-brain barrier model.
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dose of TA-MS-M-β-CD. The dose of 25 mg/kg of these 
forms of TA, in particular, that of TA-MS-M-β-CD, was 
only slightly less effective than the dose 50 mg/kg of pure 
TA and therefore we decided not to test a lower dose (ie, 
25 mg/kg) of pure TA. Importantly, both TA-MS-HP-β-CD 
and TA-MS-M-β-CD used at 50 mg/kg more effectively 
attenuated tactile allodynia in NTG-treated mice than the 
same dose of pure TA. TA-MS-M-β-CD at 50 mg/kg was 
more effective than the corresponding dose of TA-MS-HP 
-β-CD.

In the hot plate test, an overall effect of treatment was 
observed (F[6.168]=7.952, p < 0.0001). Time also affected 
the results significantly (F[2.168]=24.54, p < 0.0001), but 
the drug x time interaction was not significant (F[12.168] 
=1.119, p > 0.05). Post hoc analysis showed no significant 
differences in the latency to pain reaction among tested 

groups before NTG administration but there was 
a significantly (p < 0.01) prolonged latency to pain reac
tion in control mice not treated with NTG compared to 
control mice after they were injected with this drug. 
Importantly, significantly reduced latency to pain reaction 
was noted in mice after NTG administration (p < 0.05 vs 
latency before NTG injection; Figure 5B).

The comparison of pre-drug and post-drug latencies to 
pain reaction measured with in each particular group 
demonstrated no significant differences in this parameter 
in control mice not treated with NTG, or in mice that were 
treated with NTG and vehicle, or NTG and test com
pounds. None of the tested TA forms was effective as an 
antihyperalgesic agent in the hot plate test performed in 
NTG-treated mice (Figure 5B).

Discussion
Poor solubility of active pharmaceutical ingredients (API) 
is a crucial limitation of their clinical use. Solubility might 
be modified by alterations in the chemical structure (eg, 
salt formation), changes in the physical structure (eg, 
obtaining amorphous dispersions), or through pre- 
formulation and formulation works. For APIs with very 
poor solubility but significant clinical potential, it is worth 
combining several techniques to obtain better soluble 
APIs. For lipophilic APIs, having to achieve the required 
concentration within the CNS, it is essential to increase the 
dynamics of crossing the BBB. One strategy may include 
increasing the intra-body concentration to provide 
a greater diffusion gradient for the BBB. This approach 
was assumed for TA, which is practically insoluble in 
water, but it has significant analgesic potential, especially 
in migraine.14

In the first step, TA was combined with MS. As the 
result, there was obtained about 63.21% higher solubility 
than in the case of the TA in a free form. By carrying out 
FT-IR analysis, the presence of carboxylate ion bands was 
excluded, and the carboxyl group should be indicated as the 
domain involved in the interaction with the hydrophobic 
interior of CDs. Those observations are in agreement with 
changes in the intensity of stretching band of C-O and 
bending band of O-H (at 1079 cm−1, 1664 cm−1 and 
1265 cm−1, respectively). A similar approach where 
changes of solubility were induced by pH-modification 
was applied for other NSAIDs. In the study of Abhijeet 
K. and Namita D., the solubility of aceclofenac was 
increased using melt granulation and micro-environmental 
pH modulation by sodium hydrogen carbonate.35 Piyush 

Figure 5 Influence of TA forms: TA-MS-HP-β-CD, TA-MS-M-β-CD and pure TA, 
administered orally 60 min before pain tests, on tactile allodynia measured in the 
von Frey test (A) and thermal hyperalgesia assessed in the hot plate test (B) in 
a mouse model of migraine pain induced by NTG administration. NTG was injected 
60 min before pre-drug measurements of pain sensitivity were collected. Results 
are shown as mean paw withdrawal force (±SEM) measured in the von Frey test 
(A), or latency time to pain reaction (±SEM) measured in the hot plate test (B) for 
n = 6–10. Statistical analysis: repeated measures ANOVA followed by Dunnett’s or 
Tukey’s post hoc test. Significance vs paw withdrawal threshold or latency to pain 
reaction before NTG administration: #p < 0.05, ##p < 0.01, ####p < 0.0001; and 
significance vs pre-drug paw withdrawal threshold or pre-drug latency to pain 
reaction in the individual group: **p < 0.01, ****p < 0.0001.
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Gupta and Arvind K. Bansal co-processed celecoxib with 
polyvinylpyrrolidone, and pH-adjusting meglumine with the 
use of spray drying method which allowed to obtain an 
amorphous system with increased solubility about 10 
times and increased stability.36

In the further part of the TA solubility optimization, TA 
was incorporated into the CDs: M-β-CD and HP-β-CD. As 
a result, systems ensuring TA solubility allow to obtain 
a solubility rate of TA 80.13% (C=7.69 x 10−3 mg/mL) 
and 92.39% (C= 8.66 x 10−3 mg/mL), respectively.

