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A B S T R A C T

In this study, azithromycin, a broad-spectrum antibiotic compound used for the treatment of several bacterial 
infections, which is characterized by a very low water solubility, was combined with different small molecules to 
generate more soluble coamorphous solids. The multicomponent systems were prepared through fast precipi
tation from an ethyl acetate solution, facilitating the formation of amorphous phases in seven azithromycin- 
based systems. Differential scanning calorimetry confirmed the coamorphous nature in five out of seven sys
tems (i.e., azithromycin–2-, 3-, and 4-aminobenzoic acids, –salicylic acid, –caprylic acid), while two systems 
(azithromycin–methyl salicylate, –glycerol) exhibited ambiguous thermal behavior. Stability assessments 
revealed that the homogeneous coamorphous systems remained stable for at least 140 days at 40 ◦C, while pure 
amorphous azithromycin, recrystallized within 72 h. The most suitable coamorphous systems were characterized 
through pair distribution function analysis, providing molecular-level insights into their structural organization. 
Notably, the azithromycin–caprylic acid system exhibited distinct molecular packing, likely attributable to the 
unique structural characteristics of its fatty acid-based coformer, which also led to a faster drug dissolution rate 
compared to the pure crystalline and amorphous azithromycin forms.

1. Introduction

Macrolides are a well-known class of antibiotics characterized by a 
broad-spectrum efficacy and relatively low toxicity [1]. Among these, 
azithromycin (AZT) (Fig. 1) is widely used to treat various bacterial 
infections, a prolonged half-life (68 h) that permits a once-daily dosing, 
and a lower incidence of side effects and drug interactions [2].

AZT is available in several formulations including capsules, tablets, 
and oral suspensions. While the bioavailability of capsules is affected by 
gastric filling, tablets and suspensions maintain consistent bioavail
ability regardless of food intake [2]. As a broad-spectrum antibiotic, AZT 

is effective against both gram-positive and gram-negative bacteria and is 
particularly used in pediatric care for several infections such as respi
ratory tract infections, pharyngitis, and otitis due to its favorable safety 
profile. However, AZT mainly presents three problems that limit its 
therapeutic efficacy as well as patient compliance: i) the unfavorable 
dissolution profile responsible for the limited bioavailability [4]; ii) 
limited gastrointestinal permeability, which hinders absorption and 
impacts therapeutic outcomes [5]; iii) bitter taste representing a sub
stantial barrier in pediatric applications, often leading to reduced 
adherence to prescribed regimens [6].

To address these limitations, various approaches have been explored, 

Abbreviations: AZT, azithromycin; CSD, Cambridge Structural Database; ERT, erythritol; GLY, glycerol; GLU, glucose; FRU, fructose; ASP, aspartame; NEO, 
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including the use of cocrystallization technology with other active in
gredients [7,8], taste-masking agents to reduce bitterness [9], salt for
mation to enhance aqueous stability [10,11], solid dispersions with 
polymeric carriers to increase the dissolution and to limit the bitterness 
[12–15], inclusion complexes with cyclodextrin to boost solubility and 
stability [16,17], and nanoparticulate/lipid-based formulations to 
obtain a controlled release and to improve the bioavailability [18–21].

Moreover, two amorphous forms of AZT have been reported in 
literature, which can be obtained either through melt quenching or by 
dehydration of the thermodynamically stable and commercially avail
able dihydrate (indexed in the Cambridge Structural Database (CSD) 
with refcode GEGJAD02 [22]).

Despite the extensive development of multicomponent systems and 
the identification of amorphous forms of pure AZT, the use of coa
morphization strategy, i.e., the production of homogeneous amorphous 
multicomponent materials [23–30], has not been reported to date.

Coamorphous systems represent an effective strategy for overcoming 
the solubility limitations of crystalline drugs [23–30]. By combining a 
specific drug with suitably selected coformers, it is possible to enhance 
the physical stability of the amorphous phase through non-covalent 
interactions, and at the same time, improve the dissolution kinetics of 
the drug compared to its pure crystalline form [23–28,31–41]. This dual 
advantage of improved solubility and stability opens new avenues for 
the design of advanced multicomponent amorphous materials, tailored 
to address critical pharmaceutical challenges.

