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ABSTRACT 

The microsphere was a primary particulate system for taste-masking with unique 

structural features defined by production process. In this article, ibuprofen lipid 

microspheres of octadecanol and glycerin monostearate were prepared to mask the 

undesirable taste of ibuprofen via three kinds of spray congealing processes, namely, 

air-cooling, water-cooling and citric acid solution-cooling. The stereoscopic and 

internal structures of ibuprofen microspheres were quantitatively analyzed by 

synchrotron radiation X-ray micro-computed tomography (SR-μCT) to establish the 

relationship between the preparation process and microsphere architectures. It was 

found that the microstructure and morphology of the microspheres were significantly 

influenced by preparation processes as the primary factors to determine the release 

profiles and taste-masking effects. The sphericity of ibuprofen microspheres 

congealed in citric acid solution was higher than the other two and its morphology 

was more regular than that being congealed in air or distilled water, and the contact 

angles between congealing media and melted ibuprofen in octadecanol and glycerin 

monostearate well demonstrated the structure differences among microspheres of 

three processes which controlled the release characteristics of the microspheres. The 

structure parameters like porosity, sphericity, and radius ratio from quantitative 

analysis were correlated well with drug release behaviors. The results demonstrated 

that the exterior morphology and internal structure of microspheres had considerable 

influences on the drug release behaviors as well as taste-masking effects. 
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1. Introduction 

Taste-masking had great importance for active pharmaceutical ingredients with an 

unpleasant taste in pediatric medicines as well as for the sensitive patient population. 

Recently, many taste-masking technologies had been developed, such as spray 

congealing [1], hot-melt extrusion [2-4], mixing with flavors and sweeteners [5-7], 

complexation with ion exchangers and cyclodextrins [8-10], encapsulation into 

microspheres and microcapsules [11], physical barriers or coating [12-14], solid 

dispersions [15], and granulation [16]. Many microencapsulation processes were 

modifications of three basic techniques, namely solvent extraction/evaporation, phase 

separation (coacervation) and spray congealing. However, solvent 

extraction/evaporation and coacervation were impaired by residual solvents and 

coacervation agents found in the products ran safety risks for their applications [17]. 

Therefore, spray congealing that was relatively simple and possess high throughput 

was usually much safer. 

Basically, the aim of taste-masking was to reduce or inhibit the interaction 

between the active ingredients and the taste buds in tongue. Since the interaction of 

the dissolved drug molecules with the taste receptors in the human taste buds caused 

taste reaction, the measurement of the moiety of drug released or dissolved in 
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simulated oral cavity conditions was an indicator to the taste-masking effects [18]. 

Furthermore, the morphology was one of the primary factors governing the rate 

and mechanism of the drug release from solid dosage forms, such as surface and 

shape of the dosage form. For instance, the rough surface of microspheres often 

showed faster release rate than the smooth microspheres [19]. The strong relationship 

between the morphology of the pellets and the value of the mean dissolution time 

(MDT) had been established [20]. 

Besides drug release tests, other conventional methods had been employed for 

micro-particle evaluations, such as optical microscopy for size analysis [21], scanning 

electron microscopy (SEM) for morphology detection[22], transmission electron 

microscopy (TEM) for porosity analysis [23], differential scanning calorimetry (DSC) 

for thermodynamic determination, and X-ray powder diffraction (XRPD) for crystal 

evaluation [24]. These methods could only evaluate taste-masked products to some 

extent and were difficult to identify the internal microstructure’s roles in 

taste-masking. Therefore, a quantitative structure characterization method had 

especial importance to correlate the detail structural information of microspheres with 

the drug release behaviors, providing new mechanistic knowledge for taste-masking 

technologies. 

