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a  b  s  t  r  a  c  t

A  screening  of  ketoprofen  cocrystal  with  nicotinamide  as a coformer  was  performed  using the  Kofler
contact  method  and  mechanochemistry.  The  crystallization  of KET  (with  cocrystal  formation)  can  occur
during  the  heating  process.  However,  although  it is thermodynamically  favorable,  it  was  found  that  the
kinetic  reactions  were slow,  since  the KET  crystallization  took  about  30 days.  The  compounds  obtained
were  analysed  by  differential  scanning  calorimetry  (DSC),  polarized  light  thermomicroscopy  (PLTM),
Fourier  transform  infrared  spectroscopy  (FTIR),  and X-ray  powder  diffraction  (XRPD).  Cocrystal  forma-
tion  between  ketoprofen  and  nicotinamide  has  great  interest  because  the nicotinamide  has  FDA/GRAS
ocrystal
icotinamide
hermomicroscopy

status.  At  the  adopted  conditions,  the  achievement  of cocrystal  between  ketoprofen  and  nicotinamide
was  not  possible  by mechanochemical  methods  However,  experiments  conducted  by  the  Kofler  method
confirmed  that  ketoprofen  interacted,  under  determined  conditions,  with  nicotinamide  giving rise  to  a
new  cocrystal.  Furthermore,  biological  tests  revealed  that  the  KET  +  NA  (1:1)  eutectic  system  obtained  by
grinding  had  a greater  anti-inflammatory  action  when  compared  to pure  ketoprofen.

© 2017  Elsevier  B.V.  All  rights  reserved.
. Introduction

Even after the marketing stage, an active pharmaceutical ingre-
ient (API) is still the subject of research aimed at improving its
hysical and chemical properties, especially its solubility in water,
ince it operates as a solvent in the main biological systems [1].

There are several ways to improve the physicochemical prop-
rties of an API, such as salt formation, polymorphic forms and
olvates or hydrates [2]. Recently, cocrystal screening has become
n important and innovative approach to improve the physico-
hemical properties of an API by using appropriate molecules as
oformers [2,3].
Ketoprofen (KET) or (RS)-2-(3-Benzoylphenyl)propionic acid
see Fig. 1a) is a non-steroidal anti-inflammatory and pertains
o Class II (low solubility, high permeability) of the biopharma-

∗ Corresponding author at: Faculdades Integradas de Bauru – FIB. CEP 17056-120
auru, SP, Brazil.

E-mail address: glaucoperpetuo@yahoo.com.br (G.L. Perpétuo).

ttp://dx.doi.org/10.1016/j.tca.2017.02.014
040-6031/© 2017 Elsevier B.V. All rights reserved.
ceutics classification system (BCS) [4,5]. which is derived from
phenylpropionic acid and characterized pharmacologically by its
anti-inflammatory, antipyretic and analgesic action. For those rea-
sons it is widely used in the medical and veterinary fields. Its
mechanism of action is through the inhibition of prostaglandin and
the synthesis of leukotriene [6].

The formation of supramolecular heterosynthons (Fig. 1b) is
highly favored [7]. Based on this information, molecules that pre-
sented the functional groups shown in Fig. 1b were tracked and the
choice of nicotinamide (NA) (Fig. 1c) as coformer was based on the
fact that the FDA regards this substance as safe [8].

Another essential factor considered for the choice of the coform-
ers was the pKa difference (�pKa) between the API and the
other molecules. An acid-aromatic nitrogen hydrogen bond can be
formed if the �pKa is less than 3.75 [9]. KET and NA fully satisfy
this condition, since their pKa values are 4.53 [10] and 3.35 [11],

respectively.

