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Abstract 39 

Dry-state ball-milling and, aqueous state kneading and freeze-drying were performed on 40 

ibuprofen and magnesium trisilicate. FTIR spectroscopy of co-processed materials described 41 

acid–base reaction between the carboxylic acid containing ibuprofen to a significant extent. 42 

Increased absorbance of carboxylate peak accompanied by a consistently reduced absorbance of 43 

the carbonyl acid peak was evident. Absorbance of carboxylate peak was more expressed in 44 

freeze-dried sample compared to milled product, therefore the  intermolecular hydrogen bonding 45 

between ibuprofen and magnesium trisilicate in the co-processed material can  be suggested. 46 

Inhibition of crystal morphology has been noticed in the photomicrographs of both the products. 47 

DSC report has shown absence or significantly decreased melting endotherm representing almost 48 

complete amorphization of ibuprofen. Release of drug increased greatly after co-processing in 49 

comparison to crystalline ibuprofen. Freeze-dried samples have improved drug release more 50 

significantly compared to ball-milled samples.  51 

 52 

 53 

 54 

 55 

 56 

 57 

 58 

Keywords: Infrared spectroscopy; co-milling; co-freeze drying; scanning electron microscopy; 59 

differential scanning calorimetry. 60 

 61 

 62 

 63 

 64 

 65 



3 
 

Introduction 66 

Infrared spectroscopy is a workhorse technique for pharmaceutical analysis in recent years. 67 

Infrared spectrum represents the molecular absorption and transmission, creating a molecular 68 

fingerprint of the sample. It corresponds to the frequencies of vibrations between the bonds of 69 

the atoms. Material is a unique combination of atoms and no two compounds produce the exactly 70 

same infrared spectrum. Changes in the frequency and shape of the bands of a drug could be 71 

utilized for the analysis of possible redistribution of electronic density in the structure of the 72 

molecule for the assessment of interactions. 73 

Ibuprofen, the most commonly prescribed NSAIDs
1
 [chemical formula: 74 

(CH3)2CHCH2C6H4CH(CH3)COOH] is known to induce injury of the gastrointestinal tract and 75 

cause changes in the permeability and structural properties of the membrane.
2,3

 Magnesium 76 

trisilicate is used therapeutically as an antacid in the treatment of peptic ulcers. Via a 77 

neutralization reaction it increases the pH of gastric juice. After precipitation colloidal silica can 78 

coat gastrointestinal mucosa which can confer further protection. Indigestion, heartburn, or 79 

gastroesophageal reflux can sometimes be symptoms of more serious conditions such as stomach 80 

ulcers or stomach cancer. Doctor consultation is necessary before taking magnesium trisilicate 81 

when an individual is taking a non-steroidal anti- inflammatory drug. Magnesium trisilicate 82 

interacts with a number of drugs and alter their absorption, thereby reducing their effectiveness.
4-

83 

8
 Enteric coatings designed to prevent the dissolution in the stomach may also be damaged by 84 

magnesium trisilicate.
9
 Magnesium trisilicate is a compound of magnesium oxide and silicon 85 

dioxide with varying proportions of water (2MgO,3SiO2,xH2O) (USP 28). Magnesium trisilicate 86 

is a solid adsorbent and could also be utilized to improve the dissolution of poorly soluble 87 

drugs.
10,11

 Solid-dispersion granules of a poorly water-soluble drug containing microporous 88 

magnesium aluminosilicate (Neusilin) prepared by hot-melt granulation technique has shown 89 

improved dissolution of drug.
12,13

 The solid dispersion granules of BAY 12-9566 containing 90 

Neusilin were successfully compressed into tablets and increased dissolution. The hydrogen-91 

bonding potential of silanol groups on the surface of Neusilin brought about the increase in the 92 

drug release rate. 93 

In the present study assessment of interactions of ibuprofen and magnesium trisilicate has 94 

been undertaken by infrared spectroscopy after milling together in the dry-state and freeze-95 
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drying after aqueous state kneading. Ball milling is a powerful tool for particle size reduction and 96 

processing in the pharmaceutical industries.
14

 It is also a device for effecting chemical reactions 97 

by mechanical energy in dry-state and at ambient temperatures.
15,16 

Ball milling presents a 98 

greener route for many processes compared to the use of microwave and ultrasound as energy 99 

sources. Impact and attrition during ball milling can bring about changes in the crystal structure 100 

of the drug and can induce amorphization
17-22

 and improve bioavailability.
23

 Freeze drying is a 101 

standard process used to stabilize and store the drug products in the pharmaceutical industries.
24