Synchrotron radiation X-ray micro-computed tomography (SR-μCT), a powerful 

non-invasive investigation technique for the internal three dimension (3D) structures 

for various objects, had great potential for quantitative evaluation and design of solid 

drug delivery systems. The interior porous channels and irregular structures could be 
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obtained by SR-μCT, which could be further correlated with the drug release kinetics 

of felodipine osmotic pump tablets [25]. On one hand, the surface morphology and the 

internal 3D structure of felodipine osmotic pump tablets could be visualized; on the 

other hand, the intrinsic drug release kinetics and 3D parameters, such as surface areas 

of the remaining core inside the film, could be quantitatively elucidated using 

SR-μCT [26]. Combined with statistical method, SR-μCT was used to 

non-destructively investigate the mixing and segregation of granular materials in 3D 

[27]. Additionally, SR-μCT was also applied for structural analysis of polymer-coated 

granules and spherical hollow excipients on tableting [28]. 

As a widely used nonsteroidal anti-inflammatory drug, ibuprofen is rapidly and 

completely absorbed in the gastrointestinal tract after oral administration. Strong 

pungent taste of ibuprofen must be masked for the sensitive patients. In this study, 

ibuprofen lipid microspheres prepared by spray congealing in different cooling media 

were examined by SR-μCT to uncover the internal 3D structures in line with 

taste-masking. The primary objectives were to study the microstructural basis of lipid 

microspheres for taste-masking and to provide new evaluation method for production 

process optimization during taste-masking. 

2. Materials and methods 

2.1. Materials 

Ibuprofen with purity of 99.45% was provided by Hunan Erkang Pharmaceutical 

Co., Ltd., China. Glycerin monostearate (GMS) and octadecanol, as the excipients for 

taste-masking were supplied by Hunan Erkang Pharmaceutical Co., Ltd., China. 
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Sodium phosphate monobasic dehydrate, sodium hydrogen phosphate and phosphoric 

acid were obtained from Sinopharm Chemical Reagent Co., Ltd., China. 

Ibuprofen microspheres were prepared using a spraying technique (Spray gun, 

W-71, Iwata, Japan). The dissolution test was performed using a dissolution apparatus 

(ZRS-8G, Tianjin Haiyida Co., Ltd., China). The SR-μCT scans were carried out at 

the Shanghai Synchrotron Radiation Facility (SSRF) in Shanghai Institute of Applied 

Physics, Chinese Academy of Sciences. Data were analyzed using the commercially 

available software VGStudio Max (version 2.1, Volume Graphics GmbH, Germany), 

Image-pro Plus (version 6.0, Media Cybernetics, Inc., Bethesda, MD, USA), Amira 

(version 5.4.3, Visage Imaging, Inc., Australia) and Image Pro analyzer 3D (version 

7.0, Media Cybernetics, Inc., Bethesda, MD, USA). 

2.2. Preparation of ibuprofen microspheres 

The formulas of ibuprofen microspheres were selected by screening the ratio of 

ibuprofen, octadecanol, and GMS. According to the morphology, flowability, and 

dissolution in media of microspheres, the ratio of ibuprofen, octadecanol, and GMS at 

3:6:1 (w/w/w) was the best formula. Microspheres were prepared by heating 

appropriate amount of GMS and octadecanol to 65-70 
o
C until melted. Then, 

ibuprofen was gradually added and melted whilst stirring at 500 rpm by a magnetic 

heated stirrer (ETS-D5, IKA, Germany) to get a uniform mixture. The mixture was 

immediately poured into the reservoir of spray gun preheated to 70 
o
C in a dry oven 

and sprayed. The air-cooling microspheres were collected from stainless steel trays. 

The water and citric acid solution (pH = 1.20) were also used as cooling media, while 
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the cooled microspheres were quickly formed in 1000 mL of corresponding medium 

by a position of spraying at 5 cm above the medium. It was then filtered and dried in a 

vacuum oven at 40 
o
C. The microspheres were collected and stored in desiccator for 

further study. The microspheres were named as ACM, WCM and CCM for air-cooling 

microspheres, water-cooling microspheres, and citric acid solution-cooling 

microspheres, respectively. 

2.3. Contact angle measurement 

The contact angles between water, citric acid solution (pH = 1.20) and ibuprofen 

microspheres were determined under ambient temperature by a goniometry method. 

