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Abstract
Objectives Polymeric excipients play an important role in a cocrystal formulation to act as precipitation inhibitors to maxi-
mize the potential. Otherwise, a stable form of the parent drug will be recrystallized on the dissolving cocrystal surface 
and/or in the bulk solution during the cocrystal dissolution process, negating the solubility advantage. The objectives of 
this work were to investigate the potential of using combined polymers to maximise the dissolution performance of surface 
precipitation pharmaceutical cocrystals.
Methods The dissolution performance of a highly soluble flufenamic acid and nicotinamide (FFA-NIC) cocrystal has been 
systematically studied with predissolved or powder mixed with a single polymer, including a surface precipitation inhibi-
tor [i.e., copolymer of vinylpyrrolidone (60%) /vinyl acetate (40%) (PVP-VA)] and two bulk precipitation inhibitors [i.e., 
polyethylene glycol (PEG) and Soluplus (SLP)], or binary polymers combinations.
Results A single polymer of PVP-VA prevented the FFA surface precipitation for an enhanced dissolution performance of 
FFA-NIC cocrystal. Unfortunately, it cannot sustain the supersaturated FFA concentration in the bulk solution. A combina-
tion of two polymers of PVP-VA and SLP has shown a synergistic inhibition effect to enhance the dissolution advantage of 
FFA-NIC cocrystal.
Conclusions The dissolution of a cocrystal with surface precipitation of the parent drug can be described as: i) the cocrys-
tal surface contacting the dissolution medium; ii) the cocrystal surface dissolving; iii) the parent drug precipitation on the 
dissolving surface; and iv) the parent drug particles redissolving. A combination of two types of polymers can be used to 
maximise the cocrystal performance in solution.

Keywords cocrystal · dissolution · flufenamic acid · polymers · precipitation · supersaturation

Introduction

Solid crystalline forms of active pharmaceutical ingredi-
ents (APIs) are preferred in the drug product development 
because they can be easily formulated into tablets and cap-
sules. However, many APIs exhibit poor solubility and low 
dissolution rates in the aqueous environments of the gastro-
intestinal tract, leading to erratic dissolution performances 
and low oral bioavailability. Pharmaceutical cocrystallisa-
tion has become an attractive strategy for the discovery of 
new solid forms of an API with improved physicochemical 
properties, such as solubility, dissolution rate, stability and 

mechanical properties, through non-covalent interactions 
with a pharmaceutical cocrystal former molecule (called 
coformer) [1]. Successful applications of cocrystallisation to 
the pharmaceutical industry have brought several cocrystal 
drug products into the market, such as Suglat®, Entresto®, 
and Steglatro® [2].

Although the promising benefits, developing pharmaceuti-
cal cocrystal formulations is challenging because of the insta-
bility of pharmaceutical cocrystals in both solid and solu-
tion states. In the solid state, cocrystals could be susceptible 
to phase conversion at high humidity or in the presence of 
excipients in the formulation [3, 4]. In the solution state, due 
to a supersaturated state of the API concentration generated by 
the cocrystal dissolution, it is of critical importance to prevent 
the recrystallisation of the parent API. Otherwise, they could 
be recrystallised on the dissolving cocrystal surface (i.e., the 
surface precipitation mechanism) or in the bulk solution (i.e., 
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the bulk precipitation mechanism), leading to the loss of an 
improved performance [5–10]. Many previous studies have 
shown that a polymeric excipient can be included in a cocrys-
tal formulation to act as a precipitation inhibitor to maximise 
its potential [5, 11–13]. Polyvinylpyrrolidone (PVP) or the 
copolymer vinylpyrrolidone/vinyl acetate (PVP-VA) can act 
as a surface precipitation inhibitor in solution to enhance the 
dissolution performance of the cocrystal of flufenamic acid 
and nicotinamide (FFA-NIC) by preventing the surface pre-
cipitation of the parent drug. In contrast, polyethylene glycol 
(PEG) acted as a bulk precipitation inhibitor to improve the 
dissolution performance of the cocrystal of flufenamic acid 
and theophylline (FFA-TP) to prevent the parent drug pre-
cipitation in the bulk solution [5]. Selection of an effective 
polymeric inhibitor plays a key role to maximise the cocrystal 
dissolution performance in a formulation. An inappropriate 
inhibitor in the formulation could have an adverse effect on 
the cocrystal dissolution performance. For example, a surface 
precipitation inhibitor of PVP or PVP-VA actually reduced the 
dissolution performance of the cocrystal with bulk precipita-
tion of the parent drug, FFA-TP, whilst the bulk precipitation 
inhibitor of PEG did not have any effect on the dissolution 
performance of the cocrystal with surface precipitation of the 
parent drug, FFA-NIC [5].

Generally, cocrystals, which cause surface precipitation 
of parent drugs, are of significantly improved solubility and 
dissolution rates [6, 14]. Therefore, when they were selected 
as lead candidates for drug development, surface precipita-
tion inhibitors are needed in the formulations. Apart from 
preventing the surface precipitation of the parent drug during 
dissolution of the cocrystal, a bulk precipitation inhibition is 
also needed because a supersaturated state of the parent drug 
could be generated in the bulk solution. A recent study has 
indicated that a good surface precipitation inhibitor, such as 
PVP or PVP-VA, is not guaranteed to be an effective bulk 
solution precipitation inhibitor [15]. Therefore, a new formu-
lation strategy of combining both surface precipitation and 
bulk precipitation inhibitors should be explored.

The specific objectives of this work were to investi-
gate the potential of using combined polymers to maxim-
ise the dissolution performance of surface precipitation 
pharmaceutical cocrystals across different dissolution 

environments. This study firstly examined the dissolution 
performances of a cocrystal with surface precipitation of 
the parent drug (FFA-NIC) as the model cocrystal in dou-
ble distilled water (DDW) in the absence and presence of 
an individual polymer, including a polymeric surface pre-
cipitation inhibitor, i.e., PVP-VA, and two different bulk 
precipitation inhibitors of PEG and Soluplus (SLP) [5, 6]. 
PVP-VA and PEG have been widely applied as crystalliza-
tion inhibitors in various drug delivery systems [16, 17]. 
SLP, acting as a solubilizer, is a water-soluble graft copoly-
mer consisting of PEG, polyvinyl acetate and polyvinyl 
caprolactam, showing an excellent solubilizing effect on 
biopharmaceutics classification system (BCS) class II sub-
stances [18, 19]. In recent years, the strategy to use SLP as 
a ternary substance with cyclodextrin has been proven to be 
effective to improve solubility, dissolution rates and bioa-
vailability for drugs, such as FFA, itraconazole, tacrolimus, 
and docetaxel [20]. Subsequently, the synergistic effects of 
a combination of the predissolved surface and bulk precipi-
tation inhibitors on the FFA-NIC cocrystal release profiles 
were examined. In comparison, the dissolution tests of the 
parent drug FFA and the cocrystal with bulk precipitation 
of the parent drug (FFA-TP) under the same environments 
were also conducted. The detailed chemical structures of 
the drug (FFA), coformers (i.e., NIC and TP) and polymers 
(i.e., PVP-VA, PEG and SLP) are shown in Table I.

In practice, polymers used in the formulation cannot 
be predissolved in the solution. Thus, in this work, the 
FFA release performances were examined in the powder 
mixtures of FFA-NIC cocrystal with an individual or com-
bined polymeric excipients under non-sink (i.e. PBS pH 
4.5) and sink (i.e., PBS pH 6.8) environments. Finally, 
insights into the dissolution and recrystallisation mecha-
nisms of a cocrystal system were discussed.

Materials and Methods

Materials

Flufenamic acid form I (FFA I), nicotinamide (NIC) 
(≥ 99.5% purity), theophylline (TP) (≥ 99.5% purity), 

Table I  Chemical Structures of the Drug, Coformers and Monomer units of Polymers

FFA NIC TP PVP-VA PEG SLP
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potassium dihydrogen phosphate  (KH2PO4), and sodium 
hydroxide (NaOH) were purchased from Sigma- Aldrich 
(Dorset, UK). Copolymer of vinylpyrrolidone (60%) /
vinyl acetate (40%) (PVP-VA, Plasdone™ S-630) was 
kindly donated by Ashland Inc. (Schaffhausen, Switzer-
land). Poly(ethylene glycol) (PEG) 4000 was purchased 
from Sigma-Aldrich (Dorset, UK). Soluplus® (SLP) was 
donated by BASF (Ludwigshafen, Germany). Methanol 
(HPLC grade) and acetonitrile (HPLC grade) were pur-
chased from Fisher Scientific (Loughborough, UK) and 
used as received. Double distilled water (DDW) was gen-
erated from a bi-distiller (WSC044.MH3.7, Fistreem Inter-
national Limited, Loughborough, UK) and used through-
out the study.

