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Abstract 

Amorphization is a well-established strategy to enhance the dissolution properties of poorly 

water-soluble drugs. However, the amorphous state is inherently unstable towards 

recrystallization. Coamorphous systems of a drug and a small-molecule excipient or of two 

complementary drugs often show an enhanced stability. Diabetes and hypertension are frequently 

coexistent. In this paper a study on the coamorphization of the poorly water-soluble antidiabetic 

drug gliclazide (glz) and the antihypertensive drug valsartan (val) is reported. Amorphous glz 

recrystallized after 1 d under ambient conditions, whereas coamorphous glz-val containing glz 

and val in a 1:1 or 1:2 molar ratio was stable for at least four months at 20 °C and 56 % relative 

humidity. The dissolution rate of glz increased in the order crystalline glz < glz-val_1:1 < glz-

val_1:2. Furthermore, ternary coamorphous systems of glz, val and an excipient were prepared; 

glz-val_1:1_PVP, glz-val_1:1_HPC, glz-val_1:1_ALM, glz-val_1:1_MCC (PVP = 

polyvinylpyrrolidone, HPC = hydroxypropyl cellulose, ALM = -lactose monohydrate, MCC = 

microcrystalline cellulose). MCC and HPC did not affect the stability of the coamorphous 

system, while ALM promoted the recrystallization of glz in glz-val_1:1_ALM during storage 

and freshly prepared glz-val_1:1_PVP contained small amounts of crystalline glz. Glz-

val_1:1_MCC showed enhanced dissolution properties compared to crystalline glz and glz-

val_1:1 and is a viable fixed-dose formulation. 
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Introduction 

Coamorphization with a small-molecule coformer is well-documented in the literature as a 

strategy to enhance the dissolution properties and thus the bioavailability of poorly water-soluble 

drugs [1-3]. Various types of biocompatible, inactive small-molecule coformers have been 

successfully studied such as amino acids [4-7], carboxylic acids [8-11], sugars [12], nicotinamide 

[13], saccharin [14,15], and bile acids [16,17]. The coformer stabilizes the amorphous phase 

through intermolecular interactions with the drug molecules and/or by providing a physical 

barrier to recrystallization. In addition to drug-excipient combinations, drug-drug coamorphous 

systems in which the inactive coformer is replaced by a second complementary drug have been 

described and highlighted in the literature as a new perspective for fixed-dose combination 

therapeutics [18,19]. The first dual-drug coamorphous system was reported by Yamamura et al. 

who showed that coamorphization of cimetidine and naproxen enhanced the stability of the 

amorphous form of both drugs, resulting in an improved solubility and dissolution rate [20,21]. 

Lodagekar et al. reported a stable coamorphous system of two antihypertensive drugs, valsartan 

and cilnidipine. At the therapeutically relevant dose ratio of 16:1 the release of cilnidipine was 

significantly enhanced [22]. Other examples include the combination of cimetidine and diflunisal 

[23], indomethacin and naproxen [24], simvastatin and glipizide [25], ritonavir and indomethacin 

[26], nateglinide and metformin hydrochloride [27], omeprazole and amoxicillin trihydrate [28] 

and tranilast and diphenhydramine [29].  

Coamorphous formulations of two complementary drugs do not only improve patient compliance 

by reducing the number of medications the patient has to take but may also enhance the 

therapeutic efficacy through synchronous delivery. Nevertheless, the development of 

pharmaceutically relevant drug-drug coamorphous systems is challenging. Besides the obvious 

requirements that the combination must be therapeutically meaningful and that the two drugs 

form a coamorphous system that is stable towards recrystallization, the dose ratio and frequency 

and timing of administration must also be compatible with a coamorphous formulation. 

Generally, coamorphous systems contain the two components in a 1:1 or 1:2 molar ratio as the 

improved stability over the individual amorphous drugs is attributed to molecular level H 

bonding interactions.  

It is estimated that 40 – 60 % of type 2 diabetes patients have coexistent hypertension with 50% 
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of adults with diabetes having hypertension at the time of diagnosis [30,31]. The coexistence of 

hypertension and diabetes has been linked to an increased risk of cardiovascular disease, 

retinopathy and nephropathy [30]. Gliclazide (glz, Figure 1) is routinely prescribed for the long-

term treatment of type II diabetes. Its poor water solubility is responsible for its slow and 

variable absorption rate and low bioavailability. To develop a glz-antihypertensive coamorphous 

formulation, we selected valsartan (val, Figure 1) as the antihypertensive. Val is known to be a 

good glass former due to its high glass transition temperature of around 76 °C [32]. The 

recommended doses of glz and val are 30 – 120 mg once a day and 80 – 320 mg once a day, 

respectively. Thus, a 1:1, 1:2 and 2:1 molar ratio would contain appropriate dose combinations 

of e.g. 75 mg glz/101 mg val, 75 mg glz/202 mg val, and 120 mg glz/80 mg val. 

