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Abstract: 54 

The charging propensities of freeze-dried samples produced from combinations of 55 

Piroxicam (PXM) - a BCS Class II drug with D-glucosamine HCl (GLU) - a potential 56 

hydrophilic carrier were investigated in this study. Freeze-dried PXM:GLU solid dispersion 57 

samples were prepared at different PXM:GLU ratios and characterised using analytical 58 

techniques such as XRPD, DSC and SEM. In addition, the dissolution rate and triboelectric 59 

charging of the samples were investigated. DSC and XRD results showed that the freeze-60 

drying process produced crystalline materials which were a mixture of PXM polymorphs 61 

that included the monohydrate form. The dissolution rate of PXM was improved in the solid 62 

dispersions due to the presence of GLU compared to pure PXM with the freeze- dried PXM: 63 

GLU solid dispersion at the ratio of 1:1(500) having the best improved dissolution of all the 64 

prepared samples. Electrostatics results showed PXM to have a higher tendency for charging 65 

in comparison to the carrier GLU (- 3.2 v 0.5 nC/g). Freeze-dried PXM:GLU showed an 66 

electropositive charging behaviour when the content of drug was ≤50 % (w/w), whereas the 67 

freeze-dried samples containing >50 % (w/w) of drug showed an opposite electronegative 68 

charging behaviour. The charge results also confirmed that GLU improved the handling of 69 

PXM through potential ordered mixture formations and shows how powder handling as well 70 

as dissolution can be manipulated to obtain a desired outcome. 71 

Keywords: Solid dispersions; Piroxicam; D-glucosamine HCl; Dissolution; Electrostatics; 72 

Freeze-drying 73 

 74 

1. Introduction 75 

The Biopharmaceutical Classification System (BCS) classifies drugs into 4 classes 76 

(Class I-IV) based on important factors such as aqueous solubility, dissolution rate and the 77 

intestinal permeability. BCS Class II drugs usually have a low drug concentration gradient 78 

between the gut wall and the blood vessels thereby limiting drug transport into systemic 79 

circulation and oral bioavailability. Solubility enhancement for BCS class II drugs is 80 

important to attaining efficient therapeutic systemic concentrations due to the fact that 81 

dissolution rates are typically the rate-limiting step for oral bioavailability of poorly soluble 82 

drugs[1].  83 

Particle size reduction is one of the most common methods used in the enhancement of 84 

the dissolution rate of poorly soluble drugs [2,3]. The reduction in particle size leads to an 85 



 

 

increase in the effective surface area of the drug particles available for interaction with the 86 

solvent. This particle size reduction brings about an increase in solubility which has been 87 

reported to be seen in the range [4] below 1µm [5]. However, particle size reduction to this 88 

size range may lead to particle agglomeration which may have a negative impact on the 89 

solubility and bioavailability of the drug in the final product [6]. Researchers have used 90 

several methods in the enhancement of solubility of drugs and they include complexation 91 

with carriers such as cyclodextrins [7], liquisolid techniques [8–10], salt formation [11–13] 92 

and the solid dispersion approach. The solid dispersion method has been reported to be one 93 

of the most efficient methods of improving drug dissolution [14–20] and can be prepared 94 

using solvent evaporation [21], co-grinding [22] , spray drying [23], freeze drying [24] and 95 

hot melt extrusion [25]. Several studies have demonstrated that the presence of  glucosamine 96 

(GLU) in solid dispersions with drugs like piroxicam (PXM), ibuprofen (IBU), 97 

carbamazepine (CBZ) and indomethacin (IND) prepared using either the solvent evaporation 98 

or grinding method produced crystalline material that significantly increased their rates of 99 

dissolution.Other carriers that have been explored by researchers in improving the dissolution 100 

rate of PXM include gluconolactone [26], microcrystalline cellulose, crospovidone [27], PEG 101 

4000 [28] and Pluronic F-98 [29].  102 

  Currently, there are no pharmacopoeial methods used in the characterization of particle 103 

charges [30]. However, recently there has been an increase in the research into the 104 

characterization of the electrostatic properties of powders [31]. The electrostatic charging 105 

observed in powder samples occur as a result of contacts and collisions between individual 106 

particles and particle-surface collisions in a gaseous environment [32].In this study, a novel 107 

equipment developed in the Wolfson Centre, University of Greenwich [33] is used to assess 108 

the charge properties and charge distribution of freeze dried particulate materials. This 109 

specific equipment was chosen for this study due to its reported high level of sensitivity 110 