Methods

Phosphate Buffer Solution (PBS) Preparation

PBS pH 6.8 (0.01 M) and PBS pH 4.5 (0.01 M) as dis-
solution media were prepared according to British Phar-
macopoeia 2018. For PBS pH 6.8, 50 mL of 0.2 M potas-
sium dihydrogen phosphate and 22.4 mL of 0.2 M sodium 
hydroxide were mixed and diluted to 1000 mL with DDW. 
For PBS pH 4.5, 1.361 g of potassium phosphate monoba-
sic dissolved in 1000 mL DDW. pH value of the solution 
was adjusted using sodium hydroxide solution if necessary.

Cocrystal Synthesis

The FFA-NIC and FFA-TP cocrystal powders were gener-
ated by cooling crystallisation using Polar Bear Plus Crys-
tal (Cambridge Reactor Design Ltd, UK). A 1:1 molar 
ratio mixture of FFA and NIC or TP powders was added 
into the cosolvent (70% v/v acetonitrile: 30% v/v water) 
in a 20 mL vial and held at 45°C until all solids were dis-
solved. The temperature was then reduced to 0°C at a cool-
ing rate of 0.3°C/min. The powders formed were isolated 
by paper filtration and air-dried. Prior to further usage, the 
obtained powders were analysed by PXRD for confirma-
tion of the cocrystal formation by comparing the predicted 
PXRD pattern retrieved from the Cambridge Structural 
Database (CSD), i.e., CSD reference: ZIQDUA for FFA-
TP or EXAQAW for FFA-NIC.

Equilibrium Solubility of FFA in DDW and PBS pH 4.5 
in the Absence and Presence of a Predissolved Single 
Polymer or a Combination

The FFA solubility was determined by suspending an excess 
amount of crystalline materials of FFA I in small vials with 

20 mL of a selected dissolution medium (i.e., DDW or PBS 
pH 4.5) in the absence and presence of a predissolved single 
polymer and a combination. The detailed polymers and their 
corresponding concentrations were 0.2 mg/mL of PVP-VA, 
1 mg/mL of PEG and 0.2 mg/mL of SLP, which were based 
on the previous study [5] and the solubility curve obtained in 
the preliminary study in Figure S5 in the supporting materi-
als. All of the suspensions were kept at 37 ± 0.5°C in a water 
bath with a shaking rate of 150 rpm for 24 h. Each of the 
supernatants was separated from excess solids in solution 
by centrifugation at 13,000 RPM for 1 min in an MSB 010.
CX2.5 centrifuge (MSE Ltd., London, U.K.). Subsequently, 
the supernatant was diluted using ethanol, and the FFA con-
centration was determined using HPLC. The solid residues 
retrieved from the tests were dried for 24 h at ambient tem-
perature and then analysed by PXRD. Each of the experi-
ments was conducted in triplicate, and data were reported 
as an average concentration.

Additionally, the FFA solubility in PBS pH 6.8 at 
37 ± 0.5°C was also measured in triplicate.

Cocrystal Solubility and Phase Solubility Diagrams (PSD) 
in DDW and PBS pH 4.5 in the Absence and Presence 
of a Predissolved Polymer or a Combination

For a 1:1 AB cocrystal without consideration of ionization 
of each component, its molar solubility 

[

SAB
]

 is calculated 
as [21]

where Ksp is the solubility product of the AB cocrystal, and 
[

CA

]

 and 
[

CB

]

 (μmol/mL) are the molar concentrations of A 
and B where the solution is in equilibrium with the solid 
residues including cocrystal solids. When the solution is in 
equilibrium with both the drug and cocrystal solids, it is 
called the eutectic point where the component concentra-
tions in solution are designated as 

[

CA_eut

]

 and 
[

CB_eut

]

.
In order to determine the FFA-NIC cocrystal solubility, the 

physical mixtures of the FFA I and NIC solids and a constant 
10 mL of the medium (i.e., DDW or PBS pH 4.5 in the absence 
and presence of a predissolved polymer, i.e., 0.2 mg/mL PVP-
VA, 1 mg/mL PEG or 0.2 mg/mL SLP, or a combination, i.e., 
0.2  mg/mL PVP-VA + 1  mg/mL PEG, 0.2  mg/mL PVP-
VA + 0.2 mg/mL SLP), representing 10% w/w and 90% w/w 
of the total weight of a sample, were used. More than eight 
different ratios of the FFA I and NIC solids in the physical 
mixtures (Table S1 in the supporting materials) were prepared 
and then each of them was transferred into a 20 mL glass vial 
containing a magnetic stirrer (3 × 20 mm) with 10 mL of the 
solution prepared above. The samples were placed in the Polar 
Bear Plus Crystal (Cambridge Reactor Design Ltd, UK) and 
kept at 37 ± 0.5°C for 24 h. After that, the supernatant of each 

(1)
[

SAB
]

=
√

Ksp =

√

[

CA

][

CB

]



 Pharmaceutical Research

1 3

of the samples was separated from excess solids by centrifuga-
tion at 13,000 RPM for 1 min in an MSE Micro Centaur. 
HPLC was used to determine the concentrations of FFA and 
NIC. Solid residues obtained from the experiments were dried 
at room temperature and analysed by PXRD. If the FFA-NIC 
cocrystal solids were found in the solid residues of a sample 
( i ), the molar concentrations of FFA ( 

[

C
exp

FFA,i

]

 ) and NIC 

( 
[

C
exp

NIC,i

]

 ) (μmol/mL) obtained were used to determine the solu-
bility product Kexp

sp,i
 of FFA-NIC cocrystal by

The optimal solubility product Koptimal
sp  of FFA-NIC cocrys-

tal is obtained by minimizing the sum square error (SSE) of 
the optimal value with each of the individual experimental 
values Kexp

SP,i
.

where n is the total number of vials having the cocrystal 
solids in the residues.

In this work, the optimal value of Kopitmal
sp  was obtained 

using the inbuilt “fminbnd” function in MATLAB. If both 
the FFA-NIC cocrystal and FFA I solids were found in the 
solid residues of a sample, the measured concentrations of 
FFA ( 

[

C
exp

FFA

]

 ) and NIC ( 
[

C
exp

NIC

]

 ) were the transition concentra-
tions at the eutectic point.

Particle Size Distribution

All samples (i.e., FFA, FFA-NIC cocrystal and FFA-TP 
cocrystal) used in the dissolution tests were slightly ground 
by a mortar and pestle and sieved by a 60-mesh sieve (below 
250 μm) to reduce the influence of particle size on the dis-
solution rates. The particle size distributions of the test sam-
ples were measured using a SYNC Analyzer (MICROTRAC 
Retsch GmbH, Hann, Germany). The particle size distribu-
tions  (D10,  D50,  D90 and mean particle size) of the solid parti-
cles were compared. The data were analysed by the Microtrac 
FLEX software (12.0.0.1).

Dissolution Tests of FFA, the Neat FFA‑TP Cocrystal 
or FFA‑NIC Cocrystal Powders in DDW in the Absence 
and Presence of a Predissolved Polymer or a Combination

In vitro dissolution tests were performed with a USP type 
II paddle apparatus (DT 126 light, Erweka GmbH, Ger-
many) at 37 ± 0.5°C with a paddle speed of 50 rpm in 
400 mL of DDW in the absence and presence of a pre-
dissolved polymer (i.e., 0.2 mg/mL of PVP-VA, 1 mg/
mL of PEG, 0.2 mg/mL of SLP) or a combination of two 

(2)K
exp

sp,i
=
[

C
exp

FFA,i

]

×
[

C
exp

NIC,i

]

(3)Koptimal
sp

= min
∑n

i=1
(Koptimal

sp
− k

exp

sp,i
)
2

polymers (i.e., 0.2  mg/mL PVP-VA + 1  mg/mL PEG, 
0.2 mg/mL PVP-VA + 0.2 mg/mL SLP).

71.7 mg of FFA-NIC cocrystal powders with the equiv-
alent of 50 mg FFA I powders were used in each of the 
dissolution tests. Samples of 1 ± 0.1 mL were withdrawn 
from the dissolution vessel at the predefined time points 
of 5, 10, 15, 30, 60, 120, 180 and 240 min. The superna-
tant of each of the samples was separated from the excess 
solids by centrifugation at 13,000 RPM for 1 min in an 
MSE Micro Centaur. HPLC was used to determine the 
concentrations of FFA and NIC in solution. Solid resi-
dues obtained from the experiments were dried at room 
temperature and analysed by PXRD. All experiments were 
repeated in triplicate.

For comparison, the above dissolution tests were also 
repeated using 50 mg of pure FFA I powders and 82.0 mg 
of FFA-TP cocrystal powders.

Dissolution Tests of the Powder Mixtures of the FFA‑NIC 
Cocrystals with an Individual Polymer or a Combination 
in PBS pH 4.5 or PBS pH 6.8

Similarly, in vitro dissolution tests of the powder mixtures of 
71.7 mg of the FFA-NIC cocrystals with an individual poly-
mer or a combination in PBS pH 4.5 or PBS pH 6.8 were 
conducted in triplicate. The amount of a polymer used in the 
powder mixture was 80 mg of PVP-VA, 400 mg of PEG, or 
80 mg of SLP, corresponding to their predissolved concen-
trations used in Section "Dissolution Tests of FFA, the Neat 
FFA-TP Cocrystal or FFA-NIC Cocrystal Powders in DDW 
in the Absence and Presence of a Predissolved Polymer or 
a Combination".

