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Introduction 

Trimethoprim (TMP) (Figure 1A), a 5-substituted-2,4-
diaminopyrimidine, is a well-known antibiotic that 
functions via selective inhibition of bacterial 
dihydrofolate reductase. TMP is used to treat urinary 
tract infections caused by various gram-positive and 
gram-negative bacteria (Hawser et al., 2006). Due to 
poor aqueous solubility, the drug has been designated 
as class II and low solubility–high permeability by the 
Biopharmaceutical Classification System (Li et al., 
2005). Poor water solubility results in incomplete drug 
absorption in the gastrointestinal fluid, reducing the 
drug’s pharmacological effectiveness (Kawabata et al., 
2011). Previous studies have sought to enhance the 
solubility of TMP through various methods, including 
through the formation of solid dispersions, inclusion 

complexes and spherical crystallisation (Guptat et al., 
1991; Pawar et al., 1998; Li et al., 2005). 

The solid-state properties of biologically active 
compounds significantly influence their physicochemical, 
mechanical, and pharmacological effectiveness (Sheth & 
Grant, 2005; Byrn & Henck, 2012). The formation of a 
multi-component crystal phase is a promising technique 
to improve solid-state properties and thereby enhance 
solubility and dissolution rate (Dwichandra Putra et al., 
2016; Zaini et al., 2019). The multi-component crystal 
phase is a unique crystalline phase containing more than 
one component, such as active pharmaceutical ingredients 
and complementary molecules (e.g. solvents or 
pharmaceutical excipients), arranged stoichiometrically. The 
molecules in the crystal lattice are bonded by non-covalent 
intermolecular interactions, such as hydrogen bonding 
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Abstract 

Aim: To improve the solubility and antibacterial activity of trimethoprim (TMP) by preparing its 
multicomponent crystals with malic acid (MA).    Methods: Multicomponent crystals of TMP-MA 
were prepared by solvent co-evaporation. The solid-state properties were characterised by 
powder X-ray diffraction (PXRD), differential thermal analysis (DTA), Fourier transform infrared 
(FT-IR) spectroscopy, and scanning electron microscopy (SEM) analyses. The solubility was 
investigated in an aqueous medium, while the antibacterial activity against Escherichia coli was 
investigated using the agar disk diffusion method.    Results: The PXRD pattern of the TMP-MA 
binary system differed from the starting materials, supporting the formation of a new crystalline 
phase (equimolar ratio). The DTA thermogram showed a single, sharp, endothermic peak at 212.5 
°C attributable to the TMP-MA multicomponent crystal's melting point. FT-IR spectroscopy showed 
a solid-state interaction involving proton transfer between TMP and MA. The multicomponent 
crystal displayed a 2.5-fold higher solubility and had increased antibacterial activity compared to 
TMP alone.    Conclusions: The TMP-MA binary system forms salt-type multicomponent crystals 
that significantly increase solubility and antibacterial activity. Multicomponent crystal formation is 
a viable technique for modifying the physicochemical properties of active pharmaceutical 
ingredients. 
 

https://doi.org/10.46542/pe.2021.212.296304
https://orcid.org/0000-0003-0108-4464


Yuliandra et al.    Enhancing solubility and antibacterial activity using multicomponent crystals 

Pharmacy Education 21(2) 296 - 304  297 

 

 

and van der Waals forces. Multi-component crystals of 
pharmaceutical materials include cocrystals, salts, 
hydrates, and solvates (Cherukuvada et al., 2016; Berry 
& Steed, 2017). 

Incorporating active pharmaceutical ingredients into 
multi-component crystals has been shown to enhance 
their physicochemical properties, including solubility 
and dissolution rate (Dwichandra Putra et al., 2018; 
Yuliandra et al., 2019), compressibility (Rahman et al., 
2012; Paramanandana et al., 2020), physical and chemical 
stability (Vangala et al., 2011; Sopyan et al., 2017), 
bioavailability, and pharmacological effectiveness (Shete et 
al., 2015; Yuliandra et al., 2018). Multi-component crystals 
of TMP have been extensively investigated, including a 
cocrystal with sulfamethoxazole and salts of trimethoprim 
with cinnamic acid, acetic acid, formic acid, maleic acid, 
and mefenamic acid (Bryan et al., 1987; Prabakaran et 
al., 2001; Umadevi et al., 2002; Muthiah et al., 2006; 
Zaini et al., 2017; Bhattacharya et al., 2020). However, 
to the best of our knowledge, there are no reports on 
the formation of multi-component crystals of TMP with 
malic acid (MA) nor an investigation into its 
physicochemical properties. MA (Figure 1B) is a 
dicarboxylate acid derivative used for flavouring food 
and as a pharmaceutical agent. MA is currently 
recognised as a safe excipient by the Food and Drug 
Administration (Ober et al., 2013). 