Recently, a limited number of studies on the combination of dual-drug coamorphous systems 

with excipients have been published. Waikar and Gaud reported a ternary system of nateglinide, 

metformin hydrochloride and Neusilin®US2 [33]. The silicate was added to improve the flow 

properties of the coamorphous system. Lenz et al. developed tablet formulations of a 

coamorphous salt with colloidal silicon dioxide, mannitol (fast dissolving filler), croscarmellose 

sodium (superdisintegrant) and magnesium stearate (lubricant) [34]. On the other hand, in a 

small number of studies polymeric excipients have been used to create three-component drug-

drug-excipient coamorphous systems with enhanced stability and dissolution properties 

compared to the respective binary drug-drug combination. Examples are coamorphized 

flutamide-bicalutamide-poly(methylmethacrylate-co-ethylacrylate), flutamide-bicalutamide-

polyvinylpyrrolidone [35], and ezetimibe-simvastatin-kollidon VA65 [36]. Overall, the effect of 

excipients on coamorphous formulations is an area that has remained largely unexplored. 

Here we report a comprehensive study on the coamorphization of glz and val in the absence and 

in the presence of excipients. We show that glz in coamorphous glz-val has improved dissolution 

properties compared to crystalline glz and that the dissolution behavior is further enhanced for 

ternary coamorphous systems containing microcrystalline cellulose or -lactose monohydrate.  
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Figure 1. Chemical structures of glz and val. 

 

Materials and methods 

Materials 

Gliclazide (glz), valsartan (val), polyvinylpyrrolidone (PVP, MW ~10,000, batch #FZZRD-HC) 

and hydroxypropyl cellulose (HPC, batch #G102-GI$C) were purchased from Tokyo Chemical 

Industry (TCI Europe). -Lactose monohydrate (ALM, batch #018K00651) and microcrystalline 

cellulose (MCC, batch #7130-8C) were supplied by Sigma Aldrich and FMC Biopolymer, 

respectively. 

Methods 

Preparation of amorphous glz-val_1:1 and glz-val_1:2 

The antidiabetic drug glz and the antihypertensive drug val were physically mixed in a 1:1 and 

1:2 molar ratio (0.25 g sample in total). Room temperature milling experiments were performed 

using an oscillatory ball mill (Mixer Mill MM400, Retsch GmbH & Co., Germany) and a 25 mL 

stainless steel milling jar containing one 15 mm diameter stainless steel ball. The samples were 

milled at 25 Hz for 120 minutes with a cool down break of 15 minutes after every 30 minutes of 

milling. Immediately after milling the powder samples were analyzed by X-ray powder 

diffraction.  

Preparation of amorphous glz-val_2:1 

Amorphous glz-val_2:1 was prepared by cryomilling. The milling jars were immersed in liquid 
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nitrogen for 5 minutes prior to milling and after every 7.5 minutes of milling the jars were cooled 

again in liquid nitrogen for 2.5 minutes. The milled powder samples were analyzed immediately 

by X-ray powder diffraction and the amorphous halo appeared after 120 minutes.  

Preparation of ternary glz-val-excipient coamorphous systems 

The formation of a coamorphous mixture of glz and val in the presence of excipients was 

investigated. Glz, val and the respective excipient (PVP, MCC, HPC, ALM) were milled 

together using a glz : val molar ratio of 1:1 and a glz:excipient weight ratio of 1:1 (0.35 g sample 

in total). The milling experiment was performed at room temperature for 120 min. X-ray powder 

diffraction analysis was carried out immediately after milling.  

X-ray powder diffraction (XRPD) 

Coamorphous samples of glz-val_1:1, glz-val_1:2, glz-val_2:1, glz-val_1:1_MCC, glz-

val_1:1_HPC, glz-val_1:1_ALM, glz-val_1:1_PVP, glz-MCC (1:1 weight ratio), glz-HPC (1:1 

weight ratio), glz-ALM (1:1 weight ratio) and glz_PVP (1:1 weight ratio) were characterized by 

XRPD immediately after milling. XRPD patterns were recorded between 5 and 90 (2θ) on an 

Inel Equinox 3000 powder diffractometer using Cu Kα radiation ( = 1.54178 Å, 35 kV, 25 mA). 