The solid residues obtained from the experiments in 
PBS pH 4.5 were dried at room temperature and analysed 
by PXRD.

Dissolution Performance Parameter (DPP)

DPP was used to evaluate the dissolution profile of the test 
powders in comparison to a reference system, which is 
defined as [5],

where AUCC(t) is the area under the curve (AUC) of a dis-
solution profile C(t) , indicating the amount of drug dissolved 
is maintained over the period of the dissolution time from 
0 to t, and AUCCR(t)

 is the AUC of a reference dissolution 
profile CR(t).

(4)DPP =
AUCC(t)−AUCCR(t)

AUCCR(t)

× 100%
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In comparison with the reference dissolution profile, 
a positive DPP value indicates an increased ability of the 
dissolved drug to be maintained in a dissolution medium, 
while a negative DPP value shows a lesser amount of the 
drug to be maintained in solution.

High Performance Liquid Chromatography (HPLC) Analysis

The sample concentration of FFA, NIC or TP in solution 
was determined by a Hewlett Packard series 1100 auto-
matic HPLC system (Agilent Technologies, UK). A Roc 
C18 5 μm column, 150 × 4.6 mm (Restek, USA) was used 
at ambient temperature. FFA was detected by UV absorb-
ance detection at a wavelength of 286 nm. The mobile 
phase used consisted of 15% water (including 0.5% formic 
acid) and 85% methanol, and the mobile phase flow rate 
was maintained at 0.5 mL/min. NIC and TP were detected 
by UV absorbance detection at a wavelength of 265 nm 
and 271 nm respectively, the mobile phase was composed 
of 15% water (including 0.5% formic acid) and 85% meth-
anol, and the mobile phase flow rate was kept at 0.5 mL/
min. The injection volume was 20 μL.

Powder X‑ray Diffraction (PXRD)

The solids were scanned by D2 phaser diffractometer 
(Bruker U.K. Limited, Coventry, UK) with Cu-Kβ radia-
tion operating at voltage of 30 kV and current of 10 mA. 
The scanning angle ranged from 2°-40° of 2θ. The scan-
ning time per step was 0.4 s. The scan step size was 0.02° 
of 2θ.

Statistical Analysis

The differences in the FFA solubility in DDW and PBS pH 
4.5 at 37°C in the absence and presence of a predissolved 
polymer or a combination were analysed by two-way Stu-
dent's t-test with a significance level of 5%.

Results

Particle Size Distributions

Drug particle size, one of the important physicochemical 
properties of drugs, has a critical effect on drug release 
kinetics [22]. As a result, it is necessary to examine the par-
ticle size distributions of drug particles before dissolution 
tests. The particle size distributions of the representative 
FFA, FFA-NIC cocrystal and FFA-TP cocrystal powders 

used in the dissolution studies are shown in Table II. FFA, 
FFA-NIC cocrystal and FFA-TP cocrystal powders have 
similar  D10 and  D50 values. The  D90 and mean values of 
FFA-NIC cocrystal distribution are the smallest, indicating 
a narrow size distribution (Figure S1 in the supporting mate-
rials). A possible reason is the needle-shaped morphology 
of the FFA-NIC cocrystals, leading to a smaller equivalent 
volume diameter, although all powders passed through the 
same size of the sieve aperture.

Overall, the particle size distributions of the FFA and 
cocrystal powders of FFA-TP and FFA-NIC used in the study 
are comparable. Therefore, the difference in the dissolution 
performances among them was caused by the changes of the 
FFA molecule packings within their structures of crystalline 
lattices and interactions with the dissolution environments.

Solubility

The FFA solubility in DDW and PBS pH 4.5 at 37°C in the 
absence and presence of a predissolved polymer or a com-
bination are shown in Fig. 1. In Fig. 1(a), the FFA solubility 
in DDW at 37°C was 10.06 ± 0.79 μg/mL and remained the 
same in the presence of a predissolved polymer of 0.2 mg/
mL PVP-VA (P > 0.05). In contrast, in the presence of a pre-
dissolved PEG or SLP in DDW, it shows different behaviour 
(P < 0.05). The FFA solubility was increased significantly 
to 110.54 ± 16.22 μg/mL with predissolved 0.2 mg/mL SLP 
whilst a small increase was observed in the presence of 
1 mg/mL PEG, indicating that SLP is a stronger solubiliz-
ing agent. The FFA solubility in the presence of a combina-
tion of two predissolved polymers of 1 mg/mL PEG with 
0.2 mg/mL PVP-VA also remained the same as that in the 
presence of PEG (P > 0.05), indicating there is no synergistic 
interaction between PEG and PVP-VA to solubilize the FFA 
molecules in DDW. A similar observation (P > 0.05) was 
applied to the combined predissolved polymers of 0.2 mg/
mL SLP and 0.2 mg/mL PVP-VA when compared with that 
in 0.2 mg/mL SLP.

The FFA solubility in PBS pH 4.5 at 37°C was 
18.27 ± 2.39 μg/mL in Fig. 1(b). Clearly, the FFA solubil-
ity decreased in the presence of a predissolved polymer of 
0.2 mg/mL PVP-VA, or 1 mg/mL PEG while it increased 
significantly with predissolved 0.2 mg/mL SLP (P < 0.05). 
0.2 mg/mL PVP-VA mixed with 1 mg/mL PEG in solution 
can slightly increase the FFA solubility when compared 

Table II  Particle Size Properties of Drug/Cocrystal Particles

Sieved particles D10 (μm) D50 (μm) D90 (μm) Mean (μm)

FFA < 250 μm 5.19 13.58 84.86 31.71
FFA-NIC < 250 μm 6.08 13.77 33.97 17.63
FFA-TP < 250 μm 5.25 12.32 56.64 23.92
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with the presence of a single polymer while the solubility 
remained the same (P > 0.05) in SLP predissolved PBS pH 
4.5 in the absence and presence of PVP-VA. Overall, there 
is no synergistic interaction between PVP-VA with PEG or 
SLP to solubilize the FFA molecules in PBS pH 4.5.

It is worth noting that the PXRD results of the solid resi-
dues after the solubility tests (Figure S2 in the supporting 
materials) showed that the FFA solids remained the form I 
after the 24 h in various media, although nine polymorphic 
FFA solid forms were discovered [23]. Therefore, the value 
measured was the FFA I solubility.

As FFA is an acidic drug, its solubility will increase in a 
higher pH solution [24]. The equilibrium solubility of FFA 
in PBS pH 6.8 at 37°C was 741.15 ± 6.27 µg/mL.

Details of the solubility values can be found in Table S2 
in the supporting materials.

FFA‑NIC Cocrystal Solubility and Phase Solubility 
Diagrams (PSDs)

Based on the PXRD results (Table S1 in the supporting 
materials), the optimal solubility product ( Koptimal

sp  ) of each 
group (Table III) was obtained based on Eq. (3) and the 
corresponding PSDs are plotted in Figure S3(a) (DDW) 
and Figure S3(b) (PBS pH 4.5) in the supporting materials. 
The FFA-NIC cocrystal solubility values were summarized 
in Table III, indicating that the cocrystal can significantly 
improve the parent drug FFA solubility (i.e., FFA neutral/
free form). The impact of a polymer on the cocrystal solu-
bility was different. PVP-VA in DDW or PBS pH 4.5 can 
significantly increase the FFA-NIC cocrystal solubility in 
comparison with PEG or SLP. A combination of PVP-VA 
and SLP can further enhance the FFA-NIC cocrystal solubil-
ity compared with the individual polymers. There is no sig-
nificant change of the FFA-NIC cocrystal solubility in solu-
tion with PVP-VA or a combination of PVP-VA and PEG.

The FFA concentrations at the eutectic points in differ-
ent solutions were also shown in Table III. They are much 
higher than the FFA equilibrium solubility in DDW or PBS 
pH 4.5, but significantly less than the corresponding cocrys-
tal solubility. The effect of a polymer or a combination on 
the FFA concentration at the eutectic point is similar to the 
cocrystal solubility.

Dissolution Tests in DDW in the Absence 
and Presence of a Predissolved Polymer 
or a Combination

Dissolution Studies of FFA in DDW in the Absence 
and Presence of a Predissolved Polymer or a Combination 
(Fig. 2)

It was found that the dissolution rate of the FFA powders 
in DDW was slow and the FFA concentration reached 
4.99 μg/mL after 4 h, which was roughly half of its solubil-
ity [Fig. 2(a)]. In the presence of a predissolved polymer of 
PVP-VA, its dissolution performance was suppressed with 
the DPP value of -24% whilst in the presence of a predis-
solved polymer of PEG or SLP the FFA dissolution perfor-
mance was slightly improved by 55% and 30% of the DPP 
values [Fig. 2(c)]. A combination of PVP-VA with PEG in 
DDW can reduce the dissolution performance of FFA-NIC 
cocrystal, in which the DDP value was reduced to 41% from 
55% in the presence of PEG alone. Adding 0.2 mg/mL PVP-
VA in the predissolved 0.2 mg/mL SLP solution, its DPP 
value increased to 50% from the original 30%. The overall 
FFA dissolution performance was poor and none of the FFA 
concentrations reached its solubility within 4 h.

