
Vol.:(0123456789)

AAPS PharmSciTech          (2024) 25:214  
https://doi.org/10.1208/s12249-024-02932-5

RESEARCH ARTICLE

Exploring Co‑Amorphous Formulations Of Nevirapine: Insights From 
Computational, Thermal, And Solubility Analyses

Kayque Almeida dos Santos1 · Luíse Lopes Chaves1,2 · Daniela Nadvorny2 · Mônica Felts de La Roca Soares1,2 · 
José Lamartine Soares Sobrinho1 

Received: 20 June 2024 / Accepted: 3 September 2024 
© The Author(s), under exclusive licence to American Association of Pharmaceutical Scientists 2024

Abstract
This study aimed to assess the formation of nevirapine (NVP) co-amorphs systems (CAM) with different co-formers (lami-
vudine—3TC, citric acid—CAc, and urea) through combined screening techniques as computational and thermal studies, 
solubility studies; in addition to develop and characterize suitable NVP-CAM. NVP-CAM were obtained using the quench-
cooling method, and characterized by differential scanning calorimetry (DSC), X-ray diffractometry (XRD), Fourier Trans-
form Infrared Spectroscopy (FTIR), and polarized light microscopy (PLM), in addition to in vitro dissolution in pH 6.8. 
The screening results indicated intermolecular interactions occurring between NVP and 3TC; NVP and CAc, where shifts 
in the melting temperature of NVP were verified. The presence of CAc impacted the NVP equilibrium solubility, due to 
hydrogen bonds. DSC thermograms evidenced the reduction and shifting of the endothermic peaks of NVP in the presence 
of its co-formers, suggesting partial miscibility of the compounds. Amorphization was proven by XRD and PLM assays. 
In vitro dissolution study exhibited a significant increase in solubility and dissolution efficiency of NVP-CAM compared 
to free NVP. Combined use of screening studies was useful for the development of stable and amorphous NVP-CAM, with 
increased NVP solubility, making CAM promising systems for combined antiretroviral therapy.
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Introduction

HIV infection still represents a public health problem, hav-
ing caused more than 40 million deaths around the world 
to date, with continuous transmission in every country in 
the world [1]. Although there is no cure for the infection, 
the use of a combination therapy comprising three or more 
anti-HIV drugs, called highly active antiretroviral therapy 
(HAART), was a major advance in controlling HIV infec-
tion and preventing the progression of the disease. On the 
other hand, the daily need for multiple tablets in addition 
to the potential for significant side effects still constitutes a 

therapeutic challenge. Additionally, most of the more than 
25 FDA-approved anti-HIV drugs administered orally have 
poor water solubility, limiting the rate and extent of drug 
absorption [2].

Among the drugs used in HAART, nevirapine (NVP) 
is one of the drugs used in pediatric therapeutic regimens, 
specifically for neonates and infants, to prevent mother-to-
child vertical transmission, in association with other anti-
HIV drugs, with zidovudine and lamivudine, which chemi-
cal name is 2’,3’-dideoxy-3’-Thiacytidine (3TC) [3]. Despite 
its notable importance in HAART, NVP is classified as class 
II according to the biopharmaceutical classification system 
(BCS), directly impacting the absorption of the drug, since 
its molecules need to be dissolved in the fluids of the gastro-
intestinal tract, which are aqueous solutions [4, 5].

Therefore, class II drugs have slow absorption that leads 
to gastrointestinal mucosal toxicity and inadequate and vari-
able bioavailability, which, to be mitigated, requires higher 
doses to obtain therapeutic benefits that can lead to adverse 
effects on the patient and negatively affect patient adherence 
to treatment [6, 7]. As a result, the improvement in drug 
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solubility is the focus of continued efforts in the bio/phar-
maceutical drug development sector [3]. Therefore, several 
technologies have been applied with the aim of increasing 
the solubility of drugs as solid dispersions [3, 8], nanopar-
ticles [9], nanosuspensions [10], and self-emulsifying drug 
delivery systems [11, 12], besides the use of chemicals as 
surfactants [13], cyclodextrins [14].

In this context, supersaturated amorphous systems have 
proven to be an excellent strategy to improve the absorp-
tion of drugs with low aqueous solubility as supersaturation 
drives rapid and sustained absorption in the gastrointestinal 
tract after dissolution [15]. This solubility improvement may 
result in enhanced bioavailability, a reduction in the required 
dosage, and a potential decrease in adverse effects, thereby 
increasing the overall efficacy and patient compliance in 
clinical settings. However, materials in the amorphous form 
have excess energies, like free Gibbs energy, enthalpy, and 
entropy, promoting an increase in aqueous solubility and 
dissolution rates [16, 17]. Nevertheless, the elevated energy 
state results in recrystallization, which converts the amor-
phous material to its crystalline counterpart. This process 
entails the loss of the solubility advantage associated with 
the amorphous form [18].

The use of polymeric carriers as an additional component 
has been used to stabilize the amorphous molecule in a drug 
delivery system named amorphous solid dispersions, avoiding 
drug recrystallization and promoting its supersaturation above 
their equilibrium solubility when in solution in the gastroin-
testinal tract, elevating [19] the other hand, the large quantity 
of polymers required to maintain supersaturation, associated 
with the high hygroscopicity of most polymers used for this 
purpose, makes the use of these systems limited, especially in 
pharmaceutical forms of drugs with high dosages [20].