Building on these considerations, and given the existence of coa
morphous systems of antibiotics with improved properties [42–45], this 
study probed the possibility of developing coamorphous systems of AZT. 
The selection of the coformers was primarily guided by the three main 
limitations of AZT discussed above, and a library of 14 possible 
coformers was used during the screening stage (Fig. 2).

Among the tested combinations, seven coamorphous systems of AZT 
were successfully obtained and initially characterized using standard 
solid-state techniques, namely powder X-ray diffraction (PXRD), dif
ferential scanning calorimetry (DSC) and physical stability tests. Sys
tems that resulted in crystalline phases or showed poor physical stability 
were not considered for further investigation. Subsequently, the multi
component products showing suitable solid-state properties, were 
characterized using pair distribution function (PDF) analysis to eluci
date the atomic and molecular interactions across short, medium, and 
long-range distances. Finally, in vitro dissolution tests were conducted to 
evaluate the dissolution ability of the selected coamorphous systems 
with respect to the API in its crystalline or amorphous forms.

2. Materials and methods

2.1. Materials

AZT, (2R,3S,4R,5R,8R,10R,11R,12S,13S,14R)-11-[(2S,3R,4S,6R)-4- 
(dimethylamino)-3-hydroxy-6-methyloxan-2-yl]oxy-2-ethyl-3,4,10- 
trihydroxy-13-[(2R,4R,5S,6S)-5-hydroxy-4-methoxy-4,6-dimethyloxan- 
2-yl]oxy-3,5,6,8,10,12,14-heptamethyl-1-oxa-6-azacyclopentadecan- 
15-one, and the molecules used as coformers (Fig. 2) were obtained from 
Sigma-Aldrich (St. Louis, USA). Ethyl acetate (EA) was purchased from 
Carlo Erba (Rodano, Milan, Italy), while acetonitrile (ACN) was bought 
from Sigma-Aldrich (St. Louis, USA). All the actives and chemicals were 
used without further purification.

2.2. Methods

2.2.1. Samples preparation

2.2.1.1. Mechanochemical experiments. Mechanochemical experiments 
were performed in Retsch MM200 vibrational mill (Retsch, Germany) 
equipped by two 14 mL stainless steel jars and two 7 mm Ø beads, 
respectively. The milling frequency for each pathway was maintained at 
25 Hz, the void volume in the jar was also kept constant (i.e., a total of 
250 mg of powder per jar) and the milling time was kept fixed (i.e., 60 
min). AZT was milled with each coformer in a 1:1 M ratio in the presence 
of 60 μL (η [46] = 0.24) of two liquids with different polarity namely EA 
and ACN.

2.2.1.2. Solution-based methods. About 50 mg of powder (pre-milled for 
cosystems or commercial-grade powder for pure AZT) was dissolved in 
15 mL of EA. The solvent was subsequently removed using rotary 
evaporation to facilitate precipitation, thus the formation of amorphous 
systems. The employed instrument was a Buchi R-210 rotary evaporator 
equipped with a Laboxact vacuum pump. Each evaporation process 
lasted approximately 30 min.

2.2.2. Samples characterization

2.2.2.1. PXRD analysis. PXRD analyses were performed using a Bruker 
D2 Phaser benchtop diffractometer (Bruker, Manheim, Germany) 
operating in Bragg-Brentano geometry with Cu-Kα radiation (λ = 1.5418 
Å) from a 300 W low-power X-ray source (30 kV, 10 mA). Data were 
collected over a 2θ range of 5-35◦, with a step size of 0.02◦ and a scan 
speed of 0.6◦/s. Each sample was prepared by carefully pressing around 
200 mg of the ground product into a steel sample holder fitted with a 
cylindrical polyvinylidene fluoride (PVDF) reducer. In cases where the 

Fig. 1. Azithromycin molecular structure (left) and crystalline packing (right) [3].
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recovery of milled samples was limited and for stability tests, a “zero 
background” sample holder coated with silicone resin was used.

