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Abstract 

Background: Curcumin (CUR) is a natural polyphenolic compound exhibiting diverse 

pharmacological activities. However, its extremely low aqueous solubility and poor 

chemical stability severely limit its bioavailability and clinical application. 

Methods: Two novel cocrystals of CUR, CUR-m-hydroxybenzoic acid (CUR-MHBA) 

and CUR-gallic acid (CUR-GA), were prepared via slurry crystallization and 

characterized by Powder X-ray diffraction (PXRD), Differential scanning calorimetry 

(DSC), Thermogravimetric analysis (TG), Fourier transform infrared spectroscopy (FT-

IR), and ¹H Nuclear Magnetic Resonance (1H-NMR). Their solubility, dissolution 

behavior, antioxidant capacity, and antibacterial activity were systematically evaluated. 

Results: Saturation solubility analysis showed that CUR-MHBA and CUR-GA had 

higher equilibrium solubility than CUR alone, both in water and ethanol at 25°C and 

37°C. Dissolution testing showed that both cocrystals exhibited similar “spring-

parachute” characteristics to CUR in four different solutions (pH 1.2, 4.5, 6.8, and 7.4), 

with higher steady state concentrations than CUR. Moreover, CUR-MHBA and CUR-

GA demonstrated enhanced antioxidant activity. Relative to CUR, their free radical 

scavenging capacities increased by 1.29 and 1.43-fold, 1.47 and 3.89-fold, and 1.45 and 

1.47-fold using DPPH (2,2-diphenyl-1-picrylhydrazyl), ABTS (2,2′-azino-bis(3-

ethylbenzothiazoline-6-sulfonic acid)), and FRAP (Ferric Reducing Antioxidant Power) 

assays, respectively. Antibacterial assays against Staphylococcus aureus and 

Escherichia coli also revealed significantly lower minimum inhibitory concentrations 

(MIC) for both cocrystals compared to CUR alone. 

Conclusion: CUR-MHBA and CUR-GA significantly improved the solubility, 

dissolution, and biological activities of CUR. These results suggest that 

cocrystallization with bioactive polyphenolic acids is an effective approach to enhance 
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the physicochemical properties and therapeutic potential of CUR. 

Key words: Curcumin, Cocrystal, m-hydroxybenzoic acid, gallic acid, Solubility, 

Antioxidant activity, Antimicrobial activity  
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1.  Introduction 

Curcumin (CUR), a natural polyphenol derived from Curcuma longa, possesses a 

chemical structure containing a β-diketone group, an alkene bond, and phenolic rings1,2 

(Figure 1a). It has been used for centuries both as a food spice and in traditional 

medicine.3 Recent studies have shown that CUR exhibits various pharmacological 

effects such as antibacterial, antioxidant, anti-inflammatory, anticancer, and wound-

healing activities,4-8 making it a promising candidate for treating cancer, Alzheimer’s 

disease, and other related diseases.9,10However, the extremely low aqueous solubility 

and poor oral bioavailability (<1%) hinder the clinical application of CUR, which is 

due to its low solubility (<8 μg/mL in water), limited permeability, and rapid 

metabolism (half-life < 2 h).2 In a human trial, the maximal plasma concentration was 

only 92 ± 29 ng/mL even at high oral doses (1-4 g/day).11 Its further limitations include 

chemical instability and fast systemic clearance.12 

Cocrystal engineering, based on supramolecular synthon principles,13 provides an 

efficient strategy to tailor material properties.14,15 Pharmaceutical cocrystals consist of 

an API and a pharmaceutically acceptable coformer in a fixed stoichiometric ratio,16-18 

stabilized by non-covalent interactions such as hydrogen bonds, π–π stacking, and van 

der Waals forces.19-22 Hydrogen bonding is particularly important due to its strength and 

directionality.23,24 Supramolecular synthons,25 either homosynthons or heterosynthons, 
26,27 guide the assembly, with common motifs including acid-acid, acid-amide, and acid-

pyridine dimers.28-30 Cocrystallization can modify key properties including solubility, 

dissolution rate, and bioavailability without altering the API’s covalent structure or 

intrinsic activity.31-36 For instance, a cocrystal of amantadine HCl and sulfathiazole 

exhibited a significant reduction in the MIC against Bacillus subtilis, decreasing from 

0.40 mg/mL for the individual API to 0.05 mg/mL.37 

To improve the solubility of CUR via cocrystals, approximately 20 systems have been 

developed using coformers such as nicotinamide, bipyridine, and glucose.38-43 These 

studies demonstrate that cocrystallization can significantly influence the dissolution 

behavior and physicochemical performance of CUR. More recent reports have further 

expanded the range of CUR cocrystals structurally diverse coformers, primarily aiming 

to enhance solubility, dissolution rate, and, in some cases, bioavailability.39,43,44 In 

particular, early studies demonstrated that CUR cocrystals prepared by liquid-assisted 

grinding with simple phenolic coformers, including resorcinol and pyrogallol, primarily 

showed improved dissolution in hydroalcoholic media.38 Although most systems 

demonstrated increased solubility and dissolution, certain cocrystals, such as CUR-

phloroglucinol,45 performed poorly due to surface precipitation or dissociation-
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triggered crystallization (“spring” effect).46 Despite these advances, previous studies 

have mainly focused on improving the physicochemical properties of CUR via 

cocrystals, with relatively limited investigation under biorelevant conditions and 

insufficient attention to their potential impact on biological activity. 