Alternatively, the application of small molecules has 
emerged as an alternative to polymers, forming a homo-
geneous amorphous phase with the drug through intermo-
lecular interactions, creating a new drug delivery system 
known as co-amorphous (CAM) [21–23]. This approach has 
some potential advantages over ASD and simple amorphous 
materials as the drug load can be increased from 20–30 wt 
% to approximately 50 wt % or even higher in many cases, 
increasing the stability of CAM systems compared to the 
amorphous solids while retaining the dissolution advantage 
of an amorphous form [22].

The low-molecular-weight coformers may be other 
drug substances or low-molecular-weight excipients such 
as amino acids, organic acids, and other small molecules, 
such as urea (URE) and citric acid (CAc). The coformer 
physically stabilizes the amorphous form of the drug either 
by interacting with the drug on a molecular level (e.g., by 
salt formation, hydrogen bonding, and pi–pi interactions) or 
simply by molecular mixing [24]. The miscibility of the drug 
and coformer is one of the main issues for the successful 

formation of a CAM, and this parameter can be deter-
mined by experimental, theoretical, and/or computational 
approaches [22]. The use of a second drug as a coformer pre-
sents additional advantages when compared to other small 
molecules as they can serve as platforms to achieve potential 
combined therapies, being able to increase efficacy, reduc-
ing toxicity and side effects to a large extent, in addition 
to presenting economic benefits [25, 26]. In this context, 
this study aimed to develop CAM systems to increase the 
aqueous solubility of NVP, performing screening of possible 
coformers molecules among other drugs and excipients.

Material and Methods

Material

NVP was purchased from Farmanguinhos (Rio de Janeiro, 
Brazil). 3TC was donated by the Pharmaceutical Laboratory 
of Pernambuco (LAFEPE). CAc and URE were purchased 
from Neon®. Ultrapure water was obtained using the Mil-
liQ® system (Milipore, Bedford, USA). All other reagents 
and solvents were of analytical grade or liquid chromatogra-
phy grade and were purchased and used as soon as received.

Screening of CAM formation

Screening of Coformers

The selection of suitable coformers to stabilize the amor-
phous form of a drug tends to be conducted on a case-by-
case basis. Therefore, the selection of the coformers was 
based on their chemical information, mainly on the number 
of  H+ donors and acceptors, since the presence of donor 
and acceptor groups can generate hydrogen interactions 
between the molecules [27]. The melting point was verified 
due to the use of temperature for the development of CAMs. 
Compounds chemical information has been given in Sup-
plementary File 1.

Computational Studies

The Software Gaussview (Gaussian, Inc.) was used to con-
struct the molecular structures of NVP, 3TC, CAc, urea, 
and hydrogen complexes [28]. The obtained structures were 
used to generate electrostatic potential maps, which illustrate 
the three-dimensional charge distributions of the molecules 
on their surfaces, where red represents the most electron-
egative region and blue highlights the most electropositive, 
enabling interpretations regarding the possibilities of for-
mation of sites of interaction between the drug and cofor-
mer. Calculations were performed using the Gaussian 09 
computational package to perform geometry and harmonic 
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frequency optimization through the HF/3-21G calculation 
level [29]. Through calculations, the values of the intermo-
lecular hydrogen bond energy were found (the more negative 
the energy, the more stable the hydrogen interaction).

Thermal Analysis DSC

A DSC equipment (8000 model PerkinElmer; PyrisTM Player 
software) was used to verify the miscibility between the com-
ponents and the tendency to generate amorphous systems 
using controlled heating and cooling rates, and characteriz-
ing the product obtained as reported by D'Angelo et al. [30]. 
Briefly, 3 mg (± 0.5 mg) of crystalline NVP and its physical 
mixtures samples with the coformers in 1:1 molar ratio were 
added into a hermetically sealed aluminum pan. The heating 
and cooling program is described in Table I. Initially, the sam-
ples were equilibrated at 0 °C and heated to a temperature that 
was above the lowest melting point of the component present 
in each sample, at a heating rate of 20 °C/min, whose balance 
was maintained for 2 min. They were then cooled to 0 °C at 
a cooling rate of 20 °C/min and reheated to 300 °C at 10 °C/
min since NVP degrades after this temperature [31]. Indium 
metal standard with purity of 99.9% was used to calibrate the 
temperature scale and enthalpy response.

Determination of Equilibrium Solubility

The crystalline solubility of NVP was determined by the 
shake flask method in phosphate buffer pH 6.8 methods [32, 
33]. Erlenmeyer flasks with 10 ml of buffer were saturated 
with an excess amount of crystalline NVP in the absence 
and presence of each coformer and maintained at 37 °C and 
shaken at 150 rpm in an orbital incubator (Ethik Technology, 
São Paulo, BR) for 3 days with the intention of verifying the 
influence of coformers on the equilibrium solubility of NVP. 
The collected samples were centrifuged at 14,000 rpm for 5 
min, the supernatant was removed and diluted for quantifica-
tion by liquid chromatography (Shimadzu®) according to 
the methodology described in the section Analytical Chro-
matographic conditions.