Kofler has published about 250 papers which describe the
contact method to determine the phase diagrams of the binary mix-
tures of organic compounds. This method can provide a qualitative

dx.doi.org/10.1016/j.tca.2017.02.014
http://www.sciencedirect.com/science/journal/00406031
http://www.elsevier.com/locate/tca
http://crossmark.crossref.org/dialog/?doi=10.1016/j.tca.2017.02.014&domain=pdf
mailto:glaucoperpetuo@yahoo.com.br
dx.doi.org/10.1016/j.tca.2017.02.014
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ig. 1. (a) Ketoprofen, API. (b) Supramolecular heterosynthons. (c) Aromatic acid
mide cocrystal formers.

nd rapid indication about the formation of cocrystals and because
f that it was used as an initial approach [12,13]. Subsequently, a
rinding experiment was used to get possible cocrystals, that were
nalysed by DSC, FTIR and XRPD.

. Experimental procedures

.1. Materials

(RS)-Ketoprofen 98% and nicotinamide 99% were purchased
rom Sigma-Aldrich Chem. Co. (St. Louis, MO,  USA) and used with-
ut purification.

.2. Grinding

A total mass of 50 mg  (KET + NA) was grinded in a Retsch MM400
ill for 30 min  at a frequency of 15 Hz, in a 10 mL  stainless steel jar
ith two stainless balls (7 mm diameter) inside.

.3. Polarized light thermal microscopy (PLTM)

PLTM studies were performed in a Linkam hot stage system,
odel DSC600. For optical observation, it was used a Leica DMRB
icroscope and a Sony CCD-IRIS/RGB video camera. The images

ormed (200× magnification) were analysed through the Real Time
ideo Measurement System software by Linkam. The experiments
f Kofler’s contact method were accomplished according to Berry
t al. [13].

.4. Differential scanning calorimetry (DSC)

The DSC curves were obtained through the calorimeter Pyris1,
erkinElmer, with power compensation. A 30 �L aluminum cru-
ible hermetically sealed was used as a sample holder. A similar
mpty crucible was used as reference. All experiments were per-
ormed in nitrogen atmosphere with a flow rate of 20 mL  min−1,
ith an approximate mass of sample equal to 2 mg.  The enthalpy

alibration was made with indium [14] and the temperature cal-

bration was performed with the onset temperature of indium
nd standard benzoic acid [14,15]. A 5 ◦C min−1 heating rate was
dopted for all calibration processes.
ica Acta 651 (2017) 1–10

2.5. Fourier transform infrared spectroscopy (FTIR)

Spectra of the solids were recorded at room temperature uti-
lizing the attenuated total reflectance (ATR) technique and using
a Bruker Vertex 70 spectrometer with a scanning range between
400 and 4000 cm−1 (resolution 4 cm−1) and a diamond crystal as
support.

2.6. X-ray powder diffraction (XRPD)

X-ray powder diffractograms were obtained on a Siemens
DMAX 2000 X-ray diffractometer using Cu K� radiation
(� = 1.5406 Å) and settings of 20 kV and 2 mA.  The samples
were placed on a glass support and exposed to the radiation
(3◦ ≤ 2� ≤ 50◦).

3. Biological activity

3.1. Isolation of peripheral blood mononuclear cells

Blood from six healthy blood donors was  collected with Vacu-
tainer tubes containing heparin as an anticoagulant. The peripheral
blood mononuclear cells (PBMC) were isolated by density gradient
centrifugation on Histopaque

®
-1077 (Sigma-Aldrich, St Louis, MO,

USA). Cell viability, as determined by 0.2% trypan blue, was >80% in
all the experiments. The PBMC were counted using Turkı́s solution
and the monocytes were counted using 0.02% neutral red. Both pop-
ulation cells were suspended to a concentration of 1 × 106 cells/ml
in complete medium.

