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ABSTRACT
Purpose To be fully exploitable in both formulation and manu-
facturing, a drug cocrystal needs to demonstrate simultaneous
improvement of multiple key pharmaceutical properties over the
pure drug crystal. The present work was aimed at investigating
such feasibility with two model profen-nicotinamide cocrystals.
Methods Phase pure 1:1 ibuprofen-nicotinamide and
flurbiprofen-nicotinamide cocrystals were prepared from solu-
tions through rapid solvent removal using rotary evaporation,
and characterized by DSC, PXRD, FTIR, phase solubility meas-
urements, equilibrium moisture sorption analysis, dissolution
testing and tabletability analysis.
Results Temperature-composition phase diagrams constructed
from DSC data for each profen and nicotinamide crystal revealed
the characteristic melting point of the 1:1 cocrystal as well as the
eutectic temperatures and compositions. Both cocrystals exhibited
higher intrinsic dissolution rates than the corresponding profens.
The cocrystals also sorbed less moisture and displayed considerably
better tabletability than the individual profens and nicotinamide.
Conclusions Phase behaviors of 1:1 profen-nicotinamide
cocrystal systems were delineated by constructing their
temperature-composition phase diagrams. Cocrystallization
with nicotinamide can simultaneously improve tableting behavior,
hygroscopicity, and dissolution performance of ibuprofen and
flurbiprofen. This could pave the way for further development
of such cocrystal systems into consistent, stable, efficacious and
readily manufacturable drug products.
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INTRODUCTION

A long sought goal in pharmaceutical formulation develop-
ment is the precise and predictive control of the physicochem-
ical properties of active pharmaceutical ingredients (APIs) and
pharmaceutical excipients for improving the in vivo delivery,
storage stability, and manufacturability of drug substances (1).
To this end, rational crystal structure design or crystal engi-
neering appears to hold considerable promise (2,3) .

Various strategies for manipulating the solid state of
pharmaceutical materials have been attempted to address
specific drug formulation problems. For instance, crystalliz-
ing APIs into either salts or hydrates has been routinely used
in the pharmaceutical industry to enhance the solubility or
stability of problematic drugs. However, salt formation is
not feasible for neutral molecules and generally unsuitable
for weakly ionized compounds due to their severely limited
capability for proton transfer. Moreover, many hydrates
have been shown to undergo undesired phase transforma-
tion during manufacturing and storage (4–6). In cases where
neither salt formation nor hydrate formation is suitable or
possible, cocrystallization may serve as a viable alternative
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means for developing new crystal forms to combat solubility
or stability problem. The attractiveness of cocrystallization
lies in its broad applicability and high flexibility in designing
crystal structures with advantageous solid-state properties. It
is generally thought that molecules possessing hydrogen
bond donors, acceptors or both, as exemplified by most
pharmaceutical compounds, tend to form cocrystals readily.
Previous studies have independently demonstrated that
cocrystal systems of specific drugs can each be used to
address a particular pharmaceutical problem in solubility,
dissolution rate (7,8), physical stability (9), bioavailability
(10), tabletability (11), or crystal polymorphism (12,13).
However, it remains to be shown whether a single cocrystal
system can be utilized to concurrently improve several key
pharmaceutical properties of a drug substance, including
solubility, dissolution, moisture sorption, and mechanical
properties. The present study was aimed to investigate such
potential multiple utility of a single cocrystal formulation
with two model cocrystal systems, namely, ibuprofen–
nicotinamide and flurbiprofen–nicotinamide.

R,S-Ibuprofen (IBU) [2-(4-isobutylphenyl) propanoic acid]
and flurbiprofen (FLU) [2-(2-fluorobiphenyl-4-yl) propanoic
acid] are non-steroidal anti-inflammatory drugs (NSAIDs)
(Fig. 1) widely used for their anti-inflammatory, antipyretic
and analgesic properties in the treatment of arthritis, fever,
and analgesia. Recent studies have indicated that these two
NSAIDsmay also be of benefits to the treatment of Alzheimer’s
disease (AD) due to their demonstrated abilities to retard the
deterioration of cognitive functions, decrease the incidence of
AD, and provide neuroprotection (14–16). As IBU and FLU
belong to Class II drugs under the Biopharmaceutics Classifi-
cation System (BCS), their bioavailabilities are severely limited
by their low aqueous solubilities and dissolution rates. It has
been previously established that these two profens are capable
of forming cocrystals with nicotinamide (NCT; Fig. 1) through
hydrogen bonding between the pyridine group of NCT and the
carboxylic acid group of the profens (17). NCT is the amide of
niacin belonging to the vitamin B family (B3). Apart from being
readily water-soluble and chemically compatible with either
profen, NCT has demonstrated an ability to restore cognition
in AD transgenic mice through sirtuin inhibition and selective
reduction of Thr231-Phosphotau (18). Thus the co-formulation
of IBU or FLU with NCT in the form of a cocrystal may offer
additional or even synergistic therapeutic benefits in the
treatment of AD.