FT-IR spectroscopy 

FT-IR spectra of freshly prepared samples of coamorphous glz-val_1:1, glz-val_1:2, glz-val_2:1, 

glz-MCC, glz-HPC, glz-MCC and glz-PVP were collected in the 650 − 3600 cm−1 range on a 

Perkin Elmer Spectrum 400 fitted with an ATR reflectance attachment and a diamond/ZnSe 

window. The resolution was 4 cm−1. 

Differential scanning calorimetry (DSC) 

DSC/TGA experiments were performed on freshly prepared samples of coamorphous glz-

val_1:1, glz-val_1:2, and glz-val_2:1 with a STA625 thermal analyser (Rheometric Scientific, 

Piscataway, New Jersey). The runs were performed in open aluminium crucibles between 20 and 

300 °C with a heating rate of 10 °C/min. Nitrogen was purged in ambient mode and an indium 

standard was used for calibration. 
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Scanning electron microscopy (SEM) 

Coamorphous glz-val_1:1, glz-val_1:1_ALM and glz_val_PVP were freshly prepared as 

described above. Following coating of a thin layer of the respective sample (< 1 mg) with a gold 

layer to enhance the contrast, the micrograph was captured on a Hitachi S2600N variable 

pressure scanning electron microscope with the following experimental parameters; ×903 

magnification; backscatter BSE resolution of 20 nm at 25 kV, 5 kV accelerating voltage, 10 000 

nA emission current, 13.5 mm working distance. 

Stability study 

To screen the stability of the amorphous materials, the samples were stored in a desiccator at 

ambient temperature (22 ± 2 oC) under 56 % and 98 % relative humidity (RH) which was 

achieved using different concentrations of K2SO4 solutions [37]. The stored samples were 

analyzed after 1, 3, 7, 15, 30, 60 and 120 days by X-ray powder diffraction. 

Dissolution study 

Dissolution testing was carried out on freshly prepared samples of coamorphous glz-val_1:1, glz-

val_1:2, glz-val_2:1, glz-val_1:1_MCC, glz-val_1:1_ALM and cmmercial glz and valsartan All 

dissolution experiments were performed in triplicate using fresh samples for each run. 100 mg of 

the respective powder sample was placed in 250 mL 0.1 M phosphate buffer (pH 6.8, 37 °C) and 

stirred at 300 rpm with an 11-mm magnetic stirring bar. At predetermined time points (2, 5, 10, 

15, 25, 30, 45, 60, 90, 120, and 180 minutes) 2.5 mL aliquots were taken and immediately 

replaced with 2.5 mL of dissolution medium. 50 − 250 L of the aliquot was diluted by adding 

4.95 − 4.75 mL dissolution medium (crystalline glz: 250 L aliquot/4.75 mL medium; glz-

val_1:1, glz-val_1:1_MCC and glz-val_1:1_ALM: 100 L aliquot/4.90 mL medium; glz-

val_1:2: 50 L aliquot/4.95 mL medium). The amounts of dissolved glz and val were determined 

on the same day by UV/Vis spectroscopy using a Varian Cary 50 Scan Spectrophotometer (Santa 

Clara, CA, USA). To exclude any interference from the buffer, reference spectra were recorded 

for the buffer solution and the buffer solution containing either of the components. Overlapping 

absorbances of glz and val were treated by measurements at two suitable wavelengths (226 and 

240 nm) and simultaneous analysis [38]. Standard solutions (0.0004, 0.0020, 0.0040, 0.0100, 
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0.0200, 0.0300 and 0.0400 mg/mL) were prepared with phosphate buffer (0.1 M, pH 6.8). The 

resulting calibration curves were linear in the relevant concentration range. 