Regarding the initial research hypothesis that better 
API solubility after introduction into CD cavity was to 
induce an increase in permeability, the solubility studies 
of TA-MS-CD systems were conducted in the acceptor 
fluid at pH 6.8, corresponding to the absorption site of 
analogs from the NSAID group.37 For all modifications 
used, an increase in TA solubility was noted before 180 
min (Figure 3). It is noteworthy that regardless of the 
solubility time, the HP-β-CD modified the solubility of 
TA stronger than M-β-CD. The observed increase in the 
TA solubility after introduction into the CD is the result of 
blocking the carboxylic groups. Blocking of the hydrophi
lic carboxyl group is, however, compensated by the pre
sence of hydroxyl groups derived from CD. The number of 
hydroxyl groups in the case of TA-MS-HP-β-CD is greater 
than TA-MS-M-β-CD, which may explain the differences 
in the TA solubility when introduced into CD systems. The 
blocking of the hydrophilic group of the TA but at the 
same time an increase in solubility has also been reported 
for CD combinations with other APIs. Huang et al 
research show that complexation ursolic acid and oleanolic 
acid with β-CD increased their solubility, the complexes 
were formed in the ratio 1:1, and the carboxyl group of the 
guests were incorporated into the cavity of CD.38

Papp values were determined using the PAMPA model 
for the application simulating permeability through the 
gastrointestinal membranes and the BBB. The increase in 
the TA solubility induced a rise in permeability through 
the gastrointestinal membranes (Papp for TA-MS-M-β-CD 
2.057 x 10−5 cm s−1 and for TA-MS-HP-β-CD 2.091 
x 10−5 cm s−1 vs for TA+MS mixture 1.825 x 10−5 cm s−1). 
Papp values allow TA systems to be classified as well 
penetrating through the walls of the GIT.33 Permeability 
through membranes simulating the BBB of TA systems 
was significantly maximized – Papp for TA-MS-M-β-CD 
3.658 x 10−5 cm s−1 and for TA-MS-HP-β-CD 3.629 
x 10−5 cm s−1 comparing to the TA mixture with MS 
Papp 3.014 x 10−5 cm s−1. It is assumed that the majority 

of drugs transport is based on the diffusion process, how
ever active transport is also present.39 Bearing that in 
mind, the next stage was the assessment of the increase 
of pharmacological activity in the in vivo model.

In the in vivo part of the present research, we used 
a mouse model of migraine-like pain, namely the NTG 
model, and two behavioral tests for the assessment of the 
effect of the TA forms on tactile allodynia and heat hyper
algesia induced by NTG administration. This migraine 
model is based on using NTG, a nitric oxide donor, as 
a tool to provoke migraine-like pain in rodents. In mice 
and rats, intraperitoneal NTG has been widely used to 
develop a model to study sensory hypersensitivity typical 
for migraine. The infusion of NTG in mice caused thermal 
and mechanical allodynia, and these symptoms were 
reversed by sumatriptan.23 Moreover, some studies 
showed that NTG-treated mice developed aversion to 
light and increased meningeal blood flow and this mouse 
model was also used to study the progression of the dis
order from an acute to a chronic condition. Taken together, 
this NTG model may be considered as a “gold standard” 
and a reliable screening tool in the search for novel thera
pies in migraine treatment.2 Although analgesic properties 
of TA can be assessed in several screening pain tests for 
NSAIDs, including a mouse writhing test, formalin test or 
the rat Randal-Selitto test, in this research we focused on 
the NTG model.40–42 Firstly because analgesic properties 
of TA in other animal pain and inflammation models were 
described previously, and secondly, our study was the first- 
in-animal experiment that assessed novel TA forms and it 
was aimed to be focused on their potential use in 
migraine.43,44 Therefore we selected a pain model specific 
for migraine. Thirdly, TA is widely used in humans suffer
ing from migraine, so the confirmation of the effect of TA 
and novel TA forms in a mouse model of migraine-like 
pain would be important from the translational point of 
view.14 Importantly, although migraine is more common in 
women, for this present research we chose male mice. 
Both male and female mice are widely tested in the NTG 
rodent model of migraine-like pain but available literature 
data indicate that male mice may be more resistant to this 
model.29,45,46 Therefore, by using male subjects we 
wanted to assess, whether the pharmacological activity of 
the tested TA forms can be observed even under these 
drug-resistant conditions.