The PXRD results of the solid residues collected after 
the FFA dissolution experiments were shown in Fig. 2(b), 
showing no phase transformation of FFA I during dissolu-
tion under different dissolution environments.

Fig. 1  Solubility of FFA in: (a) DDW in the absence and presence of a predissolved polymer or a combination; (b) PBS pH 4.5 in the absence 
and presence of a predissolved polymer or a combination.
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Dissolution Studies of FFA‑TP Cocrystal in DDW 
in the Absence and Presence of a Predissolved Polymer 
or a Combination (Fig. 3)

Although the dissolution rate of FFA-TP cocrystal in DDW, 
as shown in Fig. 3(a), was increased in comparison with the 
parent drug of FFA I above (direct comparison is given in 
Figure S6 in the supporting materials), the FFA concentra-
tion in solution was still below its solubility after 4 h (i.e., 
8.35 μg/mL). The presence of either PEG or SLP in DDW 
showed an increased FFA DPP value (i.e., 24% or 3%) whilst 
the dissolution rate of FFA from FFA-TP cocrystal in PVP-
VA predissolved DDW was reduced, with the DPP value of 
-17% [Fig. 3(c)]. The FFA-TP cocrystal dissolution perfor-
mance was depressed in a combination of PEG and PVP-VA 
in DDW in comparison with PEG alone, i.e., the DPP value 
was reduced to 12% from 24%. The DPP value of FFA-TP 
in the combination of SLP and PVP-VA predissolved DDW 
(23%) was slightly higher than a single individual polymer 
predissolved DDW.

The PXRD results [Fig. 3(b)] indicated that the solid resi-
dues after the dissolution tests were the same as the start-
ing materials of FFA-TP cocrystal (Although there were 
minor differences, all of the characteristic peaks of FFA-TP 

cocrystal remained). The TP dissolution curve is shown in 
Figure S4(a) in the supporting materials.

Dissolution Studies of FFA‑NIC Cocrystal in DDW 
in the Absence and Presence of a Predissolved Polymer 
or a Combination (Fig. 4)

The FFA concentration quickly reached 10.23 μg/mL, which 
was slightly higher than its aqueous equilibrium solubility 
(i.e., 10.06 μg/mL) within 60 min and then stayed constantly 
at 10.78 μg/mL during the FFA-NIC cocrystal powder dis-
solution in DDW [Fig. 4(a)]. No supersaturated state of the 
FFA concentration was observed. There was no change of 
the dissolution profile of FFA-NIC cocrystal in DDW in the 
presence of predissolved 1 mg/mL PEG.

As shown in Fig. 4(a), the dissolution performances of 
FFA-NIC cocrystal were enhanced in the presence of predis-
solved 0.2 mg/mL PVP-VA with the DPP value of 19% or 
0.2 mg/mL SLP with the DPP value of 67%. However, the 
effects of the polymers on the FFA release profiles were dif-
ferent. In 0.2 mg/mL PVP-VA predissovled DDW, the FFA 
dissolution rate was increased significantly at the beginning 
of the cocrystal dissolution and its solution concentration 

Fig. 2  Dissolution performances of the FFA powders in DDW in the absence and presence of a predissolved polymer or a combination: (a) FFA 
powders dissolution profiles; (b) solid residues after tests; (c) DPP values.
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quickly reached its aqueous equilibrium solubility within 
15 min. After that, the FFA concentration continued to 
increase to its maximum of 12.93 μg/mL at 60 min and then 
gradually decreased and stabilized at 120 min. In contrast, 
in the presence of SLP, the FFA release rate from FFA-NIC 
cocrystal was reduced considerably at the beginning of the 
cocrystal dissolution up to 30 min and then the FFA concen-
tration in solution increased slowly, with a linear function of 
the dissolution time, to 26.18 μg/mL after 4 h.

A further enhancement of the dissolution performance of 
FFA-NIC cocrystal was observed in a combined PVP-VA 
with SLP predissolved DDW, i.e., the DPP value of 160% 
was observed in Fig. 4(e). Additionally, an increase in the 
FFA release rate was observed at the beginning of the dis-
solution. After 60 min, the FFA release rates in the presence 
and absence of PVP-VA in predissolved SLP solution are the 
same, showing two parallel curves in Fig. 4(a).

There was no obvious change of the DPP value under the 
dissolution conditions of the predissolved PVP-VA solution 
in the absence and presence of PEG in Fig. 4(e). However, 
the FFA dissolution profiles were different. In a combination 
of the predissolved PVP-VA and PEG, the supersaturated 

state of FFA concentration was rapidly generated within 
5 min and it continued to increase at a slow rate to the max-
imum value of 14.28 µg/mL and subsequently decreased 
gradually to reach (11.44 μg/mL) and stabilize around its 
solubility at 240 min.

As shown in Fig. 4(b), NIC was released completely and 
reached its theoretical value (i.e., 54.28 μg/mL), in which 
the starting materials of the FFA-NIC cocrystals were dis-
solved completely, in PVP-VA or its combination with PEG 
or SLP predissolved DDW. In the presence of a single poly-
mer of PEG or SLP, the release of NIC from the cocrystal 
powders was not complete, in which the NIC concentration 
was much lower than its theoretical value. In the meantime, 
the NIC release rates were also different under different 
environments. The quickest NIC release rate at the start of 
FFA-NIC cocrystal dissolution was observed in DDW in the 
absence or presence of PEG. The slowest NIC release rate 
was observed in PVP-VA predissolved DDW.

According to the PXRD results [Fig. 4(c)], the solid 
residues after the dissolution experiments in DDW with 
the absence or presence of predissolved polymers were 
FFA III, indicating that phase transform took place during 

Fig. 3  Dissolution performances of the FFA-TP cocrystal powders in DDW in the absence and presence of a predissolved polymer or a combina-
tion: (a) FFA concentration profiles; (b) Solid residues after tests; (c) DPP values.
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the dissolution of the FFA-NIC cocrystal powders. Addi-
tionally, both FFA III and FFA-NIC cocrystal in the solid 
residues were presented after the FFA-NIC cocrystal dis-
solution in SLP predissolved DDW, supporting evidence 
that the NIC concentration was much lower than those in 
the other groups.

Dissolution Studies of FFA‑NIC Cocrystal in DDW 
in the Presence of a Combination of Pre‑Dissolved PVP‑VA 
and SLP at Various Concentrations (Fig. 5)

At a fixed concentration of 0.2 mg/mL PVP-VA predissolved 
in DDW, the FFA release rate from FFA-NIC cocrystal was 

Fig. 4  Dissolution performances of the FFA-NIC cocrystal powders in DDW in the absence and presence of a predissolved polymer or a com-
bination: (a) FFA concentration profiles; (b) NIC concentration profiles; (c) solid residues after FFA-NIC cocrystal powder dissolution; (d) 
dynamic incongruent curves of molar concentrations of FFA vs. NIC in solution; (e) DPP values.
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not affected significantly by varying the predissolved SLP 
concentration (i.e., 0.1, 0.2, 0.3 and 0.4 mg/mL) [Fig. 5(a)]. 
In contrast, varying the predissolved PVP-VA concentration 
(i.e., 0.1, 0.2, 0.3, 0.4 and 0.8 mg/mL) at a fixed predissolved 

SLP concentration of 0.2  mg/mL resulted in different 
cocrystal dissolution behaviours. It was observed that 
increasing PVP-VA concentration from 0.1 up to 0.4 mg/
mL in solution led to an increased FFA dissolution rate 

Fig. 5  Dissolution performances of the FFA-NIC cocrystal powders in DDW in the presence of a combination of predissolved PVP-VA and SLP 
at various concentrations: (a) FFA concentration profiles; (b) NIC concentration profiles; (c) solid residues after tests; (d) dynamic incongruent 
curves of molar concentrations of FFA vs. NIC in solution; (e) DPP values.



 Pharmaceutical Research

1 3

at the beginning of the cocrystal dissolution and a further 
increase in PVP-VA concentration to 0.8 mg/mL resulted 
in a decrease in the dissolution performance [Fig. 5(a)]. 
These findings agree well with the DPP values [Fig. 5(e)] 
which were in the order of 0.2  mg/mL SLP + 0.1  mg/
mL PVP-VA (112%) < 0.2  mg/mL SLP + 0.2  mg/mL 
PVP-VA (160%) < 0.2  mg/mL SLP + 0.3  mg/mL PVP-
VA (296%) < 0.2  mg/mL SLP + 0.8  mg/mL PVP-VA 
(310%) < 0.2 mg/mL SLP + 0.4 mg/mL PVP-VA (345%).

