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INTRODUCTION

In pharmaceutical development, the solubility and 
permeability of active drug compounds are significant 
concerns. In recent times, many active drugs on the 

market have been difficult to dissolve, so solubility 
needs to be increased to achieve therapeutic purposes. 
Improvements in drug solubility occur directly using 
different formulations and various technological 
applications such as comminution, complexation, or 
micellization, regardless of enhancing the intrinsic 
properties of the active pharmaceutical ingredient (API). 
One of these properties is the presence of polymorphisms, 
i.e., when differences in the solid form of the same 
drug structure can yield different properties, including 
dissolution in water (1).    

In In this study, the exhibited polymorphic compound 
was efavirenz (EFV), with the chemical name (S)-6-chloro-
4-(cyclopropylethynyl)-1,4-dihydro-4-(trifluoromethyl)-

2(H)-3,1-benzoxazine-2-one. Initially, EFV was approved in 
1998 by the United States Food and Drug Administration 
(US FDA) with no polymorphic forms, but further research 
has discovered 23 different forms, including amorphous 
and solvated forms (2–16). Generally, the most stable 
form is preferred in the solid dosage form, but its limited 
solubility poses a challenge (17). 

Improvements in the solubility of EFV have been reported 
in some studies through the preparation of co-crystals, 
the addition of superdisintegrant excipients, surfactants 
or cosolvency, amorphization, and the application of some 
technologies such as nanoemulsions, nanosuspensions, 
nanoparticles, and complex inclusion (10, 18–31). Some 
solid dispersion techniques are also used, including 
comminution to reduce particle size (22, 32–38). Apart 
from these methods, the use of other metastable forms 
that are theoretically more soluble is not well known. 
Some metastable polymorphic forms of EFV have been 
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investigated as an alternative (2, 7, 10, 13, 19). Based on 
previous studies, we obtained metastable forms with 
better water solubility, namely forms II and III. However, 
the solubility of these forms in the gastrointestinal 
segment has not been reported yet (16). These metastable 
forms are easily changed by grinding and heat (39, 40). 
However, there is a lack of information regarding the in 
vitro solubility and the pKa range of selected polymorphs. 
Therefore, this study was conducted to complement the 
absence of pKa (acid dissociation constant) information 
on the corresponding polymorphs.

MATERIALS AND METHODS
Materials
Pharmaceutical grade EFV (batch no. EZ1670711, Hetero 
Labs. Ltd., India) was purchased from PT Kimia Farma Tbk, 
Indonesia. Analytical grade solvents for recrystallisation, 
such as acetonitrile, n-hexane, and methanol (Merck, 
USA), were used in this work. All solvents used were of 
analytical reagent grade without further purification. 
For solubility, dissolution, and pKa determinations, the 
materials used were HCl, NaCl, KCl NaOH, Na2HPO4, 
NaH2PO4, KH2PO4, sodium lauryl sulphate (SLS), potassium 
hydrogen phthalate (KHP), and boric acid (H3BO3). All 
reagents used were of analytical grade from J.T. Baker 
Chemicals. All reagents and buffers were prepared with 
water distillation (aquadest) and were CO2-free.

Preparation of EFV Polymorphs (Form I, II, and III)
The solid-state forms were made by the recrystallisation 
of crude EFV in analytical grade organic solvents. 
Acetonitrile, n-hexane, and methanol and were named 
form I, II, and III, respectively. 

Characterisation of Polymorphs
The resulting polymorphic forms were observed using 
polarizing light microscopy (PLM). The morphology of 
polymorphs was observed using an Olympus BX53 model 
ULH100-3 microscope (400 x). The sample was placed on 
a microscope slide and covered with a coverslip.

Differential Scanning Calorimetry (DSC) 
Thermal behavior of the polymorphs was assessed using 
a Netzsch DSC 214 Polyma and an aluminium crucible. 
About 1–3 mg of the sample was measured under a 
dynamic nitrogen atmosphere and a heating rate of 10 
°C/min in the range of 30–250 °C. Before usage, the DSC 
device was calibrated with indium as a standard reference. 

Fourier Transform Infrared (FTIR) Spectroscopy
The specific fingerprints of the solid-state sample were 
monitored on a multi-scope spectrophotometer (IR 
Prestige-21, Shimadzu, Japan) by sealing the sample 
between two KBr plates using a hydraulic press at 200 kg/

cm2 for 15 s to form a disc. The spectrum for each sample 
was analyzed in the spectral region of 500-2500 cm-1 with 
a resolution of 4 cm-1. 

Raman Spectroscopy 
Raman spectra of each polymorph was recorded using a 
Bruker-Senterra Micro-Raman spectrophotometer with a 
diode laser system (785 nm, 100 mW) as the excitation 
source for spectrum recording at room temperature in 
the spectral region of 500–2500 cm-1. 