 102 

FTIR spectroscopy was monitored to identify the mechanism of interaction
25-27

 of the carboxylic 103 

acid-containing drug ibuprofen with magnesium trisilicate. The interaction study has also been 104 

monitored by scanning electron microscopy and differential scanning calorimetry (DSC). 105 

Afterward, in-vitro drug release from the formulated co-processed powder was carried out to 106 

assure about the biological availability of the drug.
28

 The detailed infrared spectroscopy of this 107 

type of interaction after co-processing by dry-state milling, and aqueous state equilibration and 108 

freeze drying has rarely been reported earlier. Nokhodchi et al.,
29

 crystallized ibuprofen in 109 

presence of starch derivatives for improved pharmaceutical performance and found no 110 

significant change in FTIR spectroscopy and concluded that there is no change in molecular level 111 

of ibuprofen. Ibuprofen solid dispersions prepared using polyethylene glycol 4000 have shown 112 

no significant change in FT-IR spectra.
27

 113 

Experimental 114 

Materials 115 

Ibuprofen was obtained from Tejani Life care, Cuttack, India and magnesium trisilicate (USP 28) 116 

was purchased from Burgoyne & Co, India (not less than 20% of magnesium oxide and not less 117 

than 45 % of silicon dioxide; loss on ignition 17.0-34.0%). All other chemicals used were of 118 

analytical reagent grade. 119 

Co-processing of ibuprofen and magnesium trisilicate 120 

Crystalline powder of ibuprofen and magnesium trisilicate powder were mixed for 121 

approximately 5 minutes by simple blending process using mortar and spatula at laboratory 122 

ambient condition in the dry-state ( 30 C; 60 % RH) without trituration. Ibuprofen and 123 

magnesium trisilicate (physical mixtures) weight ratios (3: 1, 2: 1, 1: 1 and 1: 2) were maintained 124 
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as per formulation and left for immediate use in the co-process of dry-state ball-milling and, 125 

aqueous state kneading and freeze-drying.  126 

Dry-state ball-milling 127 

The powder mixture of ibuprofen and magnesium trisilicate in the weight ratios was placed into 128 

a cylindrical vessel of ball mill (Swastik Electric and Scientific Work, India) and 1 h period of 129 

constant milling was performed in the dry-state at lab ambient condition of ~30 °C, ~60 % RH. 130 

Significant increase in temperature of the milled material has not been detected at the end of the 131 

co-process. Ball charged in the vessel allowed smooth cascading motion, and significant attrition 132 

and impact during dry-state milling while operating the mill at 100 rpm for 1 h.  133 

Aqueous state kneading and freeze-drying 134 

Aqueous state kneading was performed by adding small amount of water in the physical powder 135 

mixtures of ibuprofen and magnesium trisilicate and left for a period of about 12 h at ambient 136 

conditions for equilibration. The kneaded samples were freeze-dried using a laboratory vacuum 137 

freeze dryer (4kg, 220 V) with attached vacuum (220V, 2.7A, 370W, 1400r/min, 50Hz) (Lark, 138 

Penguin Classic Plus, India) for 10-12 hours for effective drying. The pressure during freeze-139 

drying was adjusted to 15–20 Pa while temperature maintained approximately at −40 °C. The 140 

freeze-dried samples were preserved in the desiccator till further analysis.  141 

The ball-milled and freeze-dried samples were left at ambient condition ( 60% RH, 30 142 

C) for few hours and dried in an incubator (Labotech, India) at 50 C. The powder materials 143 

were passed through mesh 44 (opening ~350 μm) and assayed for drug content determination 144 

from the absorbance measured at 222 nm (λmax) in the UV visible Spectrophotometer (Jasco-145 

V630 UV Spectrophotometer Spectrometer, Software: Spectra Manager) using standard 146 

calibration curve of ibuprofen.  147 

Ibuprofen–magnesium trisilicate interaction study 148 

FTIR spectra of pure crystalline ibuprofen and co-processed powder samples were performed for 149 

a comparative study between co-milling and co-freeze drying interaction. All the samples were 150 

mixed thoroughly with potassium bromide in the ratio of 1:100. KBr discs were prepared by 151 

compressing the powders at a pressure of 6 tonnes for 10 min in a Hydraulic pellet press 152 