The same as the preparation of ibuprofen microspheres, appropriate amounts of GMS 

and octadecanol were heated to 65 - 70 
o
C and ibuprofen was gradually added and 

melted whilst stirring at 500 rpm to get a uniform mixture. The mixture was 

immediately poured onto a watch-glass and was cooled to form a uniform film. An 

appropriate size of film was selected and was put on a horizontal table. Approximately 

20 μL of the congealing media, namely, water or citric acid solution were deposited 

on the film from a consistent height. After the drop reached a quasi-equilibrium shape, 

photos were taken immediately by a camera and were analyzed using Image-pro Plus 

(version 6.0, Media Cybernetics, Inc., Bethesda, MD, USA) to calculate the contact 

angle. All measurements were repeated in triplicate by three individual films. 

2.4. Thermolgravimetric analysis 

The thermolgravimetric analysis (TGA) measurements were performed by a 

PerkinElmer Thermogravimetric analyzer Pyris 1 TGA at 10 
o
C/min in the nitrogen 
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atmosphere. Samples (approx. 5 mg) were weighed in a hanging aluminum pan and 

the weight loss percentage of the samples was monitored from 25 to 500 
o
C. In order 

to compare the TGA profiles of various samples, the raw data of TGA were re-drawn. 

2.5. X-ray powder diffraction 

The crystallinity of the samples was characterized by X-ray powder diffraction 

(XRPD). The diffraction patterns were detected with a Bruker D8-ADVANCE X-ray 

diffractometer (Bruker, Germany) using Cu-Kɑ radiation (λ=1.54056 Å) at ambient 

temperature (20 
o
C). The voltage and current were 40 KV and 40 mA, respectively. 

Reflection mode was used in the 2θ range 3-40 
o
 with a scan speed of 15 

o
/min (step 

size 0.025 
o
, step time 0.1 s) by a lynxEye detector. 

2.6. Drug release in different media 

For the in vitro dissolution test to imitate pH conditions in vivo, microspheres 

containing 200 mg ibuprofen in fraction with particle size between 125 and 212 μm 

were sieved by 70 to 115 mesh screen and were assessed in sextuple for each batch of 

microspheres. Dissolution tests were performed using the paddle method according to 

the Chinese Pharmacopoeia 2015 with the rotation speed of 100 rpm. A volume of 900 

mL for the distilled water, hydrochloric acid solution (pH = 1.20) or phosphate buffer 

(pH = 6.80 and 7.20) were used as the dissolution media at 37 ± 0.5 
o
C. Aliquots of 2 

mL of solution samples were withdrawn at 10, 30, 60, 90, 120, 180, 240, 300, 600 s 

and an equal volume of the fresh medium with same temperature was added 

immediately.  

The aliquot samples were immediately filtered through a 0.22 μm membrane and 
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quantified on an HPLC-UV system that consisted of an Agilent 1260 series HPLC 

system (Agilent Technologies Inc., China) coupled to an Agilent 1290 UV detector. 

Samples were examined by a Dikma Spursil C18 column (250 mm × 4.6 mm, 5 μm, 

Phenomenex, USA) at 25 °C. The mobile phase was consisted of sodium acetate 

buffer (pH = 2.5) and acetonitrile (30:70, v/v). Elution was performed at 25 
o
C at a 

flow rate of 1 mL/min. The detection wavelength was set at 263 nm. 

2.7. Conventional morphology characterization 

All the kinds of microspheres collected during dissolution tests at 0, 5, 10 min 

were investigated by conventional morphology characterization of scanning electron 

microscope (SEM, S-3400, Hitachi). The specimens were immobilized on a metal 

stub with double-sided adhesive tape. The microsphere samples at dissolution time of 

5 min and 10 min were grinded gently before measurement, so as to collect the 

images of internal surfaces from the broken microspheres. 