MATERIALS AND METHODS

Materials

R,S-Ibuprofen (IBU) and flurbiprofen (FLU) (purity
>99.9%) were purchased from Yick-Vic Chemicals &

Pharmaceuticals Ltd. (Hong Kong, China) Nicotinamide
(NCT) was purchased from Sigma Aldrich (St. Louis, MO,
USA). All organic solvents used were of HPLC or analytical
grade and were purchased fromRCI Labscan Ltd. andMerck
KGaA. All chemicals and solvents were used as received.
Water used was double-distilled.

Preparation of Cocrystals

Cocrystal samples were prepared by dissolving equivalent
mole fractions of IBU or FLU and NCT in ethanol. The
solution was filtered through 0.22 μm membrane filters
prior to rapid removal of the solvent under vacuum using
a rotary evaporator (Buchi, Germany). The resulting prod-
uct was dried in an oven (40°C) for 3 h and gently triturated
with mortar and pestle to a fine powder prior to analyses. As
a reference for comparison, an undersaturated solution of
equivalent molar concentrations of each profen and NCT
was prepared and allowed to dry on a petri dish by slow
evaporation at ambient conditions. The crystallized product
was collected and similarly dried at 40°C and triturated
before characterization.

Thermal Analyses

DSC and TGA profiles were generated respectively with
a differential scanning calorimeter (Pyris 1, PerkinElmer
Corporation, USA) and thermogravimetric analyzer
(TGA 7, Perkin Elmer Corporation, USA). All measure-
ments were performed at least thrice and analyzed using
Pyris manager software.

High purity indium was used to calibrate the DSC instru-
ment prior to the analysis. For the DSC measurements,
accurately weighed samples (3–5 mg) were placed in hermet-
ically sealed aluminum pans and heated through the

Nicotinamide (NCT) 

N

O

NH2

Ibuprofen (IBU) CH3

O

OH
CH3

CH3

Flurbiprofen (FLU) CH3

O

OH

F

Fig. 1 Chemical structures of cocrystal formers.
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corresponding melting temperature range at a scan speed of
1°C/min. In TGA experiments, each sample (5–7 mg) was
placed on an open pan and heated at 10°C/min from 50°C to
350°C. Nitrogen was used as the purge gas at 20 mL/min for
both DSC and TGA analyses.

Powder X–Ray Diffraction (PXRD)

PXRD patterns were collected with a powder X–ray dif-
fraction system (Model PW 1830, Philips, Almelo, The
Netherlands). Sample was carefully packed into an alumi-
num holder of about 2 mm thickness. The measurements
were conducted using a 3 kW Cu anode (λ01.54056 Ǻ) over
a 2θ interval of 2° to 40° at a step size of 0.02° (2θ) and a
dwell time of 2 s per step.

Fourier-Transform Infrared Spectroscopy

A Fourier-Transform Infrared (FTIR) spectrophotometer
(Spectrum BX, MA, USA) was used in KBr diffuse reflec-
tance mode for recording the IR spectra of the samples. A
total of 64 scans were performed (with a 4 cm−1 resolution)
over the range of 4,000–650 cm−1 at an interval of 2 cm−1

for each sample. Data were collected and analyzed by the
built-in software.

Solubility Determination

Excess amount of each starting material (IBU, FLU, NCT)
was placed in four 10 mL screw capped test tubes containing
1 mL of deionized water, ethanol, ethyl acetate, and acetone
respectively. The suspensions were stirred with magnetic
stirring bars at 20°C for 72 h prior to filtration through
0.22 μm membrane filters. The collected filtrates were then
diluted with ethanol to an appropriate concentration for
HPLC analysis while the filtered residues were analyzed by
DSC and PXRD to check for potential phase conversion
during equilibration in the various solvents.