 

 (A) 

 

 (B) 

 

Figure 1: 3D structures of A) trimethoprim and B) 
malic acid 

This study sought to prepare multi-component drug 
crystals of TMP and MA via solvent co-evaporation. The 
solid-state properties of the multi-component crystals 
were characterised by scanning electron microscopy 
(SEM), powder X-ray diffraction (PXRD), differential 
thermal analysis (DTA) for thermal behaviour, and 
Fourier transform infrared (FT-IR) spectroscopy. The 
solubility and antibacterial activities of the TMP-MA 
multi-component crystals were evaluated and 
compared to that of TMP alone. 

 

Materials and methods 

Materials 

TMP was obtained from PT. Waris (Jakarta, Indonesia; 
Imported from Shouguang Fukang Pharmaceutical Co., 
Ltd., batch no. A-20111307093). MA, methanol p.a., 
sodium dihydrogen phosphate, nutrient agar (NA), and 
HPLC grade acetonitrile were purchased from Merck 
KGaA (Darmstadt, Germany). Sodium chloride (0.9 %) 
was obtained from Otsuka Pharmaceutical Co., Ltd. 
(Tokyo, Japan). Ethyl alcohol (70 %) and distilled water 
were purchased from Brataco (Jakarta, Indonesia). 

 

Preparation of multi-component crystals of TMP-MA 

Equimolar TMP (0.01 mol, 2.9 g) and MA (0.01 mol, 1.37 
g) were combined in a glass beaker, dissolved in 
methanol and stirred to form a clear solution. The 
solvent was evaporated at an ambient temperature for 
48h. The TMP-MA multi-component crystals were 
stored in a desiccator for further characterisation. 

 

Characterisation of solid-state properties 

Powder X-ray diffraction analysis 

PXRD analysis was performed using an X-ray 
diffractometer with monochromatic CuKα (PANalytical 
Inc., Almelo, The Netherlands) and a generator voltage 
and current of 40 kV and 30 mA, respectively. PXRD 
patterns were recorded from 10–40° on the 2 θ at a 
step size of 0.02°. 

 

Differential thermal analysis  

Thermograms of TMP, MA, and the multi-component 
crystal were obtained using an FP85 TA Cell differential 
thermal analyser (Mettler Toledo, Greifensee, 
Switzerland). Samples (~2–3 mg) were placed in 
aluminium pans, sealed, and heated from 50–250 °C at 
a rate of 10 °C/min.  
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Fourier transform infrared spectroscopy analysis 

FT-IR spectra of TMP and the TMP-MA multi-
component crystal were obtained using a 1600 Series 
FT-IR spectrometer (PerkinElmer, Rodgau, Germany). 
Samples (~2–3 mg) were mixed with dry potassium 
bromide and scanned from 4000–400 cm-1. 

 

Scanning electron microscopy analysis 

The crystal habits of TMP, MA, and the multi-
component crystal were investigated by SEM (JSM-
6360LA, JEOL, Ltd., Tokyo, Japan). The sample was 
glued onto a metal stub with double-sided adhesive 
tape and sputter-coated with gold/palladium (Au/Pd 
80/20 %) under vacuum before analysis.  

 

Solubility test 

Excess TMP and its multi-component crystal were 
added to an Erlenmeyer flask containing distilled water 
(100 mL). The samples were shaken at an ambient 
temperature for 24h using an orbital shaker. The 
samples were then filtered through a 0.45-micron 
membrane filter, diluted with the mobile phase, and 
injected into an HPLC column (Hitachi, Ltd., Tokyo, 
Japan) with a flow rate of 1 mL/min to measure the 
concentrations. Acetonitrile and sodium dihydrogen 
phosphate (pH = 3) with orthophosphate acid (70:30) 
were used as the mobile phase. TMP was detected by 
UV light at a wavelength of 287 nm. The retention time 
(tR) of TMP was 1.4 min. All experiments were 
conducted in triplicate. 