2.8. Synchrotron radiation X-ray micro-computed tomography measurement 

To characterize the microstructure of microspheres, SR-μCT images were 

acquired with beamline BL13W1 at SSRF. The propagation-based imaging (PBI) 

method was used for the phase contrast imaging to investigate the distribution of low 

Z materials in the microspheres. Samples were scanned at 13.0 KeV for the higher 

flux to reduce the imaging time. After penetration through the sample, the X-rays 

were converted into visible light by a Lu2SiO5: Ce scintillator (10 mm thickness). 

Projections were magnified by diffraction-limited microscope optics (10 

magnification) and digitized by a high-resolution 2048 pixel × 2048 pixel sCMOS 
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camera (ORCA Flash 4.0 Scientific CMOS, Hamamatsu K.K, Shizuoka Pref., Japan). 

The pixel size was 0.65 μm, the sample-to-detector distance was 12.0 cm and the 

exposure time was 1 s. For each acquisition, 1440 projection images were captured. 

Flat-field and dark-field images were also collected during each acquisition procedure 

to correct the electronic noise and variations in the X-ray source brightness. 

2.9. Three-dimension structure reconstruction 

The two-dimension (2D) projection CT scanning transmission images were 

acquired and analyzed after optimization, noise reduction, shading and segmentation 

to evaluate preliminarily the effect of imaging and the imaging parameters were 

optimized. At the same time, the absorption of X-ray of different samples was 

obtained to qualitatively compare the structural architecture of samples. Based on a 

series of 2D projection images of different angles, slice images were acquired by 

reconstructing through X-TRACT software (CSIRO, Commonwealth Scientific and 

Industrial Research Organization, Australia, http://www.ts-imaging.net) to perform a 

directly filtered back projection algorithm. Slice images were noise-reduced and 

optimized to improve the discrimination of different substances and density region. 

From the analysis of gray values, SR-μCT data from all of the microspheres in the 

samples were examined. Highly resolved tomographic images of voids within 

microspheres with high-quality phase contrast were then derived after 3D 

reconstructions. 

In total, 30 microspheres were randomly selected from each kinds of 

microspheres, which were 3D reconstructed using Image-pro Plus (version 6.0, Media 
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Cybernetics, Inc., Bethesda, MD, USA), Amira (version 5.4.3, Visage Imaging, Inc., 

Australia) and Image Pro Analyzer 3D (version 7.0, Media Cybernetics, Inc., 

Bethesda, MD, USA) to quantitatively characterize and visualize the details of 

internal voids within microspheres. 

2.10. Statistical data analysis  

Analysis of variance (ANOVA) was performed using SPSS version 21.0 for 

windows (SPSS Inc., Chicago, the United States) for employing an error probability at 

P ≤ 0.05 for experimental data differences. For each parameter, WCM and CCM were 

compared with ACM by Student’s t-Test. 

3. Results and discussion 

3.1 Contact angle 

Approximately 20 μL water or citric acid solution were deposited on the film, 

there was significant difference in the quasi-equilibrium shape of drops. The drop of 

water had a smaller contact angle than that of citric acid solution with contact angle of 

71.94 ± 1.20
o
, 80.97 ± 2.22

o
, respectively. The surface of film representing the surface 

of ibuprofen microspheres was hydrophilic due to the contact angle less than 90
o
. It 

also indicated that ibuprofen microspheres had a better wettability in water owing to 

lower contact angle. According to the equation Yang, the greater contact angle means 

larger interfacial tension. A high interfacial tension may generate more typical 

spherical morphology and high porosity in ibuprofen microspheres congealed in citric 

acid solution. 

3.2. Thermal gravimetric analysis 
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GMS showed three-stage weight loss, the first weight loss at around 120-215 
o
C 

relating to the weight loss of moisture, second weight loss at the temperature range of 

220- 325 
o
C correlating to the decomposition of ester bond of GMS and final weight 

loss at 350-420 
o
C might be due to the carbonization of intermediate products. 