Stability Constant Determination

Determination of the stability constants (Ks) of the two
profen-NCT complexes in water employed the method of
Higuchi et al. (19) with modifications. Briefly, excess IBU or
FLU was equilibrated in water with different concentrations
of NCT under mild agitation at 20°C for 72 h. The resulting
suspension was then filtered and the filtrate was analyzed by
HPLC for the profen and NCT concentrations. A phase solu-
bility plot of profen concentration versusNCT concentration in
solution was constructed and Ks was calculated from the slope
and intercept of the plot based on a 1:1 stoichiometric complex
formation, as confirmed by DSC.

Intrinsic Dissolution Rate Measurements

Using a custom-made stainless steel die, each powder was
compressed into a pellet (6.39 mm in diameter) against a flat
stainless steel disc under 1000 lb force for 2 min. Following
compression, the visually smooth pellet surface was coplanar
with the surface of the die (verified using a microscope at ×
50 magnifications). While rotating at 300 rpm, the die was
immersed in 500 mL de-ionized water at 37°C in a water
jacketed beaker. Absorbance of light was continuously mon-
itored using a UV-vis fiber optic probe (Ocean Optics,
Dunedin, FL) connected to a computer. Absorbance data
were converted into concentrations using a calibration
curve, constructed using the same setup, to obtain concen-
tration–time profiles. Finally, intrinsic dissolution rate was
calculated from the slope of the initial linear portion of the
dissolution curve and the pellet surface area exposed to the
dissolution medium.

High Performance Liquid Chromatography (HPLC)

The concentrations of IBU, FLU and NCT in solutions
were determined at ambient temperature using an HPLC
system (Waters 2695, equipped with a photodiode array
detector) and a 10×4.6 mm Hypersil® BDS 5 μm C18

column (Thermo Hypersil Ltd., Cheshire, UK). The mobile
phase, consisting of acetonitrile (A) and 0.01% (v/v) tri-
fluoroacetic acid in water (B), was eluted under the following
gradient conditions: 0–3.0 min, 20%A; 3.0–11.5 min, 80%A;
11.5–15.0 min, 20%A. The flow rate was set at 1 mL/min
and absorbance was measured at 217 nm. The injection
volume was ten-microliter.

Moisture Sorption Measurement

Moisture sorption of samples was measured at 20°C as a
function of relative humidity as previously reported by Tong
et al. (2008) with slight modifications (20). Distilled water
(100% RH) and various saturated solutions of inorganic
salts, viz., phosphorous pentoxide (0% RH), lithium chloride
(11% RH), potassium acetate (23% RH), magnesium chlo-
ride (33% RH), potassium carbonate (43% RH), sodium
nitrite (65% RH), sodium chloride (75% RH), potassium
chloride (85% RH), potassium nitrate (92.5% RH), were
employed to maintain different relative humidities, or water
activities, for construction of moisture sorption isotherms.
Samples were accurately weighed (120–150 mg) on petri
dishes and placed in sealed glass jars containing the afore-
mentioned aqueous systems. Equilibrium water content was
recorded if successive sample weight measurements did not
differ by more than ±0.1 mg. At the end of the study,
samples were checked by DSC and TGA for potential phase
changes during the equilibration period. The moisture
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sorption data were fitted to the Brunauer-Emmett-Teller
(BET) equation (Eq. 1) using a non-linear curve fitting
software (SigmaStat v 3.5):

W ¼ WmC P
Po

� �

1� P
Po

� �� �
1� P

Po

� �þ C P
Po

� �� � ð1Þ

where W is the moisture content (g/100 g dried powder)
at a defined relative vapor pressure (P/Po), water activity
or relative humidity (% RH); Wm is the theoretical mono-
layer moisture content; and C is an equilibrium or affinity
constant related to the heat of adsorption. As with most
moisture sorption analysis for Type II isotherm, only the
data points up to 43% RH were used in the present
analysis (21).

Powder Compaction Analysis

Since the as-received raw materials differed significantly
in both particle size and morphology, the materials were
first triturated by means of a mortar and pestle to mini-
mize possible effects of these variables on powder com-
paction properties (22,23). The triturated powders were
then allowed to relax for at least a week prior to tablet-
ability study. Potential phase changes during the relaxa-
tion period were ruled out by PXRD. Approximately
250–300 mg of powder was manually filled into a tablet-
ing die and compressed at predetermined pressures
(12.5–300 MPa) using a universal material testing ma-
chine (model 1485, Zwick, Germany). Compression speed
was set at 1 mm/min. Both punches and die cavity were
lubricated by coating with a thin layer of 5% (wt%)
magnesium stearate suspended in ethanol followed by
air drying. Tablets (flat-faced, 8 mm diameter) were
allowed to relax overnight before their weights, diameters
and thickness were measured. Tablets were then fractured
diametrically using a Texture Analyzer (TA-XT2i,
Texture Technologies Corp., NY, USA) at a testing speed
of 0.01 mm/s. Maximum breaking force, tablet diameter,
and tablet thickness were used to calculate tensile strength
according to Eq. 2.