The PXRD results [Fig. 5(c)] illustrated that the solid 
residues collected after the dissolution tests were FFA III 
alone except for the test in a combination of SLP (0.2 mg/
mL) and PVP-VA (0.8 mg/mL) predissolved DDW where the 
mixtures of FFA III and FFA-NIC cocrystal were obtained. 
The result is consistent with the incomplete release of NIC 
[Fig. 5(b)] in this group.

Dissolution Tests of Powder Mixtures of FFA‑NIC 
Cocrystal with Individual Single Polymers 
or a Combination

Non‑Sink Conditions Dissolution Tests in PBS pH 4.5 (Fig. 6)

In order to compare the dissolution behaviours of FFA-NIC 
cocrystal in different environments under non-sink condi-
tions, PBS pH 4.5 was selected as the dissolution medium 
due to the low FFA solubility [i.e., 18.27 ± 2.39 μg/mL in 
Fig. 1(b)]. Flufenamic acid is an ampholyte, having a basic 
group with pKa1 of 2.92 ± 0.01, an acidic group with pKa2 
of 4.84 ± 0.04 and isoelectric point pH of 3.88 ± 0.03 [24]. 
At pH 4.5, FFA is largely in the neutral form (i.e., more 
than 75%). Therefore, for simplicity, the FFA-NIC cocrystal 
solubility was calculated by Eq. (1) without considering the 
ionization of each component. The FFA release profiles from 
the FFA-NIC cocrystals mixed with a single polymer or a 
combination in PBS pH 4.5 are shown in Fig. 6(a). There 
was no significant improvement of the FFA DPP value for 
the mixtures of the FFA-NIC cocrystal with PEG (DPP 
value of 11%) or SLP (DPP value of 2%) in Fig. 6(e). In 
contrast, an enhanced dissolution performance was obtained 
with the presence of PVP-VA (DPP value of 92%) in the 
powder mixtures, where a maximum supersaturated FFA 
concentration of 19.65 μg/mL was reached at 60 min and 
declined gradually to 17.38 μg/mL, which was near to its 
solubility, at the end of the test.

A combination of PVP-VA and SLP with the FFA-NIC 
cocrystals showed a further enhanced dissolution perfor-
mance in PBS pH 4.5 [Fig. 6(a)]. Similar to a combination of 
predissolved PVP-VA and SLP in DDW, varying PVP-VA in 
the powder mixtures led to a significant change in the FFA-
NIC cocrystal dissolution performance. The best dissolution 
performance was achieved with the highest concentration 
of 0.8 mg/mL PVP-VA in the mixtures. According to the 

FFA DPP values of the dissolution of FFA-NIC cocrystal 
in PBS pH 4.5 [Fig. 6(e)], the values were in the order of 
0.2 mg/mL SLP (2%) < 0.2 mg/mL PVP-VA (92%) < 0.4 mg/
mL PVP-VA + 0.1  mg/mL SLP (150%) < 0.2  mg/
mL PVP-VA + 0.2  mg/mL SLP (159%) < 0.4  mg/mL 
PVP-VA + 0.2  mg/mL SLP (179%) < 0.8  mg/mL PVP-
VA + 0.2 mg/mL SLP (204%).

Surprisingly, FFA-NIC cocrystal mixed with the combi-
nation of PEG and PVP-VA led to a reduced dissolution per-
formance (36%) in comparison with PVP-VA alone (92%).

The PXRD results [Fig. 6(c)] indicated that FFA III solids 
were crystallised from the solution from all of the dissolu-
tion tests in PBS pH 4.5. Additionally, the FFA-NIC cocrys-
tals were also found in the solid residues of the groups of 
SLP (0.1 mg/mL) + PVP-VA (0.4 mg/mL) and SLP (0.2 mg/
mL) + PVP-VA (0.8 mg/mL) and the corresponding NIC 
release rates were slower, shown in Fig. 6(b).

Sink Conditions Dissolution Tests in PBS pH 6.8 (Fig. 7)

As the equilibrium solubility of FFA in PBS pH 6.8 at 37°C 
was 741.15 ± 6.27 μg/mL, the 400 mL dissolution medium 
used in the test can dissolve around 300 mg of FFA. Thus, 
the dissolution tests of the FFA-NIC cocrystal powders 
with an equivalent of 50 mg FFA used in PBS pH 6.8 at 
37°C were conducted under sink conditions. The dissolu-
tion tests of the FFA-NIC cocrystal powders mixed with 
PVP-VA, SLP or their combination were examined. The 
physical mixtures of FFA-NIC cocrystal with SLP cannot 
improve its dissolution performance, shown in Figs. 7(a) & 
(d). Mixing FFA-NIC cocrystal with PVP-VA or a combi-
nation of PVP-VA and SLP at different concentrations dis-
played a comparable improved dissolution performance in 
comparison with the neat cocrystal powders in PBS pH 6.8 
and their FFA DPP values are shown in Fig. 7(d) in the order 
of 0.2 mg/mL SLP (-0.1%) < 0.2 mg/mL PVP-VA + 0.2 mg/
mL SLP (6%) < 0.4 mg/mL PVP-VA (7%) < 0.4 mg/mL PVP-
VA + 0.1 mg/mL SLP (8%) < 0.4 mg/mL PVP-VA + 0.2 mg/
mL SLP (9%) < 0.2 mg/mL PVP-VA (11%). The coformer 
NIC release rate shows the same trend as its correspond-
ing FFA release rate under different conditions, shown in 
Fig. 7(b).

Due to the high solubility of both FFA and NIC in PBS 
pH 6.8 at 37°C, no solid residue can be collected after the 
dissolution after 4 h.

Discussion

Cocrystallisation of a poorly water-soluble API with solu-
ble coformers has been extensively exploited as a strat-
egy for improving its dissolution performance over the 
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last two decades [25]. As a cocrystal form of the poorly 
water-soluble API has higher free energy compared to 
the pure crystalline API counterpart, a transient but high 
supersaturated solution concentration (i.e., kinetic solu-
bility), which is significantly greater than the equilibrium 
solubility of the pure parent drug, can be generated. Thus, 

improved drug absorption and increased bioavailability 
can be achieved. At the same time, the API supersatura-
tion leads to higher instability of the API in solution as 
the thermodynamic driving force always favours a trans-
formation towards a lower energy crystalline state, negat-
ing the solubility advantage [26]. It is critical to design 

Fig. 6  Dissolution performances of the physical mixtures of the FFA-NIC cocrystal powders with individual single polymers or a combination 
in PBS pH 4.5: (a) FFA concentration profiles; (b) NIC concentration profiles; (c) solid residues after tests; (d) dynamic incongruent curves of 
molar concentrations of FFA vs. NIC in solution; (e) DPP values.
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an enabling cocrystal formulation through selection of 
effective excipients as precipitation inhibitors to maintain 
the elevated drug supersaturation [27]. However, due to 
lack of a mechanistic understanding of cocrystal disso-
lution, the cocrystal formulation development is largely 
empirical.

Cocrystal Solubility vs. Maximum API Concentration 
in Solution

It has been frequently mentioned that the advantage of phar-
maceutical cocrystals is to increase the solubility of poorly 
water-soluble drug compounds. A definition of pharmaceuti-
cal cocrystal solubility without consideration of ionization 
of each component is given in Eq. (1), which is based on 
the solubility product of the concentrations of the API and 
coformer in solution. In some cases, more than a 1000-fold 
increase of the FFA solubility was achieved by FFA-NIC 
cocrystal (Table III), which is unrealistic. As the therapeutic 

improvement of an API is determined by its maximum con-
centration in solution alone, a definition of the maximum 
therapeutic concentration of API in a cocrystal system would 
be more appropriate to evaluate its solubility advantage.

A cocrystal PSD in Fig. 8(a) illustrates not only the dif-
ferent solid regions but also the equilibrium composition 
of the solution, in which the FFA concentration ( CFFA_eut ) 
at the eutectic point A ( EUTA ) is the maximum concentra-
tion which can be obtained in the cocrystal solution system 
[21, 28, 29]. Therefore, potentially a 30-fold (in DDW) or 
tenfold (in PBS pH 4.5) increase in the FFA solubility could 
be achieved by the FFA-NIC cocrystal system based on the 
API therapeutic solubility. According to the PSD, the drug 
concentration in solution is a function of the cocrystal dose 
used. For a neat cocrystal system in Fig. 8(a), to achieve the 
maximum API concentration ( CEUT ), it requires a minimum 
dose of DoseEUT , which could be extremely high for solu-
ble cocrystals, such as FFA-NIC cocrystal in Tables S1 in 
the supporting materials. In the meantime, a large amount 
of the parent drug will be precipitated from the solution, 

Fig. 7  Dissolution performances of the physical mixtures of the FFA-NIC cocrystal powders with individual single polymers or a combination 
in PBS pH 6.8: (a) FFA concentration profiles; (b) NIC concentration profiles; (c) dynamic incongruent curves of molar concentrations of FFA 
vs. NIC in solution; (d) DPP values.
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illustrated in Fig. 8(a). A potential solution to achieve the 
maximum API concentration ( CEUT ) with a minimum dose 
( DoseA ) is to present excess coformer ( Cco_exc ) in solution to 
eliminate precipitation through a depression of the cocrystal 
dissolution [30, 31]. This also requires a high amount of the 
excess coformer predissolved in solution. Hence, none of the 
approaches is practical for developing an effective cocrystal 
formulation.