2.2.2.2. DSC analysis. For DSC analyses, samples weighing 2–4 mg 
were placed in 40 μL aluminum crucibles that were sealed and pierced. 
The analyses were performed using a Mettler Toledo DSC 3 Stare System 
(Milan, Italy). Standard characterization involved heating ramps start
ing at 25 ◦C and progressing to approximately 20 ◦C above the expected 
melting point of the sample, with the exact endpoint depending on the 
coformer used. The heating rate was set at 10 ◦C/min under a constant 
N2 flow of 50 mL/min. To determine the glass transition temperature 
(Tg), heating–cooling–heating cycles were performed. The first heating 
phase followed the same parameters as the standard characterization, 
ensuring the complete melting of the sample. This was followed by a 5- 
min isothermal hold to stabilize the molten state. Rapid cooling at a rate 
of 50 ◦C/min was then applied to produce an amorphous material. 
Finally, a second heating ramp, identical to the first, was performed to 
identify the Tg, which was expressed as inflection point in the thermal 
curve.

2.2.2.3. Physical stability tests under stressed conditions. The physical 
stability of the coamorphous systems [23,41,47] was monitored over a 
140-day period at room temperature (R.T.). Additional stability tests 
were carried out under accelerated conditions (40 ◦C) to evaluate their 
behavior under more severe thermal stress. Samples were collected 
weekly during the first month and biweekly thereafter, with each sample 
analyzed for potential recrystallization using PXRD, as reported in sec
tion 2.2.2.1.

2.2.2.4. PDF analysis. The high-resolution X-ray diffraction and scat
tering measurements were performed at the European Synchrotron Ra
diation Facility (ESRF) [48]. Powder samples were placed in cylindrical 
slots (approximately 1 mm thick) between Kapton windows and 
mounted in a high-capacity sample holder. Each sample was measured 
in transmission geometry using X-rays at an energy of 75.051 keV (λ =
0.16520 Å). Intensity data were recorded using a Pilatus CdTe 2 M de
tector (1679 × 1475 pixels, 172 × 172 µm2 each), positioned with the 
incident beam aligned to the detector corner. The sample-to-detector 
distance was set to 1.5 m for high-resolution measurements and 0.3 m 

for total scattering measurements. Background noise from empty win
dows was measured and subtracted.

For geometric calibration, NIST SRM 660b (LaB6) was used, and 
image integration was carried out with pyFAI software [49], which 
included corrections for flat-field, geometry, solid angles, and 
polarization.

2.2.2.5. In vitro dissolution tests. In vitro dissolution tests were con
ducted by placing an appropriately weighed amount (equivalent to 
15mg of pure AZT) of the coamorphous systems or pure AZT (crystalline 
or amorphous) in 15 mL of phosphate buffer (KH2PO4 0.2 M adjusted at 
pH 6.8 with KOH 300 g/L) in a closed glass vial, thermostated at 37 ◦C ±
0.5 ◦C. The mixture was stirred at 250 rpm and at fixed intervals of time 
(2, 5, 10, 15, 30, 60, 120, 180, 240, 300 and 360 min) aliquots (0.2 mL) 
were withdrawn and immediately replaced with an equal volume of 
fresh medium. The samples were adequately diluted with methanol and 
analyzed through high-performance liquid chromatography (HPLC). 
The experiments were performed in triplicate and results are shown as 
percentage of dissolved drug plotted as a function of time. For dissolu
tion results, t-test was used to determine statistical significance. The 
criterion for statistical significance was p < 0.05.

2.2.2.6. HPLC analysis. AZT quantification through HPLC was per
formed following the method previously reported [50]. Briefly, the 
chromatographic system was based on a Shimadzu (Milan, Italy) LC- 
10ATVP chromatographic pump and a Shimadzu SPD-10AVP UV–vis 
detector set at 215 nm. A Phenomenex (Torrance, CA, USA) Kinetex 
(150 mm × 4.6 mm I.D., 5 mm) was used as column and coupled to a 
Phenomenex (Torrance, CA, USA) Security Guard C18 guard cartridge 
(4 mm × 3.0 mm I.D., 5 mm). The mobile phase was composed of 
phosphate buffer (KH2PO4 0.01 M adjusted at the pH 7.5 with 10 M 
KOH), methanol and acetonitrile (10/50/40, v/v). The flow rate of the 
mobile phase was set at 0.8 mL/min and the injected volume was 20 μL. 
In these conditions, the retention time of AZT was 4.7 min.