Obtention of Physical Mixtures and CAM

The CAM with NVP were obtained according to the meth-
odology proposed by Skotnicki et al. [34]. Samples of NVP 
and coformers were carefully weighed in a 1:1 molar ratio, 
and ground with a mortar and pestle to promote intimate 
contact and obtain physical mixtures (PM). The CAM were 
obtained by melting their respective PMs in a steel container 
on a heating plate at 260 °C. After the phase change, the 
container was quickly taken to an ice bath for immediate 
cooling. The resulting powder was crushed, standardized 
to a size of 150 µm, and stored in a desiccator with silica.

Solid State Characterization

Fourier Transform Infrared Spectroscopy (FTIR)

FTIR spectra of the pure samples, PM and CAMs were 
obtained on a PerkinElmer® equipment (model 400) with a 
total reflection device attenuated with zinc selenide crystal. 
The spectra were obtained in transmittance mode by averag-
ing 16 scans per sample, with a variation in the wavenumber 
region 4000 to 650  cm−1.

Differential Scanning Calorimetry (DSC)

The DSC curves of the pure compounds, PM and CAM were 
obtained using a Shimadzu® DSC equipment, model DSC-
50, connected to the Shimadzu® TA-60WS software with a 
nitrogen atmosphere (50 ml/min) in the temperature range 
of 25–300 °C at a rate of 10 °C/min. Sample amounts of 
3–4 mg were placed in hermetically sealed aluminum pans. 
Indium standard with purity of 99.9% was used to calibrate 
the temperature scale.

X‑Ray Diffractometry (XRD)

X-ray diffractometry analyses were carried out using a Shi-
madzu diffractometer, X-ray—7000, using X-rays gener-
ated by a Cu (Kα) anode, operated at 40 kV voltage, 30 mA 
current and Ni filter. An angular variation (2θ) of 3- 60° 
was used, with a continuous scanning speed of 2°/min. For 
the quantification of the crystalline content in the PMs and 
CAMs, the integrated areas of the NVP diffraction peaks 
and coformers in the analyzed samples were calculated by 
curve fitting using software (Origin 2018, OriginLab Co, 
Northampton, MA, EUA).

Polarized Light Microscopy (PLM)

Microscopic analyses were performed on a Leica DM750M 
polarized light microscope, coupled with a digital camera 
(Leica ICC50W) and processed in the LAS EZ software. 
Lesser amounts of the powdered samples were placed on 
semi-permanent glass slides and analyzed using 200 × mag-
nification (Olympus Corporation, Tokyo, Japan).

Table I  Heating/Cooling/Reheating Program in DSC for Physical 
Mixtures of NVP and Coformers Screened to Obtain CAM

Sample Program

NVP 0 °C—260 °C—25 °C—300 °C
NVP-3TC 0 °C—165 °C—25 °C—300 °C
NVP-CAc 0 °C—160 °C—25 °C—300 °C
NVP-URE 0 °C—260 °C—25 °C—300 °C
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Analytical Chromatographic conditions

Quantification of NVP was carried out in an HPLC 
equipment composed of Shimadzu's 10AVP series 
system, equipped with an LC-10AVP quaternary 
pump, an SPP-M10AVP ultraviolet detector according 
to an adapted method of Vieira-Sellaï et al. [35] and 
Anbazhagan et al. [36]. Data acquisition was performed 
using LC Solutions software (version 1.25). Chromato-
graphic separation occurred on a C8 Shim-Pack column 
(150 × 4.6 mm; 5 µm), at a temperature of 25 °C and 
injection volume of 10 µm. Separation was achieved in 
low pressure gradient mode using 25mM ammonium 
acetate buffer pH 3.9 as mobile phase A, and methanol 
as mobile phase B. The gradient profile (%v/v) consisted 
of a linear increase in phase B from 25 to 75% within 7 
min while A decreased linearly from 75 to 25% at the 
same time. The phase proportion inverted between 7 and 
8 min and remained isocratic until the end of the analy-
sis, in 15 min. The calibration curve demonstrated good 
linearity (R > 0.99) in the relevant concentration range 
and a preliminary analysis performed showed that 3TC, 
CAc and URE do not interfere with the retention time of 
NVP (10.5 min).

In Vitro Dissolution Test

The dissolution test was evaluated in sink condition in a 
Vankel VK-7040 Dissolutor according to the methodol-
ogy proposed by Santos et al. [3]. Samples of pure NVP 
(20 mg) and the equivalent in drug of PM and CAM were 
weighed and placed in 250 mL in phosphate buffer pH 
6.8 at 37 ± 0.5 °C stirred by the paddle apparatus at 75 
rpm. Samples were collected at predetermined times (5, 
10, 15, 20, 30, 45, 60, 90, 120, 180, 240, 300, and 360 
min), centrifuged and the supernatant was quantified by 
HPLC, using the method described before. The dissolu-
tion profiles of all samples were evaluated for dissolution 
efficiency (DE%) at 120 min and 360 min (DE% 120 and 
360) and similarity factor (F2) using the DD SolverTM 
software [37, 38].