3.2. Cytotoxicity assay

The cytotoxic activity of the KET + NA (1:1) was  determined
using the colorimetric microculture MTT  assay (MTT = 3-(4,5-
dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide)
[16]. The PBMCs were seeded in 100 �L aliquots in RPMI-1640,
supplemented with 20% heat-inactivated fetal bovine serum
(SBF), into 96-well microculture plates. The eutectic compound
KET + NA (1:1) was  added in the PBMC culture and the plate was
incubated for 96 h at 37 ◦C in a humid atmosphere with 5% CO2.
Dimethylsulfoxide (DMSO) was subsequently added to dissolve
the formazan crystals. Optical densities were measured using
an ELISA microreader (EL800, BIO-TEK Instruments, INC) at a
wavelength of 490 nm.  The quantity of viable cells was expressed
by comparison between the treated cell cultures and the untreated
control cultures. The cytotoxicity represented the concentrations
that caused 50% inhibition.

3.3. Monocyte cell culture

Monocytes were seeded in 100 �L aliquots in RPMI-1640, sup-
plemented with 20% SBF, into 96-well culture plates. To assess the
influence of the KET + NA (1:1) on the inflammatory milieu, the
monocytes were submitted to four treatments: 1) simultaneous
stimulation with lipopolissacaride (LPS) − 10 �g ml−1 and KET + NA
(1:1) (initial concentration); 2) LPS; 3) KET + NA (1:1); and 4) non-
stimulated cell culture. Cells were incubated at 37 ◦C and 5% CO2.
After 24 h, the cell-free supernatants were collected to determine
the cytokines and the cells were submitted to determination of the
hydrogen peroxide release.

3.4. Production of hydrogen peroxide (H2O2)
A phenol red solution [dextrose 1% (Sigma-Aldrich Chem. Co. (St.
Louis, MO,  USA), phenol red 1% (Sigma-Aldrich Chem. Co. (St. Louis,
MO,  USA), horseradish peroxidase type II − 5 uni (Sigma-Aldrich
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Fig. 2. KET first heating (5 ◦C min−1, N2 atm., 200× magnification).
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Fig. 3. KET first cooling (–5 ◦C m

hem. Co. (St. Louis, MO,  USA)] was used for the monocytes incu-
ation. Then, they were plated at 37 ◦C in CO2 5% for 1 h [17].
oncentration of H2O2 from each sample was determined by optical

ensity (absorbance of 620 nm)  detection in a ELISA microre-
der (EL800, BIO-TEK Instruments, INC) based on the standard
urves.
 N2 atm., 200× magnification).

3.5. Cytokine analysis

The levels of interleukin-8 (IL-8), interleukin 1 beta (IL-1 �),

interleukin 6 (IL-6), interleukin 10 (IL-10), tumor necrosis factor
alpha (TNF-�)  and interleukin 12 (IL-12) p70 were determined by
FACS (fluorescence-activated cell sorting) using BD cytometric bead
array (CBA) (BD Biosciences, CA, USA).



4 G.L. Perpétuo et al. / Thermochimica Acta 651 (2017) 1–10

Table 1
Thermodynamic values for the first heating of the KET + NA (1:1) system at pressure p = 0.1 MPaa.

Tonset/◦C �fusH/kJ mol−1 Refs.

KET 94.54
94.5
94.2

27.4
31.6
30.5

[20]
[21] This work

NA  128.2 ± 0.2
128.1
130.1

23.2 ± 0.4
23.7 ± 0.2
23.9 ± 0.5

[22]
[23,24]
This work
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128.0
KET  + NA (1:1) 54.6 

a Standard uncertainties u are u(T) = 0.2 ◦C, u(�H)  = 0.5 kJ mol−1, u (p) = 1 kPa.

.6. Statistical analysis

The comparison between two paired groups was  performed by
-paired test. All statistical analyses were conducted using Graph-
ad Prism 5.0 (GraphPad Software. Inc., San Diego, California, USA)
nd p < 0.05 was set up for statistical significance [18].