In this study, two antioxidant and antibacterial polyphenolic acids, m-

hydroxybenzoic acid (MHBA) and gallic acid (GA) (Figure 1b-c), were selected as 

coformers for CUR based on crystal engineering principles. Both compounds possess 

hydroxyl and carboxyl groups, which facilitate stronger and more diverse hydrogen-

bonding interactions, resulting in distinct solid-state characteristics and dissolution 

profiles. CUR-MHBA and CUR-GA cocrystals were synthesized, and their structural 

properties were characterized. Their equilibrium solubility, dissolution, and in vitro 

antioxidant and antibacterial activities were evaluated. In contrast to previous 

reports,39,43,44 this work evaluated dissolution of these cocrystals under biorelevant 

aqueous conditions (pH 1.2, 4.5, 6.8, and 7.4) and demonstrated sustained 

supersaturation. Furthermore, the study examined the functional contributions of 

coformers with intrinsic antioxidant and antimicrobial activities, offering additional 

insight into the potential interplay between cocrystal design and biological performance. 

These findings underscore a distinct design rationale and broader pharmaceutical 

relevance for the cocrystals developed. It is expected to provide foundational data for 

future pharmacological research. 

 

Figure 1.  Chemical structures of (a) CUR, (b) MHBA and (c) GA. 

2.  Methods 

2.1.  Materials 

Curcumin (CUR, analytical grade) was purchased from Sinopharm Chemical 

Reagent Co., Ltd.(China). m-hydroxybenzoic acid (MHBA, 98% purity), and gallic 

acid (GA, >98% purity) were obtained from Shanghai Adamas Reagent Co., Ltd. 

(Shanghai, China). All other chemicals and reagents were of analytical grade and used 

without further purification. 
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2.2.  Preparation of cocrystals 

The cocrystals of CUR-MHBA and CUR-GA were synthesized via the slurry 

crystallization method. CUR (368 mg, 1 mmol) and MHBA (138 mg, 1 mmol) were 

combined in a 20 mL glass vial with 10 mL of ethyl acetate as the solvent. For CUR-

GA, CUR (410 mg, 1.11 mmol) and GA (190 mg, 1.11 mmol) were mixed with 15 mL 

of ethyl acetate/ethanol/water (3:2:1, v/v/v). Both suspensions were continuously 

stirred at 400 rpm for 48 hours at room temperature in foil-wrapped vials with punctures 

for ventilation. The resulting crystalline solids were isolated by vacuum filtration and 

subsequently dried under vacuum at 35°C for 48 hours. The final products were 

hermetically packaged and stored at ambient temperature for subsequent analysis. 

2.3.  Crystal Engineering Analysis 

ΔpKa values were calculated using reported pKa data obtained from DrugBank 

(CUR) and PubChem (MHBA and GA). ΔpKa was defined as pKa(base) – pKa(acid) 

and used to assess the likelihood of salt versus cocrystal formation. Molecular 

electrostatic potential surface (MEPS) calculations were performed at the DFT level 

(B3LYP/6-31G(d)) after geometry optimization in the gas phase. The electrostatic 

potential extrema (Vmax and Vmin) were analyzed to identify potential hydrogen-bond 

donor and acceptor sites. 

2.4.  Characterization of raw materials and cocrystals 

2.4.1.  Powder X-ray diffraction (PXRD) 

PXRD was performed on a Bruker D8 Advance diffractometer (Bruker AXS, 

Germany). Samples were uniformly packed into a custom-made aluminum holder with 

a depth of 2 mm. The analysis was conducted using Cu - Kα radiation source (λ = 

1.54060 Å) at 40kV and 20 mA. Diffractograms were collected in reflection mode over 

a 2θ range of 5 to 60° with a step size of 0.02°. The diffracto-grams were analyzed using 

the X’pert High Score program, and the PXRD patterns were plotted using the Origin 

2021 software. 

2.4.2.  Differential scanning calorimetry (DSC) 

Thermal analysis was performed using a Mettler Toledo TG/DSC Stare System 

(Switzerland). Samples (5-10 mg) were weighted in a hermetically sealed aluminum 

crucible and subjected to a temperature heating from 25°C to 250°C at a heating rate of 

10°C /min under argon atmosphere (50 mL/min). An empty pan served as reference. 
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The data were analyzed by Mettler Toledo Stare System’s software and plotted with 

Origin 2021 software. 

2.4.3.  Thermogravimetric (TG) 

TG measurements were performed in a Mettler Toledo TG/DSC Stare System 

(Switzerland). The samples (5-10 mg) were weighted in alumina crucibles and heated 

from 25°C to 600°C at 10°C/min under argon atmosphere (50 mL/min) to determine 

mass loss profiles. The data were analyzed by Mettler Toledo Stare System’s software 

and plotted with Origin 2021 software. 

