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G R A P H I C A L  A B S T R A C T

A pyrazinamide-mimetic gelator templates metastable Forms β and δ of pyrazinamide by gel phase crystallization. This approach is the only known way to access the 
pure Form β at room temperature.
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A B S T R A C T

A mimetic gelator designed to incorporate the chemical structure of pyrazinamide (PZA), a highly polymorphic 
drug, has been synthesized. Metastable Forms β and δ of PZA were obtained from supramolecular gel phase 
crystallization in nitrobenzene and DMSO, respectively, using a bis(urea) gelator designed to mimic the structure 
of PZA. This is the only known way to access the pure Form β at room temperature. In contrast, concomitant 
crystallization of a mixture of metastable polymorphs and the most thermodynamically stable form were ob-
tained from solution crystallization. By analyzing the intermolecular interactions of PZA in the mimetic gel phase 
crystallization, it is proposed that the mimetic gelator and solvent can influence the nucleation behavior by close 
interaction with the carbonyl group to select PZA Forms β and δ.

1. Introduction

Controlling pharmaceutical polymorphism is crucial in drug 

development, as different polymorphs could cause variations in thera-
peutic efficacy and manufacturing processes [1,2]. However, the selec-
tive crystallization of desired polymorphs, particularly metastable forms 
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that may offer enhanced solubility or bioavailability, remains a signifi-
cant challenge [3,4]. The use of gel phase crystallization to control 
polymorphism in pharmaceutical compounds has emerged as a powerful 
tool [5–7]. Compared to conventional solution crystallization, gel phase 
crystallization offers several advantages, including a micro-confined 
environment that potentially limits molecular diffusion and convec-
tion and an active surface that can influence crystal nucleation and 
growth [8,9]. By tailoring a supramolecular gel matrix, researchers have 
observed the control over polymorph formation or unique crystalliza-
tion outcomes that are difficult to achieve in solution [10,11].

The development of drug mimetic gels represents a novel approach 
for gel phase crystallization [5,12–14]. By incorporating moieties from 
the drug structure into the gelator, the mimetic gel can act as a specific 
surface for heterogeneous nucleation and potentially provide a template 
to encourage the epitaxial overgrowth of specific packing structure of 
drug crystals and/or induce the bias in conformational distribution of 
drug molecules during nucleation, resulting in the formation of meta-
stable or difficult-to-nucleate solid forms [15–18]. At the end of crys-
tallization, gelation can be turned off by the addition of anions, allowing 
pure crystals to be retrieved by filtration [11,19]. A series of mimetic 
gelators have been developed for the crystallization of various drugs, 
including ROY-mimetic gelators with a similar torsion angle as the 
metastable Form R [15], imide group-containing mimetic gelators for 
preventing concomitant crystallization of thalidomide and barbital [18], 
cisplatin-mimetic gelators giving rise to a novel solvate [20], and mex-
iletine hydrochloride-mimetic gelators that induce different metastable 
salt polymorphs [21]. However, the interaction mode of mimetic gels 
with drug molecules is not clear, and the role of solvent in the gel still 
requires further exploration.

Pyrazinamide (PZA), a widely used antituberculosis drug [22,23], is 
a classic example of packing polymorphism of pharmaceutical com-
pound [24]. Despite its simple molecular structure, PZA exhibits com-
plex polymorphism, including thermodynamically stable under ambient 
conditions Form α and metastable Forms β, δ, and γ [24–28]. The sta-
bility, solubility and structure properties of different PZA polymorphs 
have been extensively studied [24,29–32]. In solution crystallization, 
PZA tends to form a mixture of metastable polymorphs by concomitant 
polymorphism [33]. Even heterogeneous crystallizations containing 
tailored additives [34,35], polymers [36], hydrogels [37] and functional 
group templates [38] have failed to give rise to the pure Form β.

In this study, we have designed a PZA-mimetic gelator and explored 
PZA polymorphism in mimetic supramolecular gel phase crystallization. 
PZA Forms β and δ were selectively obtained in nitrobenzene and DMSO 
gels, which was the first time pure Form β has been obtained. By 
comparing polymorph outcomes with solution and non-mimetic gel 
phase crystallization, the advantage of mimetic gel phase crystallization 
in obtaining pure metastable polymorphs of PZA is illustrated. The role 
of mimetic gelator and solvent in the selective crystallization of PZA is 
further explained by gel surface crystallization and gel phase crystalli-
zation in mixed solvents. Finally, we explore how the mimetic gel in-
fluences the intermolecular interactions of PZA during nucleation.