3. Results and discussion

The choice of suitable experimental conditions for obtaining coa
morphous multicomponent solids of AZT was guided by the study of Kui 

Fig. 2. Molecular structures of the coformers selected in this study.
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Chen and collaborators [51]. In that study, the authors observed that 
AZT exhibits distinct morphological outcomes based on the solvent 
used. Specifically, AZT undergoes a spheronization process in water, 
forming solid spheres with dense internal structures, while hollow 
spheres are obtained when AZT is precipitated from EA. Such intriguing 
behavior was attributed to the differential solvent evaporation dynamics 
and solute–solvent interactions in the two media. The authors used the 
term “bridging liquid”, to describe the role of EA on mediating in
teractions between molecules during precipitation, thus playing a 
pivotal role in determining the final morphology and structural prop
erties of the resulting solid.

In this study, we explored the potential of EA on generating amor
phous solids of AZT initially by using pure AZT. Preliminary findings 
revealed that AZT consistently precipitated as an amorphous solid, as 
illustrated in Fig. S1 of the Supplementary Information (SI) file. Even 
when sufficient time was allowed for crystallization, AZT failed to form a 
three-dimensional crystalline structure when precipitated from solu
tions of EA. Subsequently, the amorphization behavior of AZT in the 
presence of the coformers from the library reported in Fig. 2 was 
investigated using a 1:1 stoichiometric ratio. This experimental data set 
aimed to evaluate the feasibility of creating homogeneous coamorphous 
systems, leveraging the properties of EA as a bridging liquid, i.e. medi
ating interactions between AZT and the coformers.

Mixtures of AZT and a specific coformer were initially milled in 
Retsch vibrational mill for 60 min prior to solubilization in EA. Inter
estingly, the mechanochemical treatment of the mixtures did not lead to 
the formation of coamorphous forms of AZT but rather physical mixtures 
of the starting materials. Indeed, PXRD analyses of the processed sam
ples revealed little changes in the diffraction patterns (Figs. S2–S14 in 
the SI file). In some cases, a slight elevation of the diffractogram baseline 
was observed, suggesting only a partial amorphization. We therefore 
selected these pre-milled for subsequent solution-based experiments.

The resulting precipitates were analyzed through PXRD to assess 
their solid-state properties. The findings revealed that in the binary 
systems of AZT with A2AB, A3AB, A4AB, ASLC, MSLC, ACPL, and GLY 
the precipitate obtained after slow evaporation consistently presented 
an amorphous nature, as illustrated in Fig. 3. Indeed, the PXRD patterns 

of the pure AZT and seven multicomponent systems precipitated from 
solutions of EA exhibited a halo typical of amorphous phase (Fig. 3).

Slow solvent evaporation also resulted an efficient preparation 
technique for obtaining amorphous systems; however, the extended 
time required for solvent removal can be a limitation, for example, 
during the scalability studies. We therefore optimized the process of 
obtaining amorphous precipitates from EA solution through rapid 
evaporation mode. Specifically, the pre-milled mixtures were dissolved 
in EA, and the solvent was rapidly removed using a rotavapor, as 
described in the experimental section (section 2.2.1.2). With EA boiling 
point at 77.1 ◦C [52], employing a vacuum and a thermostated bath set 
to 45 ◦C significantly accelerated solvent removal. This adjustment 
reduced the evaporation process from 4 days, required for slow evapo
ration, to only 30 min. The entire production cycle for the solid products 
was completed within this timeframe, marking a significant improve
ment in the production efficiency. The products obtained through 
rotavapor were confirmed to be amorphous, as evidenced by Fig. S15 in 
the SI file.

Subsequently, a deeper investigation into the nature of the seven new 
multicomponent solids was required to determine their structural and 
physical characteristics. Specifically, it was essential to ascertain 
whether these materials were physical mixtures of two separate amor
phous phases or true coamorphous systems, that is a single, homoge
neous amorphous phase. This distinction is critical, as a coamorphous 
system implies molecular-level interactions between the components, 
which can significantly influence the stability, dissolution rate, and 
overall performance of the material [23,30]. DSC analyses were there
fore performed to experimentally evaluate the glass transition temper
ature (Tg), a defining feature of amorphous systems [53,54]. In such 
analyses, the detection of multiple Tg values indicates the presence of 
two distinct amorphous phases, suggesting that the components exist as 
a physical mixture with minimal or no significant interaction. In 
contrast, a single Tg value implies the formation of a homogeneous 
amorphous phase, indicative of molecular-level interactions between 
the components. These interactions can enhance the stability of the 
system and prevent phase separation [55–58]. The results of the 
experimental Tg values are summarized in Table 1.