Without excess coformer in solution, any dose, which is 
greater than Dose0 , will lead to precipitation of the parent 
drug shown in Fig. 8(a), and then incomplete absorption. 
Thus, a key obstacle for a cocrystal formulation development 
is to prevent the API recrystallization from solution without 
excess coformer, which is complex.

Cocrystal Surface Precipitation Mechanism

In our previous studies, we have demonstrated that the API 
precipitation occurred once the surface of a cocrystal con-
tacts the dissolution medium [5, 6, 32]. Clearly, the sur-
face precipitation of the parent API is induced by the local 
supersaturation (or microenvironment) around the dissolv-
ing cocrystal particle surface (e.g. FFA-NIC cocrystal). This 
process happens rapidly due to API heterogeneous nuclea-
tion promoted by the dissolving surface as a foreign parti-
cle. Consequently, an outer layer of the crystalline API is 
coated on the dissolving cocrystal particle [5]. Therefore, 
the dissolution of a cocrystal with surface precipitation 
of the parent drug can be described by four consecutive 
steps in Fig. 8(b) as: i) the cocrystal surface contacting the 

dissolution medium; ii) the cocrystal surface dissolving; iii) 
the parent drug precipitation on the dissolving surface; and 
iv) the parent drug particles redissolving. The cocrystal dis-
solving and parent drug precipitation were supported by the 
PXRD results in Figs. 4(c) & 6(c), indicating that FFA III 
was recrystallised from solution as it is stable below 42°C 
whereas FFA I is the stable form above 42°C [33]. Due to 
the surface precipitation of the parent drug FFA III on the 
dissolving FFA-NIC cocrystal particles, the dissolution 
curve obtained was actually from the precipitated FFA III 
solids. It was unsurprising that no “spring” supersaturation 
was observed in the kinetic solubility curve of FFA under 
non-sink dissolution conditions of the FFA-NIC cocrystal 
dissolution (i.e., DDW and PBS pH 4.5) where the FFA con-
centration was stabilised once reaching its equilibrium solu-
bility [Figs. 4(a) & 6(a)]. FFA recrystallisation during the 
FFA-NIC cocrystal dissolution can also been indicated by 
an incongruent indicator k(t) which is the ratio of the molar 
concentrations [C] of FFA and NIC in solution, defined as

where C(t) is the concentration at the time t  and m is the 
molecular weight. Since the crystal unit cell as the smallest 
building block is detached from the dissolving surface, in 
which all molecules enter into the solution simultaneously 
during dissolution [34], it is expected that the value of the 
incongruent indicator k(t) is close to 1. In fact, in DDW or 
PBS pH 4.5 under non-sink conditions shown in Figs. 4(d) 

(5)k(t) =

[

CAPI(t)
]

[

CCoformer(t)
] =

CAPI(t)∕mAPI

CCoformer(t)∕mCoformer

Fig. 8  Dissolution mechanism of a cocrystal with surface precipitation of the parent drug: (a) dose effects (Zone I: the solution is supersatu-
rated with drug; Zone II: the solution is supersaturated with both API and cocrystal; Zone III: Homogeneous liquid phase containing API and 
coformer; Zone IV: the solution is supersaturated with cocrystal at eutetic point and the rest is cocrystal; Zone V: the solution is superdaturated 
with coformer and cocrystal; Zone VI: solution is supersaturated with coformer); (b) neat cocrystal dissolution and parent drug precipitation; (c) 
cocrystal dissolution with surface precipitation inhibitor and parent drug recrystallisation in bulk solution; (d) cocrystal dissolution with a com-
bination of surface and bulk precipitation inhibitors.
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& 6(d), its value was quickly dropped to 0.06 or 0.03 at 
5 min and then slowly increased to 0.08 or 0.07 at 60 min 
during the course of the cocrystal dissolution, indicating that 
the FFA recrystallisation first took place and subsequently 
started to redissolve.

As the surface precipitation of the parent API is induced 
by the local supersaturation, recrystallisation of API is 
expected to occur during a cocrystal dissolution under 
sink conditions as well, in which the cocrystal dose is less 
than Dose0 shown in Fig. 8(a). Under the sink conditions 
of PBS pH 6.8, the FFA release rate between 5 to 10 min 
was reduced significantly in comparison with the initial rate 
in Fig. 7(a), indicating the transformation of the dissolving 
solid particles. It was further confirmed by the evolution of 
the incongruent indictor k(t) which was reduced to 0.75 at 
5 min, indicating the solid form precipitation from solution, 
and then gradually increased to 0.94 at the end of disso-
lution, indicating all of the recrystallised solids have been 
redissolved in solution [Fig. 7(c)].

Surface Precipitation Inhibition by a Single Polymer

The predissolved PVP-VA in solution can be adsorbed on 
the dissolving cocrystal particles to reduce the cocrystal 
surface area directly contacting the dissolution medium, 
leading to a reduced cocrystal dissolution rate and the local 
drug supersaturation [6]. Hence, PVP-VA was a good sur-
face precipitation inhibitor to prevent the FFA precipitation 
on the dissolving surface of FFA-NIC cocrystal. Here, we 
have further demonstrated that surface precipitation inhibi-
tion can be achieved when PVP-VA was physically mixed 
with the FFA-NIC cocrystal powders. In the predissolved 
or physically mixed 0.2 mg/mL PVP-VA in DDW or PBS 
pH 4.5 under non-sink conditions, a typical “spring” and 
“parachute” were observed [Fig. 4(a) & Fig. 6(a)]. From the 
practical point of view, the implications of these results are 
significant, showing physical mixtures of a small amount 
of PVP-VA powders in a FFA-NIC cocrystal formulation 
can reveal the cocrystal dissolution advantage for absorption 
and bioavailability improvement [i.e., Fig. 4(e) & Fig. 6(e)]. 
Under sink conditions of PBS pH 6.8, the FFA release per-
formance from the mixtures was also improved with the DPP 
value of 11% by preventing the surface precipitation, show-
ing a small reduction of the incongruent constant k(t) as 0.75 
at 5 min and then quickly increased above to 0.94 at 60 min.

PEG or SLP alone cannot reduce or prevent the surface 
precipitation of FFA during FFA-NIC cocrystal dissolution 
[Fig. 4(a) & 6(a)], showing a significant drop of the incon-
gruent indicator at the beginning of the dissolution in the 
polymer predissolved DDW [Fig. 4(d)] or physically mixed 
powders in PBS pH 4.5 [Fig. 6(d)]. Actually, SLP enhanced 
the surface precipitation, showing a significant reduction 
of the FFA release rate in DDW or PBS pH 4.5 compared 

with that in pure solution or with PEG [Figs. 4(a) & 6(a)]. 
This has been further supported by the incongruent indica-
tors [Figs. 4(d) & 6(d)], showing the lowest value at the 
beginning of dissolution compared to the other conditions. 
Therefore, a typical “spring and parachute” kinetic solubil-
ity profile of FFA was not observed. Additionally, as SLP 
increased the FFA solubility in DDW significantly shown 
in Fig. 1(a), the original “non-sink conditions” of the FFA-
NIC dissolution test have been changed even though it has 
not met the requirement of “sink conditions”. As a result, 
it was observed that the FFA concentration in solution was 
increasing gradually due to redissolving of the recrystallised 
FFA III solids during the course of the test [Fig. 5(a)].

Dissolution Performance Enhancement 
Through Optimising a Combination of Polymers 
for Synergistic Precipitation Inhibition

In the above experiments, PVP-VA played an important role 
to avoid surface precipitation for an enhanced FFA DPP 
value from the dissolution of FFA-NIC cocrystal. However, 
once the built-up FFA concentration in the bulk solution 
was higher than its equilibrium solubility, the bulk recrystal-
lisation took place because at this point the FFA molecules 
cannot be sustained in solution by the coformer of NIC due 
to its low concentration shown in Fig. 8(c). Thus, a single 
polymer could not fulfil all requirements, for example, a 
higher AUC or a “spring” effect [Fig. 8(c)]. Actually, PVP-
VA was not an effective bulk solution precipitation inhibitor 
[15]. A combination of two polymers could provide a useful 
solution to optimise the effectiveness of a cocrystal formula-
tion to maximise its dissolution performance, in particular 
by reducing the amount of polymer used in the formulation. 
A higher percentage of polymer in the formulation can result 
in large tablets or even multiple doses, which is inconvenient 
to patients or even poor compliance.