2.4.4.  Fourier-transform infrared spectroscopy (FT-IR) 

FT-IR spectra were acquired on a Thermo Scientific IS50 spectrometer (USA) 

using KBr pellets. Scans covered 4000-500 cm⁻¹ range at 1 cm⁻¹ resolution. The data 

were analyzed by Spectrum software and plotted with Origin 2021 software. 

2.4.5.  ¹H Nuclear Magnetic Resonance (¹H-NMR) 

¹H-NMR spectra were obtained using a Bruker AVANCE III HD 600 MHz 

spectrometer (Switzerland). In order to collect data for the ¹H-NMR 

investigations,dissolve 5mg of samples in DMSO-d6 or D₂O and transfer to a clean 

NMR tube.The data were analyzed by MestReNova v14.2.1-27684 and plotted with 

Origin 2021 software. 

2.5.  Determination of Saturation Solubility and Dissolution Profile  

The saturation solubility of CUR and its cocrystals was determined in water or 

ethanol using the shake-flask method.47,48 Excess powdered samples were added to 5 

mL of deionized water or ethanol in 15-mL centrifuge tubes. The sealed tubes were 

agitated at 180 rpm on a shaker at 37°C for 24 hours. Subsequently, supernatants were 

filtered through 0.45 μm membrane filters and analyzed at 426 nm using UV 

spectrophotometry. Saturation solubility values were calculated against standard 

calibration curves established in the respective solvents. Each experiment was carried 

out in three duplicates. The data were processed and analyzed by GraphPad Prism 

10.3.1 software. 

Powder dissolution profiles were determined using a protocol adapted from Zhou 

Y et al..49Dissolution profiles were determined in pH 1.2, 4.5, 6.8, and 7.4 buffer 

solutions following the shake-flask method. Excess powder samples were introduced 
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into 10 mL of buffer solution in 15-mL centrifuge tubes. After sealing, samples were 

agitated at 180 rpm at 37°C. Aliquots (0.5 mL) were withdrawn at 5, 10, 15, 20, 30, 45, 

60, 90, and 120 min following immersion. Samples were centrifuged at 10,000 rpm for 

10 min, and supernatants were diluted before concentration measurement using 

predetermined standard curves. Each experiment was carried out in three duplicates. 

The data were processed and analyzed by GraphPad Prism 10.3.1 software. 

2.6.  Determination of In Vitro Antioxidant Activity 

Antioxidant activity of CUR and its cocrystals was determined using three 

methods: DPPH, ABTS, and the FRAP assays. Every sample was measured in three 

duplicates. The data were processed and analyzed by GraphPad Prism 10.3.1 software. 

The DPPH assay was adapted to the protocol of  Mitic et al..50 A stock solution of 

DPPH (0.04 mg/mL in ethanol) was diluted to an absorbance of 0.6-1.0 at 517 nm. In 

96-well plates, 100 μL of sample solutions at varying concentrations were mixed with 

100 μL DPPH solution. After 30 min of light-protected incubation, absorbance was 

measured at 517 nm using a SpectraMax M2 multi-mode microplate reader. The 

following equation was used to represent the results as the DPPH free radical 

scavenging rate(E%): 

E(%) = [1-(𝐴𝑖 − 𝐴𝑗)/ 𝐴𝑘] × 100% 

where Ai indicates the absorbance of a sample and DPPH alcoholic solution 

mixture;Aj  indicates the absorbance of a sample and ethanol mixture;Ak indicates the 

absorbance of an ethanol and DPPH alcoholic solution mixture. 

The ABTS assay followed Rozi et al..51 ABTS working solution was prepared by 

mixing 0.2 mL of 7.4 mmol/L ABTS with 0.2 mL of 2.6 mmol/L potassium persulfate, 

followed by 12-hour dark incubation. The solution was then diluted 50-fold with PBS 

buffer. In 96-well plates, 100 μL sample solutions were reacted with 100 μL diluted 

ABTS solution for 10 min under dark conditions. Absorbance was recorded at 734 nm 

using the SpectraMax M2 reader. The following equation was used to represent the 

results as the ABTS free radical scavenging rate(E%): 

E(%) = [1-(𝐴𝑖 − 𝐴𝑗)/ 𝐴𝑘] × 100% 

where Ai indicates the absorbance of a sample and ABTS working solution 

mixture;Aj  indicates the absorbance of a sample and ethanol mixture;Ak indicates the 

absorbance of an ethanol and ABTS working solution mixture. 

The FRAP assay was adapted from Ben-zie et al..52 Working solution contained 



9 

 

2.5 mL 10 mmol/L TPTZ, 2.5 mL 20 mmol/L FeCl3·6H2O, and 25 mL 0.3 mol/L acetate 

buffer (pH 3.6). In 96-well plates, 100 μL sample solutions were mixed with 100 μL 

FRAP reagent and incubated at 37°C for 30 min. Absorbance was measured at 593 nm. 