Ibuprofen and octadecanol performed single-step weight loss at around 120-228 
o
C 

relating to the thermal oxidation reaction. For microspheres, the single-step mass loss 

were at the temperature range of 120- 226 
o
C, 120-258 

o
C and 120-254 

o
C for ACM, 

WCM and CCM, respectively. Overall, it was indicated that the thermal 

decomposition of all the samples occurred above 120 
o
C, which proved the stability of 

constitutions of microspheres at lower temperature during the preparation process (Fig. 

1). 

3.3. X-ray powder diffraction 

It was indicated that ibuprofen, octadecanol, and GMS were crystals (Fig. 2). The 

characteristic peaks for ibuprofen were normalized to invariable peaks of octadecanol 

and GMS which were insoluble in dissolution media. The characteristic peak at 2θ of 

16.66 
o
 for ibuprofen (dashed frame area in Fig.2) was selected for relatively 

qualitative analysis because the rest characteristic peaks were overlapped with that of 

octadecanol and GMS. 

The spectra of ibuprofen microspheres were also shown in Fig. 2. The relative 

qualitative analysis showed that ibuprofen was still crystal in octadecanol and GMS 

based microspheres. As depicted in our previous study of acetaminophen 

microspheres, the drug crystals were dissolved in dissolution media, forming porous 
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structural architecture [29]. Therefore, it was inferred that ibuprofen crystals exposed 

on the surface of microspheres dissolved in water, influencing the structural 

architecture of microspheres, which was verified by SR-μCT results in the later 

sections. 

3.4. Instant dissolution to mimic in vivo release 

The instant dissolution tests within 10 min were investigated to mimic the in vivo 

release of ibuprofen indicating the taste-masking effects to ibuprofen microspheres 

(Fig. 3). The release behaviors of raw ibuprofen powders and microspheres were 

tested in distilled water and hydrochloric acid solution (pH = 1.20). It was observed 

that all microspheres were slowly released under the sink condition, less than 10% 

within 10 min, which could be related to the poor solubility of ibuprofen in 

corresponding media. In phosphate buffer (pH = 6.80 and 7.20) media as artificial 

saliva, the raw ibuprofen powders was released more than 90% within 10 min, which 

resulted into unpleasant tastes. However, all the ibuprofen microspheres exhibited 

sustained-release characteristics, namely 50%, 38% and 32% within 10 min at pH 

6.80 and 58%, 41%, and 35% within 10 min at pH 7.20 for ACM, WCM and CCM, 

respectively. Compared with ibuprofen raw pharmaceutical material, ibuprofen 

microspheres were capable of retarding the release of ibuprofen in simulated human 

saliva, which could effectively mask the unpleasant taste. Especially at pH 7.20 media, 

CCM released 0.19%, 4.56%, and 9.41% at 10, 60, and 120 s, which were lesser than 

ACM (0.75%, 4.85%, and 13.01%) and WCM (1.12%, 7.2%, and 12.99%). The 

results illustrated that CCM had the best taste-masking effect. 

3.5. Scanning electron microscope 
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During the drug dissolution tests in phosphate buffer at pH 7.20, microspheres 

were collected at 0, 5 and 10 min for SEM detection. The microspheres were 

represented as non-released, partially-released and completely-released, respectively. 

There was no obvious difference in morphology among the microspheres before 

dissolution. It was also noted that there were no significant changes in the 

architectures of microspheres during dissolution test, owing to the fact that ibuprofen 

was melted and uniformly dispersed in the matrix by fine recrystallization resulting no 

large voids formation during drug dissolution. 

3.6. Synchrotron radiation X-ray micro-computed tomography 

3.6.1. Two-dimension monochrome X-ray micro-computed tomography images 

As depicted in Fig. 5, the large circular ring on the periphery was the tube used 

for loading microspheres. In the tube, size of the microspheres varied a lot owing to 

different longitudinal positions. The dark areas in microsphere were some small voids 

within microspheres which were believed to be air bubbles resulted during cooling 

processes of microspheres formation. There were more voids for ACM because of 

contact with large quantities of air in the cooling medium, which was more likely to 

form air voids during microspheres cooling process.  