(charges on the particles equal or more than 30×10-15 C are detectable), fast turnaround times 111 

for measurements (< 1 min) and the lack of particle flow disturbance [33–35]. The effect of 112 

static electrification on powder handling is not completely understood and hard to predict 113 

due to the inherent multivariate nature of electrostatic charging  [32,36–38]. It is however 114 

acknowledged that electrostatic charge can hinder powder flow or at least increase the flow 115 

instability of powders due to the induced formation of agglomerates [39,40]. Particle sticking 116 

on the surfaces is another commonly observed practice in the powder handling which is 117 

caused by particle-surfaces image forces [41]. Typically, pharmaceutical powders acquire 118 

charges between 0.0 and 1.0 × 10−12 C of charges during the handling processes [37,42]. 119 



 

 

Electrostatic charge can lead to detrimental consequences on powder handling when it is 120 

sufficiently high, e.g. above 6 × 10−13 C [41].  121 

Previous studies have explored the use of other drying methods such as spray drying on 122 

PXM-GLU solid dispersions [35].  The authors found the spray drying technique to improve 123 

the dissolution of piroxicam as well as the handling of the powder due to a reduction in the 124 

powders charge [35] . The freeze drying (lyophilization) method was used in this study as 125 

the manufacturing technique due its simplicity and the low/mild temperatures at which drying 126 

occurs which leads to minimal mechanical or thermal stress on the drug particles as compared 127 

to the spray-drying technique. Freeze drying has been explored in the preparation of solid 128 

dispersions by various researchers [24,43,44]. It is important to evaluate the impact of 129 

manufacturing processes on the effect of pharmaceutical products. Homayouni et al., 2014 130 

[45] investigated the effect of an antisolvent crystallization technique by spray drying and 131 

freeze-drying. The authors reported significant changes in morphology and size from the 132 

micro- range to the nano range depending on the technique used. This also significantly 133 

impacted on the dissolution studies. Asare-Addo et al. 2019 also investigated a spray drying, 134 

freeze-drying and homogenizing-freeze drying technique on indomethacin soluplus 135 

amorphous solid dispersions. The authors also found the different manufacturing techniques 136 

to impact on the surface properties of compacts for intrinsic dissolution rate (IDR) 137 

measurements [46].  The impact of the freeze-drying processes on the dissolution rate of solid 138 

dispersions containing D-glucosamine HCl (GLU and PXM ((4-hydroxy-2-methyl-N-(2-139 

piridyl) 2H-1,2-benzothiazine-3-carboxamide-1, 1-dioxide) and its impact of the charging 140 

properties were assessed in this study. This was also conducted to evaluate potential changes 141 

or similarities that may arise as a result of change in  manufacturing process.   142 

PXM is one of the potent non-steroidal anti-inflammatory drugs (NSAIDs) used in 143 

treatment of various musculoskeletal and joint disorders [47]. The use of GLU as a 144 

hydrophilic carrier was investigated in this study due to the fact that GLU is a likely 145 

nutritional supplementused by patients currently on PXM in the treatment of pain and to 146 

improve mobility in osteoarthritic joints [48,49]. The charging characteristics of the prepared 147 

crystalline samples were also investigated to evaluate the effect of the drying process on the 148 

handling of these solid dispersions. Information of the charging of these can inform a 149 

formulator on the best candidate samples to use that may avoid detrimental consequences 150 

further down the formulation process. To the best of the authors’ knowledge, there is 151 

currently no reported study that has investigated the use of GLU in freeze-dried crystalline 152 

solid dispersions and the charge distributions from the resulting samples. 153 

2. Materials and Methods  154 

2.1. Materials 155 



 

 

The model drug – PXM (Form I)  and GLU were purchased from TCI Chemicals (Japan) 156 

and Sigma-Aldrich (UK), respectively. Analytical grade acetone was used as the solvent and 157 

was used as obtained from Fischer Scientific (UK). The dissolution medium (KCl:HCl 158 

buffer, pH 1.2) was prepared according to the USP 2003 method with  KCl and concentrated 159 