2. Experimental

2.1. Materials

Pyrazinoic acid hydrazide and pyrazinamide were purchased from 
Fluorochem (UK). 4,4′-methylenebis (2,6-diethylphenyl isocyanate), 
propylamine, triethylamine and tetrabutylammonium acetate were 
purchased from Sigma Aldrich (UK). All organic solvents were from 
Fisher Scientific (UK). All chemicals and reagents are of analytical 
purity.

2.2. Synthesis

2.2.1. Mimetic gelator
Pyrazinoic acid hydrazide (276.2 mg, 2.0 mmol) was added in 

chloroform (40 mL) with a slight excess of triethylamine and heated to 
obtain a clarified solution. 4,4′-methylenebis(2,6-diethylphenyl isocya-
nate) (362.5 mg, 1.0 mmol) was dissolved in chloroform (10 mL) and 
added dropwise to the pyrazinoic acid hydrazide solution. The mixture 
was heated under reflux at 70 ◦C for 12 h, cooled to room temperature, 
and filtered. The precipitate was then washed twice with chloroform and 
diethyl ether, and dried. The solid was ground as a fine yellow powder 
(568.1 mg, 0.89 mmol, 89 %).

1H NMR (400 MHz, DMSO‑d6) δ = 10.53 (s, 2H, PzCONH), 9.18 (d, J 
= 1.5, 2H, PzH), 8.87 (d, J = 2.4, 2H, PzH), 8.74 (dd, J = 2.5, 1.5, 2H, 
PzH), 8.20 (s, 2H, PzCONHNH), 7.85 (s, 2H, PhNH), 6.92 (s, 4H, PhH2), 
3.83 (s, 2H, PhCH2Ph), 2.53 (t, J = 7.4, 8H, PhCH2), 1.08 (t, J = 7.5, 
12H, PhCH2CH3). Elemental analysis for C33H38N10O4: Calc. (%): C 
62.05, H 6.00, N 21.93; Found (%): C 61.52, H 5.96, N 21.65.

2.2.2. Non-mimetic gelator
4,4′-methylenebis (2,6-diethylphenyl isocyanate) (543.7 mg, 1.5 

mmol) was dissolved in 20 mL of tetrahydrofuran and propylamine 
(177.3 mg, 3.0 mmol) was added with stirring, rapidly appearing as a 
white gel. The reaction was stirred for 4 h at room temperature and 
filtered. The precipitate was then washed with dichloromethane and 
diethyl ether and dried. The solid was ground as a fine white powder 
(620.1 mg, 1.29 mmol, 86 %).

1H NMR (400 MHz, DMSO‑d6) δ = 7.22 (s, 2H, CH2NHCO), 6.93 (s, 
4H, PhH2), 5.93 (s, 2H, PhNH), 3.80 (s, 2H, PhCH2Ph), 2.98 (q, J = 6.6, 
4H, NHCH2), 2.46 (t, J = 7.5, 8H, PhCH2), 1.39 (h, J = 7.0, 4H, 
NHCH2CH2), 1.07 (t, J = 7.6, 12H, PhCH2CH3), 0.84 (t, J = 7.4, 6H, 
NHCH2CH2CH3). Elemental analysis for C29H44N4O2: Calc. (%): C 72.46, 
H 9.23, N 11.66; Found (%): C 72.16, H 9.08, N 11.42.

2.3. Preparation of gel

A certain proportion of gelator and solvent (see Section 1 of the SI for 
details) was added in a glass vial and heated slowly with a heat gun until 
the gelator fully dissolved. The mixture was sonicated for about 10 s to 
promote gel formation and then left to cool slowly to room temperature. 
Gelation was confirmed by performing a “stable-to-inversion” test on the 
aggregated material in the vial.

2.4. Crystallization methods

2.4.1. Gel phase crystallization
A certain amount of PZA and gelator was added to the solvent (see 

Section 3 of the SI for details) and the PZA − containing gel was obtained 
according to the method of gel preparation. PZA was added in a su-
persaturated amount, resulting in crystals in the gel phase at room 
temperature within 30 min to 2 days. To collect the PZA crystals, tet-
rabutylammonium acetate was added to break down the gel structure 
and then the crystals were separated by filtration.