 

In vitro antibacterial activity study  

The antibacterial activity of TMP and the TMP-MA 
multi-component crystal against Escherichia coli as a 
model bacterial species was investigated. NA medium 
was prepared (20 g in 1 L distilled water) and sterilised 
in an autoclave at 121 °C and 2 atm for 15 min. Bacteria 
were cultured at 37 °C and incubated for 24h. Bacterial 
colonies were swabbed, suspended in normal saline 
solution, vortexed, and incubated for two hours until 
the turbidity of a McFarland standard was achieved (3 
x 108 CFU/mL). Antimicrobial activity assays were 
performed using the agar disk diffusion method with 
incubation at 37°C for 24h. Test compounds were 
prepared in multiple concentrations (1, 5, 10, and 20 
%), and the diameters of the zones of inhibition were 
measured. All assays were performed in triplicate. 

 

Data analysis 

The data from the experiment are presented as mean ± 
SD. Statistical analysis for the diameter of inhibition 

before and after the formation of multi-component 
crystals was performed by using a paired t-test. The 
significance level was taken at a 95% confidence 
interval. The analysis was carried out using IBM SPSS 
Statistics version 26 (IBM, New York, USA).  

 

Results  

Solid-state characterisation  

PXRD patterns were obtained for TMP, MA, and the 
multi-component crystal phase of TMP and MA (Figure 
2). TMP displays specific diffraction peaks at 2 θ = 
11.81, 15.14, 15.94, 17.40, 17.87, 18.18, 22.21, 22.47, 
28.08, 30.74, and 33.44°. This indicated that the solid 
phase had a high degree of crystallinity. MA also 
demonstrates highly characteristic peaks at 2 θ = 16.70, 
17.16, 28.08, and 32.14°. The TMP-MA multi-
component crystal shows a unique PXRD pattern, 
lacking the diffraction peaks of isolated TMP and MA 
and displaying new peaks at 2 θ = 11.47, 12.30, 14.20, 
18.72, 20.91, 23.07, 25.09, 27.07, and 29.02°.   

 

Figure 2: PXRD patterns of A) trimethoprim, B) malic 
acid, and C) the multi-component crystal phase of 

trimethoprim and malic acid 

 

The thermodynamic behaviour of TMP, MA, and the 
multi-component crystal phase of TMP-MA is shown in 
Figure 3. The TMP thermogram exhibits a single, sharp 
endothermic peak at 203.4 °C, corresponding to the 
melting point of solid TMP. MA display a melting point 
of 143.5 °C, followed by thermal decomposition and 
evaporation above 180  °C. The DTA thermogram of the 
TMP-MA multi-component crystal is noticeably 
different from the starting materials (Figure 3C). A 
unique endothermic peak of the multi-component 
crystal can be seen at 212.5 °C. Meanwhile, no thermal 
events occurred before the melting point of the multi-
component crystal. 
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Figure 3: DTA thermograms of A) trimethoprim, B) malic acid, and C) the multi-component crystal phase of 
trimethoprim and malic acid 

 

The FT-IR spectrum of TMP (Figure 4A) shows N – H 
stretching frequencies at 3470.15 and 3318.25 cm-1 and 
an N – H bending mode at 1632.86 cm-1. Pivotal 
changes in the vibrational modes were observed in the 
FT-IR spectra of the multi-component crystal (Figure 

4B). The N – H stretching modes shifted to 3400.56 and 
3180.83 cm-1, and N – H bending occurred at 1685.06 
cm-1. The MA carboxylate anion band appears at 
1590.20 cm-1, indicating proton transfer between the 
MA carboxylate anion and TMP.  

 

 

Figure 4: FT-IR spectra of A) trimethoprim and B) the multi-component crystal phase of trimethoprim and malic acid 
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The crystal habits of TMP, MA, and the TMP-MA multi-
component crystal were imaged via SEM (Figure 5). 
TMP appears as fine, irregular-shaped particles, while 
MA appears as large, agglomerate-shaped particles. 

The multi-component crystals of TMP-MA (Figure 5C) 
are significantly different from the starting materials 
and occur as long rod-shaped particles. 

 

 

Figure 5: SEM micrographs of A) trimethoprim, B) malic acid, and C) the multi-component crystal of trimethoprim 
and malic acid (1000x magnification) 

 

Solubility studies 

The results of the solubility studies are presented in 
Table 1. The data show the multi-component crystal of 
TMP-MA was 2.5-fold more soluble than TMP alone.  