HCl obtained from Sigma, (UK) and Fisher (UK), respectively. 160 

 161 

2.2. Preparation of freeze-dried solid dispersions of drug-carrier 162 

The solid dispersions were prepared by making suspensions of PXM and GLU at 163 

different drug: carrier ratios as shown in Table 1. In the preparation of the 1:1 (500) ratio, 164 

PXM (0.5g) was dissolved in a beaker containing 50 mL of acetone. In a separate beaker, 165 

GLU (0.5g) was dissolved in deionised water (50 mL) under agitation at 400 rpm. The two 166 

solutions were then mixed together with the drug acetone solution added to the GLU solution 167 

under continuous agitation for 1 h. The sample was agitated and maintained at a temperature 168 

of 50 °C to evaporate the acetone after which the samples were flash-frozen in liquid nitrogen 169 

and freeze-dried using a Christ Alpha 2-4 LD freeze dryer maintained at an average 170 

temperature of -50 C and  pressure of  0.0010 mbar for 24 h. The solid dispersion samples 171 

obtained were then stored in a desiccator until required. For comparison, freeze dried PXM 172 

(FD-PXM) samples were also prepared using the same method described above without the 173 

glucosamine.  174 

Table 1. Formulation table used in the experimentation process 175 

Formulation 

code 

Piroxicam (g) Acetone (mL) Glucosamine 

(g) 

Deionised 

water (mL) 

1:1 (250) FD 0.25 50 0.25 50 

1:1 (500) FD 0.50 50 0.50 50 

1:1 (750) FD 0.75 50 0.75 50 

1:1 (1000) FD 1.00 50 1.00 50 

1:2 FD 0.50 50 1.00 50 

1:4 FD 0.50 50 2.00 50 

2:1 FD 1.00 50 0.50 50 

4:1 FD 2.00 50 0.50 50 

      FD-PXM 0.50 50 0.00 50 

Note: FD means freeze-dried  176 

2.3. Particle Size Analysis (PSD) 177 



 

 

A Sympatec laser diffraction particle size analyser (Clausthal-Zellerfeld, Germany) was 178 

used in the determination of the particle size distribution of the sample formulations. The 179 

WINDOX software provided was used to automatically calculate the mean particle size 180 

(D10%, D50% and D90%). The procedure used is outlined in previous studies [15,35]. 181 

 182 

2.4. Scanning electron microscopy (SEM) 183 

Pure PXM, freeze-dried PXM (FD-PXM), pure GLU, freeze-dried GLU (FD-GLU) and 184 

all the freeze-dried solid dispersion formulations in their different ratios were mounted on a 185 

metal stub with double-sided adhesive tape. These samples were sputter-coated  with gold 186 

using a Quorum SC7620 Sputter Coater under vacuum in an argon atmosphere prior to 187 

observation. Images at different magnifications were obtained using a scanning electron 188 

microscope (Jeol JSM-6060CV SEM) operating at 20 kV to facilitate the study of the 189 

morphology of the solid dispersions. 190 

 191 

2.5. Differential scanning calorimetry (DSC) 192 

Pure PXM, freeze-dried PXM (FD-PXM), pure GLU, freeze-dried GLU (FD-GLU) and 193 

all the freeze-dried solid dispersion formulations in their different ratios (3 - 6 mg) were 194 

placed in standard aluminium pans (40 µL) with a vented lid. The sample pans were heated 195 

across a temperature range of 20 to 250 °C at a scanning rate of 10 °C/min using nitrogen 196 

gas as a purge gas in a DSC 1 (Mettler-Toledo, Switzerland). The enthalpies, onset 197 

temperatures, peak temperatures and melting points of the samples were determined using 198 

the STARe thermal analysis software. 199 

 200 

2.6. X-ray powder diffraction (XRPD) 201 

Pure PXM, freeze-dried PXM (FD-PXM), pure GLU, freeze-dried GLU (FD-GLU) and all 202 

the freeze-dried solid dispersion formulations in their different ratios were characterised by 203 

X-ray powder diffraction (XRPD) according to a previous study [50] using a D2 Phaser 204 

diffractometer (Bruker AXS GmbH, Karlsruhe, Germany), with a sealed microfocus 205 

generator operated at 30 kV and 10 mA, producing CuKa (λX = 0.1542 nm) radiation and a 206 

Lynxeye ‘silicon strip’ multi-angle detector. The samples were scanned in  scattering 207 