2.4.2. Solution crystallization
Under the same condition as gel phase crystallization, the solution 

containing supersaturated PZA was obtained by heating, crystallized at 
room temperature and filtered to obtain crystals. The solution with the 
addition of mimetic gelator followed the same method as solution 
crystallization, where the gelator was added to the solvent along with 
the PZA.

2.4.3. Gel surface crystallization
The saturated solution of PZA in nitrobenzene or DMSO at 60 ◦C was 

prepared and then added dropwise to the surface of nitrobenzene 
mimetic gel at room temperature, with standing to obtain PZA crystals 
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on the gel surface.

2.5. Characterization methods

2.5.1. Scanning electron microscopy (SEM)
SEM samples were prepared on silicon wafers, dried at room tem-

perature, and sputter-coated with 2 nm of platinum. The images were 
obtained using an FEI Helios NanoLab DualBeam microscope in im-
mersion mode, with beam settings of 1.5 kV and 0.17 nA.

2.5.2. Polarizing optical microscopy (POM)
The morphologies of PZA crystals were characterized by POM with 

OLYMPUS SZX12.

2.5.3. Powder X-ray diffraction (PXRD)
The polymorph of PZA crystals was identified by PXRD with Bruker 

D8 Advance. The sample was placed in a diffractometer with Cu Kα 
radiation, collecting the pattern in the range of 5–50◦ at a scanning rate 
of 10◦/min.

2.5.4. Fourier transform infrared (FTIR)
FTIR spectrum was measured on a Perki Elmer Spectrum 100 in-

strument using direct compression method in the wavelength range of 
4000–550 cm− 1.

2.6. Calculation methods

The standard PXRD patterns were obtained by simulating the PZA 
single crystal structures from the Cambridge Structure Data (CSD) using 
Mercury software, with refcodes PYRZIN [39], PYRZIN01 [40], PYR-
ZIN02 [41], PYRZIN17 [33] for Forms α, β, δ and γ, respectively.

Hirshfeld surfaces of Forms β and δ were calculated using the Crystal 
Explorer software [42]. The 2D fingerprint plots derived from the 
Hirshfeld surface were analyzed to distinguish the different packing 
modes of PZA polymorphs.

3. Results and discussion

3.1. Preparation of mimetic gel

A pyrazinamide-mimetic gelator was synthesized in high yield by a 
nucleophilic addition reaction of pyrazinoic acid hydrazide with the 
corresponding terminal isocyanate-containing linker at a 2:1 ratio, as 
described in the experimental section. The compound contains two urea 
groups to form supramolecular gels primarily through intermolecular 

hydrogen bonding interaction and two functional groups similar to the 
structure of PZA, as shown in Fig. 1a. The supramolecular gel is readily 
prepared by simply heating and dissolving the gelator in a solvent and 
then sonicating at room temperature.

Gel screening was performed on the PYZ-mimetic gelator. Despite 
screening 40 candidate solvents, the gelator displayed solubility and 
gelation in only a few solvents (Table S1). Fig. 1b shows the four gels 
formed in nitrobenzene, N,N-dimethylformamide (DMF), N,N-dime-
thylacetamide (DMA) and dimethyl sulfoxide (DMSO) at the critical gel 
concentration (CGC) values of 1.6, 2.0, 2.5 and 5.6 % w/v, respectively. 
The morphology of the resulting xerogels were further characterized by 
SEM. Fig. 1c shows the entangled nanofibrillar structure of the gel that is 
highly cross-linked. The formation of entangled fibers demonstrates that 
the mimetic gelator can self-assemble multiple molecular chains to 
create cross-linked aggregates to further form the supramolecular gel 
network, possibly via a scrolling mechanism [43,44].

3.2. Gel phase crystallization of PZA

We tried to use the four prepared mimetic gels for gel phase crys-
tallization of PZA. However, for the DMF and DMA gels, gelation ceased 
when PZA was added, and gels could not be obtained even when the 
gelator concentration was increased. This may be related to an inhibi-
tion of the inter-fiber interaction leading to the gel fiber formation by 
PZA molecules in these solvents, or inhibition of fiber formation by 
competitive hydrogen bonding [45]. The gelation of nitrobenzene and 
DMSO gels was not affected at the corresponding CGC values and these 
gels were therefore used for the subsequent PZA gel phase crystallization 
studies.