Tg values were experimentally determined for pure AZT and for five 
out of the seven cosystems (the experimental DSC curves for each system 
are reported in Figs. S16–S21 in the SI file). For AZT-MSLC and AZT- 
GLY, the experimental determination of Tg was unsuccessful. This can 
be attributed to the preparation method or to the intrinsic properties of 
these systems. Similar cases have been reported in the literature, where 
milled or phase-separated amorphous products do not exhibit a clearly 
detectable Tg using standard DSC techniques [41,59]. It is also possible 
that these two samples are not true coamorphous systems, but rather 
two partially miscible or phase-separated amorphous domains. In such 
cases, the presence of two close (but unresolved) Tg values or a lack of 
long-term physical stability could obscure the Tg signal.

Stability is a critical factor for the practical application of amorphous 
systems, particularly because of the inherent tendency of these materials 
to revert to a crystalline state over time or under specific environmental 

Fig. 3. Powder X-ray diffraction pattern of the products obtained from ethyl 
acetate evaporation after dissolving pure azithromycin and pre-milled cosys
tems. From top to bottom: pure azithromycin (AZT) (red), azithromycin–2- 
aminobenzoic acid (AZT-A2AB) (blue), azithromycin–3-aminobenzoic acid 
(AZT- A3AB) (teal), azithromycin–4-aminobenzoic acid (AZT-A4AB) (grey), 
azithromycin–salicylic acid (AZT-ASLC) (olive), azithromycin–methyl salicylate 
(AZT-MSLC) (green), azithromycin–caprylic acid (AZT-ACPL) (brown), and 
azithromycin–glycerol (AZT-GLY) (black). (For interpretation of the references 
to color in this figure legend, the reader is referred to the web version of 
this article.)

Table 1 
Experimental glass transition values determined through differential scanning 
calorimetry for the coamorphous systems obtained via rotary evaporation.

Samples Experimental glass transition (◦C)

azithromycin 102.80
azithromycin–2- aminobenzoic acid 104.48
azithromycin–3-aminobenzoic acid 100.65
azithromycin–4-aminobenzoic acid 103.65
azithromycin–salicylic acid 98.77
azithromycin–methyl salicylate /
azithromycin–caprylic acid 81.09
azithromycin–glycerol /

‘/’ stands for ‘not determined’.
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conditions [23,41,47]. Ideally, the stability of the multicomponent 
system should be higher than that of the individual components due to 
stabilizing intermolecular interactions between the two molecules 
[27,58,60]. In this context, we observed that pure amorphous AZT, 
which was prepared via rotary evaporation and stored under ambient 
conditions, showed a clear tendency to recrystallize within 72 h (Fig. 4).

As previously discussed, the development of coamorphous multi
component systems can significantly enhance physical stability by pro
moting the formation of stabilizing molecular interactions. These 
interactions reduce molecular mobility and mitigate the tendency for 
recrystallization, offering a clear advantage over single-component 
amorphous APIs [27,58,60].

Contrary to the rapid recrystallization observed for pure amorphous 
AZT, all seven coamorphous systems exhibited remarkable stability, 
maintaining their amorphous state for more than 7 days under the same 
ambient temperature and humidity conditions (Fig. S22 in the SI file). 
Given the enhanced and prolonged stability exhibited by these systems 
at R.T. compared to pure AZT, stability tests under more demanding 
conditions were subsequently performed.

Amorphous and coamorphous systems are generally considered 
stable below a certain temperature threshold relative to their Tg 
[56,61,62]. Specifically, it is commonly accepted that at temperatures 
approximately 50 ◦C below their Tg, molecular mobility is significantly 
reduced, minimizing the risk of physical transformations. In contrast, 
exceeding this temperature range can lead to a significant increase of the 
molecular mobility, which may trigger undesired phenomena such as 
recrystallization or phase separation [56,61,62]. Therefore, the coa
morphous samples were stored at 40 ◦C, a temperature selected based on 
the “Tg – 50 ◦C rule” mentioned above. The results were highly 
encouraging, with five out of seven cosystems demonstrating stability 
after 140 days at 40 ◦C. Indeed, the AZT-MSLC and AZT-GLY samples, 
for which the Tg could not be experimentally determined, did not exhibit 
long-term stability and underwent recrystallization (Fig. S23-24 in the SI 
file). A summary of the stability tests under stressed conditions is re
ported in Table S1 in the SI file.