(Technosearch Instruments, Maharashtra, India). FTIR spectrometer (FTIR-4100 type A, Jasco, 153 

Tokyo, Japan) was used for collecting all scans from 4000–400 cm
−1

 of 80 accumulations at a 154 
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resolution of 4 cm
−1

 and scanning speed of 2 mm/s. Spectral Manager for Windows software 155 

(Jasco, Tokyo, Japan) was used for data acquisition and holding. 156 

Surface morphology and thermal analysis of the particle 157 

Surface morphology and crystalline nature of the particulate samples were investigated using 158 

Scanning electron microscope (Instrument JSM-6390, Jeol, Tokyo, Japan). The powder samples 159 

were dried and sputtered with gold and scanned at room temperature using an accelerated voltage 160 

of 10 kV (Wd 19 and Spot_Size 48). Thermal behavior of the powder samples was characterized 161 

using a Differential scanning calorimeter (DSC, Universal V4.2E TA Instruments). Samples 162 

approximately 5–6 mg were weighed accurately and put into crimped aluminum pans with a pin 163 

hole in the lid. All samples were heated at a heating rate of 10 C/min in an atmosphere of 164 

nitrogen gas purge at 50 ml/min from 30 and 300 C.   165 

Drug release studies 166 

Powdered samples containing 10 mg equivalent of ibuprofen were dispersed in 900 ml of 167 

distilled water and drug release was carried out using USP XXIV type II dissolution apparatus 168 

(Electrolab, dissolution tester USP TDT 06L, India) at a temperature of 37 ± 0.2˚C and paddle 169 

rotation set at 100 rpm. Ibuprofen concentration was determined by UV absorption at 222 nm. 170 

Aliquots were withdrawn at appropriate time intervals of 5, 10, 15, 30, 60, 90 and 120 min, and 171 

replaced with a fresh dissolution medium. After proper rinsing of the cuvette and filtration of the 172 

aliquot through a 0.45 μm membrane filter, absorbance was recorded using the UV-Visible 173 

Spectro photometer. Standard calibration curve was used for calculating the respective 174 

concentration and the data were utilized to estimate cumulative percent drug release. Cumulative 175 

percent drug release was reported as the mean of not less than three determinations. 176 

Results and discussion 177 

The dry-state co-milling and aqueous state co-processing could be analogous to the commonly 178 

followed processes in the tablet granulation department of pharmaceutical industries. These 179 

processes are effective, simple and scalable for interaction study. Due to presence of varying 180 

amount of bound moisture in native magnesium trisilicate the co-milled materials became moisty 181 

in nature and needed drying. Instant character of the freeze-dried samples is to absorb moisture 182 

like a sponge when left at ambient condition of 60 % RH and 30 °C for few hours and drying in 183 
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an incubator at 50 °C becomes necessary. The co-processed dried and equilibrated powder 184 

materials were passed through mesh of opening ~350 μm and assayed for actual drug content 185 

determination. Ibuprofen–magnesium trisilicate interaction study has been characterized by 186 

FTIR, and the usefulness of this powerful technique has been supported by scanning electron 187 

microscopy and differential scanning calorimetry as described below. Drug release from the 188 

formulated dosage form is important and ultimately related to the bioavailability of the drug. 189 

Dissolution of ibuprofen from the co-processed material has also been described below. 190 

Formulation detail and code of ibuprofen samples co-processed with magnesium trisilicate has 191 

been mentioned in Table 1. 192 

 193 

 194 

 195 

 196 

 197 

 198 

 199 

 200 

 201 

 202 

 203 

 204 

 205 

 206 

 207 

Table 1 Formulation code of ibuprofen samples co-processed with magnesium trisilicate 208 

(Ibuprofen = IB, Magnesium trisilicate = MTS). 209 
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            211 

 212 

 213 

 214 

 215 

 216 

 217 

 218 

 219 

 220 

 221 

, 222 
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 224 

 225 

 226 

 227 

 228 

 229 

 230 

 231 

 232 

FTIR Analysis  233 

Formulation 

code 

Drug: 

MTS ratio 

Co-processing Ibuprofen 

assay (%) 