σ ¼ 2F
106 � p � D � T ð2Þ

where σ is tensile strength (MPa), F is the breaking force
(N), D is the tablet diameter (m), and T is the thickness of
tablet (m). Tabletability profiles were obtained by plotting
tensile strength as a function of compaction pressure. Envi-
ronmental conditions were 7–10% RH and 24°C
throughout the compaction study.

RESULTS

Powder X-Ray Diffraction Patterns

The phase purity of the cocrystal samples prepared by rapid
solvent evaporation and simple evaporation techniques was
examined by PXRD based on the presence or absence of
the characteristic peaks of the corresponding individual
components [i.e., IBU (6.2° 2θ), FLU (10.8° 2θ) and NCT
(14.85° 2θ)], as shown in Fig. 2. The PXRD pattern of IBU–
NCT cocrystal obtained by slow evaporation had the
characteristic peaks of IBU and NCT at 6.2° and
14.85° respectively while the sample prepared by rapid
solvent evaporation showed the characteristic peaks for
the cocrystal at 3.3° and 12.65° 2θ but no peak indic-
ative of either IBU or NCT. FLU–NCT cocrystal
behaves similarly to IBU–NCT cocrystal, where rapid
evaporation generated pure cocrystal characterized by
major peaks at 6.55°, 9.75°and 12.95° 2θ.

Fig. 2 PXRD patterns showing the effects of evaporation rate on cocrystal
formation between IBU (FLU) and NCT. Solids produced by rapid evap-
oration were nearly pure cocrystals while a mixture of IBU, NCT, and their
cocrystals were produced by slow evaporation. (a) IBU and NCT; (b) FLU
and NCT.
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Temperature-Composition Phase Diagrams

Presented in Fig. 3a and b are the temperature-composition
phase diagrams of the IBU–NCT and FLU–NCT systems
constructed by thermal analysis of corresponding binary
mixtures at various compositions using DSC. Key thermal
data are tabulated in Table I. For the IBU–NCT system, a
local maximum melting temperature of 89.9°C (ΔHf0

45.4 kJ/mol, at mole fraction of 0.5) was observed. This is
significantly different from the melting temperatures of IBU
(71.7°C) and NCT (126.9°C), and accords with that of a
previously reported 1:1 cocrystal of racemic ibuprofen with
NCT (24). The two eutectics formed at 64.7°C and 86.9°C,
corresponding to the 0.19 and 0.59 mole fraction of
NCT, respectively. On the other hand, the FLU–NCT
cocrystals melted at 96.4°C (ΔHf047.0 kJ/mol, at mole
fraction 0.5) and the eutectics occurred at 86.0°C and
93.7°C, respectively.

The melting point of the FLU–NCT cocrystal deter-
mined in our study was approximately 23°C higher than
that reported for a new phase (73.4°C) produced by the
same cocrystal formers from Kofler hot-stage melting
experiments (17). PXRD analysis of the Kofler melt material
has also revealed the presence of the metastable FLU Form

III (17), which melts at 87°C (25). Although different
polymorphs of FLU-NCT cocrystal could exhibit different
melting points, it is more likely that eutectic melting between
FLU Form III and cocrystal led to an observation of melting
at 73.4°C. The surprising kinetic stability of the supposedly
very unstable FLU Form III in the Kofler melt material also
suggests the possible presence of chemical impurities, which
not only stabilize FLU Form III but also depress the melting
point of the crystals.

Thermal Stability

The IBU–NCT cocrystal exhibited a melting point between
those of IBU and NCT (Fig. 4a). In contrast, the melting of

Fig. 3 Melting point phase diagrams of a) IBU–NCT and b) FLU–NCT
cocrystal systems (n03).

