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Abstract 

Background: Low solubility in water is a major obstacle for Meloxicam (MLX) and has 
implications for its limited bioavailability. Nanocrystallization techniques show potential 
for improving drug solubility, but nanoparticles tend to aggregate, suggesting the use of a 
combination of Hydroxypropyl Methylcellulose (HPMC) and Decyl Glucoside (DG) as 
stabilizers to overcome this problem. 
Objective: This study aims to develop and characterize meloxicam nanocrystals (MLX-NC) 
with a combination of HPMC and DG in an effort to improve solubility. MLX-NC was 
synthesized using ultrasonication and dried by lyophilization. 
Methods: The resulting formulation exhibited excellent physical stability over 28 days, as 
evidenced by consistent particle size (~11 nm) and polydispersity index (<0.3). Physical 
evaluation and characterization were performed, including particle size analysis (DLS), zeta 
potential, particle morphology (SEM), thermal analysis (DSC), X-ray diffraction (XRD), and 
saturated solubility testing. 
Results: The MLX-NC formulation showed a more than 200-fold increase in solubility 
compared to pure MLX, from 0.005 mg/mL to 1.064 mg/mL. XRD and DSC analyses 
confirmed that the nanocrystallization process converted the crystalline phase of MLX into 
an amorphous phase. These results indicate that induced amorphization can significantly 
improve solubility.  
Conclusion: The solubility of MLX can be significantly improved using ultrasonication 
combined with HPMC and DG. This approach has the potential to overcome the solubility 
limitations of BCS Class II drugs. 
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INTRODUCTION 

Meloxicam (MLX) is a non-steroidal anti-inflammatory drug (NSAID) that is widely used to treat pain and 

inflammation associated with conditions such as osteoarthritis and rheumatoid arthritis. It works by selectively 

inhibiting the cyclooxygenase-2 (COX-2) enzyme, which reduces the production of prostaglandins that mediate 

inflammation and pain.1,2 However, the therapeutic potential of MLX is hampered by its very low water solubility, which 

causes unpredictable drug absorption and limited bioavailability. It is known that the solubility of MLX in water is around 

2.2 to 7.15 µg/mL, depending on pH and temperature conditions. Based on the Biopharmaceutical Classification System 

(BCS), MLX belongs to class II, which is characterized by high permeability but low solubility.3,4 Solubility is a critical 

aspect of the physicochemical properties of drugs in pharmaceutical product development because it tends to affect 

bioavailability, especially when the drug is administered orally.5 

Various formulation strategies have been developed to overcome the solubility challenges of MLX, including 

salt formation, solid dispersion, complexation, lipid-based delivery, and particle size reduction techniques.6–10 Among 

these methods, nanocrystallization has shown significant potential in improving drug solubility.11–13 This technique 

involves the formation of solid crystals ranging in size from 1 to 1000 nm, which exhibit a significantly increased surface 

area to volume ratio. This increase in surface area facilitates the release of drug molecules into the dissolution medium, 

which ultimately increases solubility and dissolution rate.14,15 Nanocrystals can enhance particle adhesion to the 

intestinal mucosal surface, prolonging residence time at the absorption site, thereby potentially increasing 

bioavailability. In addition, nanocrystal systems stabilized with polymers and surfactants can reduce pharmacokinetic 

variability and improve physical stability during storage.16,17 
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However, nano-sized particles have high surface free energy and tend to aggregate, so the challenge of 

stabilization is a major concern.18,19 Stabilizers play an important role in preventing aggregation, which can reduce the 

effective surface area and inhibit the benefits of nanonization, as well as maintaining the desired particle size 

characteristics during formulation and storage.20 

A stabilizer commonly used in aggregation prevention efforts is Hydroxypropyl Methylcellulose (HPMC). HPMC 

is a polymer that is widely used in pharmaceutical formulations. It is hydrophilic and functions as a stabilizer by forming 

a good film layer on the surface of particles, thereby preventing aggregation.21 It has been reported that HPMC has been 

used to stabilize nano particle size, including in solid dispersion systems, nanocrystals, and nanosuspensions.22–24 In 

addition, in an effort to improve the function of the stabilization system, the surfactant decyl glucoside (DG) was added. 