PZA crystals were obtained by dissolving the supersaturated PZA and 
mimetic gelator with heat and standing at room temperature for 30 min 
to 24 h in nitrobenzene and DMSO gel phases. The gel was then dis-
solved by addition of tetrabutylammonium acetate to obtain the isolated 
PZA crystals by filtration. Fig. 2a shows the millimeter-scale crystals 
with different morphologies obtained from the mimetic gels. The PZA 
crystals occur as white flakes from the nitrobenzene gel and as fused 
white plates from the DMSO gel. The polymorphs of the obtained PZA 
crystals were identified by PXRD, as shown in Fig. 2b. By comparison 
with the simulated PXRD patterns obtained from the known single 
crystal structures of PZA [33,39–41], the PZA crystals obtained from 
nitrobenzene gel were identified as Form β, and those obtained from 
DMSO gel as Form δ. Forms β and δ are both metastable polymorphs of 
PZA, and Form β especially is the most unstable and often appears in 
concomitant mixtures of polymorphs [24,33], leading to difficult prep-
aration by conventional crystallization methods. The formation of pure 

Fig. 1. (a) Chemical structure of pyrazinamide and mimetic gelator; (b) gels at CGC in (left to right) nitrobenzene, DMF, DMA and DMSO; (c) SEM image of the 
mimetic xerogel at 1.6 % w/v in nitrobenzene.
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Form β in the gel illustrates the significant advantage of the mimetic gel 
approach in obtaining the pure metastable polymorph. This is also the 
only known way to obtain the pure Form β at room temperature, which 
Form β has higher solubility and bioavailability and contributes to un-
derstanding the polymorphic transformation process. Besides, gel phase 
crystallizations with varying gelator concentration and PZA supersatu-
ration were also performed, with no influence on the polymorphic 
outcome of the PZA (Table S2 for experimental details).

Solution crystallization with the same conditions as gel phase crys-
tallization was carried out as a control (Table S3 for experimental de-
tails). PZA crystals obtained by solution crystallization in pure solvent 
had different crystal morphologies and polymorphism from the gel 
phase crystallization. Fig. 2c shows the mixed crystals of flakes, plates 
and rods obtained from nitrobenzene and the crystals of needles in 
DMSO by solution crystallization. PXRD data indicate that the PZA 
crystals obtained from nitrobenzene are mixed polymorphs of Forms β, δ 
and γ, while those obtained from DMSO are the thermodynamically 
stable Form α at room temperature, as shown in Fig. 2d. In addition, a 
pure polymorph can still not be obtained by varying the crystallization 
conditions of PZA in nitrobenzene, shown in Table S3.

3.3. Influence of mimetic gelator and solvent on PZA polymorphs

A different pleomorphism of PZA from solution crystallization 
appeared in the mimetic gel phase crystallization. In order to explore the 

influence of the mimetic gelator and solvent on PZA polymorphs, a series 
of control experiments were performed, including non-mimetic gel 
phase crystallization, solution crystallization with the addition of 
mimetic gelator and mimetic gel surface crystallization (Tables S4–S6
for experimental details).

As a control, a non-mimetic gelator bearing n-propyl substituents 
was synthesized by a similar procedure as the mimetic gelator as shown 
in Fig. 3a. The non-mimetic gelator also form gels in nitrobenzene and 
DMSO and gelation occurs in the presence of PZA (Fig. S1 for non- 
mimetic gel characterization). However, in the non-mimetic gel phase 
crystallization, PZA crystals obtained in nitrobenzene proved to be a 
mixture of Forms β, δ and γ, while in DMSO the non-mimetic gels gave 
Form α (Fig. 3b), the same polymorphic forms seen in solution crystal-
lization. These observations imply that in mimetic gel phase crystalli-
zation the groups of the gelator that have a similar structure to PZA can 
interact with the PZA molecules to provide specific nucleation sites, 
changing the polymorphic outcome compared to the solution crystalli-
zation results.