Statistical Analysis

One-way analysis of variance (ANOVA) and Tukey's 
multiple comparison tests were performed to verify the 
statistical significance (p < 0.05, 95% confidence inter-
val) of the comparisons between the pure NVP, PMs and 
CAMs.

Results

Screening of CAM Formation

Computational Studies

NVP map evidenced an electronegative region with high 
density in its carbonyl (-C = O) of the central aromatic ring, 
as well as an electropositive region referring to the amine 
(Fig. 1), while 3TC has a carbonyl on the aromatic and 
hydroxyl ring, forming two complexes together (Fig. 2a 
and b). The energy resulting from the formation of hydro-
gen bonds for complexes NVP-3TC A and B were -8.96 
and -14.42 kcal/mol, respectively. The hydroxyl regions of 
CAc were characterized by electropositive bands located 
throughout all molecular structure (Fig. 2c). These regions 
can interact with NVP, forming two complex structures 
from the simultaneous interaction of its carbonyls and 
hydroxyls from the central part or molecular end, with the 
carbonyl and amino group of NVP (Fig. 2c and d), which 
have remarkably close hydrogen bond energies, -23.74 and 
-22.83 kcal/mol for structures C and D respectively, result-
ing in greater stability to the formed system.

A theoretical infrared spectrophotometric analysis was 
performed (Fig. 3) showing changes in the vibrations of 
the groups responsible for hydrogen interactions in the 
molecules of the complexed compounds. NVP has a stretch 
band of its carbonyl at 1880  cm−1 that was shifted to 1840 
 cm−1 and 1854  cm−1 in the 3TC complexes 1 and 2, which 
also showed the emergence of new bands at 3703  cm−1 and 
3559  cm−1 respectively, which may indicate the formation 
of hydrogen complexes through the -NH an -OH groups 
present in the two compounds. Furthermore, interactions 
between -OH and –NH bonds involved in the formation of 
the CAc complexes also are also suggested by the appear-
ance of high intensity bands in 3532  cm−1 and 3010  cm−1 
in the CAc complex 1 and 3505  cm−1 and 3136  cm−1 in 
the CAc complex 2. In the two CAc complexes, the stretch 
band of the carbonyl = O of NVP was also shifted to 1867 
 cm−1 and 1858  cm−1, suggesting intermolecular interac-
tions in the two complexes between NVP and CAc. No 
bond formations were observed between NVP and URE 
molecules.

Thermal Analysis by DSC

DSC curves and thermic data are shown in Fig. 4 and Sup-
plementary File SII respectively. Pure NVP presented its 
characteristic melting point at 248°C, and an exothermic 
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band was also detected around 175°C. DSC curves of 
NVP-3TC PM and NVP-CAc PM showed the shift of NVP 
melting point at 235.2°C and 238.7°C respectively, with 
an endothermic peak in the mixture with 3TC at 175.1°C 

corresponding to the 3TC melting point [39]. The NVP-
URE mixture presented an endothermic peak that indicates 
the melting point of NVP at 242.5°C.

Fig. 1  Electrostatic potential 
maps of NVP, 3TC, CAc and 
URE. Regions in red represent 
electronegative sites and regions 
in blue represent electroposi-
tive sites

Fig. 2  Complexes formed 
between NVP, 3TC (a and b) 
and CAc (c and d) through the 
Gaussview v.05 program
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Determination of Equilibrium Solubility

NVP concentration values for each sample analyzed are 
described in Supplementary File III. They are known as 
saturation concentration or equilibrium solubility. The maxi-
mum concentration achieved by NVP was approximately 
104.6 μg/mL, being altered at the presence of 3TC, increas-
ing NVP solubility to 114.9 µg/mL, as well as the CAc, 
which also raised the NVP concentration to 662.46 µg/mL. 
URE also was able to increase NVP solubility to 132.98 
µg/mL.

Solid State Characterization

X‑ray Diffractometry (XRD)

The diffractogram patterns of NVP, 3TC, and CAc, as 
well as their PM and CAMs are illustrated in Fig. 5. The 

diffraction planes indicating the crystalline nature of NVP 
were detected at 9.04°, 12.91°, 15.46°, 17.09°, 18.91°, 
20.64°, 22.49°, 23.19°, 25.33° and 26.55°, following pre-
vious results reported in the literature [40, 41]. All PMs 
obtained showed the presence of NVP and the coformer used 
by their characteristic diffraction planes, while the absence 
of peaks was observed in the CAMs of 3TC and CAc.

Fourier Transform Infrared Spectroscopy (FTIR)

NVP groups are represented in the infrared spectrum 
(Fig. 6A) at 3188  cm−1 and 1642  cm−1 corresponding to the 
vibrational nodes of the stretching -NH and -C = O respec-
tively of the amide group. The spectrum also shows bands at 
3123  cm−1 that correspond to the -CH bond of the cyclopro-
pyl substituent and at 1584  cm−1 that characterize the scis-
sor vibrations of the -CH3 methyl group. The spectrum of 
3TC is characterized by the presence of the carbonyl group 
(-C = O) vibration of the carbamide function at 1633  cm−1, 
deformation of the -NH group at 1607  cm−1 and broad bands 
of stretching vibration of the -NH2 group at 3328–3500  cm−1 
[39, 42]. Broadenings in the stretching bands at 3328  cm−1 
of 3TC and at 3188  cm−1 of the -NH group of the NVP 
amide were evident in the CAM NVP:3TC, especially when 
compared to PM, with shift to the right of the stretching 
vibration band of the -NH2 group of 3TC. CAc is identified 
by a -OH stretching vibration at 3492  cm−1 and at 3328  cm−1 
of the carboxylic group (-COOH) [43, 44]. The two peaks at 
1692  cm−1 and 1743  cm−1 in the FTIR spectra of CAc arise 
from the C = O stretch in the carboxylic groups. Both peaks 
overlap as they move across the NVP:CAc CAM spectrum, 
while still being present in the PM. Its hydroxyl stretching 
bands (-OH) had reduced and broadened intensities in the 