The FRAP value for each sample was determined against a standard FeSO4 value, 

which calculated from a calibration curve with values ranging from 1.25 to 40 μg/mL. 

A =0.05C+0.0779,r=0.996  

where A indicates absorbance value;C indicates FeSO4 concentration (μg/mL). 

2.7.  Determination of  Antimicrobial activity 

The minimum inhibitory concentration (MIC) was determined against 

Staphylococcus aureus (S.aureus) and Escherichia coli (E.coli) using the microbroth 

dilution method according to Veiga et al..53 Serial two-fold dilutions of CUR and its 

cocrystals (1 mg/mL to 0.000488 μg/mL) were prepared in Luria-Bertani (LB) broth. 

Bacterial cultures were grown in LB broth at 37°C with shaking to mid-log phase 

(OD₆₀₀ ≈ 0.6) and diluted to 10⁶ CFU/mL. CUR, four cocrystal solutions, and diluted 

bacterial suspensions were added to U-bottomed 96-well microplates, with 

microorganism-containing and sterile broths serving as positive and negative controls 

respectively. After 24-hour incubation at 37°C, OD₆₀₀ measurements were taken every 

2 hours (within 12 hours) and at 24 or 36 hours. Growth kinetics analysis provided 

insights into antimicrobial mechanisms.54 Subsequently, 20 μL of 0.125% 2,3,5-

triphenyltetrazolium chloride (TTC) solution was added to each well, followed by 30-

minute re-incubation at 37°C, with the MIC defined as the lowest concentration 

showing no red coloration. The data were processed and analyzed by GraphPad Prism 

10.3.1 software. 

For the zone of inhibition assay adapted from Serrano et al.,55 the agar well 

diffusion method was employed. Overnight bacterial cultures were mixed with molten 

LB agar (50°C) at 10⁶ CFU/mL concentration, poured into plates containing four pre-

positioned Oxford cups (∼20 mL/plate). After solidification, cups were removed to 

create wells. Test solutions (100 μL) at varying concentrations were added to wells 

using DMSO controls. Following 24-hour incubation at 37°C, inhibition zone diameters 

(mm) were measured. The data were processed and analyzed by GraphPad Prism 10.3.1 

software. 

2.8.  Stability study 

The physical stability of the prepared cocrystals was evaluated under controlled 
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humidity conditions. A relative humidity of approximately 75% was established using 

a saturated NaCl solution in a sealed container at room temperature. The cocrystal 

samples were placed on a sample holder above the salt solution to avoid direct contact 

with the liquid phase. The container was tightly sealed and stored at room temperature. 

Samples were collected at 0, 7, and 14 days and analyzed by PXRD to monitor potential 

phase transformation or structural changes. 

2.9.  Sataistical analysis 

All experiments were performed in at least three independent replicates (n = 3). 

Data are presented as the mean ± standard deviation (SD). Statistical significance of 

differences between the individual CUR and cocrystal groups in terms of solubility, 

antioxidant activity, and antibacterial activity was determined by one-way analysis of 

variance (ANOVA) followed by Tukey's honest significant difference (HSD) post hoc 

test for multiple comparisons. A p-value of less than 0.05 (p < 0.05) was considered 

statistically significant.  

3.  Results and discussion 

3.1.  Crystal Engineering analysis 

To rationalize the selection of MHBA and GA as coformers, ΔpKa analysis was 

performed to evaluate the likelihood of salt versus cocrystal formation. The calculated 

ΔpKa values were strongly negative, indicating that proton transfer from the carboxylic 

acid coformers to CUR is thermodynamically unfavorable, supporting neutral cocrystal 

formation rather than salt formation (Table 1). Molecular electrostatic potential surface 

(MEPS) analysis further revealed clear electrostatic complementarity between CUR 

and the selected coformers (Figure 2). The β-diketone carbonyl groups of CUR 

exhibited pronounced negative electrostatic potential, consistent with hydrogen-bond 

acceptor capability, whereas the carboxylic acid protons of MHBA and GA displayed 

strong positive potential, indicating hydrogen-bond donor sites. This complementarity 

suggests that acid–carbonyl O–H···O heterosynthons are the dominant supramolecular 

interaction. Additional estimates of interaction energy  are summarized in Table 2. Both 

CUR-MHBA and CUR-GA systems exhibited negative ΔE values, indicating a 

preference for heteromolecular association over homomolecular aggregation. The more 

negative ΔE observed for CUR-GA suggests a relatively stronger predicted 

heteromolecular interaction tendency. 
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Table 1. pKa values and calculated ΔpKa used to assess salt versus cocrystal formation. 

Component Relevant pKa(type) pKa ΔpKa Source 

CUR pKa (strongest basic, predicted) -4.40 — DrugBank 

MHBA pKa₁ (carboxylic acid) 4.08 -8.48 PubChem 

GA pKa₁ (carboxylic acid) 4.21 -8.61 PubChem 

*ΔpKa = pKa(base) – pKa(acid). Strongly negative ΔpKa values suggest that proton transfer is 

thermodynamically unfavorable, supporting neutral hydrogen-bond-driven cocrystal formation 

rather than salt formation. 