IB  -- -- -- 

IB1M1pm 1: 1 
Physical mixture without 

trituration 
-- 

IB3M1B 3: 1 
Dry-state Ball-milling for 

one hour 
71.61±5.1 

IB2M1B 2: 1 
Dry-state Ball-milling for 

one hour 
68.65±4.6 

IB1M1B 1:1 
Dry-state Ball-milling for 

one hour 
46.09±3.5 

IB1M2B 1: 2 
Dry-state Ball-milling for 

one hour 
37.54±2.8 

IB3M1F 3: 1 
Aqueous state  equilibration 

and freeze-drying 
74.11±3.2 

IB2M1F 2: 1 
Aqueous state  equilibration 

and freeze-drying 68.55±3.8 

IB1M1F 

 
1:1 

Aqueous state  equilibration 

and freeze-drying 
48.65±2.4 

IB1M2F 

 
1: 2 

Aqueous state  equilibration 

and freeze-drying 
30.54±2.1 
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Spectral data of FTIR band assignments of ibuprofen and co-processed samples are tabulated in 234 

Table 2. The very strong band at 2958 cm
−1

 in the FTIR spectrum of ibuprofen is assigned to 235 

CH3 asymmetric stretching.
30

 Ibuprofen has also shown the presence of free acid carbonyl peak 236 

at 1722 cm
-1

 with high intensity,
27,31

 but became very weak when co-milled in the dry-state as 237 

well as co-freeze-dried after aqueous state kneading and equilibration with magnesium trisilicate 238 

(Fig. 1a,b). As the magnesium trisilicate (2MgO,3SiO2,xH2O) contains magnesium oxide (not 239 

less than 20 % of magnesium oxide as per USP 28) and the acidic nature of the carboxylic acid 240 

group of ibuprofen, the possibility of an acid–base interaction between the drug and MgO of 241 

magnesium trisilicate was explored. Also, very high intensity peak of ibuprofen at 1230 cm
−1

 242 

was due to C-C stretching
32

 became gradually medium, weak, very weak and absent as the 243 

magnesium trisilicate amount increased in both the co-processed materials IB3M1F to IB1M2F 244 

and IB3M1B to IB1M2B. A strong band noticed at 779 cm
−1

 in ibuprofen was due to CH2 rocking 245 

vibration and the intensity observed to be weaker and weaker after co-processing.
33,34

 CH2 246 

asymmetric stretching vibration (3094 cm
−1

 and 2868 cm
−1

) and CH2 inplane rocking vibration 247 

(522 cm
−1

) were also detected in pure ibuprofen and found weaker and absent when co-milled 248 

and freeze dried after co-kneading. CH2 asymmetric stretching vibration (3094 cm
−1

 and 2868 249 

cm
−1

), CH3 asymmetric deformation (1462 cm
−1

), CH3 rocking of strong intensity (935 cm
−1

), 250 

and CH2 inplane rocking vibration (522 cm
−1

) were also detected in pure ibuprofen. Poor band 251 

 252 
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Table 2 Spectral data of FTIR of ibuprofen and co-processed samples                              253 

                                      254 

Band Tentative 

assignments 

Wavenumber (cm
-1

) 