Fig. 4  DSC curves of NVP, NVP—3TC, NVP—CAc and NVP—
URE during the second heating

Fig. 3  Theoretical infrared spectrum of complexes formed between 
NVP with 3TC (a) and CAc (b)
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PM with NVP, in addition to the broadening of the C = O 
stretching in the CAM.

Differential Scanning Calorimetry (DSC)

DSC analysis were performed with the NVP pure, coformers, 
their PM and CAM (Fig. 7 and Supplementary File IV). NVP 
has a characteristic melting point at 244°C and 3TC at 175°C. 
In the PM 3TC, two endothermic fusion peaks were identified 

with a maximum peak at 175°C and another at 230°C, while 
in the CAM 3TC, only one endothermic band was identified at 
230°C, with an exothermic band at around 135°C. In addition, 
a Tg was identified at 52°C in CAM 3TC, CAc has a melt-
ing peak at 154°C that appears shifted in PM CAc at 132°C, 
where an endothermic peak at 230°C was also revealed for 
NVP fusion. In CAM CAc, a Tg was detected at 63°C, fol-
lowed by an exothermic recrystallization event at 133°C and 
an endothermic fusion peak referring to NVP at 239°C.

Fig. 5  X-ray diffraction patterns 
of NVP, 3TC and CAc, their 
respective PM and CAM
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Polarized Light Microscopy (PLM)

PLM photographs were taken to observe the presence of 
microcrystals in the generated systems and are illustrated 

in Supplementary File V. NVP and 3TC are characterized 
by small colored dots on the photographs, indicating crys-
talline material, while CAc is represented by a huge mass 
with colored regions indicating the crystalline nature of the 

Fig. 6  FTIR spectrum with 
wavenumber from 4000 to 
600  cm−1 (a) and with a cutoff 
in the region from 3560 to 
2850  cm−1 (b) of NVP, 3TC, 
CAc, their PM and CAM

Fig. 7  DSC curves of pure components, PM and CAM (a), with magnification of the DSC curve of the CAM 3TC (b) and the CAM CAc (c)
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excipient. Numerous crystalline points were noted on the 
slides of all PM, showing that the simple mixture between 
the components is not enough to promote the amorphiza-
tion of the drug. However, the CAMs showed significant 
differences in relation to their respective mixtures, where 
no crystalline points with birefringence were visualized.

In Vitro Dissolution

The dissolution profiles of NVP pure, PMs and CAMs are 
illustrated at Fig. 8 and quantitative data of dissolution are 
shown in Table II and Supplementary File VI. After in vitro 
dissolution tests, it was observed that pure NVP achieved 
a dissolution of 64% at 360 min, while all CAMs reached 
higher levels of NVP dissolved, mainly CAM 3TC which 
had the highest dissolution rate (97.58%) followed by CAM 
CAc (93.88%). CAM 3TC had the highest dissolution 
efficiency, with values of 68.7% in 120 min and 81.7% in 

360 min, also showing the difference between these sam-
ples with a similarity factor (F2) of 20.6 for pure NVP and 
37.9 for its PM. CAM CAc showed excellent dissolution 
performance with 62.6% of NVP in 120 min and 62.9% in 
360 min. Although it was not statistically different in rela-
tion to its PM at the final time, CAM CAc had an excellent 
dissolution performance, with a similarity factor (F2) of 23.6 
for pure NVP and 55.8 for its PM, showing that there was a 
difference between the samples during the assay.

Discussion

Suitable coformers are crucial for the development of a sta-
ble CAM. To achieve this, screening experiments are impor-
tant to predict the interaction between the components, and 
thus, the possible formation of CAM using low molecular 
weight components, such as URE and CAc [45–49], in addi-
tion to 3TC, an antiretroviral drug used in multidrug therapy 
with NVP to combat HIV. Molecular and thermal analy-
sis studies can provide information regarding the possible 
intermolecular interactions that can occur between NVP 
and its coformers, and which regions of the molecule have 
the greatest potential for these interactions, while solubility 
studies evaluate the impact that the presence of these sub-
stances has on the crystalline saturation solubility of NVP 
when in solution. Coformers that did not indicate potential 
interactions and miscibility with NVP were not considered 
for subsequent tests.