 

Figure 2. Molecular electrostatic potential surfaces (MEPS) of (a) CUR, (b) MHBA 

and (c) GA. 

Red and blue regions represent positive and negative electrostatic potentials, corresponding to 

hydrogen-bond donor and acceptor sites, respectively. MEP extrema (Vmax, Vmin ) are labeled 

in kcal/mol. 

Table 2. SSIP/MEPS-derived interaction energy estimations for CUR and coformers. 

 EAA (kJ·mol-1) EAB (kJ·mol-1) ΔE (kJ·mol-1) 

CUR -62.53 — — 

MHBA -15.26 -41.72 -2.83 

GA -26.79 -55.05 -10.39 

*EAA and EAB represent estimated homomolecular interaction energies, EAB represents 

heteromolecular interaction energy, and ΔE denotes the interaction energy difference used to 

evaluate heteromolecular association tendency. More negative ΔE values indicate stronger 

predicted API–coformer interactions. 

 

3.2.  Powder X-Ray diffraction (PXRD) analysis 

Powder X-ray diffraction (PXRD) is an effective method for rapid detection of 

new crystalline phases in solid states.56 As seen in Figure 3, the PXRD patterns of CUR-

MHBA and CUR-GA cocrystals exhibited distinctly different crystalline peaks 

compared to both CUR and their respective coformers, indicating formation of novel 
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crystalline phases. Specifically, the CUR-MHBA pattern displayed new intense 

diffraction peaks at 9.58°, 29.89°, and 32.11°, while the characteristic MHBA peak at 

30.72° disappeared. The CUR-GA pattern showed new peaks at 20.36°, 22.17°, and 

28.51°, concurrent with the disappearance of characteristic CUR diffraction at 21.15° 

and GA peaks at 7.09°, 14.29°, and 25.14°. These collective alterations in diffraction 

patterns confirmed the establishment of new crystalline phases in the cocrystalline 

systems.  

 

Figure 3.  PXRD Patterns of CUR-MHBA, CUR-GA, MHBA, GA and CUR. 

3.3.  Thermal Analysis (DSC and TG) 

Thermal analysis, including DSC and TG, provides critical insight into the 

thermodynamic stability and phase purity of solid forms.57 DSC enables comparative 

evaluation of thermal events between starting materials and resulting cocrystals,58 while 

TG monitors mass changes under programmed heating, indicating desolvation and 

decomposition behaviors. 

The DSC curves of CUR-MHBA and CUR-GA cocrystals are presented in Figure 

4a. Individual components showed characteristic endotherms: CUR exhibited a single 

melting peak at 177.13°C, MHBA displayed endothermic at 202.37°C (melting), and 

GA showed endotherms at 78.62°C (dehydration) and 134.75°C (melting). Neither of 
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the cocrystals showed endothermic events near the melting points of their individual 

constituents, confirming high phase purity. Instead, each cocrystal exhibited a single 

sharp endotherm at a new transition temperature of 158.56°C for CUR-MHBA and 

161.26°C for CUR-GA，indicating the formation of distinct crystalline phases with 

unique thermal profiles.59 

TG analysis revealed no mass loss prior to melting, confirming the absence of 

solvent inclusion (Figure 4b) . CUR decomposed in a single step starting at 170.7°C 

with 65.6% mass loss. In contrast, the cocrystals showed improved thermal stability, 

with CUR-MHBA and CUR-GA exhibiting singular decomposition events initiating at 

206.7°C and 245.9°C, respectively. Each cocrystal displayed a coherent mass loss step 

distinct from its components, further supporting the formation of new crystalline phases 

with characteristic decomposition pathways. 

 

Figure 4.  (a) DSC patterns of CUR-MHBA, CUR-GA,MHBA,GA and CUR ; (b) TG 

patterns of CUR-MHBA, CUR-GA,MHBA,GA and CUR. 

3.4.  Fourier-transform infrared spectroscopy (FT-IR) analysis 

Fourier transform infrared spectroscopy is a valuable complementary technique 

for identifying novel solid forms. Comparative analysis revealed distinct spectral 

alterations in the cocrystals rather than simple superposition of component spectra, as 

illustrated in Figure 5. Characteristic CUR absorptions appeared at 3424 cm⁻¹ for O-H 

stretching, 1628 cm⁻¹ for C=O stretching, 1511 cm⁻¹ for C=C stretching, and 1279 cm⁻¹ 

for C-O stretching.  Hydrogen bonding induced significant spectral shifts in the 

cocrystals. 

The CUR-MHBA cocrystal exhibited a shift in carboxylic acid O–H stretching 

from 3430 to 3406 cm⁻¹ and a transition in C=O stretching from 1699 to 1607 cm⁻¹. For 

the CUR-GA cocrystal, the O–H stretching of GA shifted from 3419 to 3440 cm⁻¹, while 
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the C=O stretching of CUR moved from 1628 to 1619 cm⁻¹. These systematic 

vibrational modifications confirm the presence of noncovalent interactions between 

CUR and the coformers, providing conclusive evidence for cocrystal formation. 