(Bragg, 2θ) angle range from 5 to 40°, in 0.02° steps at 1.5° min−1. 208 

 209 

 210 



 

 

 211 

 212 

2.7. HPLC analysis  213 

HPLC was performed on a Shimadzu system equipped with a SPD-20 AV Prominence 214 

UV/VIS detector set at 350nm, an LC 20 AT pump, and SIL-20A Prominence auto-sampler. 215 

The acquisition of data was carried out on a LC solution software integrator with separation 216 

performed using XTerra® 3.5 µm RP18 column (150 x 4.6 µm) (Waters) equipped with an 217 

XTerra® guard column. Mobile phase was a mixture of disodium hydrogen phosphate (5mM, 218 

pH 3): acetonitrile:  methanol: glacial acetic acid (27:52:20:1)[51]. The analysis was 219 

performed at a flow rate of 1 ml/min determined at 30 °C with an injection volume of 5µl 220 

with an average run time of 6 minutes. The HPLC method was validated to determine the 221 

linerarity, limit of detection (LOD), limit of quantification (LOQ) and inter and intraday 222 

variations. The calibration curve was determined over a concentration range of 0.5 to 20 223 

g/ml. 224 

 225 

2.8. Dissolution studies 226 

The dissolution studies of pure PXM and all the freeze-dried solid dispersions were 227 

carried out in a USP dissolution apparatus I (DT700, ERWEKA, Heusenstamm, Germany). 228 

Sample formulations used for the dissolution process contained amounts equivalent to 20 mg 229 

PXM regardless of the carrier (GLU) quantity. The powder samples were weighed and 230 

carefully introduced into dissolution baskets that have modified by having their bases 231 

covered with a flat circular paper discs. This was to prevent the powder samples falling 232 

through the bottom pores of the basket. The dissolution medium (KCl:HCl buffer: pH 1.2, 233 

900 mL) was equilibrated to 37 °C ± 0.5 °C with the baskets rotated at 50 rpm. Samples were 234 

withdrawn at selected time intervals between 5 to 120 min  and analysed  by HPLC  with the 235 

concentration of PXM in the samples calculated from the standard PXM calibration curve as 236 

detailed in section 2.7. All dissolution tests were carried out in triplicate. 237 

 238 

2.9. Dissolution parameters 239 

    The mean percentage of PXM dissolved in the first 10 min (Q10min) and 30 min (Q30min) 240 

were used as an independent metric to assess the dissolution rate from various preparations. 241 

The dissolution efficiency (DE) of a pharmaceutical dosage form is the area under the 242 



 

 

dissolution curve up to the time, t, expressed as the percentage of the area of the rectangle 243 

[31] as detailed in previous studies  [32,33]. 244 

 245 

DE (%) =  
∫ 𝑦 𝚡

𝑡
0

 𝑑𝑡

𝑦100 𝚡 𝑡
 𝚡 100,                                                                                   (1)                       246 

 247 

where, y is the percentage of drug dissolved at time t. 248 

In order to obtain a parameter that describes the dissolution rate another approach that 249 

can be explored is the determination of the mean dissolution time (MDT). MDT is the most 250 

likely time taken for a molecule to be dissolved from a solid dosage form. Therefore, MDT 251 

is the mean time for the drug to dissolve under in vitro dissolution conditions and is calculated 252 

using the following equation: 253 

MDT (min)= ,                                                                       (2) 254 

where, j is the sample number, tj is the midpoint of the jth time period (calculated with ((t + 255 

t-1)/2) and Mj is the additional amount of drug dissolved between tj and t-1. Based on this, 256 

the mean dissolution rate (MDR) can be calculated using the following equations: 257 

MDR (%min-1) =
n

tM
n

j

j



1

/

,                                                               (3) 258 

where, n is the number of dissolution sample times, t is the time at the midpoint between t 259 

and t-1 (easily calculated with [t + (t-1)/2]. 260 

 261 

2.10. Triboelectric assessment of freeze- dried solid dispersions 262 

A triboelectric device electrostatic inductive sensor (developed at the in the Wolfson 263 

Centre at the University of Greenwich) was used to investigate the triboelectrification of the 264 