Table I Key Thermal Properties of Cocrystal Formers and Cocrystals (n03)

Sample Tm (°C) ΔHf (kJ/mol) Onset temp. of weight loss

IBU 71.7±0.2 27.2±0.4 205.5±0.5

FLU 109.3±0.2 28.9±0.5 213.0±0.9

NCT 126.9±0.3 23.3±0.3 249.8±0.8

IBU–NCT 89.9±0.2 45.4±0.8 207.5±0.9

FLU–NCT 96.4±0.2 47.0±1.6 224.9±1.6

Fig. 4 Thermal stability of the two profen–NCTcocrystals determined by
DSC and TGA, a) IBU–NCTand b) FLU–NCT.
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FLU–NCT occurred at a temperature (96.3°C) below those
of FLU (111.7°C) and NCT (126.9°C) (Fig. 4b). However,
the molar enthalpies of both cocrystals were considerably
higher than those of their individual components (Table I).
The onset temperatures for weight losses of different melts
are summarized in Table I.

Fourier-Transform Infrared Spectral Characteristics

The FTIR spectra for both IBU–NCT and FLU–NCT
cocrystal systems are shown in Fig. 5a and b, respectively.

In the IBU–NCT cocrystal, two broad peaks were identified
at 2,490 cm−1 and 1,982 cm−1. In addition, spectral peak
shifts were observed for various polar functional groups, as
summarized in Table II. The FLU–NCT cocrystal similarly
showed two broad peaks in the same IR region and charac-
teristic peak shifts for the polar groups (Table II).

Solubility and Intrinsic Dissolution Rate

The solubility data of IBU, FLU and NCT in water and
various organic solvents are tabulated in Table III. The

Fig. 5 FTIR spectra of (a)
IBU–NCTand (b) FLU–NCT
cocrystal systems.
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solubilities of the two cocrystals could not be determined
since they were readily converted back to their respective
profens during equilibration in water, as discussed earlier.
Phase solubility studies were conducted according to the
method of Higuchi et al. (19) to determine the stability
constant, Ks, of the two profen–NCT complexes (Fig. 6).
The phase solubility plots of both systems revealed a typical
AL type complexation behavior where the concentration of
IBU or FLU increased linearly with the concentration of
NCT. Based on the formation of a 1: 1 molecular complex
(as confirmed by DSC and PXRD), the Ks values of IBU–
NCT and FLU–NCT were determined to be 0.0949 and
0.0967 M−1, respectively.

Attempts were also made to determine the Ks values of
both cocrystal systems by equilibrating excess amounts of
the cocrystals in water containing different concentrations of
NCT according to the method of Nehm et al. (26). However,
this approach has not been successful since both cocrystals
readily dissociate back to the parent profens irrespective of
the NCT concentration in water (as evidenced by HPLC
and PXRD analysis of the sediment collected from the
aqueous medium after the study). Consequently, instead
of obtaining a curvilinear decreasing trend in profen
concentration with increasing NCT concentration (as
expected from the suppression of dissociation), an essen-
tially linear increase in profen concentration with NCT
concentration similar to the Higuchi’s phase solubility
plot was observed.

Presented in Table IV are the intrinsic dissolution
rate data. At 37°C, NCT showed very rapid dissolution
in water, consistent with its high aqueous solubility
(Table III). However, both profens displayed very low disso-
lution rates.

Moisture Sorption

Figure 7 shows that the moisture sorption profiles of the two
cocrystals and their individual formers roughly followed
Type II isotherms. All the samples displayed a steady
increase in moisture sorption up to 92.5% RH, beyond
which an upsurge in water uptake was observed for the
cocrystals and NCT. Below 92.5% RH, both cocrystals
sorbed less water than their respective profens and NCT.
Additionally, the sorbed moisture did not induce any solid
phase changes or dissociation of the cocrystals, as attested by
DSC analysis (data not shown). To enable quantitative
comparison between samples, the moisture sorption iso-
therms were analyzed by the BET model within the RH
range of 0–43.5% and the parameters obtained by nonlin-
ear regression are presented in Table V. The data fitting for
all isotherms was excellent with an R2 value of ~0.99,
indicative of the general adequacy of the BET model for
describing the sorption data in the RH range of interest. In
addition, the computed parameter estimates were all stable
with the exception of the C value for the IBU sample which
displayed a significantly larger standard error (p00.148).
Such parameter instability is prone to occur in the present
data treatment where barely enough data points (n04) are
fitted to a 2-parameter mathematical model.