. Results and discussion

.1. Thermal behavior of ketoprofen

Fig. 2 shows the thermal behavior of ketoprofen when subjected
o heating by the PLTM technique. In this experiment, a sample of
ure ketoprofen was heated from 25 to 100 ◦C at a rate of 5 ◦C min−1

nder nitrogen atmosphere. It was possible to verify that its melt-
ng started at 94.2 ◦C. The occurrence of this thermal event can be
bserved by DSC through the endothermic peak shown at cycle

 in Fig. 5. The second cycle in Fig. 5 shows that the KET was  in
he liquid state at 25 ◦C and that slightly below 0 ◦C it suffered a
lass transition, by which it passed to the glassy state. In a second
tep, followed by PLTM, Fig. 3, the sample was cooled from 100 to
110 ◦C at a rate of −5 ◦C min−1 in nitrogen atmosphere. It was not
ossible to make a clear distinction between liquid and glass states
ecause, since the refractive index of a glass and a liquid are very
lose together, the images in Fig. 3 are identical for these two phys-
cal states. Indeed, in this Figure, it can be seen that at −104.8 ◦C the
ppearance of cracks occurred, proving that the KET was  in a glassy
tate. DSC curves presented in Fig. 5, cycle 2, show around 0 ◦C a
lass transition (liquid to glass state). On the following DSC curve,
ycle 3, it is observable a glass transition (glass to liquid) at 0 ◦C. It
s evident in PLTM images of Fig. 4 that the cracks of the glassy state
isappear in the temperature interval from −1.0 ◦C until 4.1 ◦C ().

Thus, the analysis of the thermal behavior of KET allowed us
o make the following observations. Below 0 ◦C, the KET was in a
lassy state (it cracked at −104.8 ◦C). As the temperature increased,
t absorbed thermal energy and passed to the liquid state at 0 ◦C.
rom that point, with increasing temperature, its thermal behav-
or followed the liquid line and it may  have eventually gone down
hrough the solid line (occurrence of crystallization with subse-
uent melting) or remained in the liquid state up to the melting
emperature of the solid. These observations are illustrated in Fig. 6.

.2. Cocrystal screening using the Kofler contact method

This experiment was performed according to Berry et al. [13].
or this, the NA was merged and allowed to solidify at room tem-
erature. Then, the KET was melted so that, in the liquid phase, it
as allowed to come into contact with the solidified NA. The system
as kept in a desiccator at room temperature for about 30 days, suf-

cient time for the crystallization of the KET. After this period, the
hermal behavior of the system was analysed by PLTM experiments.

Fig. 7 shows the images obtained during the heating of the KET
rom 25 to 140 ◦C at a rate of 2 ◦C min−1 in a nitrogen atmosphere.
24.6
33.2 This work

It is possible to see that the KET started melting at 80 ◦C. At around
120 ◦C the beginning of the melting of the NA should have been
observed. However, instead of that, what was  observed was  the
formation of a cocrystal of KET and NA from 120 ◦C onwards; this
cocrystal began to melt from 140 ◦C (Fig. 8). The sample was  left to
cool and in a second heating, this time up to 160 ◦C, it was observed
that the melting of the co-crystal starts at about 145 ◦C according to
Figs. 8 and 9. Part of that sample was scraped off to a DSC capsule
and the results showed that it had a completely cyclical thermal
behavior, as shown in Fig. 9. Furthermore, after crystallization, FTIR
experiments were performed and the spectrum is shown in Fig. 10
and compared to eutectic compound. These clearly point out the
difference between the compounds. Among these spectra we would
highlight the differences between the asymmetric stretches of the
NH2 group of the NA, which arose at 3358 cm−1 in the KET + NA
(1:1) compound and at 3230 cm−1 in the cocrystal, indicating that
the amide group was involved in a stronger hydrogen bond in the
cocrystal than that in the crystalline nicotinamide network. This
stronger hydrogen bond stabilizes the cocrystal compared to the
corresponding eutectic mixture [19].