The possibility that the mimetic gelator is acting as a solution phase 
crystallization additive was tested by a further control experiment. The 
mimetic gelator was dissolved in either nitrobenzene or DMSO at sub- 
gelation concentration and the resulting solutions used for solution 
crystallization of PZA. Fig. 3b shows that PZA crystals obtained from 
nitrobenzene containing dissolved gelator are a mixture of Forms β, δ 
and γ, while from DMSO Form α was obtained. These outcomes are 

Fig. 2. (a–b) Crystal morphologies and PXRD patterns of PZA in nitrobenzene and DMSO gel phase crystallization; (c–d) crystal morphologies and PXRD patterns of 
PZA in nitrobenzene and DMSO solution crystallization.
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consistent with the polymorphism observed from solution crystalliza-
tion in the pure solvents. Hence only in the gel phase induces the for-
mation of specific polymorphs of PZA implying a role of the array of PYZ 
mimetic groups on the gel fiber surface. Comparison of the PXRD pat-
terns in Fig. 3b with the reference PXRD patterns of the known PZA 
forms is shown in Figs. S2 and S3.

In a gel phase crystallization, there are two potential ways for the 
solvent to influence the polymorphism of PZA, including the role of the 
gel network structure in indirectly influencing the mass transfer and 
aggregation of PZA molecules and by solvent effect to directly influence 
the nucleation behavior of PZA. To clarify the role of solvents, gel sur-
face crystallization was conducted using the mimetic gel in nitrobenzene 
as a substrate with dropwise addition of supersaturated solutions of PZA 
in either nitrobenzene or DMSO, respectively. Fig. 3c and 3d show the 
PZA crystals that formed on the gel surface, with more crystals forming 
as the volume of PZA solution added increased. For the nitrobenzene 
solution, the resulting PZA crystals were clusters of small flakes, iden-
tified by PXRD as Form β (Fig. S4). For the DMSO solution layered on the 
mimetic gel in nitrobenzene, PZA plates were first obtained, while mixed 
plates and needles were observed when the addition volume increased to 
100 µL. The plate crystals were identified as Form δ and needle crystals 
as Form α (Fig. S5). The crystallization process in the presence of the 
larger 100 µL volume of PZA-DMSO solution was observed by micro-
scopy, which showed that the Form δ plate crystals first appeared on the 
gel surface and then the Form α needle crystals appeared in the solution 
phase (as in conventional solution phase crystallization in DMSO) and 
subsequently dropped on to the gel surface, indicating the preferential 
selectivity of mimetic gel surface for Form δ in DMSO solution. There-
fore, at the DMSO solution-nitrobenzene gel interface the gel surface 
crystallization outcome is consistent with the bulk gel phase crystalli-
zation and selectively induces crystallization of Form δ. This contrasts to 
the formation of Form β from the nitrobenzene layering experiment and 
implies that nitrobenzene and DMSO directly influence the polymorph 
outcomes through a solvent effect in mimetic gel phase crystallization.

3.4. Polymorphic transformation in mixed solvents

The possible solvent induced polymorphic transformation of PZA 
was assessed in nitrobenzene-DMSO mixed solvent. The solubility of 
PZA and the CGC of the mimetic gel were determined at room temper-
ature in binary solvents with different ratios of nitrobenzene and DMSO 
(Table S7), and solution and mimetic gel phase crystallization were 

performed under the same conditions at a PZA supersaturation degree of 
1.5 (Table S8 for experimental details). Table 1 shows that as the ratio of 
DMSO in mixed solvents increases, a polymorphic transformation of PZA 
occurs in both crystallization methods, with polymorph outcomes 
identified by PXRD (Figs. S6 and S7). For solution crystallization, the 
PZA crystals transformed from a mixture of Forms β, δ and γ to Form α as 
the DMSO content was increased from 25 % to 50 %. However, for gel 
phase crystallization, the PZA crystals changed from Forms β to a 
mixture of Forms β and δ then ultimately to pure Form δ as the DMSO 
content increased from 0.5 % to 5 %. The polymorphic transformation of 
PZA in gel phase crystallization initiated at much lower DMSO content 
and only two polymorphs appeared in all ratios of binary solvent. This 
implies a synergistic interaction of the mimetic gelator and solvent on 
the selective crystallization of PZA polymorphs.