 

Figure 5.  FT-IR patterns of CUR-MHBA, CUR-GA,MHBA,GA and CUR. 

3.5.  ¹H Nuclear Magnetic Resonance(1H-NMR) Analysis 

¹H-NMR analysis was conducted to confirm the presence and stoichiometric ratios 

of the cocrystals (Figure 6). Characteristic coformer signals were observed in the 

spectra: MHBA aromatic protons appeared near 7.39 and 6.98 ppm, and GA aromatic 

protons near 6.33 ppm. Protons from carboxylic acid and hydroxyl groups were not 

detected due to exchange broadening. Integration values demonstrated a 1:1 molecular 

ratio between CUR and each coformer. Notably, CUR-related signals exhibited 

downfield shifts in the cocrystal spectra, suggesting possible intermolecular 

interactions that may be associated with hydrogen bonding, consistent with previous 

reports49. However, as the measurements were performed in solution, the solid-state 

supramolecular organization cannot be directly inferred from ¹H-NMR data. 
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Figure 6.  ¹H-NMR patterns of CUR-MHBA, CUR-GA,MHBA,GA and CUR. 

3.6.  Determination of Saturation Solubility and Dissolution Profile 

3.6.1.  Saturation Solubility Analysis 

Solubility assessments of CUR, CUR-MHBA, and CUR-GA as well as their 

corresponding physical mixtures (PM) were conducted in two media (Fig. 7). In pure 

water (Figure 7a), the measured solubility followed the order CUR-GA > CUR-MHBA > 

CUR. CUR-GA exhibited the highest solubility, measuring 70.51±8.67 μg/mL at 25°C 

and 120.84±9.76 μg/mL at 37°C, representing 14.9-fold and 31.4-fold increases over 

CUR, respectively. CUR-MHBA showed the solubility at 7.60±2.94 μg/mL (25°C) and 

13.70±2.45 μg/mL (37°C), representing 2.5-fold and 3.6-fold increases over CUR 

respectively. The PM showed moderate increases in solubility. CUR-MHBA PM 

exhibited values of 4.18±0.62 μg/mL (25°C) and 4.82±0.30 μg/mL (37°C), while CUR-

GA PM reached 8.15±0.83 μg/mL and 10.27±1.23 μg/mL at 25°C and 37°C, 

respectively. In all cases, the corresponding cocrystals exhibited higher solubility than 

the physical mixtures under identical conditions. Ethanol solubility profiles differed 

significantly, as depicted in Figure 7b. The order of solubility was CUR-GA > CUR-

MHBA>CUR. In this solvent, CUR-GA demonstrated 3.5-fold and 3.4-fold 

improvements at 25°C and 37°C, respectively, while CUR-MHBA showed 2.3-fold 

enhancements at both temperatures. Similarly, the PM exhibited lower solubility than 
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the corresponding cocrystals in ethanol, with CUR-MHBA PM showing 4.87±0.45 

mg/mL and 5.01±0.78 mg/mL, and CUR-GA PM showing 5.61±0.66 mg/mL and 

6.07±1.02 mg/mL at 25°C and 37°C, respectively. Overall, the cocrystals exhibit higher 

measured solubility under the tested experimental conditions compared to CUR and 

PM. 

 

Figure 7.  The solubility test results of CUR, cocrystals and corresponding  PM in (a) 

water and (b) ethanol solution. 

3.6.2.  Dissolution Profile Analysis 

Powder dissolution testing characterizes supersaturation behavior in cocrystals 

exhibiting “spring-parachute” characteristics.60 Compounds demonstrating this 

behavior achieve rapid dissolution and sustain elevated concentrations over time, 

potentially improving solubility, bioavailability, and clinical efficacy.61-63 The 

dissolution profiles of CUR, CUR-MHBA, and CUR-GA were evaluated in four buffer 

systems, as shown in Figure 7. 

In pH 1.2 HCl buffer (Figure 7a), dissolution ranked CUR-GA > CUR-MHBA > 

CUR. CUR-GA showed notably rapid dissolution and maintained high concentrations, 

consistent with spring-hover behavior.64 Steady-state concentrations correlated well 

with solubility data.In pH 4.5 acetate buffer (Figure 7b), both cocrystals outperformed 

CUR. CUR-MHBA exhibited spring-parachute behavior with an initial rapid release 

followed by a gradual decline, suggesting crystallization over time.65 CUR-GA again 

displayed spring-hover properties with sustained supersaturation.In pH 6.8 phosphate 

buffer (Figure 7c), the order remained CUR-GA > CUR-MHBA > CUR. CUR-MHBA 

showed typical spring-parachute release, while CUR-GA maintained spring-hover 

dissolution, likely due to reversible hydrogen bonding that promotes dynamic 

equilibrium. In pH 7.4 phosphate buffer (Figure 7d), both cocrystals reached similar 
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steady-state concentrations, significantly surpassing CUR. 

 

Figure 8.  Powder dissolution profiles of CUR and its cocrystals in (a) pH 1.2,(b) pH 

4.5,(c) pH 6.8 and (d) pH 7.4 buffer solution . 