Prediction of pKa Values 
Prediction of pKa values of all polymorphs was performed 
by spectrophotometric measurement in buffers with a pH 
range of 1.2–9.  Preparation of buffers at pH between 1.2-
4 was conducted using HCl, NaCl, and KHP with different 
compositions. At pH 5, KHP and NaOH were used, and at 
pH 6 and 7, KH2PO4 and NaOH were used. Meanwhile, at 
pH 8 and 9, H3BO3, KCl, and NaOH were used following 
the Indonesian Pharmacopeia (41). Samples (10 mg) were 
dissolved in a methanol and buffer solution with a ratio 
of 4:6 up to 100 mL, and the pH result was checked using 
a Mettler Toledo S20 pH meter. The sample solution 
was filtered through Millipore 0.45-µm filter paper and 
suitably diluted before measurement by UV spectroscopy 
at 248 nm.
Calibration Curve Drug Content in Simulated 
Gastrointestinal Medium 
Standard solutions of EFV were made by dissolving 10 
mg of untreated EFV in methanol and 0.25% w/v SLS 
solution (1:9 v/v), then slowly adding it to simulated 
gastrointestinal medium (water, buffer pH 1.2, 4.6, and 
6.8) up to 100 mL. Then, the standard solution was dilute 
to various concentrations, i.e., 5, 7, 9, 11, and 13 ppm. 
Those standard solutions were measured by double beam 
UV-vis spectrophotometry (SPECORD 200, Analytic Jena) 
at 248 nm. The absorbance of each standard solution 
was recorded and plotted as a calibration curve to 
determine the linear regression equation for the standard 
calculation. 

Saturation In Vitro Solubility Studies 
Approximately 10 mg of each sample was dissolved in 
100 mL of each simulated gastrointestinal medium. The 
media were prepared at the pH of the gastrointestinal 
tract, i.e., pH 1.2, 4.6, and 6.8. The samples were agitated 
in the solutions using a mechanical agitator at 120 rpm for 
24 hours at room temperature. Before measurement, the 
sample solution was filtered through 0.45-µm filter paper 
and suitably diluted. The sample solution was measured 
by UV spectroscopy at 248 nm.

Comparative In Vitro Dissolution Studies 
The four dissolution media employed were water, 
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0.1 N HCl, and phosphate buffer pH 4.5 and 6.8. The 
dissolution of each polymorph was performed according 
to USP 36-NF 31, based on the USP monograph for EFV 
using 1–2% w/v SLS (42). However, based on biorelevant 
considerations, 0.25% w/v SLS was also used (1, 17). 
The dissolution assessment was performed 50 rpm and 
at a temperature of 37 ± 0.5 °C in a Sotax AG CH-4008 
BASEL type AT-6 apparatus (USP apparatus 4). Sample 
solutions were withdrawn at specific intervals up to the 
60-min point, then filtered through 0.45-µm filter paper. 
Collected samples were suitably diluted with dissolution 
medium and analyzed at 248 nm using double beam UV-
Vis spectrophotometry. 
Assessment of In Vitro Comparative Dissolution 
Kinetics 
Drug release data were fitted to the correlation coefficient 
(R2) with the best-fit kinetic model to determine the 
dissolution behavior as follows. The kinetic models used 
to describe the behavior were zero-order, first-order, and 
Higuchi, which represent drug release controlled by the 
Fickian diffusion process. The mathematic representation 
of these kinetic release models is: 

• Zero-order:  Ct = C0 - kt

• First-order:  Ln Ct = Ln C0 - kt

• Higuchi:  Q = A D(2C0 - Ct)Ctt  Q = kH √  . √    

In these equations, Ct is the amount of drug dissolved 
at time t; C0 is the initial amount of drug in the solution 
(usually t = 0); Q is the amount of drug released over 
time t per unit area A; D is the diffusivity of the drug 
molecules (diffusion coefficient) in the matrix substance; 
k is the release order rate constant; and kH is the Higuchi 
dissolution rate constant (43).

RESULTS AND DISCUSSION 
Pharmaceutical scientists have already discussed 
polymorphisms in API; this was reported in 2000 
(1). Polymorphisms can affect the final quality of 
pharmaceutical products, and choosing the correct API at 
an early point in development is essential. To achieve solid-
state differentiation for production of polymorphs, several 
methods are used, including controlling crystallisation 
conditions (dissolution, temperature, seeding, stirring) 
or uncontrollable formation resulting from improper 
handling in the production process (44–48). In this study, 
recrystallisation was used for polymorph production, 
which involves dissolving the API in different solvents. The 
resulting polymorphs need to be appropriately evaluated 
due to their different physical structures. In this study, 
PLM, DSC, and FTIR and Raman spectroscopy were used 

to evaluate three EFV polymorphs.