3.5. Impact of gel and solvent on the nucleation behavior of PZA

To explain the templating effect and interaction mode of the mimetic 
gelator and solvent on PZA polymorphism in gel phase crystallization, 
FTIR spectroscopy was used to characterize the intermolecular interac-
tion of PZA during nucleation. Fig. 4a shows the FTIR spectra of nitro-
benzene and DMSO gels containing PZA. Although most of the 
absorption peaks are caused by the solvents, the peaks relating to the 
carbonyl group (C––O) around 1700 cm− 1 are significantly different 
between both gels. The FTIR of the mimetic gels without PZA and PZA 
solutions were further tested, showing that the difference in the C––O 

Fig. 3. (a) Chemical structure of non-mimetic gelator; (b) PXRD patterns of PZA obtained from nitrobenzene and DMSO by non-mimetic gel phase crystallization and 
solution crystallization with the addition of mimetic gelator; (c-d) crystal morphologies of PZA obtained by adding nitrobenzene and DMSO solution on the mimetic 
gel surface.

Table 1 
PZA crystals obtained by solution and mimetic gel phase crystallization in 
nitrobenzene-DMSO solvents.

Content of DMSO (%) Form

Solution Gel phase

0 β + δ + γ β
0.5 β + δ + γ β
1 β + δ + γ β + δ
3 β + δ + γ β + δ
5 β + δ + γ δ
10 β + δ + γ δ
25 β + δ + γ δ
50 α δ
75 α δ
100 α δ
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position in both gels is only related to the PZA intermolecular in-
teractions (Figs. S8 and S9). Compared to the nitrobenzene gel, the C––O 
peak of PZA in the DMSO gel is shifted from 1705 to 1692 cm− 1 with a 
slight change in peak shape.

There is only one oxygen atom and one carbonyl group in the PZA 
molecule (Fig. 1a), so it can be considered that in the packing structure 
of the crystals, the oxygen atom of the C––O can act as a hydrogen 
bonding acceptor, and the carbon atom of the C––O neighboring the 
pyrazine group can be involved in the aromatic stacking interaction, as 
demonstrated by Hirshfeld surface analysis of PZA polymorphs 
(Fig. S10). The contribution of different contacts to the packing structure 
was calculated for Forms β and δ, corresponding to the PZA polymorphs 
obtained in nitrobenzene and DMSO mimetic gel phase crystallization, 
as shown in Fig. 4b. The H…H and N…H contacts in both polymorphs 
contribute the highest percentage without significant difference, 
whereas the main differences in packing modes between Forms β and δ 
are O⋯H, C⋯H and C⋯C contacts, which differ by 2.5 %, 4.2 % and 4.3 
%, respectively. The O⋯H contact reflects the formation of hydrogen 
bonding, and the C⋯H and C⋯C contacts are associated with aromatic 
stacking interactions, with all three contacts involving oxygen and 
carbon atoms in the C––O of PZA molecule. Therefore, it is possible that 
the mimetic gelator and solvent in the gel phase crystallization influence 
the nucleation behavior by close interaction with the C––O of PZA 
molecule to induce PZA polymorphs of Forms β and δ.

4. Conclusion

The supramolecular gels with a specifically targeted gelator that 
mimics the molecular structure of the highly polymorphic substrate PZA 
selectively induce the crystallization of metastable polymorphs of Forms 
β and δ in nitrobenzene and DMSO, respectively. Under the same con-
ditions, crystallization from solution, non-mimetic gel phase and solu-
tions containing dissolved mimetic gelator all give mixtures of Forms β, δ 
and γ or stable Form α in nitrobenzene and DMSO, respectively, illus-
trating the special advantage of mimetic gel phase crystallization in 
obtaining the pure metastable Form β of PZA. Mimetic gel surface 
crystallization shows similar polymorphic results to gel phase crystalli-
zation and further combines with gel phase crystallization in mixed 
solvents, suggesting that the template effect of mimetic gelator and the 
solvent-mediated effect synergistically induce the PZA polymorphism. 
Despite the difficulty in elucidating the process of gel phase crystalli-
zation, the combination of analyzing the intermolecular interactions of 
PZA in nucleation and the packing modes of PZA polymorphs confirmed 
that the mimetic gelator and solvent can selectively crystalize Forms β 
and δ mainly through close interactions with the carbonyl group of PZA.