 

Results and discussion  

Glz and val were mixed in a 1:1, 1:2 and 2:1 molar ratio and ball-milled at room temperature for 

2 h. The XRPD patterns of glz-val_1:1 and glz-val_1:2 showed amorphous halos (Figure 2a), 

while glz-val_2:1 converted to the amorphous state only when the milling was carried out at low 

temperature (cryomilling, Figure S1). The amorphous samples were characterized by DSC 

(Figure S2) and FT-IR spectroscopy (Figures S3 – S5). No melting endotherms were visible in 

the DSC plots of the 1:1 and 1:2 mixture as expected for amorphous solids. The DSC plot of the 

2:1 sample showed a recrystallization exotherm at 99.5 °C. The stretching vibration of the C=O 

group of crystalline glz appears at 1707 cm-1. The (C=O) band of the carboxyl group in val is 

observed at 1729 cm-1. These two bands merge to give a strong, broad band at 1713, 1716 and 

1710 cm-1 in glz-val_1:1, glz-val_1:2 and glz-val_2:1, respectively. The C=O stretching 

vibration of the amide group of val and the as(SO2) vibration of glz that are observed at 1596 

and 1346 cm-1, respectively, experience shifts of 3 to 7 wavenumbers in the spectra of the milled 

samples. The sy(SO2) band of glz at 1162 cm-1 remains unchanged. Overall, the IR data do not 

suggest strong, specific intermolecular interactions in the coamorphous systems. Examples of 

coamorphous systems have been reported in the literature that indicate that intimate molecular 

mixing without the presence of specific intermolecular interactions can stabilize the amorphous 

phase against recrystallization [17,25]. Lodagekar et al. attributed the formation of stable 

coamorphous val-cilnidipine in the absence of intermolecular interactions to the 

antiplasticization effect of val [22]. 

The stabilities of the coamorphous systems were tested at 20 °C and 56 and 98 % RH (Figures 2, 

S1 and S6). In all cases the stability was significantly enhanced compared to amorphous glz that 

is stable for about 1 d at ambient temperature and 56 % RH [39]. At 98 % RH small crystalline 

peaks of glz were observed in the XRPD pattern of the 1:1 sample after 3 d. In the case of glz-

val_1:2 low levels of recrystallized glz were detected after one month under the same conditions. 

Both samples were stable for at least four months at 20 °C and 56 % RH. Coamorphous gly-
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val_2:1 was the least stable with peaks of glz appearing after one month at 56 % RH. None of the 

XRPD patterns showed Bragg peaks of crystalline val. Guinet et al. have shown that commercial 

val is of a crystalline mesophase nature in which the long-range order is limited to nano-domains 

due to frustrated crystallization as a result of conformational disorder [40]. 

  

 

 

 

 
                                              (a)                                                                    (b) 

 

Figure 2. XRPD patterns of mixtures of glz and val directly after milling for 2 h at room 

temperature (a) and after milling and storage at 20 °C and 56 % RH for 4 months (b). Top: 1:1 

molar ratio. Bottom: 1:2 molar ratio. 

 

Next we investigated the amorphization of glz/val in the presence of common excipients. Glz 

and val were mixed in a 1:1 molar ratio and microcrystalline cellulose (MCC), hydroxypropyl 

cellulose (HPC), -lactose monohydrate (ALM) or polyvinylpyrrolidone (PVP) was added so 

that the excipient : glz weight ratio was 1:1 (glz-val_1:1_MCC, glz-val_1:1_HPC, glz-

val_1:1_ALM and glz-val_1:1_PVP). After milling for 2 h, glz-val_1:1_MCC, glz-val_1:1_HPC 

and glz-val_1:1_ALM gave amorphous halos (Figures S7 – S9). In the case of glz-val_1:1_PVP 

small crystalline peaks of glz were observed in the XRPD pattern (Figure S10). PVP is 

hygroscopic and can absorb significant amounts of water [41]. Water uptake into the sample can 

facilitate recrystallization and/or prevent amorphization. Amorphous glz-val_1:1_MCC and glz-

val_1:1_HPC were stable for at least two months at 20 °C and 56 % RH (Figure S7 and S8). The 

XRPD pattern of glz-val_1:1_ALM showed peaks of ALM after storage for two weeks at 20 C 

and 56 % RH (Figure S9). After two months, small peaks of glz were also visible. In contrast to 

MCC and HPC, ALM seemed to reduce the stability of amorphous glz in glz-val_1:1_ALM by 

crystallizing first and then probaly acting as heterogeneous seeds. Freshly prepared samples of 
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glz-val_1:1_ALM and glz-val_1:1_PVP were examined by SEM and compared with glz-val_1:1 

(Figure 3). In all cases the micrographs revealed flat, irregularly-shaped, agglomerated particles 

with smooth edges and surfaces. The glz-val_1:1 particles were in the 2 – 10 µm range, while the 

glz-val_1:1_ALM sample showed a greater particle size distribution with a few rather large 

particles (> 20 µm) being visible. In the micrographs of glz-val_1:1_PVP, small, needle-like 

crystallites were detected besides the irregularly-shaped amorphous particles.  