DG, also known as alkyl polyglycoside, is a non-ionic surfactant with amphiphilic properties, biodegradability, and the 

ability to provide electrostatic stabilization and improve wettability.25–27 The development of nanocrystal systems using 

alkyl polyglycoside surfactants has been reported to provide stabilizing ability.28 Research on the specific combination 

of HPMC with the nonionic surfactant DG to stabilize meloxicam nanocrystals is still limited. The synergy between the 

steric stabilization of the polymer and the reduction of surface tension of the surfactant in a single formulation system 

for MLX has also not been widely explored. Therefore, the combination of HPMC and DG is expected to provide a 

synergistic effect in stabilizing meloxicam nanocrystals (MLX-NC) and provide a more optimal effect in maintaining the 

physicochemical stability of MLX-NC and significantly increasing its solubility.29 

This study aims to develop and characterize MLX-NC using HPMC and DG as stabilizers in an effort to improve 

solubility. This study is expected to make a valuable contribution to the development of efficient nanocrystal-based 

drug delivery systems, as well as similar pharmaceutical active ingredients in overcoming solubility limitations. 

 

METHODS 

Tools. The equipment used in this study included an Ultrasonic Probe Sonicator (Biostellar BSD-250W, Beijing), 

Lyophilizer freeze dryer (Biobase BK-FD10P, Beijing), Nanoparticle analyzer (Horiba SZ-100V2, Japan), X-Ray 

Diffractometer (Rigaku MiniFlex 600, Japan), Differential Scanning Calorimeter (Shimadzu DSC-60 Plus, Japan), Scanning 

Electron Microscopy (Hitachi S4700, Japan), and UV-Vis Spectrophotometry (Shimadzu 1800, Japan). 

Materials. The raw materials used include meloxicam (obtained from PT. Kimia Farma Tbk., Indonesia), hydroxypropyl 

methylcellulose (HPMC) K100M, decyl glucoside (DG), mannitol, and distilled water (obtained from industrial chemical 

supplier PT. Indo Sukses Pratama, Indonesia), all of which are pharmaceutical grade and analytical grade.  

Research Procedure 

Material Preparation and Initial Characterization of Raw Materials 

Preparation of the required raw materials and initial characterization of MLX, HPMC, and DG included 

organoleptic examination and XRD and DSC analysis to ensure the identity, purity, and quality of the raw materials. A 

calibration curve for MLX in water was also prepared. 

Preparation of Meloxicam Nanocrystals (MLX-NC) 

Preparation of MLX-NC using a modified ultrasonication method. Weigh 20 mg of MLX (~ MLX solubility 0.0057 

mg/mL), then add 3% HPMC and DG as stabilizers dispersed in 100 mL of water in a beaker. Particle size reduction and 

suspension homogenization were performed using an Ultrasonic Probe Sonicator (Biostellar BSD-250W, Beijing), with 

an amplitude of 75% at a temperature of 80°C for 40 minutes.30 

Lyophilization of Meloxicam Nanocrystals (MLX-NC) 

The nanosuspension was dried using the lyophilization method, with slight modifications. The aim was to 

convert the liquid phase into a solid phase to obtain dry nanocrystals. Freeze-drying was performed using a freeze dryer 

lyophilizer (Biobase BK-FD10P, Beijing), freezing the sample at -40°C for 24 hours, followed by drying for 72 hours at a 

pressure of 0.01 mbar, with the addition of 3% mannitol as a cryoprotectant.10 

Characterization of Meloxicam Nanocrystals (MLX-NC) 

a) Measurement of Particle Size, Polydispersity Index, and Zeta Potential 

Particle size and polydispersity index analysis were performed using the Photon Correlation Spectroscopy (PCS) 

or Dynamic Light Scattering (DLS) methods, while zeta potential was measured using the Electrophoretic Light Scattering 