The formation of a stable CAM depends on the resulting 
interactions between its components, especially hydrogen 
bonds [50]. Molecular regions of 3TC and CAc can interact 
with NVP, forming two complex structures from the simul-
taneous interaction of its carbonyls and hydroxyls present 
in their molecules, with the carbonyl and amino group of 
NVP, resulting in greater stability to the formed system. 
The complexes NVP-3TC are formed through the interac-
tion of NVP with 3TC in equivalent molar amounts. In the 
formation of hydrogen complexes, due to a redistribution 
in molecular electron density, the charge transfer involved 
in the donor–acceptor interaction should undoubtedly be 
considered [51]. In hydrogen interactions, charge transfer 
occurs from the lone pair of electrons of the proton accep-
tor atom to the antibonding orbital of the hydrogen bond, 
which results in bond stretching [52]. Due to the increase 
in the length of the hydrogen bond, there is a decrease in 
the vibration frequency when it establishes contact with the 
atom of the acceptor group [52, 53]. This phenomenon can 
occur in hydrogen interactions between NVP and its coform-
ers, giving evidence of the formation of a CAM [53]. In fact, 
this was what occurred in all the hydrogen bonds of the com-
plexes formed between NVP–3TC and NVP–CAc, which 
underwent an increase in their lengths and shifts to lower 

Fig. 8  NVP dissolution profiles with 3TC and its PM and CAM and 
CAc and its PM and CAM

Table II  Dissolution Efficiency of NVP and its PM and CAM with 
3TC and CAc at Times in 120 min and 360 min

Mean ± SD, n = 3;
* Statistically different p < 0.05 vs. aNVP, bPM 3TC e cPM CAc

Samples Dissolution efficiency (%)

120 MIN 360 MIN

Pure NVP 28.2 ± 4.7 46.3 ± 6.6
NVP—3TC PM 54.3*a ± 1.8 68.6*a ± 2.8

CAM 68.7*a,b ± 2.3 81.7*a,b ± 2.1
NVP—CAc PM 54.2*a ± 3.3 56.6*a ± 2.8

CAM 62.6*a,c ± 1.3 62.9*a ± 0.6
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frequencies were observed, indicating the possibility of 
hydrogen interactions between NVP and these compounds, 
also observed in the theoretical infrared spectrophotometric 
analysis.

A computational approach has already been used to ver-
ify the formation of amorphous formulations. Interactions 
between carbamazepine and α-Glycosyl rutine were ana-
lyzed through molecular dynamics simulation, mimicking 
the melt-quenching method, in addition to calculations by 
the orbital molecular fragment method. The authors realized 
that the multiple hydrogen interactions were greater than 
the interaction energy of the type π realized between drug 
and coformer [54]. Ceritinib CAMs were also obtained by a 
computational approach that estimated the binding energy 
and intermolecular interactions between the drug and differ-
ent coformers to choose the best among them to stabilize the 
amorphous form of ceritinib [55]. Both works highlight the 
importance of the computational approach to obtain amor-
phous systems, especially because it provides information 
about different interactions that are difficult to detect by 
experimental approaches.

Although URE presents electronegative atoms in the mol-
ecule, such as oxygen and nitrogen in the carboxyl and amine 
groups which allow a great capacity for forming hydrogen 
bonds, the formation of NVP complex networks with URE 
molecules was not possible to occur. The URE crystalline 
structure is composed of eight hydrogen bonds distributed 
between six neighboring molecules, forming an infinite pla-
nar ribbon, with the carbonyl oxygen, accepting four hydro-
gen bonds instead of the two usually expected, promoting 
additional stabilization through forces dipole–dipole [56]. 
These stable interactions between URE molecules prevent 
the formation of new hydrogen bonds, and thus, the com-
plex cannot be observed [57]. The crystalline form of the 
molecule and, consequently, its physical properties, such 
as conductivity, thermal stability, mechanical strength, and 
optical properties are influenced by hydrogen bonds, which 
acts as a vector of structural stability [58]. This character-
istic makes the interaction between urea molecules highly 
stable, which favors the formation of their own networks, 
reducing the possibility of forming complexes with NVP or 
other molecules.

DSC is an instrumental technique widely used for rapid 
compatibility screening of different compounds and for 
producing amorphous samples from crystalline materials 
[30, 59]. The objective of the first heating carried out in the 
study was the melting of the physical mixtures with NVP 
and consequently their amorphization, while the DSC curves 
generated in the second heating characterize the material 
formed after the first heating, providing information about 
its homogeneity, miscibility of components, and evidence of 
crystalline material [60]. The crystalline nature of NVP was 
confirmed on the second heating, due to the recrystallization 

phenomenon that the drug underwent during the reheating 
process. The shift of the NVP melting point at PMs with 3TC 
and CAc suggests probable miscibility between the compo-
nents, suggesting the possibility of formation of the amor-
phous systems, which did not occur with the mixture with 
URE, where the crystalline nature of NVP was evidenced and 
there was not good miscibility between the components [61].

When a material vitrifies when cooled from its melted 
state, it possesses the glass-forming ability, a method that 
classifies compounds into up to three classes. The first of 
these classes is defined when a material crystallizes dur-
ing cooling, the second class is defined when crystalliza-
tion occurs during reheating, while in the third class there 
is no crystallization [62]. Although the physical mixtures of 
NVP with 3TC and CAc indicate that there was miscibility 
between the components involved, it is perceived that the 
crystalline signal referring to NVP may indicate that it is 
not a complete miscibility and that these systems formed, 
together with the physical mixture with URE, are class 
II. Despite this, these results corroborate molecular stud-
ies, suggesting a better formation of amorphous systems of 
NVP with 3TC and CAc, through the possible intermolecu-
lar interactions that can be formed between them, while NVP 
and URE have difficulties in establishing bonds, making the 
formation of amorphous systems improbable.