Ibuprofen MTS IB3M1F IB2M1F IB1M1F IB1M2F IB3M1B IB2M1B IB1M1B IB1M2B 

1 OH stretching absent 3200- 

3550 

bb 

3200- 

3550 

bb 

3200- 

3550 

bb 

3200- 

3550 

bb 

3200- 

3550 

bb 

3200- 

3550 

bb 

3200- 

3550 

bb 

3200- 

3550 

bb 

3200- 

3550 

bb 

2 CH2 asym str 3094 m -- absent absent absent absent 3096 w 3096 w absent absent 

3 CH3 asym str 2958 vs -- 2955 vs 2955 vs 2954 vs 2954 vs  2955 vs 2955 vs 2954 vs 2953 vs 

4 CH2 sym str 2868 m -- 2868 m 2868 m 2868 m 2868 m 2869 m 2869 m 2869 m 2869 m 

5 O-H…O valance 

str combination 

2729 m -- 2729 aa 2729 aa 2729 aa 2729 aa 2730 w 2730 w 2730 

vw 

Absent 

6 O-H…O valance 

str combination 

2630 m -- Absent Absent Absent Absent 2631 

vw 

2632 

vw 

Absent Absent 

7 C=O str 1722 vs -- 1720 

vw 

1720 

vw 

1720 

vw 
Absent 1720 m 1720 m 1720 w Absent 

8 carboxylate 

stretching mode 

Absent -- 1600-

1650 m 

1600-

1650 m 

1600-

1650 m 

1600-

1650 s 

1600-

1650 w 

1600-

1650 w 

1600-

1650 m 

1600-

1650 s 

9 aromatic C=C str 1507 s -- 1512 

vw 

1511 

vw 

1512 

vvw 

1512 

vvw 

1509 m 1508 m 1511 

vw 

1511 

vw 

10 CH3 asym 

deformation, 

CH2 scissoring 

1462 s -- 1462 

vw 

1463 

vw 

1463 

vw 

1463 

vw 

1462 m 1462 m 1463 

vw 

1464 

vw 

11 CH-CO 

deformation 

1420 s -- 1421 

vw 

1421 

vw 

1421 

vw 

1415 

vw 

1420 m 1420 m 1421 

vw 

1421 

vw 

12 CH3 sym str 1380 s -- 1383 

vvw 

1382 

vvw 

1382 

vvw 

1384 

vvw 

1380 w 1381 w 1380 

vw 

1381 

vvw 

13 OH in plane 

deformation 

1321 s -- 1322 

vw 

1321 

vw 

1322 

vw 

1322 

vvw 

1321 m 1321 w 1322 

vw 

1325 

vvw 

14 =C-H in plane 

deformation 

1268 s -- 1268 

vw 

1268 

vw 

1268 

vw 

1268 

vvw 

1263 m 1269 w 1269 

vw 

1268 

vvw 

15 C…C str 1230 vs -- 1231 

vw 

1231 

vw 

1230 

vw 

1230 

vvw 

1231 m 1231 w 1232 

vw 

1232 

vvw 
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16 C-O str 1183 s -- 1183 

vw 

1184 

vw 

1183 

vw 

1183 

vvw 

1184 m 1184 w 1185 

vw 

1185 

vvw 

17 =C-H in plane 

deformation 

1122 w -- merger merger merger merger merger merger merger merger 

18 =C-H in plane 

deformation 

1067 m -- merger merger merger merger merger merger merger merger 

19 Si-O-Si  

asym str  

Absent 1027 

bb 
1027 

mbb 

1027 

mbb 

1027 

bb 

1027 

bb 

1027 

mbb 

1027 

mbb 

1027 

bb 

1027 

bb 

20 C-H in plane 

deformation 

1008 m -- merger merger merger merger merger merger merger merger 

21 C-O-C str 970 m -- 970 w 970 vw 970 

vvw 

970 

vvw 

970 w 970 w  970 vw 970 

vvw 

22 CH3 rocking 

vibration 

935 s -- 948 vw 948 vw 948 

vvw 

absent 935 w 936 w 936 vw 936 

vvw 

23 C-H out of plane 

vibration 

866 s -- 866 vw 866 vw 866 

vvw 

absent 866 w 866 w 866 vw 865 vw 

24 CH2 rocking 779 s -- 780 w 780 w 780 vw 780 

vvw 

779 w 779 w 780 vw 780 

vvw 

25 C=C ring str, 

C...C skeletal 

vibration 

746 w -- 746 vw 746 vw 746 vw 746 

vvw 

746 vw 746 vw 746 

vvw 

746 

vvw 

26 C-H out of plane 

deformation 

668 s -- 669 

vvw 

669 

vvw 

669 

vvw 

669 

vvw 

668 m 668 w 669 vw 669 

vvw 

27 C-H in plane 

ring deformation 

636 w -- 636 

vvw 

636 

vvw 

635 

vvw 

635 

vvw 

636 w 636 w 636 vw 636 

vvw 

28 C...C 

deformation 

588 m -- 588 

vvw 

588 

vvw 

588 

vvw 

588 

vvw 

588 m 588 w 588 vw 588 

vvw 

29 CH2 in plane 

rocking 

522 m -- 522 

vvw 

522 

vvw 

522 

vvw 

522 

vvw 

522 m 522 w 522 

vvw 

522 

vvw 

30 CH2/CH3 

deformation 

vibration 

479 vw -- 472 vw 462 vw 464 vw 461 vw 461 vw 464 vw 462 vw 462 vw 

31 O-Si-O bending Absent 471 bb 464 m 461 m 463 bb 463 bb 464 m 464 m 464 bb 464 bb 
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 255 