AZT-A2AB, AZT-A3AB, AZT-ASLC, and AZT-ACPL systems were 
identified as the most promising and selected for further advanced 
characterization. AZT-A4AB was excluded due to emerging deliques
cence issues. Given the favorable stability profiles, the four selected 

systems were analyzed through PDF analyzis. This approach was 
employed to investigate atomic and molecular interactions across short-, 
medium-, and long-range distances, providing deeper insights into the 
structural organization and stability mechanisms of these cosystems 
[63–66].

As a baseline comparison, pure amorphous AZT was also analyzed 
10 days post-preparation. Diffractometric analyzes revealed that the 
sample exhibited a partially amorphous structure with clear crystalline 
domains, as evidenced by distinct crystalline peaks observed in the 
diffraction pattern (Fig. 5). Quantitative analysis estimated the crystal
line fraction to be 6.3 %, highlighting the inherent propensity of pure 
AZT to partially recrystallize shortly after preparation.

In contrast, all the coamorphous systems displayed diffraction pat
terns consistent with an amorphous nature, evidencing their structural 
homogeneity (see Fig. S25 in the SI file).

For example, Fig. 6 presents an overlay of the diffraction patterns for 
pure AZT, pure ACPL (the coformer), and their combined AZT-ACPL 
coamorphous. Notably, ACPL, as the only starting component in liquid 
form, inherently lacks crystallinity. The diffraction patterns of the coa
morphous and the individual components do not overlap, demonstrating 
that the combined system is not a mere physical mixture of two inde
pendent amorphous substances. Instead, the observed pattern confirms 
that the components are thoroughly mixed at the molecular level, 
interacting to form a single, unified amorphous phase.

A different scenario emerges for the other starting materials, as the 
pure coformers are crystalline in their initial state. To further investigate 
the structural organization of these systems, it is essential to compare 
their intermolecular packing with that of pure amorphous AZT. Indeed, 
identifying both similarities and differences is of fundamental impor
tance for obtaining valuable insights into the molecular interactions and 
stabilization mechanisms at play. Fig. 7 illustrates overlays of the 
diffraction patterns for each coamorphous system alongside that of 
amorphous AZT. The absence of residual crystalline peaks in the coa
morphous systems, combined with distinct yet consistent amorphous 
scattering patterns, reinforces the conclusion that the coformers are 
thoroughly integrated into homogeneous systems. Such findings un
derscore the role of coamorphization in altering the molecular packing 
of the systems, likely driven by specific intermolecular interactions, 
which distinguish these systems from pure amorphous AZT.

The map presented in Fig. 7 (right) enables a detailed comparison of 
curve similarities. Values closer to 1 (represented by red shades in the 
figure, from light to dark red) represent greater overlap between curves, 
indicating higher similarity in molecular arrangements between the two 

Fig. 4. Powder X-ray diffraction pattern of crystalline azithromycin (red), fresh 
amorphous azithromycin (blue) and amorphous azithromycin stored for 72 h 
(green). (For interpretation of the references to color in this figure legend, the 
reader is referred to the web version of this article.)

Fig. 5. Diffraction pattern of amorphous azithromycin (AZT) at 40 ◦C after 10 
days from preparation (AZT) (blue) compared to fresh amorphous product 
(AZT40) (orange) and to the crystalline drug (AZTDH) (green). (For interpre
tation of the references to color in this figure legend, the reader is referred to 
the web version of this article.)
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samples. Conversely, values progressively lower than 1 are displayed in 
cooler colors (from light blue to dark blue), reflecting reduced similarity 
and higher structural divergence. When the PXRD pattern of a specific 
coamorphous closely matches that of pure amorphous AZT, it suggests 
that the AZT molecules within the multicomponent system exhibit a 
similar type of structural disorder to the single-component form.