 

Table 1: Solubility of trimethoprim (TMP) and its 
multicomponent crystal with malic acid (TMP-MA) (n = 6). 

 

In vitro antibacterial activity study 

Treatment with TMP-MA multi-component crystals 
resulted in a notably larger (22%) zone of inhibition 
than TMP alone (Figure 6). Importantly, this increase 
was obtained for every concentration tested. The 
statistical analysis showed a significant increase in the 
inhibition zone after the formation of multi-component 
crystals of TMP-MA (p = 0.01).  

 

 

Paired t-test showed a significant increase in the inhibition zone after 
the formation of multi-component crystal of TMP-MA (p < 0.05) 

Figure 6: Antibacterial activity of trimethoprim (TMP) 
and trimethoprim-malic acid multi-component 

crystals (TMP-MA) against E. coli (n = 24)  
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Discussion  

Poor aqueous solubility has been the major obstacle in 
the development of drugs, especially in the path of drug 
delivery. It makes it difficult for the sufficient 
concentration of drug molecules to be delivered at 
their sites of action. This issue has become more 
important as oral ingestion is currently the most 
common and convenient route of drug administration 
(Savjani et al., 2012). The formation of multi-
component crystals is a promising approach to enhance 
the solubility of poorly water-soluble drugs such as 
trimethoprim (TMP). The present study aimed to 
prepare the multi-component crystals of TMP with 
malic acid (MA) and study their solubility and in vitro 
antibacterial activity.  

PXRD is a reliable technique for characterising the solid-
state properties of active pharmaceutical ingredients. 
PXRD patterns of a solid can be considered as 
fingerprints of the crystal phases; therefore, it can 
confirm the formation of new crystalline phases 
through the intermolecular interactions between two 
solid phases. A multi-component crystal phase is 
formed if the PXRD pattern of the binary mixture is 
distinct from its starting components (Karagianni et al., 
2018; Thakral et al., 2018). The PXRD pattern of the 
present study (Figure 2) showed specific diffraction 
peaks of TMP, which are similar to a previous report 
(Zaini et al., 2017). The unique pattern of TMP-MA, 
which established new peaks, supports the formation 
of a distinct crystalline phase composed of both TMP 
and MA. The formation of a multi-component crystal of 
an active pharmaceutical ingredient and coformer (salt-
type or cocrystal) can be predicted using the ΔpKa rule. 
If the difference in pKa between the active 
pharmaceutical ingredients and coformers is ≥ 3 then 
the binary system tends to form a salt-type multi-
component crystal, whereas a cocrystal form if ΔpKa < 
3 (Cruz-Cabeza, 2012; Loya et al., 2019). TMP is a weak 
base (pKa = 7.3), while MA is a weak dicarboxylic acid 
(pKa = 3.4) (Molu & Yurdakoç, 2010; Uslu & Kırbaşlar, 
2010). The ΔpKa for TMP and MA = 3.9, which suggests 
that the binary system will assume a salt-type multi-
component crystal phase. 

Thermal analysis is a simple and rapid method for 
determining the formation of a multi-component 
crystal phase (Lu et al., 2008). DTA was used to evaluate 
the thermodynamic behaviour of intact materials and 
their multi-component crystal phase. The melting point 
of MA and its thermal decomposition and evaporation 
above 180  °C are in agreement with previous work 
(Fernandes et al., 2019). On the other hand, the unique 
endothermic peak of the multi-component crystal 
(212.5 °C) indicates the formation of a new solid phase. 
The absence of thermal events before the melting point 
of the multi-component crystal suggests that it was 

either non-solvate or anhydrous. These results are also 
supported by the PXRD analysis. 

FT-IR spectroscopy is an important method for 
confirming the formation of multi-component crystals. 
Changes in vibrational mode energies can suggest 
intramolecular interactions between the functional 
groups of the active pharmaceutical ingredients and 
excipients (da Silva et al., 2016). The FT-IR spectrum of 
TMP (Figure 4A) showed similar properties with a 
previous study (Bettinetti et al., 1983). MA is an organic 
acid (dicarboxylate acid) containing several carboxylate 
and hydroxyl functional groups, which act as proper 
coformers, interacting with target functional groups of 
the drug (a weak base) through non-covalent 
interactions, such as hydrogen and van der Waals 
bonds (Chadha et al., 2016; Cugovčan et al., 2017). TMP 
and MA interact via N – H …… O hydrogen bonding 
between the TMP cation’s protonated pyrimidine 
moiety and MA carboxylate anion. Previous studies 
have elucidated the structures of the multi-component 
crystal phase of TMP with various organic acids 
(Bettinetti et al., 1983; Bryan et al., 1987; Muthiah et 
al., 2006; Prabakaran et al., 2001; Umadevi et al., 
2002). The intermolecular interaction pattern is similar 
to our finding. 