(ELS) principle, using the same instrument, a Nanoparticle analyzer (Horiba SZ-100V2, Japan). This analysis reports the 
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average particle size and polydispersity index values that indicate the particle size distribution parameters and zeta 

potential values. The measurements were determined by measuring the change in light intensity scattered from the 

sample. Approximately 5 mL of nanosuspension sample liquid was placed in a cuvette cell. Measurements were 

performed at a temperature of 25°C and a scattering angle of 90°. Measurements of particle size, PDI, and zeta potential 

were performed on days 0, 7, 14, 21, and 28 to assess physical stability during storage at room temperature.31 All 

measurements were performed in triplicate (n=3). Data are reported as mean ± standard deviation (SD). Physical 

stability was evaluated based on the direction of change in particle size and PDI during a 28-day storage period. 

b) X-Ray Diffraction (XRD)  

X-ray diffraction analysis is used to characterize the crystal form of samples using an X-ray Diffractometer 

(Rigaku MiniFlex 600, Japan). The diffraction pattern was scanned with Cu Kα radiation generated at 40 mA and 40 kV 

with a scanning speed of 10°/minute in the angle range of 5–45° (2θ).32 

c) Differential Scanning Calorimetry (DSC)  

Thermal analysis by measuring the heat flow absorbed or released from the sample using a Differential 

Scanning Calorimeter (Shimadzu DSC-60 Plus, Japan). Samples weighing 2–5 mg were placed in an aluminum pan, then 

heated at a linear heating rate of 10°C/minute in a temperature range of 30–350°C in a nitrogen atmosphere.33 

Scanning Electron Microscopy (SEM) 

SEM analysis was used to determine the particle morphology of MLX-NC using Scanning Electron Microscopy 

(Hitachi S4700, Japan). Observations were made using an acceleration voltage of 15 kV at a current of 10 mA for 10 

minutes with air pressure ranging from 1.3 to 13.0 mPa.34 

Saturated Solubility Test 

The solubility test aims to determine the saturated solubility by comparing pure MLX and MLX-NC. This is done 

by weighing 100 mg of the sample and placing it in a vial containing 10 mL of water. The liquid is then shaken using an 

orbital shaker at a temperature of 25°C for 24 hours, then filtered, and the filtrate solution is measured for absorption 

using UV-Vis Spectrophotometry (Shimadzu 1800, Japan) at a maximum wavelength of 362.20 nm.35 

RESULT AND DISCUSSION  

Material Preparation and Initial Characterization of Raw Materials 

The preparation of the required raw materials was the first step in this study, followed by an examination of 

the identification of each material used in MLX, HPMC, and DG, including organoleptic testing and initial characterization 

using XRD and DSC analysis, which aimed to provide a clearer description of the properties of the materials and ensure 

that the raw materials used met the requirements of the compendium or supporting literature. The results of the 

organoleptic examination of MLX, HPMC, and DG, compared with the literature review, showed that all raw materials 

used were in accordance with the compendium and supporting literature.36,37 Next, an MLX calibration curve was 

created, and the solubility of pure MLX was determined as the initial state before modification into nanocrystals. The 

results of the MLX calibration curve determination can be seen in Figure 1, with a linear regression equation of y = 

0.0447x + 0.0855. Where y is the absorption value obtained from the instrument response, and x is the sample 

concentration (µg/mL), and the R² value = 0.998. The maximum wavelength (λmax) of MLX in water was obtained to be 

362.20 nm, as previously reported.38 

Preparation of Nanosuspension and Lyophilization of MLX-NC 

The synthesis of MLX-NC was carried out by initially forming a nanosuspension using a top-down method based 

on ultrasonication.39 The MLX-NC formulation is prepared with a composition of 20 mg meloxicam, 3% HPMC b/v, and 