Characterisation of Polymorphs
Physical variation of EFV polymorphs was first observed 
visually in a Petri dish and confirmed by PLM (400 x), 
as shown in Figure 1. The results show that form I was 
smoother than the other polymorphs and has a powder-
like form. In plain view, form II was granule-shaped, and 
form III looked like needles. By PLM, form I was birefringent 
crystalline, form II resembled a stack of boards, and form 
III looked like a haystack or needles. These results confirm 
that polymorphs can be obtained using organic solvents 
of different polarity, as previously reported (16).

Furthermore, the DSC method was adopted, and the 
vibration of the EFV molecular groups was also assessed. 
As shown in Figure 2, the stable polymorph was form I, 
and the others (form II and III) had an exothermic peak 
obtained at different temperatures, which indicates 
conversion to a stable form. Those polymorphs were 
found at different temperatures, i.e., forms I, II, and 
III, appeared at 139.5, 120, and 108.4 °C, respectively. 
The thermograms show that the polymorphs were 
successfully created, as previously published (16). 
However, this needed further confirmation regarding 
the functional groups of the different structures. 
This functional group shifting was detected via the IR 
spectra. Shifts in the vibration of functional groups in 
the IR spectra were recorded using FTIR and Raman 
spectroscopy, and these spectrographs complemented 
each other; FTIR spectroscopy shows the movement of 
polar functional groups, while Raman spectra show the 

Figure 1.  The difference in morphological polymorphs was seen visually 
and microscopically through polarizing light microscopy (400 x) from each 
efavirenz polymorph: (a) form I, (b) form II, and (c) form III.
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shifts in semipolar to non-polar functional groups. Figure 
3 shows similarities in the spectral patterns; Raman 
spectra had more shifting peaks than FTIR, which means 
that the polarizability has changed in these polymorphs. 
Furthermore, these changes affect other properties such 
as solubility. The wavenumber region from 500–2500 
cm-1 was enough to represent the shifting of functional 
groups from CF3, benzoxazine, and cyclopropyl in the EFV 
molecule (49). The deformation of trifluoromethyl groups 
showed symmetric and antisymmetric stretches around 
660–800 cm-1 and 1100–1200 cm-1, respectively. For 
benzoxazine, there were two different modes of polarity, 
while aromatic rings are easily obtained in the Raman 
spectrum around 1390–1500 cm-1. On the contrary, the 
oxazine ring is more visible in the IR spectrum between 
the range of 1745–1840 cm-1. Cyclopropyl ring groups can 
be identified in IR and Raman spectrum bands at 1430 
cm-1 for δ(CH2) deformation, 1330–1370 cm-1 for planar 
(CH) bonds, 1040–1075 cm-1 for ω(CH2) wagging modes, 
and around 800–840 cm-1 for ρ(CH2) rocking bonds (49). 
The representatives of these functional group shifts are 
clearly shown in the Raman spectra in Figure 3, at around 
1700 cm-1 for the benzoxazine ring, 1300 cm-1 for the 
cyclopropyl ring, and 600–800 cm-1 for trifluoromethyl 
(CF3) groups. 

Prediction of pKa Values 
Polarizability changes due to different orientation of 
functional groups may alter the polymorph’s ionic 
strength, because most drug molecules are ionisable. The 
ionisation state plays an essential role in the bioavailability 
rate-limiting step, and at a given pH, it indicates the pKa 
(50). The pKa value of different polymorphic forms is 
rarely investigated, even though it immensely affects the 
absorption ability of drugs in different compartments of 
the digestive tract with different pH values (51).

There are methods to predict the pKa value. In this 
study, UV-Vis spectrophotometry was used for practical 
considerations (50, 52). The principle of pKa value 
prediction follows the Henderson-Hasselbalch equation 
(52). 

Using spectroscopy methods, the pKa value is determined 
by plotting absorbance logarithmically as a function of 
pH; this results in a sigmoid curve, where the inflection 
point corresponds to the pKa. From Figure 4 and Table 1, 
it was found that the pKa values of polymorph forms I, 
II, and III were 10.116, 10.628, and 10.372, respectively. 
From the previous reference, using spectrophotometric 
and pH solubility studies, it was found that the pKa value 
was 10.1 ± 0.1 (53). These experimental results indicate 
that the calculation is consistent with the reference, 
considering that only form I is widely used. Based on this 
result, polarizability changes among polymorphs can alter 
the ionic strength and affect the drug’s intrinsic solubility.