 

 
Figure 3. Micrographs of freshly prepared glz-val_1:1 (a), glz-val_1:1_ALM (b and c) and 

glz_val_PVP (d-f). 

 

It is noteworthy that in the absence of val, binary mixtures of glz with MCC or HPC turned 

partially amorphous only as indicated by the presence of broadened glz peaks. No shifts of the IR 

bands of glz were observed (Figure S11). The XRPD pattern of a milled sample of glz and ALM 

showed broad peaks of the drug and the excipient. Milling with PVP gave an amorphous halo 

with small glz peaks, similar to the ternary mixture. The N-H and C=O regions of the IR 

spectrum of the glz/PVP sample did not suggest any specific interactions between glz and PVP 

(Figure S11). 

Figure 4 shows the dissolution profiles of the two stable coamorphous systems, glz-val_1:1 and 

glz-val_1:2. Glz is released at a faster rate from glz-val_1:1 compared to crystalline glz, although 
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coamorphous glz-val_1:1 recrystallizes in the dissolution medium (Figure S12). The dissolution 

rate of glz is further enhanced, when the glz:val ratio in the coamorphous system is 1:2. After 10 

min. 56 ± 5 and 79 ± 2 % of glz are released from glz-val_1:1 and glz-val_1:2 respectively, 

compared to 19 ± 12 % dissolved crystalline glz. Likewise, an increase in the dissolution rate is 

observed for the ternary systems glz-val_1:1_MCC and glz-val_1:1_ALM compared to glz-

val_1:1. As shown in Figures 5 and S13, the release of glz increases in the order crystalline glz < 

glz-val_1:1 < glz-val_1:1_MCC ~ glz-val_1:1_ALM with about 80 % of glz being released from 

the ternary systems within 10 min. XRPD analysis shows that in contrast to the binary 1:1 

mixture, glz-val_1:1_MCC remains amorphous in the dissolution medium (Figure S14) and this 

explains the higher dissolution rate of the MCC ternary system. As stated above, there is no 

evidence for specific molecular interactions between glz and MCC and MCC seems to prevent 

the recrystallization of the API by acting as a physical barrier. In the case of the ternary system 

containing ALM, peaks of crystalline glz appear in the XRPD pattern after dissolution testing. 

Thus, in contrast to glz-val_1:1_MCC, the enhanced dissolution properties of glz-val_1:1_ALM 

cannot be attributed to the prevention of recrystallization. ALM is readily soluble in water 

(solubility 195 g L-1) and quantities similar to those in the ternary mixture dissolve 

instantaneously. The fast dissolution of ALM may facilitate the dissolution of glz-val by 

ensuring a good dispersibility. Val is released at the same rate from glz-val_1:1 and glz-val_1:2 

and there is no significant difference in the absence and in the presence of MCC or ALM.  
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Figure 4. Dissolution profiles of coamorphous glz-val_1:1, coamorphous glz-val_1:2 and 

crystalline glz. ▲ release of glz from coamorphous glz-val_1:1; Δ release of glz from 

coamorphous glz-val_1:2;  release of val from coamorphous glz-val_1:1; □ release of val from 

coamorphous glz-val_1:2;  crystalline glz. 

 

Figure 5. Dissolution profiles of coamorphous glz-val_1:1_MCC (glz : val 1:1 molar ratio, 

glz : MCC 1:1 weight ratio), coamorphous glz-val_1:1 and crystalline glz. ▲ release of glz from 

coamorphous glz-val_1:1_MCC; Δ release of glz from coamorphous glz-val_1:1;  release of 

val from coamorphous glz-val_1:1_MCC; □ release of val from coamorphous glz-val_1:1;  

crystalline glz. 

 

Conclusions 

The complementary drugs glz and val form a stable coamorphous system with enhanced 

dissolution properties, when mixed in a pharmaceutically relevant ratio. The excipient ALM 

further improves the dissolution rate of glz, but reduces the stability of the amorphous phase. By 

contrast, the ternary coamorphous mixture of glz, val and MCC is stable towards crystallization, 

both during storage and during dissolution testing.  
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