0.5% DG b/v in 100 mL of water. This method works by utilizing high-frequency ultrasonic waves that create acoustic 

cavitation generated by an ultrasonic probe, thereby producing high energy that can break down solid particles into 

nano-sized particles.40 The addition of HPMC and DG as stabilizers serves to coat the particle surface by creating an 

exclusion zone around it and providing steric and ionic barriers that prevent agglomeration and maintain the particle 

size within the targeted range.41 After obtaining the desired particle size (<500 nm), which is the optimal size for 

pharmaceutical active ingredient nanocrystals, they exhibit good solubility and stability.16 The nanosuspension liquid is 

then dried through freeze drying or lyophilization, a process of removing water from a sample involving freezing, 

sublimation, and desorption, to obtain a dry solid.42,43 
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Figure 1. MLX reference calibration curve in water. 

 

 
Figure 2. Physical characterization profile of MLX-NC includes particle size, polydispersity index, and zeta potential 

during a 28-day storage period. 

 

Analysis of Particle Size, Polydispersity Index, and Zeta Potential 

Analysis of particle size and polydispersity index using the principle of Photon Correlation Spectroscopy (PCS) 

with a Nanoparticle analyzer aims to characterize the particle size distribution and evaluate the stability and 

homogeneity of the formulated nanosuspension system. Small and stable particle size is very important because it 

directly affects bioavailability and therapeutic efficacy, with smaller particles increasing solubility and dissolution rate.44 

The MLX-NC formulation showed good physical stability during a 28-day storage period at room temperature, 

characterized by stable particle size and polydispersity index, as shown in Figure 2. Particle size analysis showed minimal 

fluctuations, with an average size ranging from 10.40 nm to 12.06 nm. This small particle size is important for improving 

the solubility of hydrophobic drugs such as MLX.45 In addition, the homogeneous particle size distribution, as indicated 

by a low PDI value (< 0.5), ensures consistent product quality and minimizes drug release variation.46 
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This analysis supports the physical stability data of the MLX-NC formulation in the dispersion system. The data 

shows a consistently negative zeta potential, ranging from -12.55 mV to -16.86 mV.47 This negative zeta potential 

indicates the presence of electrostatic repulsion between particles, which prevents agglomeration.48 Although the zeta 

potential values are in the moderate range, the combination of small particle size and low polydispersity index indicates 

that this system has adequate stability, possibly also supported by other stabilizing mechanisms such as steric and 

electrostatic effects generated by the polymers and surfactants used in the formulation.49,50 Steric stabilization is 

provided by HPMC through the formation of a hydration layer around the particles, preventing agglomeration through 

steric repulsion.51 Meanwhile, DG provides electrostatic stabilization through negative charges at the particle-water 

interface, increasing the zeta potential and preventing particle aggregation.52 

 

X-Ray Diffraction (XRD) Analysis 

X-ray diffraction (XRD) pattern analysis was used to characterize the solid phase of pure MLX, HPMC, and MLX-

NC. The XRD diffractograms are presented in Figure 3, showing significantly different patterns among the three samples. 

The diffraction pattern of pure MLX is specific and characterized by a series of sharp and intense diffraction peaks at 2 

theta angles of 6.46°, 12.9°, 14.9°, 18.64°, 20.9°, and 25.76°, reflecting the crystalline nature of the sample and 

confirming its ordered crystal structure.53 In contrast, the HPMC diffractogram showed a broad and blunt "halo" pattern, 

with peaks identified at angles of approximately 2θ 20.32°, which is characteristic of amorphous materials with irregular 

molecular arrangements.54 The diffraction pattern of MLX-NC showed a drastic change compared to pure MLX. The 

sharp crystalline peaks of pure MLX disappear and are replaced by very broad peaks at an angle of 2θ 20.22°. This change 

indicates that the nanocrystal synthesis process has converted the crystalline phase of MLX into an amorphous phase. 