PXM, GLU and freeze-dried formulation [33]. For a detailed account of the procedure and 265 

information on this instrumentation, authors are referred to Adebisi et al., 2016 [34]. The net 266 

charge is the sum of positive charges and negative charges. The charge–to–mass ratio (CMR 267 

or charge density) was defined as the charge (negative charge for N–CMR, positive charge 268 

for P–CMR, net charge for net–CMR) per unit mass, in nC/g. Each sample was analysed an 269 

t j DM j

j=1

n

å

DM j

j=1

n

å



 

 

average of six times to confirm good reproducibility (humidity and temperature controlled 270 

laboratory: 50 % RH, 22 ºC). 271 

3. Results and discussion 272 

3.1. Solid state characterization and electrostatic charging 273 

DSC analysis showed PXM had an average melting point of 201.63  0.05 C (n=3) 274 

signifying the PXM Form I polymorph (Figure 1a) [56]. PXM is a polymorphic drug with 275 

two well characterised polymorphic forms – Form I and Form II and the monohydrate 276 

(yellow) form. Form III and IV which are the amorphous or metastable forms respectively 277 

have also been reported [57]. Form 1 (Figure 3a)  has a prism-like shape while Form II is 278 

needle-like in shape  [58]. GLU showed a single endothermic peak on the DSC trace (Figure 279 

1b) with a melting point at 208.97  0.07 ˚C. After freeze-drying, the DSC scan of all the 280 

samples exhibited three prominent peaks; the first ranging from 127°C to 147 °C. This is 281 

attributed to the monohydrate form of piroxicam. This corroborates the change in the colour 282 

of the PXM sample from white to yellow as the monohydrate form of piroxicam has a distinct 283 

yellow colour [59]. The rate of the crystallization of the monohydrate form is what influences 284 

the shape of the dehydration peak as seen in Figure 2 (a-h) [60].  With the exception of figure 285 

2h, the second peak for all the freeze-dried samples ranged from 195.81 – 199.91 ˚C. This is 286 

a lower melting point compared to the original PXM (Form I) used and suggests that the 287 

freeze-drying process led to the re-crystallization of some PXM molecules into the Form II 288 

polymorph [60]. There were some needle-shaped PXM particles that were characteristic of 289 

Form II PXM observed in some of the SEM images in Figure 3 [35,61]. The second melt in 290 

figure 2 h of 201. 43 ˚C suggests the form I of PXM. The third peak for all the freeze-dried 291 

samples ranged from 205.65 – 213.15 ˚C. This is the peak for the GLU and it seems that the 292 

freeze-drying process may have altered the characteristics of the GLU. It was also interesting 293 

to note from figures 2 e-h that an increase in the PXM content in the formulations increased 294 

the intensity of the monohydrate peak in the DSC thermograms. The freeze-dried PXM:GLU 295 

formulations developed an intense yellow colour. This has been observed by our research 296 

group before as well as other authors and has been attributed to the presence of amorphous 297 

PXM due to zwitterionic PXM molecules which are formed by an inter-molecular proton 298 

transfer in the amorphous form of the drug [35,62]. The XRPD diffractograms of pure PXM 299 

(Figure 4a) showed characteristic peaks at 8.64˚, 14.51˚, 17.70˚, 21.71 and 27.72˚ typical of 300 

peak positions observed in the cubic Form I polymorph of PXM while that of GLU showed 301 



 

 

characteristic peaks at 16.73˚, 17.42˚, 27.19˚ and 31.94˚ on the 2θ scale [17,35,61].The 302 

freeze-dried PXM:GLU samples (Figure 4b) showed characteristic peak at 26.11  303 

representative of the monohydrate form of PXM and peaks from the carrier GLU and this  304 

was in agreement with published literature [60,63–65].   305 

 306 

 307 

Figure 1. DSC thermograms of piroxicam (a) glucosamine (b) 308 
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 309 

Figure 2. DSC thermograms of freeze-dried solid dispersions of PXM:GLU in ratios 1:1 310 

(250) (a), 1:1 (500) (b), 1:1 (750) (c), 1:1 (1000) (d), 1:2 (500) (e), 2:1 (500) (f), 1:4 (500) 311 

(g), 4:1 (500) (h). 312 
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 316 

Figure 3. SEM images of piroxicam (a), glucosamine (b), freeze-dried solid dispersions of 317 

PXM:GLU in ratios 1:1 (250) (c), 1:1 (500) (d), 1:1 (750) (e), 1:1 (1000) (f), 1:2 (500) (g), 318 