Tabletability

Except for FLU, tablet tensile strength generally increased
monotonically with increasing compaction pressure (Fig. 8a
and b). For FLU, tablet tensile strength increased with
increasing pressure only up to 150 MPa. Further increase

Table II Key Features in the FTIR Spectra of Cocrystal Formers and Cocrystals

Peak assignment NCT (cm−1) IBU (cm−1) IBU–NCT (cm−1) FLU (cm−1) FLU–NCT (cm−1)

v (NH2) 3,367 – 3,402 – 3,391

3,158 3,182 3,185

v (C0O) 1,681 1,722 1,708 1,705 1,704

δ (NH2) 1,619 – 1,624 – 1,624

v (OH) – 3,050–2,500 3,050–2,500 3,050–2,500 3,050–2,500

v (CN)amide 1,395 – 1,401 – 1,400

Intermolecular O•••H—N (H-bond) – – 3,316 – 3,316

Intermolecular O—H•••N (H-bond) – – 2,490 and 1,982 – 2,470 and 1,947

Fingerprint region (for cocrystals) – – 857, 797 and 717 868,841 and 791

Table III Equilibrium Solubilities of Cocrystal Formers at 20°C (n03)

Chemical Species Solubility (mM) (± SD)

Water Ethanol Ethyl acetate Acetone

IBU 0.201±0.003 2,575±12 2,303±4 2,881±19

FLU 0.095±0.002 1,254±6 924±22 1,806±28

NCT 4,956±73 1,201±9 103±2 802±17
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in compaction pressure led to a sharp reduction in tensile
strength (Fig. 8a), which coincides with the increase in tablet
porosity in the same pressure range (150–300 MPa) (Fig. 9).
Defect lines roughly parallel to table surfaces were visible for
tablets prepared at 250 MPa and 300 MPa. Only one intact
tablet could be made at 300 MPa due to severe lamination
of tablets.

Fig. 6 Phase solubility diagrams for cocrystals constructed using Nehm’s method (top, starting with excess cocrystal) and Higuchi’s method (bottom, starting
with excess profens).

Fig. 7 Moisture sorption isotherms of the profen–NCT cocrystals and
their individual formers at 20°C.

Table IV Intrinsic Dissolution Rates of Cocrystal Formers and Cocrystals
at 37°C in Water (n03)

Intrinsic dissolution rate

μg cm−2 min−1 μM m−2 min−1

IBU 23.6±2.7 1,145±131

FLU 7.1±0.4 289±16

NCT 62,193±729 5,092,360±59,695

IBU–NCT 181.1±7.0 5,514±213

FLU–NCT 35.2±1.4 962±38
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DISCUSSION

Phase Purity and Stability

An examination of the PXRD patterns of cocrystal formers
(IBU, FLU and NCT) and corresponding cocrystals (IBU–

NCT and FLU–NCT) showed that high-purity cocrystals
were only obtainable by rapid solvent removal using rotary
evaporation but not by the slow evaporation technique
(Fig. 2). Thus, it would appear that rapid solvent evapora-
tion favors only the formation of the cocrystal nuclei and
hence a pure solid phase while slow evaporation tends to
generate mixed nuclei of NCT, profen, and cocrystal, and
consequently an impure sample. The latter may be
attributable to the creation of localized regions of un-
even supersaturation in the unstirred solution, particu-
larly near the solution surface where evaporation occurs,
thereby triggering the nucleation of all three different
solid phases. The PXRD patterns of both IBU–NCT
and FLU–NCT cocrystals in this study agree well with
those in the literature (17).

An essential knowledge for any cocrystal system is the
temperature-composition phase diagram which indicates
the phases formed at different compositions of the cocrys-
tal formers over a range of temperatures. For a binary
mixture forming a 1: 1 cocrystal, a typical phase diagram
shows three local melting point maxima (i.e., for the two
pure components and cocrystal), separated by two eutec-
tics (27). Such a representative phase diagram has been
demonstrated for the two profen–NCT cocrystals in the
present study (Fig. 3). The higher melting point of the IBU–
NCT cocrystal relative to pure IBU reflects a higher thermal
stability while the lower melting point of the FLU–NCT
cocrystal compared to pure FLU suggests a potential for
undesired melting of the material when being processed
(Table I).