A poor sphericity was found for the ACM with rough surface. It was probably due 

to the longer freezing time for microspheres that was cooled by air than WCM and 

CCM. The microspheres, thus, became much deformed that was resulted from the 

collision of microspheres with each other or with stainless steel trays during cooling 

process. Meanwhile, due to rapid cooling in water or citric acid solution, better 
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sphericity and smoother surface were observed for the microspheres cooled by the 

corresponding media. 

3.6.2. Visualization of the internal 3D structure 

The reconstructed 3D tomographic images of ibuprofen microspheres 

demonstrated that the 3D morphology and distribution of voids within the 

microspheres were highly variable. As depicted in Fig.6, the roughest surface and the 

poorest sphericity could be seen in ACM. It was also demonstrated that there was a 

larger void in the center of microspheres surrounded by many smaller voids. The 

voids were small and heterogeneously distributed within WCM, but much bigger in 

CCM. These results were in accordance with those obtained from 2D monochrome 

X-ray CT images. The surface of CCM was smoother than the microspheres cooled by 

water because solubility of ibuprofen was higher in water than that in citric acid 

solution. This led to parts of ibuprofen crystals getting exposed on the surface of 

microspheres and dissolved into water, forming concave structure on the surface.  

Herein, the internal 3D structure of microspheres was further investigated on the 

basis of structure parameters, such as area of surface, volume, specific surface area, 

diameter, box ratio, sphericity, radius ratio, Feret ratio, and porosity (Table 1), to 

deeply understand the mechanism of task-masking. 

The structural parameters of microspheres were analyzed by Student’s t-Test. 

Based on ANOVA, all three kinds of microspheres of ibuprofen were significantly 

different (P < 0.05). WCM was greatly distinguished (P < 0.001) from ACM for area 

of surface, volume, specific surface area, diameter, Feret ratio and porosity. And 
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CCM was greatly distinguished (P < 0.001) from ACM for sphericity, Feret ratio and 

porosity, while all the structural parameters contributed to distinguish each ibuprofen 

microspheres. 

The porosity here was defined as the proportion of voids within microspheres 

and conformed in the order of ACM > CCM > WCM. Box ratio was the ratio between 

the maximum and the minimum side length of the bounding box (box ratio value ≥ 1) 

and conformed in the order of ACM > WCM > CCM. Radius ratio referred to the ratio 

between the maximum and the minimum distance between the centroid pixel position 

and the perimeter of microspheres (radius ratio value ≥ 1) which was conformed in 

the order of ACM > WCM > CCM. The box ratio and the radius ratio could reflect the 

extent of the microspheres approaching the sphere: when the values close to 1, the 

microspheres are spherical. In summary, owing to longer freezing time and air in the 

cooling medium, irregular shape, rough surface with numbers of concave structure 

and a large number of voids were observed in ACM. Because of higher interfacial 

tension resulted in stable internal structure of microspheres congealed in citric acid 

solution, CCM had regular and rounder morphology, the smoothest surface and little 

volume of voids inside. Generally speaking, microspheres with regular shape and 

smoother surface had smaller surface area as well as slower dissolution rate than that 

in rough particles, thus to have taste-masking effects. 

These results provided the structural evidences to the mechanism of drug release 

profiles discussed above. It was concluded that due to the irregular shape and rough 

surface with numbers of concave structure, the ACM were more likely to remain in 
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contact with dissolution media during the dissolution process. In contrast, CCM and 

WCM had the slowest release owing to the smoother surface, regular and round 

morphology. However, the drug release profiles were similar for three kinds of 

microspheres in distilled water and hydrochloric acid solution (pH = 1.20) because of 

poor solubility of ibuprofen at that condition. Compared with the structural 

architecture of microspheres, the solubility of ibuprofen was the main factor affecting 

the release behavior of microspheres. Overall, there was a strong correlation between 

cooling processes, structural architecture and release behavior of microspheres. 