The von Frey test enables to assess mechanical (tac
tile) allodynia in mice. Cutaneous tactile allodynia (ie, 
perception of pain following non-painful stimuli) occurs 
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in more than 70% of migraineurs, so sensory hypersensi
tivity to mechanical stimulation is a serious problem for 
these patients.47 In the present experiment we showed that 
tactile allodynia developed in all NTG-treated groups. The 
comparison of the antiallodynic efficacy of all three TA 
forms revealed that the dose 25 mg/kg of TA-MS-HP-β- 
CD system was almost equally effective as that of TA-MS 
-M-β-CD system. Importantly, the dose of 25 mg/kg of 
these forms of TA, in particular that of TA-MS-M-β-CD 
system, was only slightly less effective than the dose of 
50 mg/kg of pure TA. Therefore, for ethical reasons we 
did not test the dose of 25 mg/kg of pure TA which was 
expected to have marginal analgesic effect. Significantly, 
both TA-MS-HP-β-CD and TA-MS-M-β-CD systems 
used at 50 mg/kg were more effective than the same 
dose of pure TA in the von Frey test in NTG-treated 
mice. TA-MS-M-β-CD system at 50 mg/kg was more 
effective than the corresponding dose of TA-MS-HP-β- 
CD system.

nTG also induced heat hyperalgesia in mice. 
Interestingly, none of the tested TA forms was able to 
attenuate these symptoms of sensory (heat) hypersensi
tivity measured in the hot plate test. A possible explana
tion for this lack of efficacy of TA forms is that in the 
hot plate assay the characteristic nocifensive response 
that occurs (jumping, licking of the paws) is of central 
origin and drugs with antinociceptive properties in the 
hot plate test act primarily in the spinal medulla and/or 
higher CNS levels. In this test, peripherally acting 
analgesic drugs (eg, TA forms tested) are generally not 
active.48 It has to be noted that in the hot plate test, the 
post-drug latencies were even reduced as compared to 
the pre-drug ones. A potential explanation for this obser
vation has been demonstrated in previous studies show
ing that the hot plate test latency might decrease with 
repeated testing and this effect might be due to the 
learning abilities of mice.49 It should also be noted that 
no adverse effects or signs of toxicity were observed in 
NTG and all forms of TA-treated mice.

The increase in pharmacological activity for API with 
a different mechanism of action after their introduction 
into CD cavities, confirmed by the results of in vivo stu
dies were reported, eg, for antimicrobial activity cefurox
ime axetil, for the anti-inflammatory activity of naringenin 
and for reduction of arterial pressure by valsartan.50–52 In 
our previous studies, we also confirmed that an increase in 
the analgesic effect for sumatriptan after introduction into 
CD structures was possible.23 Other studies confirming the 

beneficial impact of CD systems on the analgesic effect 
were also obtained in the case of ketoprofen, where anti
pyretic, analgesic and anti-inflammatory effects increased, 
and in the mice study for meloxicam, where the elevated 
API serum levels maximized its analgesic activity.53,54

The strengths of the studies performed include increas
ing the solubility of TA with a method that can be easily 
used in the preparation of a drug form for patients. 
Prepared systems with CDs and MS that allow the imple
mentation of microenvironmental pH modification are easy 
to prepare. No specialized equipment is required on 
a laboratory scale. In addition, only water and small 
amounts of alcohol were used for their preparation, which 
is consistent with green chemistry principles. There are 
also some limitations of the study. Scaling up the repeata
ble preparation of the systems might be challenging and 
time-consuming, which can delay implementing the pre
pared systems for use in patients. Analgesic effectiveness 
of novel TA forms compared to pure TA has been shown 
only in one animal model, and in males only. In addition, 
the efficacy of TA systems was assessed only at one time 
point of testing and in this first-in-animal study the dura
tion of the analgesic effect was not assessed. Hence, at 
present we cannot assess if the duration of the analgesic 
effect might be modified due to changes in physicochem
ical properties of TA. Also, we did not observe antihyper
algesic properties of the test compounds in a test based on 
thermal stimulation. Hence, further studies using other than 
the NTG model are necessary to confirm anti-migraine 
properties of TA derivatives.2,55 Also, the use of female 
mice and testing TA forms at additional time points and in 
other than mice animal species with migraine-like pain 
symptoms are highly warranted.

Conclusions
The apparent solubility of undetectable TA was significantly 
increased according to pH-modification and efficient inclu
sion into the CDs. The maximized obtained value was 8.66 
x 10−3 mg/mL for TA-MS-HP-β-CD. As a consequence, the 
permeability through GIT and BBB membranes was 
enlarged. The in vivo study confirmed the influence of TA 
improved physicochemical properties on the increase in 
analgesic activity in a mouse migraine-like pain model.
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