Hydrogen bonding is generally known to play an impor-
tant role in the formation of profen–NCT cocrystals, which
has been substantiated by the FTIR data in the present
study (Table II). For the two cocrystal systems, two broad
absorption peaks in the range of 1900–2500 cm−1 charac-
teristic of intermolecular O-H•••N hydrogen bond (28) are
clearly evident (Fig. 5). Spectral peak shifts have also been
observed for the amino, carbonyl, hydroxyl, and amide

Table V BET Parameters Obtained from Nonlinear Regression Analysis
Using SigmaStat

Samples Wm (g/100 g) p value C p value R2

IBU 0.254 (0.036) 0.006 5.71(2.95) 0.148 0.987

FLU 0.234 (0.035) <0.001 4.91 (0.73) 0.007 0.998

NCT 0.232 (0.003) <0.001 10.2 (0.68) <0.001 1.000

IBU–NCT 0.158 (0.013) 0.001 3.89 (0.93) 0.025 0.997

FLU–NCT 0.173 (0.019) 0.003 2.28 (0.57) 0.028 0.997

Mean values from triplicate measurements were employed in BET model
fitting. Values in parentheses depict standard errors of the parameter
estimates
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groups, reflecting their involvement in the hydrogen bonding
between the cocrystal formers (Table II).

Despite their good thermal stability in the solid state, both
cocrystals readily dissociate back to their individual compo-
nents during equilibration in aqueous media, as reflected by
their extremely low Ks values in water (Fig. 6). Similar insta-
bility in water has also been reported for the phenobarbitone–
nicotinamide system in previous studies (29). In fact, it has
been demonstrated that cocrystals composed of highly water-
soluble coformers (>10 mg/mL) are prone to rapid dissocia-
tion in water (30), which may be ascribed to the considerably
stronger interaction between the coformer and water than that
between the coformer and drug. This is probably the case for
the profen–NCT systems in the present study where NCT has
an aqueous solubility of ~4.96 M at ambient conditions
(Table III), which is far in excess of 10 mg/mL (0.08 M).

Moisture Sorption

While the two cocrystals are physically unstable in aqueous
solutions, they tend to sorb less moisture than the individual
cocrystal formers (particularly NCT) at ambient RH (Fig. 7),
reflecting their relatively non-hygroscopic nature. Similar
phenomenon has also been reported for the indomethacin–
saccharin cocrystal (7). Based on the computed C values (i.e.,
affinity constants for water vapor adsorption) in Table V, the
relative resistance of the samples to moisture sorption follows
the order: FLU–NCT > IBU–NCT > FLU > IBU > NCT.
As expected, NCT is the most hygroscopic, displaying the
strongest affinity for water vapor. Cocrystallization with the
hydrophobic former, IBU or FLU, substantially reduces the
moisture sorption tendency of NCT by 2.5 and 4 fold respec-
tively. The cocrystals also exhibit a 1.5 and 2 fold reduction in
affinity for moisture than IBU and FLU respectively. This
confirms that cocrystal formation is useful in reducing the

hygroscopicity of these substances, therefore, potentially
benefiting their future processing.

The differences in water solubility and hygroscopicity of
the various samples can be explained in terms of their crystal
structures and associated intermolecular interactions (nota-
bly hydrogen bonding). NCT possesses an amide group and
a pyridine ring with a basic nitrogen, both of which can
readily interact with water via hydrogen bonding, thus
accounting for its good water solubility. In the solid state, the
amide groups of individual NCT molecules are all involved in
intermolecular hydrogen bonding leaving the pyridine nitro-
gens free to interact with the environmental water vapor
molecules (Fig. 10a), thus contributing to its hygroscopic
nature. However, in the cocrystal form with IBU or FLU, all
the pyridine nitrogens of NCT form hydrogen bonds with the
carboxylic hydrogens of the profen (Fig. 10d) and are therefore
not available for bonding with water, resulting in a decrease in
moisture sorption at relatively low RHs. However, as the RH
was raised beyond 92.5%, the deliquescent relative humidity
(DRH) of NCT was eventually reached (31), as evidenced by
an abrupt surge in water uptake for both NCT and NCT-
containing cocrystals (Fig. 7). Structurally, FLU differs from
IBU in having a phenyl group in place of an isobutyl group in
addition to a fluoro substituent on the benzene ring at the C-2
position of the propanoic acid (Fig. 1), which renders FLU
more hydrophobic than IBU. This structural difference,
coupled with the fact that the carboxylic groups of individual
profen molecules are all tied up in intermolecular hydrogen
bonds (Fig. 10c), possibly accounts for the lower affinity of FLU
crystal for moisture sorption. Cocrystallization of IBU or FLU
with NCT results in a stronger crystal lattice, possibly via
extensive hydrogen bonding, as reflected by the higher molar
enthalpy of fusion of the resulting cocrystals (Table I). Such
lattice strengthening may also contribute to the reduced
hygroscopicity of the cocrystals.