The obtained metastable polymorphs of Forms β and δ have signifi-
cant advantages in solubility and bioavailability, especially this is the 
first time to obtain pure Forms β at room temperature, which is essential 

for quality control and formulation development of PZA. This study also 
proves that the supramolecular gel designed by drug molecule structure 
can influence the pharmaceutical polymorphism in a targeted way, 
providing insight into the interaction modes in gel phase crystallization. 
However, the crystal growth mechanism and the link between the nu-
cleus ordering and final crystal structure are not well understood and 
will be the subject of future work.
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Fig. 4. (a) FTIR spectra of PZA-containing nitrobenzene and DMSO gels and pure solvents; (b) contribution of different contacts to packing structure of Forms β 
and δ.

Q. Zhang et al.                                                                                                                                                                                                                                  

https://doi.org/10.1016/j.jcis.2025.02.093
https://doi.org/10.15128/r1df65v7911


Journal of Colloid And Interface Science 687 (2025) 582–588

588

References

[1] L.S. Taylor, D.E. Braun, L. Tajber, J.W. Steed, Crystallizing the role of solid-state 
form in drug delivery, Cryst. Growth Des. 22 (8) (2022) 4663–4665, https://doi. 
org/10.1021/acs.cgd.2c00760.

[2] Z. Gao, S. Rohani, J. Gong, J. Wang, Recent developments in the crystallization 
process: toward the pharmaceutical industry, Engineering 3 (3) (2017) 343–353, 
https://doi.org/10.1016/J.ENG.2017.03.022.

[3] J.W. Steed, 21st century developments in the understanding and control of 
molecular solids, Chem. Commun. 54 (94) (2018) 13175–13182, https://doi.org/ 
10.1039/C8CC08277D.

[4] D. Singhal, W. Curatolo, Drug polymorphism and dosage form design: a practical 
perspective, Adv. Drug Deliver. Rev. 56 (3) (2004) 335–347, https://doi.org/ 
10.1016/j.addr.2003.10.008.
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[26] K.N. Jarzembska, A.A. Hoser, R. Kamiński, A.Ø. Madsen, K. Durka, K. Wozniak, 
Combined experimental and computational studies of pyrazinamide and 
nicotinamide in the context of crystal engineering and thermodynamics, Cryst. 
Growth Des. 14 (7) (2014) 3453–3465, https://doi.org/10.1021/cg500376z.

[27] N. Wahlberg, P. Ciochon, V. Petricek, A.Ø. Madsen, Polymorph stability prediction: 
on the importance of accurate structures: a case study of pyrazinamide, Cryst. 
Growth Des. 14 (1) (2014) 381–388, https://doi.org/10.1021/cg400800u.

[28] K. Li, G. Gbabode, M. Sanselme, B. Nicolaï, N. Guiblin, I.B. Rietveld, Relation 
between twinning and disorder in the γ form of pyrazinamide, Cryst. Growth Des. 
23 (4) (2023) 2463–2469, https://doi.org/10.1021/acs.cgd.2c01419.

[29] A.A. Hoser, T. Rekis, A.Ø. Madsen, Crystal engineering, materials, dynamics and 
disorder: on the stability of pyrazinamide polymorphs, Acta Crystallogr. B 78 (3) 
(2022) 416–424, https://doi.org/10.1107/S2052520622004577.

[30] A. Maharana, D. Sarkar, Solubility measurements and thermodynamic modeling of 
pyrazinamide in five different solvent-antisolvent mixtures, Fluid Phase Equilibr. 
497 (2019) 33–54, https://doi.org/10.1016/j.fluid.2019.06.004.

[31] J. Zhang, Z. Liang, S. Ji, X. Wang, P. Lan, The thermal behavior of pyrazinamide in 
12 solvents from 288.15 to 328.15 k, J. Mol. Liq. 329 (2021) 115572, https://doi. 
org/10.1016/j.molliq.2021.115572.

[32] Y. Luo, Q. Liu, L. Yang, W. Wang, Y. Ling, B. Sun, Quantitative comparisons 
between α, β, γ, and δ pyrazinamide (PZA) polymorphs, Res. Chem. Intermediat. 41 
(2015) 7059–7072, https://doi.org/10.1007/s11164-014-1798-z.
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