2:1(500)  (h), 1:4 (500) (i), 4:1 (500) (j) 319 
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 322 

Figure 4. XRPD patterns of Glucosamine (GLU), Piroxicam (PXM), freeze-dried solid 323 

dispersions of PXM:GLU in ratios 1:1 (250), 1:1 (500), 1:1 (750), 1:1 (1000) (a) and 324 

Glucosamine (GLU), Piroxicam (PXM), freeze-dried solid dispersions of PXM:GLU in 325 

ratios 1:1 (500), 1:2(500), 2:1(500),  1:4 (500) and 4:1 (500) (b) 326 
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Commercial PXM and commercial GLU showed opposite charging polarities. While 332 

commercial PXM showed an overall electronegative charge (-3.2 ± 0.9 nC/g), commercial 333 

GLU showed an overall electropositive charge (0.5 ± 0.4 nC/g) which was in agreement to 334 

previously published literature [35]. It was reported in previous studies that fine particulates 335 

generally charge negatively, whilst large particles tend to charge positively [66]. Such 336 

charging as experienced by the PXM may result in problems such as  particle agglomeration, 337 

segregation and/or adhesion to the processing equipment [35]. The considerably higher 338 

absolute charge of PXM relative to  GLU may be due to the differences in the inherent 339 

charging properties between PXM and GLU as well as the small size of PXM particles in 340 

comparison to GLU particles [34,66]. Interestingly, freeze-dried PXM:GLU mixtures 341 

showed mainly an electropositive charging behaviour when the content of drug was ≤50 % 342 

(w/w), whereas freeze-dried mixtures containing >50 % (w/w) of drug showed mainly and 343 

an opposite electronegative charging behaviour. This could be explained as the original 344 

charging polarities of commercial drug and excipient particles were inherited in co-processed 345 

drug:excipient mixtures. This suggested that PXM and GLU could potentially form an 346 

ordered mixture, in which the adherence of drug particles to the surface of excipient particles 347 

is encouraged by electrostatic forces. Comparing the charge values to common drugs and 348 

excipients reported previously showed PXM to have lower charge than common drugs 349 

whereas GLU carried a very low level of charge [67]. The highest level of absolute charge 350 

was observed from the freeze-dried PXM:GLU mixture containing the highest content of 351 

drug (PXM:GLU, 1:4 w:w). The results thus show that the selection of PXM:GLU ratio can 352 

influence the charging behaviour of the powder mixture and thereby could improve powder 353 

handing and dissolution properties. The authors believe that there is no apparent inverse 354 

relationship between powder charging and dissolution. High levels of powder charging can 355 

affect both drug-drug and drug-excipient adhesion forces in pharmaceutical formulations. 356 

While high levels of charging can cause unwanted particle agglomeration/segregation and 357 

thus reduce the effective surface area available for dissolution, it has been shown that the 358 

total adhesion forces between drug and excipient particles decrease with electrostatic charge 359 

decay during storage [68]. 360 



 

 

 361 

Figure 5. Net–charge-to-mass ratio (Net–CMR), positive–charge-to-mass ratio (P–CMR) 362 

and negative–charge-to-mass ratio (N–CMR) of freeze-dried piroxicam:glucosamine HCl 363 

(PXM:GHCl) mixtures in relation to PXM content. Note: GHCl is GLU 364 

 365 

3.2. HPLC assay 366 

PXM was detected at 350 nm with a retention time of 3.5 min. The linearity (R2) of the 367 

calibration curve was 0.99 while the limit of detection (LOD) and limit of quantification 368 

(LOQ) were 0.024± 0.001 μg/ml and 0.072± 0.003 μg/ml, respectively. The intraday and 369 

interday relative SD (RSD) were all less than <5%. 370 

 371 

3.3. Dissolution and dissolution parameters 372 

Untreated PXM had a very low DE of 14 % over the 120 min interval (Table 2). This confirms 373 

the reported poor solubility of PXM. This poor solubility can in turn affect its bioavailability. 374 

The poor dissolution characteristics of PXM (Figure 6a, Table 2) may be due to poor 375 

wettability as well as agglomeration of the drug particles [19]. When PXM was freeze-dried 376 

with GLU in the ratios 1:1 but at the various concentrations (1:1 (250) FD; 1:1 (500) FD; 1:1 377 