4.3. Sample prepared by mechanochemistry

Cocrystal synthesis was  tried by solid-state grinding. The solid
mixture (1:1) obtained was  analysed by DSC, XRPD and FTIR. The
thermal behavior of this system is depicted in Fig. 11, and the
respective thermodynamic values are shown in Table 1.

Fig. 11 shows that the NA melting occurred at 33.8 ◦C (Tonset)
above the melting temperature of the KET, whose values are shown
in Table 1. The DSC curves of the KET + NA (1:1) mixture showed a
peak with a lower melting temperature than the KET and NA, sug-
gesting a formation of a cocrystal or a eutectic compound. One way
to prove whether we  were in the presence of a cocrystal or eutectic
compound was by constructing a phase diagram. Thus, the milling
was carried out in varying proportions to provide its construction.
The samples were heated at a low heating rate (5 ◦C min−1), which
was closer to the equilibrium. Fig. 12 shows the DSC curves obtained
for each ratio. From the data of these curves, the phase diagram
for a binary system comprising KET compounds and NA was con-
structed. Fig. 13 shows a typical diagram for the formation of an
eutectic compound with a similar composition to that predicted by
the Schroder-van Laar equation [25]. The phase diagram presented
corresponds to a metastable phase diagram, since the cocristal is
not presented [19] (see Appendix A for supplementary data). The
theoretical eutectic composition was 0.64 mol KET, and composi-
tion determined experimentally was  0.61 mol  KET. Thus, we  can
clearly verify that is not possible to obtain a cocrystal between
KET and NA by grinding. Finally, the FTIR and XRPD experiments
showed that the mixture (1:1) was not a cocrystal. Fig. 14a–c shows

the XRPD patterns of pure compounds KET and NA and mixture
KET + NA (1:1) obtained by milling, respectively. By analyzing these
diffractograms, it can be seen by the dashed lines, that the XRPD
pattern of the mixture KET + NA (1:1) is the sum of the other two
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Fig. 4. KET second heating (5 ◦C min−1, N2 atm., 200× magnification).

Fig. 5. Cyclic DSC of KET (2.5000 mg,  5 ◦C min−1 (heating and cooling), N2 atm., sealed aluminum crucible).

Fig. 6. Hypothetical phase diagram of KET.
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Fig. 7. Heating of KET + NA system (2 ◦C min−1, N2 atm., 200× magnification). a = KET; b = NA; c = cocrystal formed.

Fig. 8. Heating of the cocrystal formed (5 ◦C min−1, N2 atm., 50× magnification).
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Fig. 9. Cyclic DSC of the KET:NA cocrystal.

ectic K

d
s
s
b

Fig. 10. FTIR of the eut

iffractograms, indicating no cocrystal formation. Fig. 15 also

hows that the sum of pure KET and NA spectra were practically the
ame as the KET + NA mixture, proving that there was  no interaction
etween KET and the NA to form a cocrystal.
ET + NA and cocrystal.

We believe that this is due to the fact that the reaction kinetics

were very slow, since the Kofler experiments proved that it is ther-
modynamically possible to obtain a cocrystal between these two
compounds.
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Fig. 11. DSC curves of the (a) KET + NA(1:1); (b) KET; (c) NA and (d) cocrystal
(2  mg,  N2 atm., heating rate of 5 ◦C min−1).

Fig. 12. DSC curves of the pure components KET, NA, and their proportions (2 mg, N2

atm., heating rate of 5 ◦C min−1).

Fig. 14. X-ray diffractograms of (a) KE
Fig. 13. Phase diagram for the KET + NA system.

4.4. Biological assays
The results demonstrated that KET + NA (1:1) did not alter
cell viability in the initial concentration. At lower concentrations,

T; (b) NA and (c) KET + NA (1:1).
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Table  2
Thermodynamic values for the first heating of the KET + NA (1:1) system. Pressure
p  = 0.1 MPaa.