In this study, PVP-VA was used as a precipitation inhibi-
tor to prevent the surface precipitation of FFA whilst the 
other polymer PEG or SLP functioned as an effective bulk 
solution precipitation inhibitor to maintain the FFA mol-
ecules in solution shown in Fig. 8(d). Obviously, a combina-
tion of PVP-VA (0.2 mg/mL) + PEG (1 mg/mL) resulted in 
an unfavourable synergistic effect. In DDW with a combina-
tion of the predissolved two polymers, the “spring” effect 
was improved while the “parachute” effect was reduced, 
shown in Fig. 4(a). Thus, the overall DPP value was almost 
the same i.e.,19% for PVP-VA and 18% for PVP-VA + PEG 
[Fig. 4(e)]. In PBS pH 4.5, both the “spring” and “para-
chute” effects [Fig. 6(a)] were reduced for the dissolution 
of the FFA-NIC cocrystals mixed with the two polymers, 
resulting in a reduced DPP value of 36% from 92% mixed 
with PVP-VA alone [Fig. 6(e)].
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In contrast, a combination of PVP-VA and SLP resulted 
in a synergistic effect. In DDW with a combination of the 
predissolved PVP-VA (0.2 mg/mL) and SLP (0.2 mg/mL), 
a 160% increase in DPP was observed compared with the 
individual polymers, i.e., 19% for PVP-VA and 67% for SLP 
[Fig. 4(e)]. Additionally, the synergistic effect depended on 
the individual polymer concentrations as well [Fig. 5(a)]. At 
a fixed PVP-VA concentration of 0.2 mg/mL, there was no 
significant change in the DPP value by varying SLP concen-
tration from 0.1 mg/mL to 0.4 mg/mL [Fig. 5(e)]. The reason 
behind this was a stronger solubilizing ability of SLP for the 
FFA molecules in solution (solubility curve in Figure S5 
in the supporting materials), in which all of the released 
FFA molecules can be sustained in solution at the concentra-
tions of SLP selected in the study. Therefore, there was no 
“parachute” behaviour in the dissolution profiles in Fig. 5(a). 
The overall dissolution performance of FFA-NIC cocrystal 
was dominated by the concentration of PVP-VA used. At a 
fixed SLP concentration of 0.2 mg/mL, the FFA DPP value 
was increased with increasing the PVP-VA concentration 
from 0.1 mg/mL to 0.4 mg/mL, indicating an increased FFA 
release rate due to surface precipitation inhibition. A fur-
ther increase of PVP-VA concentration to 0.8 mg/mL led 
to a reduced DPP value, indicating that an optimal PVP-VA 
concentration in the combination was required to maximise 
the synergistic effect. A similar trend of the FFA dissolution 
profiles from the physical mixtures of FFA-NIC cocrystal 
with both PVP-VA and SLP was observed in PBS pH 4.5 
[Figs. 6(a) & (e)]. As the non-sink dissolution conditions 
were not changed at the 0.2 mg/mL SLP used in the study, 
the FFA dissolution profile followed the typical “spring and 
parachute” behaviour. The highest FFA DPP value of 204% 
was achieved when the FFA-NIC cocrystals were mixed with 
0.8 mg/mL PVP-VA and 0.2 mg/mL SLP. For the FFA-NIC 
cocrystal dissolution under sink conditions in PBS pH 6.8, 
it was not required to prevent the bulk FFA precipitation 
so that no significant change of the FFA DPP value was 
observed when mixing PVP-VA or a combination of PVP-
VA + SLP shown in Fig. 7(e). As no synergistic effect of a 
combination of PVP-VA and SLP on the equilibrium solu-
bility FFA (Fig. 1), it was expected that the change of the 
dynamic FFA solubility curve from the cocrystal was caused 
by the individual polymer inhibition effects.

Finally, it was worth noting that the dissolution behaviour 
of a cocrystal with bulk precipitation of the parent drug, 
(FFA-TP) was similar to its parent drug of FFA I in Fig-
ure S6 in the supporting materials. The surface precipita-
tion inhibitor should not be included in the formulation as 
it reduced the cocrystal dissolution rate [Fig. 3(a)]. Further-
more, it should not be expected that a typical “spring” and 
“parachute” of the parent drug from a cocrystal with bulk 
precipitation of the parent drug is observed even if a bulk 
precipitation inhibitor is included in the formulation.

Conclusion

In this study, the dissolution performance of a highly sol-
uble FFA-NIC cocrystal has been systematically studied 
under both non-sink and sink dissolution environments with 
predissolved or powder mixed a single polymer (i.e., PVP-
VA, PEG, SLP) or binary polymers combinations (i.e., PVP-
VA + PEG, and PVP-VA + SLP). The impact of the poly-
mers on the drug release rates from the FFA-NIC cocrystal 
formulations has been examined. To quantitatively evalu-
ate the performance of different cocrystal formulations, the 
FFA DPP value based on the AUC of the in vitro kinetic 
solubility profile has been used to correlate the correspond-
ing potential bioavailability enhancement. The insights into 
the cocrystal dissolution mechanisms have been revealed. 
It is shown that the dissolution of a cocrystal with surface 
precipitation of the parent drug can be described by four 
consecutive steps as: i) the cocrystal surface contacting the 
dissolution medium; ii) the cocrystal surface dissolving; iii) 
the parent drug precipitation on the dissolving surface; and 
iv) the parent drug particles redissolving. A single polymer 
of PVP-VA as a surface precipitation inhibitor prevented 
the FFA surface precipitation for an enhanced dissolution 
performance of FFA-NIC cocrystal. Unfortunately, it cannot 
sustain the supersaturated FFA concentration in the bulk 
solution. Thus, a single polymer of PVP-VA could not fulfil 
all requirements, for example, a higher AUC or a “spring” 
effect. A combination of two polymers of PVP-VA and SLP 
has shown a synergistic inhibition effect to maximise the 
dissolution advantage of the surface cocrystal of FFA-NIC, 
in particular by reducing the amount of polymer used in 
the formulation. Our results also highlight that the type 
of polymers and their concentration combinations either 
in pre-dissolved solution or in physical mixtures need to 
be optimised to maximise the kinetic solubility curve of 
cocrystal in solution.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s11095- 023- 03532-x.

Author contributions K. S. conducted the experiments, prepared and 
analysed the sample, performance the data analysis, and prepared the 
manuscript. M. L. conceptualized the project and acquired funding for 
the study, directed the study, determined the experimental methods, 
analysed and discussed the results, and prepared the manuscript. All 
authors have given approval to the final version of the manuscript.

Funding The project was funded by the UK Engineering and Physi-
cal Sciences Research Council (EPSRC, EP/V047329/1). We are also 
grateful for the in kind support from industrial partners, i.e., Charn-
wood Molecular Ltd, Almac Group (UK), GMPharma Limited, Simcyp 
Limited, and Structure Vision Ltd, for the work.

Data Availability The datasets used are available from the correspond-
ing author upon reasonable request.

https://doi.org/10.1007/s11095-023-03532-x


 Pharmaceutical Research

1 3

Declarations 

Conflict of Interest The authors have no conflicts of interest to declare.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

 1. Qiao N, Li M, Schlindwein W, Malek N, Davies A, Trap-
pitt G. Pharmaceutical cocrystals: An overview. Int J Pharm. 
2011;419(1–2):1–11.

 2. Kavanagh ON, Croker DM, Walker GM, Zaworotko MJ. Phar-
maceutical cocrystals: from serendipity to design to application. 
Drug Discovery Today. 2019;24(3):796–804.

 3. Eddleston MD, Madusanka N, Jones W. Cocrystal Dissociation in 
the Presence of Water: A General Approach for Identifying Stable 
Cocrystal Forms. J Pharm Sci. 2014;103(9):2865–70.

 4. Aljohani M, McArdle P, Erxleben A. Influence of Excipi-
ents on Cocrystal Stability and Formation. Cryst Growth Des. 
2020;20(7):4523–32.

 5. Guo M, Wang K, Qiao N, Fábián L, Sadiq G, Li M. Insight into 
Flufenamic Acid Cocrystal Dissolution in the Presence of a Poly-
mer in Solution: from Single Crystal to Powder Dissolution. Mol 
Pharm. 2017;14(12):4583–96.

 6. Kirubakaran P, Wang K, Rosbottom I, Cross RBM, Li M. Under-
standing the Effects of a Polymer on the Surface Dissolution 
of Pharmaceutical Cocrystals Using Combined Experimental 
and Molecular Dynamics Simulation Approaches. Mol Pharm. 
2020;17(2):517–29.

 7. Omori M, Uekusa T, Oki J, Inoue D, Sugano K. Solution-mediated 
phase transformation at particle surface during cocrystal dissolu-
tion. J Drug Deliv Sci Technol. 2020;56: 101566.

 8. Omori M, Watanabe T, Uekusa T, Oki J, Inoue D, Sugano K. 
Effects of Coformer and Polymer on Particle Surface Solution-
Mediated Phase Transformation of Cocrystals in Aqueous Media. 
Mol Pharm. 2020;17(10):3825–36.

 9. Shigemura M, Omori M, Sugano K. Polymeric precipitation inhib-
itor differently affects cocrystal surface and bulk solution phase 
transformations. J Drug Deliv Sci Technol. 2022;67: 103029.