This comparative analysis highlights the critical role of the coformer 

in shaping the molecular organization of coamorphous systems. 
Notably, the systems containing A2AB, A3AB, and ACPL show distinct 
behaviors. The structural disorder in the coamorphous with A2AB and 
A3AB closely mirrors that of pure AZT, suggesting minimal disruption to 
the molecular arrangement of the drug in these multicomponent sys
tems. ACPL stands out among the tested coformers due to its distinct 
chemical nature as a fatty acid (Fig. 2). Unlike the other coformers, its 

Fig. 6. PXRD pattern of pure azithromycin (AZT) (orange), pure caprylic acid (ACPL) (green) and azithromycin–caprylic acid (AZT-ACPL) coamorphous (blue). (For 
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 7. On the left, an overlay of the PXRD of all multicomponent systems (azithromycin–2-aminobenzoic acid (AZT-A2AB), azithromycin–3-aminobenzoic acid 
(AZT- A3AB), azithromycin–caprylic acid (AZT-ACPL) and azithromycin–salicylic acid (AZT-ASLC)) and pure azithromycin (AZT). On the right, a map quantifying 
the similarity between the curves. The color scale reflects the degree of similarity: values close to 1 (represented by red boxes) indicate high structural resemblance 
between samples, while lower values (blue boxes) correspond to lower similarity. (For interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.)
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structural characteristics introduce significant changes to the molecular 
packing of the coamorphous system, resulting in a unique type of 
structural organization.

Fig. 8 presents the PDF analysis derived using low Qmax values from 
both total scattering and high-resolution diffraction. This approach fa
cilitates the examination of low-frequency oscillations, which are 
indicative of the absence of long-range order typical of amorphous 
materials. In the 4.5–9 Å range, the AZT-ACPL sample exhibits more 
pronounced fluctuations compared to the other multicomponent sys
tems, suggesting a more defined intermolecular packing arrangement 
within this distance range. However, this trend reverses at larger dis
tances: beyond 14 Å, the structural coherence of the AZT-ACPL sample 
diminishes significantly compared to the other systems. Specifically, as 
illustrated in Fig. 8 (right), in the 14 Å range, pure AZT and AZT-ASLC 
display broad oscillations that extend up to 30–35 Å, indicating the 
presence of intermediate-range order. By contrast, these oscillations 
stabilize at shorter distances for AZT-A2AB and AZT-A3AB, and even 
more so for AZT-ACPL, where the structural coherence is limited to 
smaller spatial ranges. The highlighted regions in the graph further 
assist in identifying the specific distance ranges where the amplitude of 
oscillations decreases, providing a clear visualization of the differences 
in structural organization among the systems. These findings highlight 
the unique packing characteristics of AZT-ACPL and its divergence from 
the other cosystems in both short- and long-range order.

The observations detailed in Fig. 8 further reinforce the differences 
in short- and long-range order between the three aminobenzoic acid- 
based samples and the AZT-ACPL system. The reduction in distances 
at which oscillations diminish can be attributed to a corresponding 
decrease in structural coherence within the AZT-ACPL system.

This reduction in coherence is consistent with the structural diversity 
of the coformers. A2AB and A3AB differ only by the position of a sub
stituent, leading to relatively minor variations in molecular packing. 
Similarly, ASLC, which retains the core structure of the aminobenzoic 
acids but incorporates a distinct functional group, results in a slightly 
altered, yet comparable, packing arrangement. In contrast, ACPL, as a 
fatty acid, presents a molecular structure markedly distinct from the 
other coformers. This pronounced difference in structure disrupts long- 
range order more significantly, as reflected in the reduced coherence 
observed in the AZT-ACPL system.