(750) FD and 1:1 (1000) FD), the 1:1 (500) FD samples had the best DE of 44 % as compared 378 



 

 

to the others (28 – 37 %). This was also evident with their higher Q10min and Q30min values. 379 

Their relatively smaller particle sizes (Table 2, d90 = 64.4 µm)) may have contributed to this 380 

phenomenon also. Table 2 and Figure 6a again shows a decrease DE to occur past the 1:1 381 

(500) FD formulation. As the dissolution profiles did not improve past the 1:1 (500) FD 382 

formulation, this then became the concentration used for the 1:2, 2:1, 1:4 and 4:1 ratios. 383 

Figure 6b shows the dissolution profiles of the 1:1 (500) FD formulation in comparison with 384 

the other ratios (1:2, 2:1, 1:4 and 4:1). The results show the 1:1 ratio to have the best 385 

dissolution profile of all the samples tested with a DE value 44 %., representing a 2.3 fold 386 

increase in DE relative to the untreated DE.  It was interesting to note that an increase in the 387 

concentration of GLU  brought about an increase in the DE values of the other ratios studied 388 

(Table 2, comparing ratios 1:2 to 2:1 and ratios 1:4 to 4:1). This is also evident with relatively 389 

smaller amount of fines in ratios 1:2 and 1:4 (d10 = 6.55 and 6.69 µm respectively) compared 390 

to ratios 2:1 and 4:1 (d10 = 9.58 and 11.3 µm respectively). This formation of small particle 391 

sizes leads to increased surface area and potentially reduced inter-particle cohesive forces 392 

could in turn account for their relative enhancement in dissolution. 393 

 394 

Table 2. Effects of the freeze-drying process and carrier ratios on the dissolution parameters 395 

and particle size of the formulations 396 

Piroxicam 

(PXM): Carrier 

(GLU) 

DE120min 

(%) 

MDT 

(min) 

MDR 

(%min-1) 

Q10min  

(%) 

Q30min  

(%) 

d10% 

(µm) 

d50% 

(µm) 

d90% 

(µm) 

Untreated PXM 13.52 10.33 0.16 4.68 8.17 3.14 8.71 20.90 

1:1 (250) FD 36.56 10.14 0.44 14.62 29.23 5.45 23.60 72.80 

1:1 (500) FD 44.46 11.15 0.59 16.53 39.09 6.87 22.10 64.40 

1:1 (750) FD 28.17 12.60 0.38 9.44 20.00 6.30 33.90 107.00 

1:1 (1000) FD 32.10 18.24 0.39 8.50 21.35 6.96 29.35 77.65 

1:2 FD 33.71 14.48 0.48 12.29 21.44 6.55 25.70 101.90 

2:1 FD 17.49 10.52 0.20 5.49 13.53 9.58 30.13 89.93 

1:4 FD 25.33 14.52 0.19 6.94 18.10 6.69 22.47 91.87 

4:1 FD 18.61 13.59 0.43 10.26 12.18 11.30 29.13 70.53 

Note: FD is freeze-dried 397 



 

 

 398 

 399 

 400 

Figure 6. Dissolution profiles of untreated PXM,  freeze dried PXM and freeze-dried solid 401 

dispersions of PXM:GLU in ratios 1:1 (250), 1:1 (500), 1:1 (750), 1:1 (1000) (a), piroxicam, 402 

1:1 (500), 1:2, 2:1, 1:4 and 4:1 403 

 404 

4. Conclusions 405 

This study showed that freeze-drying PXM with GLU enhanced the dissolution of PXM. 406 

This demonstrated the effectiveness of glucosamine as a hydrophilic carrier for this process. 407 
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The PXM underwent some polymorphic changes during the freeze-drying process and this 408 

was confirmed by the DSC traces and XRPD diffraction patterns. Freeze-dried PXM:GLU 409 

showed an electropositive charging behaviour when the content of drug was ≤50 % (w/w), 410 

whereas the freeze-dried samples containing >50 % (w/w) of drug showed an opposite 411 

electronegative charging behaviour. The charge results also proved GLU to improve the 412 

handling of PXM through potential ordered mixture formations and shows how powder 413 

handling as well as dissolution can be manipulated to obtain a desired outcome. 414 

 415 
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