4. Conclusion 

The same formula of oral dosage forms may have different effects on 

taste-masking due to the production process. With the application of SR-μCT, the 3D 

morphology as well as internal architectures of ibuprofen microspheres were 

accurately quantified for each preparation methods. The effect of cooling processes on 

particle morphology and internal structure as well as their contributions to the 

taste-masking were revealed in this study. Thus, the structure evaluation provides a 

new approach for internal structure based optimization and rational design for 

taste-masking. 
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Figure captions 

Fig.1. TGA characteristics showed the stability of constitutions of microspheres. 

GMS: glycerin monostearate; ACM: air-cooling microspheres; WCM: water-cooling 

microspheres; CCM: citric acid solution microspheres. 

 

Fig.2. XRD characteristics illustrated the components in microspheres. GMS: 

glycerin monostearate; ACM: air-cooling microspheres; WCM: water-cooling 

microspheres; CCM: citric acid solution-cooling microspheres. 
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Fig.3. The in vitro dissolution profiles of ibuprofen microspheres indicated 

taste-masking efficacy. ● : ibuprofen; ■: air-cooling microspheres (ACM); ◆ : 

water-cooling microspheres (WCM); ▲: citric acid solution-cooling microspheres 

(CCM). 

 

Fig.4. SEM characteristics demonstrated the morphology of ibuprofen 

microspheres at different sampling times. a, b, and c are images of air-cooling 

microspheres (ACM) at 0, 5, 10 min; d, e, and f are images of water-cooling 

microspheres (WCM) at 0, 5, 10 min; g, h, and i are images of citric acid 

solution-cooling microspheres (CCM) at 0, 5, 10 min. 
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Fig.5. 2D slice pictures of three kinds of ibuprofen microspheres. a: air-cooling 

microspheres (ACM); b: water-cooling microspheres (WCM); c: citric acid 

solution-cooling microspheres (CCM). 

 

Fig.6. 3D images of aggregate cavities of ibuprofen microspheres extracted after 

segmentation and related analysis. a and d: 3D image and cavity of single 

air-cooling microsphere (ACM); b and e: 3D image and cavity of single  

water-cooling microsphere (WCM); c and f: 3D image and cavity of single citric acid 

solution-cooling microsphere (CCM).  
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Table 1 Structure parameters of the ibuprofen microspheres calculated by 

three-dimensional reconstruction technology. ACM: air-cooling microspheres; 

WCM: water-cooling microspheres; CCM: citric acid solution-cooling microspheres. 

n = 30, mean ± SD. 

Structure parameters 

Samples 

ACM          WCM           CCM 

Area of surface(μm, ×10
6
) 7.16 ± 2.98

 
12.6 ± 1.69

** 
7.55 ± 3.88

 

Volume(μm, ×10
9
)  1.64 ± 0.826

 
 3.82 ± 0.679

** 
2.05 ± 1.51

 

Specific surface area 0.0513 ± 0.0174
 

0.0333 ± 0.0022
** 

0.0452 ± 0.0141
 

Diameter 139.28 ± 34.47 193.14 ± 12.04
** 

147.78 ± 40.05
 

Box ratio 1.06 ± 0.05
 

1.03 ± 0.02
* 

1.02 ± 0.02
* 

Sphericity 0.91 ± 0.05
 

0.94 ± 0.03
* 

 0.97 ± 0.01
** 

Radius ratio 1.86 ± 0.72 1.81 ± 1.00 1.18 ± 0.07
* 

Feret ratio 1.14 ± 0.07
 

 1.07 ± 0.02
** 

1.07 ± 0.03
** 

Porosity 3.294 ± 1.088
 

 0.075 ± 0.071
** 

0.868 ± 0.628
** 

ANOVA of the three samples, p<0.05; Compared with sample A by student’s t-Test, 

*P<0.05, **P<0.001. 

  



ACCEPTED MANUSCRIPT

ACCEPTED M
ANUSCRIP

T

27 
 

Graphical abstract 

 