The saturation solubility of NVP was investigated in its 
isolated crystalline form and in the presence of the coform-
ers used in this study to verify their influence on its satu-
ration crystalline solubility (Cs). In a review proposed by 
Korhonen and colleagues, it is asserted that the miscibility 
between the components is a significant parameter in the 
selection of excipients for co-amorphous formulations. It is 
proposed that the tendency of a stabilized amorphous drug 
to crystallize can be significantly influenced by the degree of 
mixing behavior between the drug and the coformer. There-
fore, solubility parameters can be employed as a means of 
estimating the degree of molecular similarity [27].

NVP is a weak base with pKa equal to 2.8 and when 
present in aqueous media with a pH higher than 3, there 
are more non-ionized NVP molecules, lowering its solubil-
ity, and impairing its dissolution in the medium in question 
[63]. CAc is a carboxylic acid that contains -COOH and 
-OH groups that can interact with the drug through intermo-
lecular interactions, such as ionic interactions and hydrogen 
bonds, with drugs with low aqueous solubility and weak 
bases such as NVP, forming salts of the drug, solubilizing 
it in the medium [64, 65]. A similar phenomenon could be 
observed in a study carried out with CAM with the weak 
base drug posaconazole, which showed increases in drug 
concentrations due to the acidic environment caused by CAc 
[66]. URE is a hydrotropic substance with an amphiphilic 
structure that forms free aggregates with drug molecules, 
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responsible for increasing the aqueous solubility of low-
solubility drugs, especially when they are in non-ionized 
form [67].

In XRD analysis, PM can present the sum of the peaks of 
the individual components, a fact that occurred in all PMs 
obtained, where their diffraction angles showed the presence 
of crystalline NVP and the coformer used in all PMs. The 
presence of diffraction halos and the absence of peaks in 
CAMs confirms the amorphous nature of the material [68]. 
However, CAM 3TC shows signs of crystallinity that can 
lead to lower physical stability, but without recrystallization. 
CAMs of posaconazole obtained similar results for XRD 
analyses, but they were more stable in relation to solid dis-
persions of the same drug with the polymer Kollidon VA-64 
which, due to the hygroscopicity of the system, absorbed 
moisture from the environment leading to recrystallization, 
which is more difficult to occur in CAM systems [66].

FTIR spectra obtained can reveal valuable information 
about the physical and chemical states of solid materials, 
especially when there is a change from the crystalline to the 
amorphous state, which can be related to shifting in bands 
in specific regions of the spectrum [30]. The NVP crystal 
is characterized by an amide function in a seven-membered 
ring, adopting a planar conformation, and there is also a 
cyclopropyl substituent [69, 70]. The changes perceived in 
the infrared spectra of CAMs corroborate the theoretical 
infrared studied in the screening. Such changes in the peak 
position and shape may be due to disruption of the structured 
crystal lattice into the amorphous state, suggesting that there 
were intermolecular interactions between NVP and its cofor-
mers, as occurred in nifedipine and ketoconazole CAMs, 
whose band shifts of groups involved in hydrogen bonds 
indicated interactions between the two compounds [71].

Intermolecular interactions play a key role in the sta-
bility of the amorphous drug forms and, consequently, a 
good CAM formation especially when these substances 
have at least two hydrogen donor/acceptor points, as is the 
case of the chosen components to stabilize the amorphous 
NVP [20]. Moreover, the amorphization of the material 
can also be suggested by the broadenings observed in the 
CAM spectra in the region between 3500 and 3000  cm−1 
related to hydrogen bonds (Fig. 7b). The same phenomenon 
was observed with Atorvastatin-Irbesartan CAM, in which 
band shifts and broadenings were identified, suggesting 
that hydrogen interactions between the two drugs occurred, 
presenting co-amorphization [34]. The results observed 
through FTIR agree with those suggested in the screening 
tests, attesting that previous DSC and computational studies 
were relevant for the choice of coformers.

DSC assays indicated the recrystallization of the two 
drugs in PM 3TC, while partial miscibility between the 
components was shown in CAM 3TC. The intimate contact 
promoted by the preparation of the material may have caused 

interactions between the components since the preparation 
of the PMs and became more intense during the CAM for-
mation process [20]. However, the thermal events found in 
CAM 3TC indicate that the amorphous material underwent 
recrystallization during the heating process, due to the NVP 
recrystallization and fusion processes. This recrystallization 
may have occurred due to the amount of crystalline mate-
rial present in the CAM, whose crystalline nuclei may have 
received energy in the heating of the DSC and recrystallized.