 10. Omori M, Yamamoto H, Matsui F, Sugano K. Dissolution Profiles 
of Carbamazepine Cocrystals with Cis-Trans Isomeric Coformers. 
Pharm Res. 2022.

 11. Qiu S, Lai J, Guo M, Wang K, Lai X, Desai U, et al. Role of 
polymers in solution and tablet-based carbamazepine cocrystal 
formulations. CrystEngComm. 2016;18(15):2664–78.

 12. Li M, Qiu S, Lu Y, Wang K, Lai X, Rehan M. Investigation of 
the Effect of Hydroxypropyl Methylcellulose on the Phase Trans-
formation and Release Profiles of Carbamazepine-Nicotinamide 
Cocrystal. Pharm Res. 2014;31(9):2312–25.

 13. Remenar JF, Peterson ML, Stephens PW, Zhang Z, Zimenkov 
Y, Hickey MB. Celecoxib: Nicotinamide Dissociation: Using 

Excipients To Capture the Cocrystal’s Potential. Mol Pharm. 
2007;4(3):386–400.

 14. Qiu S, Li M. Effects of coformers on phase transformation 
and release profiles of carbamazepine cocrystals in hydroxy-
propyl methylcellulose based matrix tablets. Int J Pharm. 
2015;479(1):118–28.

 15. Alinda P, Shi K, Li M. Nucleation of Supersaturated Flufenamic 
Acid Cocrystal Solutions in the Presence of a Polymer. Cryst 
Growth Des. 2022.

 16. Knopp MM, Nguyen JH, Mu H, Langguth P, Rades T, Holm R. 
Influence of Copolymer Composition on In Vitro and In Vivo Per-
formance of Celecoxib-PVP/VA Amorphous Solid Dispersions. 
AAPS J. 2016;18(2):416–23.

 17. Guo M, Wang K, Hamill N, Lorimer K, Li M. Investigating the 
Influence of Polymers on Supersaturated Flufenamic Acid Cocrys-
tal Solutions. Mol Pharm. 2016;13(9):3292–307.

 18. Alhijjaj M, Belton P, Qi S. An investigation into the use of poly-
mer blends to improve the printability of and regulate drug release 
from pharmaceutical solid dispersions prepared via fused dep-
osition modeling (FDM) 3D printing. Eur J Pharm Biopharm. 
2016;108:111–25.

 19. Kim M-S. Soluplus-coated colloidal silica nanomatrix system 
for enhanced supersaturation and oral absorption of poorly 
water-soluble drugs. Artif Cells Nanomedicine Biotechnol. 
2013;41(6):363–7.

 20. Alshehri S, Imam SS, Altamimi MA, Hussain A, Shakeel F, 
Alshehri A. Stimulatory Effects of Soluplus® on Flufenamic 
Acid β-Cyclodextrin Supramolecular Complex: Physicochemical 
Characterization and Pre-clinical Anti-inflammatory Assessment. 
AAPS PharmSciTech. 2020;21(5):145.

 21. Good DJ, Rodríguez-Hornedo N. Solubility Advantage of Phar-
maceutical Cocrystals. Cryst Growth Des. 2009;9(5):2252–64.

 22. Gao Y, Glennon B, He Y, Donnellan P. Dissolution Kinet-
ics of a BCS Class II Active Pharmaceutical Ingredient: Dif-
fusion-Based Model Validation and Prediction. ACS Omega. 
2021;6(12):8056–67.

 23. López-Mejías V, Kampf JW, Matzger AJ. Nonamorphism in 
Flufenamic Acid and a New Record for a Polymorphic Compound 
with Solved Structures. J Am Chem Soc. 2012;134(24):9872–5.

 24. Zapała L. Potentiometric Studies on the Equilibria of Flufenamic 
Acid in Aqueous Solutions and in Two-phase Organic Solvent + 
Water Systems. J Solution Chem. 2011;40(2):198–210.

 25. Almarsson Ö, Vadas EB. Molecules, Materials, Medicines (M3): 
Linking Molecules to Medicines through Pharmaceutical Material 
Science. Cryst Growth Des. 2015;15(12):5645–7.

 26. Greco K, Bogner R. Solution-Mediated Phase Transformation: 
Significance During Dissolution and Implications for Bioavail-
ability. J Pharm Sci. 2012;101(9):2996–3018.

 27. Alvani A, Shayanfar A. Solution Stability of Pharmaceutical 
Cocrystals. Cryst Growth Des. 2022;22(10):6323–37.

 28. Nehm SJ, Rodríguez-Spong B, Rodríguez-Hornedo N. Phase 
Solubility Diagrams of Cocrystals Are Explained by Solubil-
ity Product and Solution Complexation. Cryst Growth Des. 
2006;6(2):592–600.

 29. Huang Y, Kuminek G, Roy L, Cavanagh KL, Yin Q, Rodríguez-
Hornedo N. Cocrystal Solubility Advantage Diagrams as a Means 
to Control Dissolution, Supersaturation, and Precipitation. Mol 
Pharm. 2019;16(9):3887–95.

 30. Yamashita H, Sun CC. Harvesting Potential Dissolution 
Advantages of Soluble Cocrystals by Depressing Precipita-
tion Using the Common Coformer Effect. Cryst Growth Des. 
2016;16(12):6719–21.

 31. Cogo Machado T, Kavanagh ON, Gonçalves Cardoso S, 
Rodríguez-Hornedo N. Synchronization of Cocrystal Dis-
solution and Drug Precipitation to Sustain Drug Supersatu-
ration. Mol Pharm. 2022;19(8):2765–75.

http://creativecommons.org/licenses/by/4.0/


Pharmaceutical Research 

1 3

 32. Qiao N, Wang K, Schlindwein W, Davies A, Li M. In situ monitor-
ing of carbamazepine–nicotinamide cocrystal intrinsic dissolution 
behaviour. Eur J Pharm Biopharm. 2013;83(3):415–26.

 33. Lee EH, Byrn SR. Stabilization of metastable flufenamic acid by 
inclusion of mefenamic acid: Solid solution or epilayer? J Pharm 
Sci. 2010;99(9):4013–22.

 34. Alinda P, Shi K, Li M. Nucleation of Supersaturated Flufenamic 
Acid Cocrystal Solutions in the Presence of a Polymer. Cryst 
Growth Des. 2022;22(9):5215–28.

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.


	Optimisation of Pharmaceutical Cocrystal Dissolution Performance through a Synergistic Precipitation Inhibition
	Abstract
	Objectives 
	Methods 
	Results 
	Conclusions 

	Introduction
	Materials and Methods
	Materials
	Methods
	Phosphate Buffer Solution (PBS) Preparation
	Cocrystal Synthesis
	Equilibrium Solubility of FFA in DDW and PBS pH 4.5 in the Absence and Presence of a Predissolved Single Polymer or a Combination
	Cocrystal Solubility and Phase Solubility Diagrams (PSD) in DDW and PBS pH 4.5 in the Absence and Presence of a Predissolved Polymer or a Combination
	Particle Size Distribution
	Dissolution Tests of FFA, the Neat FFA-TP Cocrystal or FFA-NIC Cocrystal Powders in DDW in the Absence and Presence of a Predissolved Polymer or a Combination
	Dissolution Tests of the Powder Mixtures of the FFA-NIC Cocrystals with an Individual Polymer or a Combination in PBS pH 4.5 or PBS pH 6.8
	Dissolution Performance Parameter (DPP)
	High Performance Liquid Chromatography (HPLC) Analysis
	Powder X-ray Diffraction (PXRD)
	Statistical Analysis


	Results
	Particle Size Distributions
	Solubility
	FFA-NIC Cocrystal Solubility and Phase Solubility Diagrams (PSDs)
	Dissolution Tests in DDW in the Absence and Presence of a Predissolved Polymer or a Combination
	Dissolution Studies of FFA in DDW in the Absence and Presence of a Predissolved Polymer or a Combination (Fig. 2)
	Dissolution Studies of FFA-TP Cocrystal in DDW in the Absence and Presence of a Predissolved Polymer or a Combination (Fig. 3)
	Dissolution Studies of FFA-NIC Cocrystal in DDW in the Absence and Presence of a Predissolved Polymer or a Combination (Fig. 4)
	Dissolution Studies of FFA-NIC Cocrystal in DDW in the Presence of a Combination of Pre-Dissolved PVP-VA and SLP at Various Concentrations (Fig. 5)

	Dissolution Tests of Powder Mixtures of FFA-NIC Cocrystal with Individual Single Polymers or a Combination
	Non-Sink Conditions Dissolution Tests in PBS pH 4.5 (Fig. 6)
	Sink Conditions Dissolution Tests in PBS pH 6.8 (Fig. 7)


	Discussion
	Cocrystal Solubility vs. Maximum API Concentration in Solution
	Cocrystal Surface Precipitation Mechanism
	Surface Precipitation Inhibition by a Single Polymer
	Dissolution Performance Enhancement Through Optimising a Combination of Polymers for Synergistic Precipitation Inhibition

	Conclusion
	Anchor 40
	References