(s- strong; bb- broad band; mbb- medium broad band; w- weak; sym-symmetrical; asym-asymmetrical; str-stretching; m- medium; vs- 256 

very strong; vw – very weak; vvw – very very weak; aa- almost absent.)                    257 
 258 

32 C=C-C ring 

asym bending 

421 w -- 420 aa 421  aa 421 aa   421 aa  420 

vvw 

421  

vvw 

421 

vvw   

421 

vvw  
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 259 

 260 

 261 

 262 

Figure 1 (contd.) 263 

 264 

 265 

 266 

 267 

 268 
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 269 

 270 

 271 

 272 

 273 

 274 

Figure 1 FTIR spectroscopy of co-processed ibuprofen and magnesium trisilicate after dry-state 275 

ball-milling (a) MTS, IB, IB3M1F, IB2M1F, IB1M1F, and IB1M2F; and aqueous state 276 

equilibration and freeze-drying (b) IB, IB3M1B, IB2M1B, IB1M1B, and IB1M2B (abbreviations 277 

are explained in Table 1). 278 

 279 

 280 
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 281 

performance was perceived in the co-processed formulations. C-O stretching (1183 cm
−1

), CH2 282 

scissoring vibration (1462 cm
−1

) and CH-CO deformation (1420 cm
−1

) contributed their presence 283 

strongly in ibuprofen alone and weakly in the co-processed powder. An acid–base reaction 284 

between the carboxylic acid containing ibuprofen and MgO containing MTS in presence of 285 

moisture can describe the changes in the FTIR spectra of co-processed formulations. The 286 

reaction has been facilitated in presence of water when co-freeze-dried after aqueous state 287 

kneading and equilibration with magnesium trisilicate and also co-milled in the dry-state 288 

containing varying proportions of water in the MTS compound. Carboxylate ion shows peak in 289 

the range of 1600-1650 cm
−1

 in the FTIR spectrum and this change was detected as a function of 290 

IB/MTS ratio. A reduction in absorbance of the carbonyl acid peak accompanied by a 291 

corresponding increase in the absorbance of carboxylate peak was prominent and the absorbance 292 

of carboxylate peak was relatively more in freeze-dried product compared to milled product. A 293 

large broad band between 3550 to 3200 cm
-1

 ascribed to the presence of the O-H stretching 294 

frequency of silanol group bonded to the inorganic structure of MTS (containing SiO2), and also 295 

hydrogen bonds between adsorbed water and silanol.
25,35

 This large broad band is absent in 296 

ibuprofen pure drug but consistently maintained in all the co-processed materials could be due to 297 

intermolecular hydrogen bonding. The band related to the silanol (Si-O-Si) asymmetric 298 

stretching was found at 1027 cm
-1

 with high intensity in MTS and also in the co-processed 299 

formulations. Silanol asymmetric stretching intensity increased with the amount of MTS in the 300 

formulation. Another peak at 471 cm
-1

 in MTS due to O-Si-O bending
36

 prominently observed in 301 

the formulations. The small changes in the band intensity, band orientation and overlapping 302 

indicated only van der Waals or dipole-dipole interactions between ibuprofen and magnesium 303 

trisilicate molecules. 304 

Characterization by scanning electron microscopy and differential scanning calorimetry 305 

Scanning electron microscopy is a powerful tool to study the inhibition of crystal growth 306 

morphology
37-40

. Fig. 2 shows distinctive plate like layers due to the crystalline nature in the 307 

initial samples of pure ibuprofen. Physical mixture of drug and magnesium trisilicate in 1:1 ratio 308 

(IB1M1pm) shows the presence of ibuprofen crystal geometry very clearly with slightly damaged 309 

morphology. Markedly reduced particle size has been noticed not only in the co-milled materials 310 
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but also in the freeze-dried formulations after aqueous state kneading and co-processing. Crystal 311 

geometry of ibuprofen has been significantly disappeared in both the co-processed materials.  312 

 313 

   314 
 315 

  316 
 317 

  318 
 319 

a b 

c  d 

f e 
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  320 
 321 

  322 
 323 

 324 

Figure 2 (a) Ibuprofen pure, (b) IB1M1pm, (c) IB1M1B (X500), (d) IB1M1B (X5000), (e) 325 