Finally, in vitro dissolution tests were carried out to investigate the 

effect of amorphization (AZT in crystalline or amorphous form) and the 
use of different coformers in the multicomponent systems. As shown in 
Fig. 9, pure crystalline AZT showed a very slow solubilization profile, 
with only 12.86 ± 1.01 % of the drug dissolved in the first 2 min of 
analysis, and the maximum percentage of the dissolved drug (83.49 ±
1.42 %) was reached after 360 min, corresponding to the last point of the 
dissolution test (Fig. S26 in SI file). On the other hand, pure amorphous 
AZT showed a faster dissolution profile (41.73 ± 2.18 % of the active 
was dissolved after 2 min of analysis) with respect to the crystalline form 
(p < 0.05) and a plateau value (91.96 ± 4.22 % of drug released) was 
reached after 15 min. A significantly faster dissolution of AZT was 
observed in the coamorphous systems compared to the original crys
talline AZT (p < 0.05). Importantly, a significant difference (p < 0.05) 
was also observed after 2 min of analysis between the coamorphous 
systems and pure amorphous AZT, confirming the faster release profile 
of AZT in the multicomponent solids. Additionally, AZT-ACPL and AZT- 
A3AB showed also the highest amount of drug dissolved after 2 min, 
leading to the dissolution of 85.97 ± 7.06 % and 84.87 ± 4.87 % of AZT, 
respectively, while no significant difference was observed between the 
two dissolution profiles of the coamorphous systems (p > 0.05). The 
faster dissolution profiles of the coamorphous systems compared to both 
crystalline and amorphous AZT, and an almost total dissolution of AZT- 
ACPL and AZT-A3AB systems in the first 2 min of analysis, highlight the 
effectiveness of the coamorphization technology for improving the 
dissolution profile of the drug.

4. Conclusions

This study successfully demonstrated the possibility of obtaining 
stable coamorphous systems of azithromycin, using ethyl acetate as a 
bridging liquid. The formation of amorphous phases was consistently 
achieved in seven azithromycin-based systems both via slow and rapid 
solvent evaporation. Differential scanning calorimetry confirmed the 
coamorphous nature of five systems (i.e., azithromycin–2-, 3-, and 4- 
aminobenzoic acids, –salicylic acid, –caprylic acid), whereas two sys
tems (azithromycin–methyl salicylate, –glycerol) did not exhibit a 
detectable glass transition temperature. The absence of a glass transition 
temperature in these two systems likely indicated that they were not 
true coamorphous materials, but rather phase-separated amorphous 
mixtures. This hypothesis was further supported by their tendency to 

Fig. 8. On the left, a comparison of structural correlations at medium distances in the amorphous samples is shown, obtained from the PDF analysis at low Qmax 
values using total scattering and high-resolution diffraction. On the right, the same curves allow for the comparison of fluctuations at various distances. The 
highlighted sections emphasize the presence of structural coherence at specific distances. Two batches of amorphous azithromycin (at 40 ◦C after 10 days from 
preparation (AZT) (grey) compared to fresh amorphous product (AZT40) (yellow), pure crystalline commercial form (AZTDH (dotted lines)), azithromycin–2- 
aminobenzoic acid (AZT-A2AB) (light blue), azithromycin–3-aminobenzoic acid (AZT- A3AB) (red), azithromycin–salicylic acid (AZT-ASLC) (blue) and azi
thromycin–caprylic acid (AZT-ACPL) (black) are shown. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of 
this article.)

I. D’Abbrunzo et al.                                                                                                                                                                                                                            European Journal of Pharmaceutics and Biopharmaceutics 216 (2025) 114873 

7 



recrystallize under stress conditions, in contrast to the five confirmed 
coamorphous systems that remained stable for up to 140 days at 40 ◦C. 
Stability assessments further highlighted the advantages of coamorph
ization over the single-component amorphous form of azithromycin. 
While pure amorphous azithromycin, prepared via rotary evaporation, 
showed a clear tendency to recrystallize within 72 h under ambient 
conditions, all confirmed coamorphous systems exhibited significantly 
enhanced stability, maintaining their amorphous nature over extended 
periods. An advanced structural characterization of the solid-state using 
pair distribution function analysis provided molecular-level insights into 
their organization, highlighting distinct differences in molecular pack
ing. Notably, azithromycin–caprylic acid exhibited unique structural 
features, forming a coamorphous solid in which the short-range order 
was different from that obtained during the amorphization of the pure 
drug. Finally, the coamorphous systems presented faster AZT dissolution 
properties compared to both crystalline and amorphous forms of pure 
AZT. The substantial improvement of the dissolution kinetics combined 
with the increased stability of the coamorphous systems suggests that 
the multicomponent systems developed in this study might be used for 
the development of innovative dosage forms of azithromycin.
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