Co-crystallisation of multi-component crystals from 
organic solvent can produce a crystal habit differing 
from its starting materials. The crystal habit is affected 
by various factors, including solvent type, evaporation 
temperature, and degree of supersaturation. A change 
of crystal habit during multi-component crystal 
formation can influence the dissolution rate, 
flowability, and mechanical properties of active 
pharmaceutical ingredients (Serrano et al., 2016; 
Sathisaran & Dalvi, 2018). The crystal habits of TMP, 
MA, and the TMP-MA multi-component crystal were 
imaged via SEM (Figure 5). The new crystal habit seen 
at the multi-component crystals of TMP-MA (Figure 5C) 
is a strong indicator of the formation of a multi-
component crystal phase (Basavoju et al., 2008). 

Solubility plays a significant role in the gastrointestinal 
absorption of orally administered pharmaceutical 
agents. Drugs that are poorly soluble in water generally 
have limited bioavailability in the systemic circulation. 
Modifying the solid-state properties of active 
pharmaceutical ingredients through the formation of 
multi-component crystals with suitable coformers is a 
promising technique to improve solubility and 
pharmacological effectiveness (Kawabata et al., 2011; 
Berry & Steed, 2017). The primary advantage of this 
approach is the ability to maintain the drug in a solid 
crystalline phase and sustain its thermodynamic 
stability. In addition, this technique does not change 
the pharmacophore structure of the active 
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pharmaceutical ingredients (Dwichandra Putra et al., 
2018). 

The present solubility studies showed that the multi-
component crystal of TMP-MA was 2.5-fold more 
soluble than TMP alone. Several mechanisms can 
explain the improved solubility of TMP in the multi-
component crystal. For example, the incorporation of 
soluble excipients as coformers in the multi-component 
crystal phase can increase the solubility of poorly 
soluble drugs. In addition, the formation of a salt-type 
multi-component crystal of TMP-MA improves 
solubility as a result of a higher affinity in water. Salt-
type multi-component crystals immediately dissociate 
in an aqueous medium to cations and anions 
(Dwichandra Putra et al., 2016; Yuliandra et al., 2019; 
Zaini et al., 2019). 

Agar disk diffusion was used to determine whether the 
TMP-MA multi-component crystals displayed increased 
antibacterial activity compared to TMP alone. This 
technique benefits from simplicity, affordability, ability 
to test against a wide number of bacterial species, and 
ease of analysis (Balouiri et al., 2016). The present 
study showed a 22% larger inhibition zone of multi-
component crystal TMP-MA as compared with the 
intact TMP. Some recent studies also report the 
improvement of antibacterial activities through the 
formation of multi-component crystals of antibacterial 
agents. For example, the minimum inhibitory 
concentration of sulfaguanidine against E. coli is 
improved from 35 to 25 μg/ml after its cocrystal 
formation with thiobarbituric acid (Abidi et al., 2018). 
Sulfamethazine, another antibacterial agent from the 
sulfonamide class, shows a two-fold higher inhibition 
rate against the same bacterial species when prepared 
as a cocrystal with p-aminobenzoic acid (Pan et al., 
2019). A previous study also finds similar results for this 
antibacterial agent when cocrystallised with 
aminosalicylic acid (Serrano et al., 2016). These results 
suggest that the formation of multi-component crystals 
is a propitious strategy to improve the efficacy of drugs, 
such as antibacterial agents, with poor aqueous 
solubility.   

 

Conclusions 

This study shows that the formation of a multi-
component crystal phase between TMP and MA 
successfully improves the solubility and antibacterial 
activity of TMP. The solid-state properties, including 
the PXRD pattern, thermal behaviour, and crystal habits 
of the multi-component crystal of TMP-MA are 
remarkably different from that of TMP alone. 
Meanwhile, the formation of multi-component crystals 

of TMP-MA significantly improves the antibacterial 
activity in vitro. 
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