d

a b

c

Fig. 10 Crystal packing patterns
of (a) NCT (viewed along a axis);
(b) NCT viewed along c axis. (c)
IBU (viewed along b axis); (d)
IBU–NCTcocrystal (viewed
along a axis).
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Solubility and Dissolution Performance

As mentioned earlier, owing to the rapid dissociation of the
profen–NCT cocrystals in water, direct measurement of
their aqueous solubility has not been possible. Thus the
intrinsic dissolution rate, which is closely related to solubil-
ity, was determined instead. As expected for BCS Class II
drugs, the two profens exhibit very slow dissolution
(Table IV), consistent with their low aqueous solubilities
(Table III). However, when forming a cocrystal with NCT,
both profens displayed substantial enhancement in their
dissolution rates (by ~8 fold for IBU and ~5 fold for FLU;
Table IV), indicating substantially higher solubility of the
cocrystals than the corresponding profens. This suggests that
the cocrystal formation would be an effective means for
improving the dissolution-limited in vivo delivery of both
NSAIDs.

Mechanical Properties

Cocrystallization can either improve or impair compaction
properties of drugs (11,32). In the present study, all samples
except FLU exhibited a monotonically increasing trend in
tablet tensile strength as a function of compaction pressure.
For FLU, tablet tensile strength increased with increasing
compaction pressure up to a maximum at 150 MPa and
decreased thereafter (Fig. 8). Similar behavior has been
previously shown for caffeine (11). This phenomenon is
known as over-compaction where extensive elastic recovery
of tablet during unloading process in the >150 MPa
pressure region causes disruption of inter-particulate
bonds, resulting in weaker tablets (33,34). Both profen
cocrystals display improved tabletability compared with
corresponding profen or NCT crystal (Fig. 8). These
results imply that the manufacturability of compressed
tablets containing both profen and NCT would be
better with their cocrystal forms.

The tableting behaviors of the various samples can be
explained with reference to their crystal structures. The
basic building block of the NCT crystal is a molecular
column (Fig. 10a). Along each column, the pyridine rings
protrude out to form two rugged edges. Each column runs
in opposite direction from its neighbors. Part of each pyri-
dine ring fit in the space in the neighboring column to form
a layer. These layers stack to form the three-dimensional
crystal structure. In this type of structure, sliding of individual
columns is hindered by the neighboring columns. Moreover,
sliding between layers is energetically unfavorable due to the
unevenness of the layers (Fig. 10b). The absence of facile
sliding among adjacent molecular architectures in this crystal
determines that its plasticity is low. However, since the neigh-
boring columns are not hydrogen bonded, they can be readily
separated by a tensile stress. Consequently the material tends

to be brittle (i.e., fractured easily) when stressed, for example,
during milling and compaction. This is consistent with the
tableting behavior of NCT, where tablet tensile strength
increases nearly linearly with compaction pressure, a profile
characteristic of brittle materials (Fig. 8a).

In the racemic IBU crystal, hydrogen bonded columns
stack into flat layers (Fig. 10c), which is the building unit for
the crystal. The NCT–IBU cocrystal (Fig. 10d) is structur-
ally similar to the IBU crystal in the sense that hydrogen
bonded molecular columns stack to form flat layers.
Plasticity of this type of crystals is expected to be high
because of the effective plastic deformation mechanism
involving facile sliding between adjacent hydrogen-
bonded columns under shear (35). The observation that
tablet tensile strength of both crystals gradually levels off
with increasing pressure (Fig. 8) is characteristic of the
behavior of plastic materials.

Although the observed similarity in both crystal structural
features and shape of tabletability plots between IBU and its
cocrystal with NCT would suggest comparable plasticity for
the two materials, the tabletability of the cocrystal form is
apparently higher (Fig. 8). This observation accords with the
higher lattice energy or bonding strength of the cocrystal as
suggested by its higher enthalpy of fusion (45.4 kJ/mol as
opposed to 27.2 kJ/mol for IBU; Table I). Hence, the better
tabletability of the cocrystal than IBU is largely a result of its
higher bonding strength.

CONCLUSIONS

We have shown, for the first time, that cocrystallization with
a water-soluble ingredient (nicotinamide) can simultaneously
improve several key pharmaceutical properties including
dissolution rate, moisture sorption, and mechanical properties
for poorly water-soluble ibuprofen and flurbiprofen. The new
information generated in the present study, notably the
temperature-composition phase diagram and tableting
behavior, could pave the way for further development of such
cocrystal systems into high quality drug products.
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