This phenomenon is known as "amorphization," most likely caused during the nanocrystallization process, high 

mechanical energy and shear stress generated during the probe ultrasonication process, which can damage the 

regularity of the crystal lattice, thereby inducing amorphization.55 In addition, it may be caused by the use of a less-

than-optimal concentration of stabilizing agent, as reported by previous researchers.56 Instead of the initial expectation 

of maintaining the crystalline phase in the form of nanocrystals, these results indicate the formation of an amorphous 

solid dispersion. Amorphous solid dispersion is a system in which drugs are converted into an amorphous form in a 

polymer matrix, thereby increasing solubility through increased free energy and supersaturation. Meanwhile, 

nanocrystals are a system in which drug particles remain in crystalline form but are reduced in size to the nanoscale, 

resulting in increased solubility mainly due to increased particle surface area and higher stability.57,58 However, this 

phase transformation may be in line with the expected research objective, which is to increase the solubility of MLX, as 

explained in the saturated solubility study results. 

 

Differential Scanning Calorimetry (DSC) Analysis  

Thermal analysis using Differential Scanning Calorimetry (DSC) was performed to evaluate the thermal phase 

of pure MLX, HPMC, and MLX-NC. The DSC thermogram can be seen in Figure 4, showing a sharp endothermic peak at 

257.94 °C, which represents the crystal melting point for the pure MLX sample and is consistent with the crystalline 

characterization shown by the X-ray diffractogram. Meanwhile, the HPMC thermogram pattern displays a broad peak 

at 54.7 °C, indicating a glass transition temperature (Tg) change, or the loss of water molecules attached to the 

characteristic features of amorphous materials.59 Meanwhile, the MLX-NC thermogram shows significant changes 

compared to pure MLX. The MLX crystal melting peak at 257.94 °C disappears completely and is replaced by a broad 

endothermic peak at a lower temperature (117.42 °C). This data is consistent with the results of XRD analysis, in which 

the sharp peak pattern of pure MLX changed to a broad peak pattern in MLX-NC, indicating that the crystalline phase of 

MLX underwent a transformation into an amorphous phase, as reported in previous studies.60 The transformation of 

the crystalline phase into an amorphous phase is thought to be caused by the high mechanical energy of ultrasonication, 

which disrupts the crystal structure, as well as molecular interactions between MLX and the HPMC polymer matrix that 

prevent recrystallization.61 
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Figure 3. XRD diffractogram patterns of MLX, HPMC, and MLX-NC showing a decrease in crystallinity in MLX-NC. 

 
Figure 4. DSC thermogram comparing MLX, HPMC, and MLX-NC. 

 

 
Figure 5. Topographical representation of particle surfaces showing (a) pure MLX and (b) MLX-NC, based on SEM 

analysis. 
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Scanning Electron Microscopy (SEM) Analysis 

Based on Scanning Electron Microscopy (SEM) analysis with 750x magnification at a scale of 20 µm and an 

acceleration voltage of 15 kV. The morphology of pure MLX and MLX-NC particles shows very significant differences. 

Figure 5a shows the morphology of pure MLX, with large and varied particles with a crystalline morphology such as 

sheets or irregular plates, similar to the morphology of medicinal materials in powder form.62 In contrast, Figure 5b 

shows the morphology of MLX-NC, particles that have undergone a nanonization process, appear more homogeneous 

and smaller crystal particles are scattered among the polymer matrix.63 The presence of pores or dark spots on the 

surface of MLX-NC particles indicates the presence of HPMC polymer matrix covering the particles.22 The pore structure 

and film-like morphology of MLX-NC are likely caused by the sublimation of water during lyophilization, which leaves 

voids in the polymer matrix, as well as the formation of an HPMC layer that coats the MLX particles. The change in 

morphology from large particles to smaller particles confirms the particle size analysis data. This reduction in particle 

size can increase the surface area, which ultimately can improve the solubility of MLX, which is difficult to dissolve in 

water.53 

 

MLX-NC Saturation Solubility Test 

The saturated solubility study showed a very significant increase in solubility in MLX-NC compared to pure MLX. 