3.7.  Antioxidant Activity Analysis 

The antioxidant capacities of CUR and its cocrystals as well as their corresponding 

PM were evaluated using DPPH, ABTS, and FRAP assays (Figure 9). Lower IC₅₀ 

values indicate stronger antioxidant activity. 

In the DPPH assay, radical scavenging occurs through electron donation, reducing 

absorption at 517 nm proportionally to antioxidant strength.66 Concentration-dependent 

scavenging was observed from 1.25 to 40 μg/mL. At 40 μg/mL, CUR-MHBA and CUR-

GA exhibited scavenging rates of 64.95±2.17% and 73.03±2.77%, respectively, 

compared to 50.99±8.18% for CUR (Figure 9a), corresponding to 1.29-fold and 1.43-

fold enhancements. The IC₅₀ values were 31.70±3.18 μg/mL for CUR, 20.13±4.50 

μg/mL for CUR-MHBA, and 13.27±4.26 μg/mL for CUR-GA. For comparison, the IC₅₀ 

values of the physical mixtures were 31.89±3.80 μg/mL for CUR-MHBA PM and 

25.77±3.05 μg/mL for CUR-GA PM. The cocrystals exhibited lower IC₅₀ values than 

the corresponding physical mixtures, indicating improved apparent radical scavenging 

performance under the tested assay conditions. 
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In the ABTS assay, signal reduction at 734 nm reflects radical inhibition capacity.67 

At 32 μg/mL, both cocrystals outperformed CUR, with CUR-GA showing the strongest 

activity (IC₅₀ = 6.06±1.91 μg/mL). CUR-MHBA and CUR-GA demonstrated 1.43-fold 

and 1.47-fold improvements, respectively, in radical scavenging compared to CUR 

(Figure 9b). The IC₅₀ values of CUR-MHBA PM and CUR-GA PM were 30.21±1.46 

μg/mL and 18.18±2.47 μg/mL, respectively. The IC₅₀ values of the cocrystals were 

lower than those of the corresponding PM. 

The FRAP assay measures reduction of Fe³⁺-TPTZ to Fe²⁺-TPTZ at 593 nm, where 

higher absorbance indicates greater reducing power.68 CUR-MHBA and CUR-GA 

showed significantly greater activity above 5 μg/mL. At 40 μg/mL, reducing capacity 

was 3.48-fold higher for CUR-MHBA and 3.89-fold higher for CUR-GA than for CUR 

(Figure 9c). 

The PM exhibited lower reducing capacity than the corresponding cocrystals 

across the tested concentration range, consistent with the radical scavenging assays. 

Overall, the cocrystals exhibited improved apparent antioxidant activity under the 

tested experimental conditions compared to CUR and their corresponding PM, which 

may be associated with differences in dissolution and dispersion behavior during the 

assay69-71. 
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Figure 9.  Antioxidant activity of CUR, cocrystals and corresponding PM by (a) 

DPPH,(b) ABTS, and (c) FRAP. 

3.8.  Antimicrobial Activity Analysis.  

3.8.1.  MIC Analysis 

The antibacterial activities of CUR and its cocrystals against S.aureus and E.coli 

were determined using microbroth dilution with TTC staining validation (Figure 10). 

MIC values, defined as the lowest concentration preventing visible bacterial growth, 

served as the primary activity metric with triplicate parallel testing under all 

conditions.Red-outlined wells indicated the first concentration achieving complete 

growth inhibition. All cocrystals demonstrated significantly lower MIC values than 
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CUR against both strains: MIC against S.aureus decreased from 0.5 mg/mL for CUR 

to 0.25 mg/mL for cocrystals, while MIC against E.coli reduced from 1 mg/mL to 0.5 

mg/mL. In contrast, CUR-MHBA PM and CUR-GA PM exhibited weaker antibacterial 

activity, with MIC values of 1 mg/mL against S. aureus and greater than 1 mg/mL 

against E. coli. These results suggest that the cocrystals exhibited improved apparent 

antibacterial activity under the tested experimental conditions compared with CUR and 

the corresponding physical mixtures. However, this observation should not be 

interpreted as evidence that cocrystallization alters the intrinsic antibacterial activity of 

dissolved CUR, and may instead be related to differences in dissolution and dispersion 

behavior during the assay48,72. 

 

Figure 10.  Images of CUR, cocrystals and corresponding PM tested for antibacterial 

activity against  S.aureus and E.coli in vitro using the 96-well plate method. The red 

rectangle represents the location of the minimum inhibitory concentration of solution 

clarity. 

3.8.2.  Growth Curve Kinetics Analysis 

To dynamically evaluate the antibacterial efficacy of CUR and its cocrystals, 

growth curves of S.aureus and E.coli were monitored by measuring OD₆₀₀ at designated 
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time points post-treatment (Figure 10). 