Tonset/◦C Tpeak/◦C �fusH/kJ mol−1

KET 94.2 ± 0.1 95.73 ± 0.1 30.5 ± 0.2
NA 128.0 ± 0.1 128.83 ± 0.1 24.6 ± 0.2
KET + NA (1:1) 54.6 ± 0.2 58.08 ± 0.2 33.2 ± 0.2

a Standard uncertainties u are u, u(p) = 1 kPa.
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Fig. 16. Index of cell viability. Human PBMCs were stimulated with KET or KET + NA

Cryst. Growth Des. 11 (2011) 887–895.
ig. 15. FTIR spectra of KET + NA (1:1), KET and pure NA, as well as the sum of the
pectra (KET + NA) of the pure compounds.

ET + NA (1:1) increased cell viability in comparison to KET
Fig. 16).

LPS-stimulated monocytes induced higher levels of tumor
ecrosis factor alpha (TNF-�)  and interleukin (IL)-1� and IL-10
data not show). To assess the anti-inflammatory activity, LPS-
timulated monocytes were cultured with KET or KET + NA (1:1);
he results are summarized in Table 2. The KET + NA (1:1) increased
he production of hydrogen peroxide (H2O2) in comparison to
etoprofen. However, the KET + NA (1:1) decreased TNF-� and IL-10
evels. The production of other cytokines, IL-1�, IL-6 and IL-8, was
imilar between the KET and KET + NA (1:1) cultures. No IL-12p70
evels were detected in any sample.

Our results showed that the eutectic compound (KET + NA
1:1)) altered the immunologic parameters of ketoprofen with-
ut cytotoxicity activity. This compound stimulated oxidative burst
apacity and decreased inflammatory markers.

Reactive oxygen species such as H2O2, produced by phago-
ytes, are essential in a response to intracellular microorganisms,
ncluding Leishmania spp., Histoplasma capsulatum and Pneumocys-
is jiroveci [26–28]. Thus, KET + NA (1:1) showed the immunologic
apacity to enhance the elimination of intracellular pathogens.
ccordingly, patients with these types of infectious diseases, and
hich are in progression, demonstrate intense inflammatory pro-

esses, which are characterized by high serum levels of acute phase
roteins and TNF-� [29,30]. This inflammatory environment can
ause deleterious effects, for example, cachexia [31]. The fact that
ET + NA (1:1) decreases TNF-� production, suggests a potential

o substitute thalidomide, which is an anti-TNF-� drug used as an
nti-inflammatory that shows teratogenic effects [32].

KET + NA (1:1) increases H2O2 and simultaneously reduces TNF-
 production. Therefore, this compound represents a promising

ption for studies aimed at the immunotherapeutic treatment of
atients infected by intracellular parasites and exhibiting intense
ro-inflammatory activity.
(1:1) in different concentrations and evaluated after 96 h by MTT  assay. The index
was expressed test-culture: control-culture ratio. The results are expressed as
mean ± SD. Paired t test, *p < 0.05, **p < 0.01 and ***p < 0.001 in comparison to KET.

5. Conclusions

The screening process, which was  based on the Kofler contact
method, DSC and FTIR, indicated the discovery of a new cocrystal
formed between ketoprofen and nicotinamide. Due to the pecu-
liar thermal behavior of ketoprofen, it was not possible to obtain
cocrystals from solution as well as through mechanochemistry
experiments. Conversely, biological tests revealed that the com-
pound obtained by grinding had a greater anti-inflammatory action
compared to pure ketoprofen. Although the phase diagrams, DSC
and XPRD experiments indicated that it was not possible to obtain
cocrystals between KET and NA, the Kofler contact method and
FTIR spectra confirmed the possibility of the formation of cocrys-
tal between these two  compounds. The crystallization of KET (with
cocrystal formation) can occur during the heating process. How-
ever, although it is thermodynamically favorable, it was found that
the kinetic reactions were slow, since the KET crystallization took
about 30 days.
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