IB1M2B (X500), (f) IB1M2B (X5000), (g) IB1M1F (X500), (h) IB1M1F (X5000), (i) 326 

IB1M2F (1:2)F(X500), and (j) IB1M2F (X5000) (abbreviations are explained in Table 1).  327 

 328 

 329 

 330 

 331 
 332 

 333 

 334 

 335 

 336 

 337 

 338 

g h 

j i 
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 339 

Sub-micron and nano-crystalline agglomeration were observed particularly in the milled material 340 

whereas, freeze-dried materials have shown porous bed of irregular nanoparticles developing 341 

grain boundaries in the crystal structure indicating loss of crystal geometry. These grain 342 

boundaries supposed to disrupt the motion of dislocations and reduce the crystallite size of 343 

ibuprofen in the co-processed powder.
41

 344 

Differential scanning calorimetry is frequently used in pharmaceutical research as an 345 

analytical tool for the identification and interaction study of active drug after co-processing with 346 

other pharmaceutical compounds.
37,39,40,42-44

 It can explain the miscibility/incompatibility with its 347 

effects on thermal stability, yielding results promptly and efficiently.
45

 Thermograms after 348 

differential scanning calorimetry of pure ibuprofen and co-processed powder samples are 349 

presented in Fig 3. Ibuprofen has shown the melting endotherm at 76.7 C which is 350 

approximately similar to the literature value.
33

 With the increase of MTS amount in the co-351 

processed material melting temperature and enthalpy (data not mentioned) have been decreased 352 

markedly signifying the material is made up of a number of smaller crystals or crystallites, and 353 

paracrystalline phases. Melting endotherm of IB1M2B and IB1M2F has been disappeared 354 

indicating an almost amorphous structure where the atomic position is limited to short range 355 

order only. Amorphous phase of ibuprofen could be possible to produce by solid state co-milling 356 

with kaolin.
31

 The interaction between ibuprofen and the porous silica adsorbents indicated a 357 

significant loss of crystallinity of ibuprofen by the DSC studies.
13

 358 

 359 

 360 

 361 

 362 

 363 

 364 

 365 
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 366 

 367 

 368 

Figure 3 Differential scanning calorimetry of co-processed ibuprofen and magnesium trisilicate 369 

after dry-state ball-milling, and aqueous state equilibration and freeze-drying (abbreviations are 370 

explained in Table 1). 371 

 372 

 373 

 374 

 375 
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In-vitro release of ibuprofen  376 

In-vitro drug release profiles of the co-processed material up to 120 min have been depicted in 377 

the Fig. 4a,b. The powder materials have shown significantly improved dissolution of drug after 378 

co-processing. Crystalline ibuprofen exhibited only 52.89 % dissolution whereas, dry-state co-379 

milling of ibuprofen and magnesium trisilicate has improved dissolution to a great extent (77.98 380 

to 85.84 %). Formulated powder samples of aqueous state co-processing and freeze-drying of 381 

ibuprofen and magnesium trisilicate have presented relatively more improved drug release (84.87 382 

to 100.29 %). Percentage release of ibuprofen increased gradually with the gradual increase in 383 

magnesium trisilicate proportion in the freeze-dried samples. Mixtures of ibuprofen and 384 

magnesium trisilicate have presented substantially higher dissolution compared to the pure drug. 385 

Magnesium oxide (MgO) in magnesium trisilicate and carboxylic acid containing ibuprofen 386 

brought about the acid–base reaction and the hydrogen-bonding potential of silanol groups of 387 

SiO2 in the surface of magnesium trisilicate facilitated collectively the increase in the drug 388 

dissolution rate. Dissolution of nimesulide from pharmaceutical formulations exhibited better 389 

dissolution when the formulations contain micronized nimesulide crystals and medium become 390 

alkaline rather than acidic.
28

 Increased proportion of magnesium trisilicate in the mixture might 391 

have consumed the carboxylic acid containing ibuprofen and more of hydrogen-bonding 392 

potential of silanol groups can describe the increased release of ibuprofen of the co-processed 393 

formulations. Otsuka et al. have been able to transform the crystalline polymorphs of 394 

indomethacin to amorphous states during milling which had 60 % higher dissolution than the 395 

crystalline state.
20

 The increased dissolution of drug from solid dispersions possibly be related to 396 

the decreased drug crystallinity or effective wetting of the reduced drug particles.
46-49