For S.aureus shown in Figure 10(a-c), both cocrystal-treated groups exhibited 

growth curves below those of CUR across all concentrations, indicating stronger 

inhibitory effects. At a sub-MIC concentration of 0.125 mg/mL, CUR allowed rapid 

exponential growth within 0–24 h, followed by a stationary phase. In contrast, 

cocrystals at the same concentration significantly delayed entry into the logarithmic 

phase and maintained lower OD₆₀₀ values throughout, demonstrating effective 

suppression of bacterial growth even at subinhibitory levels. CUR-MHBA and CUR-

GA showed particularly strong inhibition: although bacteria entered the logarithmic 

phase between 6–24 h, they exhibited lower growth rates and reduced growth amplitude, 

reaching stationary phase by 24 h. 

Against E.coli depicted in Figure 10(d-f), although the cocrystals showed lower 

MIC values indicating enhanced antibacterial activity, differences in growth curves 

were less pronounced than those against S.aureus. This is consistent with literature 

reports that CUR has stronger membrane-disrupting effects on Gram-positive bacteria 

such as S.aureus than on Gram-negative bacteria like E.coli 68. Altogether, these 

findings suggest that cocrystallization enhances antibacterial activity of CUR, likely 

through improved solubility. 

 

Figure 11.  Growth curve kinetics displaying the effect of CUR and its cocrystals on 

the growth of (a-c) S.aureus and (d-f) E.coli. S.aureus and E.coli WT cells without any 

drug treatment were taken as respective controls. 

3.8.3.  Zone of Inhibition Analysis 
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To comprehensively evaluate the antibacterial activity of the CUR cocrystals, the 

agar well diffusion assay was used to assess the inhibitory effects of CUR, CUR-MHBA, 

and CUR-GA against S.aureus and E.coli. Based on MIC results, concentrations of 0.5, 

1, and 2 mg/mL were selected for S. aureus (CUR MIC = 0.5 mg/mL), and 1, 2, and 3 

mg/mL for E. coli (CUR MIC = 1 mg/mL). This design allowed evaluation of diffusion 

capacity and antibacterial efficacy at subinhibitory, inhibitory, and supratherapeutic 

concentrations. 

As shown in Figure 11, both cocrystals produced significantly larger inhibition 

zones than CUR at equivalent concentrations against both pathogens. These results are 

consistent with the reduced MIC values observed in broth dilution assays and enhanced 

growth suppression in kinetic analyses, confirming the superior antibacterial activity of 

the cocrystals over  CUR alone. 

Against S.aureus (Figure 11(a-b)), the inhibitory efficacy ranked CUR-MHBA ≈ 

CUR-GA > CUR, aligning with the strong growth inhibition observed in kinetic studies. 

For E.coli (Figure 11(c-d)), a similar trend was observed: CUR-GA > CUR-MHBA > 

CUR. The slightly enhanced performance of CUR-GA may be attributed to its electron-

donating capacity, as indicated in antioxidant assays. No inhibition zones were observed 

for DMSO or the individual coformers, confirming the absence of solvent or single-

component interference and suggesting synergistic antibacterial effects in the cocrystals. 
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Figure 12.  Agar diffusion assay of CUR and its cocrystals: Representative inhibition 

zones against (a-b)S. aureus and (c-d) E.coli and Comparative diameter analysis of 

zones. 

3.9.  Stability Study 

The PXRD patterns of both cocrystals recorded at 0, 7, and 14 days exhibited 

identical diffraction peak positions without the appearance of any new peaks or 

disappearance of characteristic reflections (Figure 12). Although minor variations in 

peak intensities were observed, these changes are commonly attributed to differences 

in sample packing density and preferred orientation effects during PXRD measurement 

rather than  to a structural transformation. These results indicate that no phase transition 

or dissociation occurred under the storage conditions (25°C and 75% RH), suggesting 

that the cocrystals remained structurally stable in the solid state during the investigated 

period. However, the present experiment was designed to evaluate solid-state stability, 

and the solution-state behavior of the cocrystals was not investigated in this study. 
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Figure 13.  PXRD patterns of CUR-MHBA and CUR-GA cocrystals during stability 

testing at 25°C and 75% RH (0, 7, and 14 days). 

4.  CONCLUSION 

This study successfully engineered two novel cocrystals through co-crystallization 

of CUR with bioactive polyphenolic coformers. Comprehensive characterization via 

PXRD, DSC, TG, IR, and ¹H-NMR confirmed their structural integrity and thermal 

stability. Equilibrium solubility and powder dissolution studies demonstrated 

substantial enhancements in solubility, dissolution rate, and peak concentration. 

Crucially, these superior dissolution properties translated to enhanced bioactivity. 

DPPH, ABTS, and FRAP assays revealed synergistic antioxidant enhancement between 

CUR and coformers. Concurrently, both of cocrystals exhibited significantly reduced 

MIC values. These findings collectively establish that selecting coformers with dual 

functionality, crystal engineering capability and intrinsic bioactivity, provides an 

effective strategy for simultaneously improving the dissolution performance of CUR 

and amplifying its antioxidant/antibacterial efficacy. The CUR cocrystal breakthrough 

not only facilitates development of high-efficiency CUR formulations but also offers a 

valuable paradigm for optimizing other natural polyphenolic or diketone-based active 

compounds with analogous structural features. 
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