The endothermic melting peaks of NVP in systems with 
CAc are displaced and at a lower intensity, showing that 
there may be a certain miscibility between the components, 
as verified in FTIR [61]. However, the results corroborate 
with XRD, which shows amorphization of the CAM CAc, 
but the material could have received energy to recrystallize 
as occurred in the CAM 3TC. Recrystallization events fol-
lowed by drug fusion are possible to occur in co-amorphous 
materials, as in the case of indomethacin and tryptophan 
CAM, where peak exothermic recrystallization was followed 
by drug fusion [72]. The material was considered amorphous 
according to the authors' studies, but because they recrystal-
lized at elevated temperatures, they were considered stable 
in relation to the isolated drug [72]. Besides, the reduction 
and shifting of the endothermic peaks of NVP in the pres-
ence of its coformers suggest partial miscibility of the com-
pounds, through a possible partial dissolution of NVP with 
its fused coformers, as well as in the CAM formed between 
simvastatin and glipizide, which did not show intermolecular 
interactions, despite the formation of the amorphous system 
through a molecular mixture between the drugs, where glip-
izide served as a stabilizing agent of the amorphous form of 
simvastatin (anti-plasticizer) [73]. All The characterization 
results confirm the successful formation of CAMs, since 
there are differences between CAMs and PMs obtained, 
where the PLM photographs indicate numerous crystalline 
points referring to the starting materials in the PMs and that 
are not observed in the CAM slides.

It is common to observe improved dissolution rates of 
CAM obtained with two different drugs, compared to their 
isolated crystalline counterparts, as occurred with the CAM 
system of naproxen and cimetidine [74], whose dissolution 
rate was twice higher, without any evidence of crystallinity, 
due to the interactions between the two drugs in the exact 
proportion. The molecular proportion plays a fundamental 
role in the stability of CAM. The ratio 1:1 ratio is the most 
common and recommended, even though it is not manda-
tory, due to the number of specific intermolecular inter-
actions between the components [74, 75]. Through these 
interactions, the compounds form heterodimers that remain 
formed when in contact with water, preventing recrystalliza-
tion, which is possible to happen to pure components when 
they are in CAM of other molar proportions (Jensen et al. 
[76]). This indicates how the proportion between substances 
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in a CAM system is important for the dissolution of the drug 
and its increase in solubility.

The presence of CAc is responsible for the increase in 
the solubility of NVP, verified in the solubility tests, and 
the improvement is more evident in CAM in relation to its 
PM. This phenomenon can be explained by the maintenance 
of the amorphous structure stabilized by the intermolecular 
interactions between CAc and NVP generated during the for-
mation of the complex, as observed in the characterizations 
and molecular dynamics [77]. Such interactions may have 
avoided the occurrence of nucleation and crystalline growth, 
preventing NVP recrystallization, as occurred in the CAM of 
loratadine and citric acid 1:1, whose dissolution revealed a 
solubility increase 50 times greater in relation to the isolated 
crystalline drug and up to 30 times greater in relation to it 
amorphous isolated [78].

CAMs can enhance the apparent final solubility of low-
solubility drugs in a manner that is dependent on the spe-
cific interactions between the drug and its coformer. These 
interactions can facilitate an anti-plasticization effect within 
the system, thereby reducing molecular mobility. Addition-
ally, the high energy inherent to the amorphous state and 
the absence of the energy required to rearrange the crystal 
structure during dissolution can be leveraged to further opti-
mize the solubility of low-solubility drugs [23]. Moreover, 
improved wettability of the drug particles can significantly 
increase the dissolution rate, as it facilitates better interac-
tion between the drug and the dissolution medium. The com-
bined impact of these factors results in an enhanced solubil-
ity profile when compared to their crystalline counterparts 
and individual amorphous forms [20].

Considering the HIV treatment, the use of technologies 
that allow the improvement of drug solubility may play an 
important role in the HAART, as most drugs used in antiret-
roviral have first-pass metabolism, degradation in the gas-
trointestinal tract and low aqueous solubility, which leads 
to a short half-life, reduced and inconsistent bioavailabil-
ity and risk of multidrug resistance [79]. In this aspect, the 
development of CAM to increase NVP solubility would be 
advantageous, especially when combined with 3TC, since a 
fixed-dose combination therapy using NVP:3TC CAM could 
not only overcome issues related to NVP solubility, but also 
make the therapy more accessible, reducing costs, and thus 
increasing patient treatment compliance.

Conclusion

The combined use of screening studies, namely computa-
tional, thermal, and solubility studies, was useful in devel-
oping NVP CAM. With these studies, it was possible to 
predict the formation of stable NVP CAM, by observing 

possible intermolecular interactions and a certain miscibility 
between the components. Computational methods were able 
to predict the formation of hydrogen complexes between 
NVP, 3TC and CAc. For all bonds involving hydrogen in the 
formation of complexes, shifts to lower frequencies occur, 
as well as an increase in these bonds CAM of NVP with 
3TC and CAc was obtained through quench-cooling after 
the prediction of hydrogen interactions between the two 
components. When obtained, the NVP CAMs corroborated 
the screening studies, showing miscibility between the com-
ponents, suggesting the formation of hydrogen interactions 
between NVP and its coformers, allowing the formation of 
the amorphous system verified by microscopy and XRD 
analysis. The maintenance of the amorphous form of NVP 
in CAM was also responsible for increasing the dissolution 
rate of NVP, reaching higher levels than the isolated drug 
and making CAM systems promising for antiretroviral com-
bination therapy to combat HIV.
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