EFV 
Polymorph Linearity Equation

Coefficient 
Correlation 

(R2)
pKa value ± SD

Form I y = 0.094x – 0.9509 0.8630 10.1159 ± 0.0084

Form II y = 0.0833x – 0.8853 0.8054 10.6278 ± 0.0108

Form III y = 0.0897x – 0.9304 0.8186 10.3723 ± 0.0249

Calibration curve of the drug content in simulated 
gastrointestinal medium 
Before the solubility of a drug is defined, a calibration 
curve should be determined based on the differences in 
solubility at each pH of simulated gastrointestinal solution. 
The slope of the calibration curve for each measurement 
was almost the same. Therefore, the linear equation of 
the calibration curve can be used as a reference standard 
to calculate the solubility assays in vitro. Based on the 
calculation results, the linear equations, with EFV content 
in ppm as x and absorbance of spectroscopy as y, for each 
in vitro medium are: 

Figure 2.  Thermal behavior of each efavirenz polymorph (form I, II, and III). 
Endo: endoterm.

Figure 3.  Differences spectrum of fourier transform infrared (FTIR) and 
Raman spectroscopy from each efavirenz polymorph: (a) form I, (b) form II, 
and (c) form III.

(a)
(b)
(c)

Table 1. Linearity Equation for Efavirenz pKa Calculations
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• y = 0.0436x + 0.0449 (R2 = 0.9997) for water;

• y = 0.0467x + 0.0109 (R2 = 0.9995) for buffer pH 6.8;

• y = 0.0444x + 0.0086 (R2 = 0.9994) for buffer pH 4.6;

• y = 0.0446x + 0.0130 (R2 = 0.9998) for buffer pH 1.2.

Saturation In Vitro Solubility Studies 
Solubility studies of EFV have been well-established in 
regular dissolution media (USP requirement monograph), 
and several discriminative dissolution methods have 
been developed (37, 54, 55). However, solubility studies 
of different polymorphic forms of EFV in a comparative in 
vitro medium have not been reported.

Solubility results for each EFV polymorph in simulated 
gastrointestinal medium showed agreement with the 
predicted pKa values (Fig. 5). Form II had the greatest 
solubility in each medium, followed by forms III and I. The 
highest overall solubility level was in the buffer medium 
at pH 1.2 (simulated gastric fluid), as EFV is a weak base 
that is quickly absorbed in the stomach. 

Comparative In Vitro Dissolution Studies 
As shown in Figure 6, form II was always higher in the 
overall pH conditions of the simulated gastrointestinal 
tract fluids. This result confirms that form II, with the best 
pKa value, has the highest solubility level compared to the 
others. This improved solubility, and dissolution of forms II 

and III show that both are metastable forms, even though 
form I is stable. According to the DSC thermogram, the 
thermodynamic relationship of polymorphic transition 
between polymorphs is monotropically related. 
Therefore, the metastable form will dissolve first in water 
as it melts faster than the stable form at a given room 
pressure. The thermogram results are consistent with the 
van’t Hoff equation, where enthalpy of the crystal lattice 
of the metastable state is less than that of the stable state 
(53). This enthalpy also causes form II to dissolve faster 
than III, which has shorter endothermic peaks than form 
III with a larger endothermic peak.
Assessment of In Vitro Comparative Dissolution 
Kinetics 
The dissolution data were then plotted into the selected 
kinetic model equation, i.e., zero-order, first-order, and 
the Higuchi model. The models were chosen to represent 
the immediate and extended release of common 
drugs (39). Table 2 shows that the polymorphs had pH-
dependent dissolution behavior, especially for form I, 
which tended to slow down in increasingly acidic media, 
even though the highest solubility was found for acidic 
pH. Meanwhile, for the metastable forms, the rate of 
release was unaffected by changes in pH.

CONCLUSION 
In this study, the systematic relationship between changes 

Figure 4. Spectrophotometric method for prediction of pKa with plots of Log Abs. vs pH for each EFV polymorph (form I, II, and III) at room 
temperature. EFV: efavirenz; Abs: absorbance; AHA: concentration of non-dissociated acid; Ai: pKa; AA-: concentration of dissociated acid.
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Figure 5. Solubility (mean ppm ± SD) of each efavirenz polymorph (form I, II, and III) in various in vitro dissolution media. 

Figure 6. Comparative in vitro dissolution profile of efavirenz polymorphs (form I, II, and III) in (a) water and (b) pH 6.8, (c) pH 4.6, and (d) pH 1.2 
buffer solutions.
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in the structure of a drug substance into polymorphs, 
ionic strength, and solubility are clearly explained, with 
EFV as an example. It was found that the rank of solubility 
and dissolution rate were form II > III > and I, respectively. 
The predicted pKa of each polymorph was 10.116, 10.628, 
and 10.372 for form I, II, III, respectively. Based on the 
representations of kinetic release models, it was found 
that form I has a pH-dependent dissolution behavior that 
tends to slow down in acidic medium.  
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