 Co-397 

processing of ibuprofen with magnesium trisilicate for enhanced dissolution possibly be a 398 

promising approach for improvement of ibuprofen bioavailability.
48
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 420 

 421 

Figure 4 Dissolution profiles of co-processed ibuprofen and magnesium trisilicate: (a) dry-state 422 

ball-milling samples; (b) freeze-dried samples after aqueous state equilibration (abbreviations are 423 

explained in Table 1). 424 
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Conclusions 428 

Detailed infrared spectroscopy has been utilized for the assessment of interactions of ibuprofen 429 

and magnesium trisilicate after dry-state ball-milling and, aqueous state kneading and freeze-430 

drying. Changes in the frequency and shape of ibuprofen bands after co-processing have been 431 

detected for the analysis of redistribution of electronic density in the structure of ibuprofen 432 

molecule. Changes in the FTIR spectroscopy of co-processed formulations can describe acid–433 

base reaction between the carboxylic acid containing ibuprofen and MgO of magnesium 434 

trisilicate (2MgO,3SiO2,xH2O). Varying proportions of water in the magnesium trisilicate 435 

facilitated the reaction in the dry-state milling rather gently while, aqueous state equilibration 436 

and freeze-drying brought about the reaction considerably. Reduced absorbance of the carbonyl 437 

acid peak accompanied by a consistently increase in the absorbance of carboxylate peak was 438 

prominently visible and the absorbance of carboxylate peak was rather more in freeze-dried 439 

product compared to milled sample. O-H stretching frequency of silanol group due to the 440 

presence of SiO2 in the structure of MTS and the hydrogen bonds between adsorbed water and 441 

silanol attributed a large broad band between 3550 to 3200 cm
-1

 in all the co-processed materials 442 

and not in ibuprofen pure drug spectrum. That is the indication of intermolecular hydrogen 443 

bonding between ibuprofen and magnesium trisilicate in the co-processed material. Scanning 444 

electron microscopy revealed the inhibition of crystal growth morphology in both the co-445 

processed materials. Milled material has shown sub-micron and nano-crystalline accumulation 446 

but, porous bed of irregular nanoparticles with developing grain boundaries was observed in the 447 

crystal structure of the freeze-dried samples. Missing of melting endotherm in the DSC report of 448 

IB1M2B and IB1M2F signified almost complete amorphization of ibuprofen. Significantly 449 

decreased melting temperature and enthalpy of ibuprofen in the other co-processed materials 450 

indicated inhibition of crystal growth to a great extent. Significantly increased dissolution of 451 

drug has been noticed after co-processing compared to crystalline ibuprofen alone. Freeze-dried 452 

process presented relatively more enhanced drug release compared to ball-milled samples. 453 
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 549 

 550 
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 553 

 554 

Figure captions 555 

 556 

Figure 1 FTIR spectroscopy of co-processed ibuprofen and magnesium trisilicate after dry-state 557 

ball-milling (a) MTS, IB, IB3M1F, IB2M1F, IB1M1F, and IB1M2F; and aqueous state 558 

equilibration and freeze-drying (b) IB, IB3M1B, IB2M1B, IB1M1B, and IB1M2B (abbreviations 559 

are explained in Table 1). 560 

 561 

Figure 2 Scanning electron microscopy of co-processed ibuprofen and magnesium trisilicate 562 

after dry-state ball-milling, and aqueous state equilibration and freeze-drying: (a) Ibuprofen pure 563 

(× 500), (b) IB1M1pm (× 500), (c) IB1M1B (× 500), (d) IB1M1B (× 5000), (e) IB1M2B (× 500), (f) 564 

IB1M2B (× 5000), (g) IB1M1F (× 500), (h) IB1M1F (× 5000), (i) IB1M2F (× 500), and (j) IB1M2F 565 

(× 5000) (abbreviations are explained in Table 1). 566 

 567 

Figure 3 Differential scanning calorimetry of co-processed ibuprofen and magnesium trisilicate 568 

after dry-state ball-milling, and aqueous state equilibration and freeze-drying  (abbreviations are 569 

explained in Table 1). 570 

 571 

Figure 4 Dissolution profiles of co-processed ibuprofen and magnesium trisilicate: (a) dry-state 572 

ball-milling samples; (b) freeze-dried samples after aqueous state equilibration (abbreviations are 573 

explained in Table 1).  574 