As shown in Table 1, the solubility of pure MLX in water was only 0.005 ± 0.001 mg/mL, confirming its highly insoluble 

nature. In contrast, the solubility of MLX-NC increased dramatically to 1.064 ± 0.006 mg/mL. This substantial increase 

in solubility is a direct consequence of the nanonization process, which produces particles with a very small size 

(approximately 10-12 nm) and a much larger surface area, in accordance with the thermodynamic principle described 

by the Ostwald-Freundlich equation,64 These small particles have high surface energy, making it easier for molecules on 

the surface to escape into the solvent, thereby increasing solubility.15 

In addition, the alleged increase in solubility may also be caused by the use of functional additives, in this case 

as stabilizers for HPMC and DG. HPMC functions as a steric stabilizer polymer by absorbing onto the surface of 

nanoparticles, forming a protective layer that prevents aggregation and crystal growth.65 Meanwhile, DG acts as an 

effective surfactant in reducing the surface tension between hydrophobic particles and the aqueous medium. This 

reduction in surface tension increases the wettability of the particles, facilitating better contact with the solvent and 

accelerating the dissolution rate.66 The combination of steric stabilization and surface tension reduction effects allows 

MLX nanoparticles to maintain their properties. DG has an HLB (Hydrophilic-Lipophilic Balance) value of around 13–15, 

falling into the category of hydrophilic surfactants that are effective in reducing surface tension and improving the 

wetting of hydrophobic particles such as MLX, thereby accelerating the dissolution rate.67 Therefore, the MLX-NC 

formulation shows a significant increase in solubility as a result of the synergy between particle size reduction and the 

use of polymer stabilizers and surfactants. 

Table 1. Comparison of the solubility of pure MLX and MLX-NC in water. 

Sample Solubility (mg/mL) 

MLX 0.005 ± 0.001 

MLX-NC 1.064 ± 0.006 

Note: Representation of mean values ± SD (n=3), MLX (pure meloxicam) and MLX-NC (meloxicam nanocrystals). 

The correlation between the results of XRD and DSC analysis and the data on saturated solubility and particle 

size characterization shows that the nanocrystallization process has caused a phase transformation in MLX. This is 

evidenced by the disappearance of sharp crystalline diffraction peaks in pure MLX, which are replaced by broad 

diffraction patterns in MLX-NC, as well as the disappearance of the melting endotherm in the DSC thermogram, which 

consistently indicates amorphization. Given that the nanocrystallization system uses HPMC as a stabilizing polymer, this 

condition is thought to allow MLX to disperse molecularly in the polymer matrix, so that the resulting system is 

consistent with the characteristics of amorphous solid dispersion.68 Although the nanocrystallization process was 

initially intended to produce nano-sized particles with crystalline properties, the characterization results show that MLX-

NC undergoes amorphization. Interestingly, this phenomenon actually provides formulation advantages, because the 

amorphous phase has a higher Gibbs free energy than the crystalline phase, thereby significantly increasing solubility 

and dissolution rate. This is in line with the results of the saturated solubility test, which showed an increase in the 

solubility of MLX-NC by more than 200 times compared to pure MLX.69,70 
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Critical Implications and Study Limitations  

The observed amorphization of MLX, while advantageous for solubility, raises considerations regarding long-

term physical stability. Amorphous systems are inherently higher in energy and may be prone to recrystallization during 

storage, which could revert the solubility benefits. Future studies should include long-term stability testing under 

various temperature and humidity conditions. Furthermore, while saturated solubility tests show remarkable 

improvement, in vitro dissolution studies and in vivo pharmacokinetic evaluations are necessary to confirm the 

enhanced biopharmaceutical performance of this formulation. 

 

CONCLUSION 
The ultrasonic-based nanocrystallization process using HPMC and DG as stabilizers produces MLX with 

nanometer-sized particles that exhibit a decrease in crystallinity and a tendency toward an amorphous state, as 

indicated by XRD and DSC analysis. This change correlates with an increase in the saturated solubility of MLX-NC by 

more than 200 times compared to pure MLX, so that nanocrystallization with a polymer-surfactant combination can be 

seen as a pharmaceutical approach to overcome solubility limitations and increase the biopharmaceutical potential of 

class II BCS compounds with poor solubility. 
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