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Abstract Tenofovir disoproxil fumarate (TDF) is an
antiretroviral belonging to the class of nucleotide analog
reverse transcriptase inhibitors, approved for the use
against HIV/Aids and hepatitis B. The objective of this
study was to evaluate the thermal compatibility and non-
isothermal kinetic degradation of TDF with pharmaceutical
adjuvants used in its tablet dosage form. TDF in binary
mixtures with these excipients (BM) was prepared at 1:1
(mass%). Starting with thermoanalytical techniques (dif-
ferential scanning calorimetry and thermogravimetric
analysis/DTG) were select some BM with signs of inter-
action and complementary techniques of X-ray diffraction
(XRD), infrared spectroscopy (IR) and kinetic degradation
were used to elucidate the drug—excipient interactions. The
purity of TDF was 98.28%, with the fusion peak at
117.53 °C followed by the main degradation event at
146.49 °C. The BM with lactose and magnesium stearate
(MgS) were selected as promoted interaction with the drug
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based on the anticipation of the fusion peak of TDF, with a
probable occurrence of a Maillard reaction between TDF
and lactose. According to FTIR, these interactions were
confirmed by an intermolecular hydrogen binding; how-
ever, the XRD analyses only indicate some loss of drug
crystallinity in the BM profiles after the heating process.
Kinetic degradation showed a kinetic reaction of first order,
a variation of activation energy negligible for the BM
TDF + MgS (5%) and a greater variation in its value for
the formulation (15%) in relation to the isolated TDF, thus
indicating a higher negative interference of the whole
excipients to guarantee the thermal stability of TDF. This
study provided detailed information on the interaction
between TDF and the excipients composing the dosage
form as a first study of thermal compatibility involving this
drug that aims to guide in the delineation of other formu-
lations containing this drug.

Keywords Drug—excipient compatibility study - Pre-
formulation - Thermal analysis - Drug stability

Introduction

Tenofovir disoproxil fumarate (TDF) is an antiretroviral
(ARV) belonging to the class of nucleotide analog reverse
transcriptase inhibitors (NRTIs). TDF was also approved
worldwide for the treatment of chronic hepatitis B in adults
and in combination with other ARV agents in the treatment
of the HIV-1 infection [1, 2]. Chemically, it refers to an
acyclic nucleoside phosphonate diester analog that, in the
organism, requires initial hydrolysis of the diester for
conversion to the active substance, tenofovir, besides
subsequent phosphorylations by cellular enzymes to form
tenofovir diphosphate, the active metabolite. Inserted in the
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class of NRTIs, TDF acts by hindering the addition of new
nucleosides to the DNA chain and, once incorporated into
the DNA in formation, produces inhibition of the action of
reverse transcriptase with consequent inhibition of viral
response [3].

TDF is commonly found available in the form of a
tablet, namely Viread® (150, 200, 250, and 300 mg) [4, 5],
besides being present in diverse ARV associations, which
are: Truvada® (300 mg TDF + 200 mg of emtricitabine),
Atripla® (200 mg emtricitabine + 245 mg 600
TDF + 600 mg efavirenz), Complera® (200 mg emtric-
itabine 4+ 25 mg Rilpivirina + 300 mg TDF), Stribild®
(200 mg emtricitabine + 150 mg evitegravir + 150 mg
cobicistat + 300 mg TDF) [5]. Among ARV therapies, the
association of TDF with lamivudine (TDF/3TC) is one of
the initial choices for the treatment of HIV because it
presents a favorable profile of toxicity in relation to
lipoatrophy and hematological toxicity when compared to
zidovudine (AZT), besides only one daily administration is
needed [6].

For the development of these and other pharmaceutical
forms in the solid state, the compatibility study of this drug
with excipients becomes fundamentally important during
the pre-formulation phase, in view of the possibility of
visualizing the possible physical and chemical interactions
existing between these components. These interactions can
alter physical chemical parameters of the drug (solubility,
dissolution rate, and bioavailability), and even compromise
its therapeutical effect and safety. Therefore, the investi-
gation of incompatibility between components of the
medicine is critical in the development of a stable phar-
maceutical dosage form [7].

For 30 years, thermal analysis has been extensively used
in the analysis of substances with pharmaceutical interest,
identifying and/or solving problems in the field of phar-
maceutical technology because it reveals valuable infor-
mation regarding the physical properties of the materials
[8]. Thus, through this technique, it is possible to verify
modifications in the melting range, in thermal decay, and in
the energy involved in these processes, thus making it
possible to suggest pharmaceutical incompatibility.

Since the literature does not present any thermoanalytic
compatibility study involving TDF with the excipients of
its commercial pharmaceutical dosage form, the impor-
tance of this work is noteworthy, which makes it a priority
to explain the thermal behavior of TDF with pharmaceu-
tical adjuvants using thermal analysis. X-ray diffraction
and spectroscopy techniques will be used as a complement
to confirm the detected interactions. Additionally, the
drug—excipient mixture will be evaluated as to its thermal
stability by means of non-isothermal kinetic degradation in
the solid state.
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Materials and methods
Material

TDF was donated and certified by Cristalia Produtos
Quimicos Farmacéuticos Ltd., batch No. 07470/2011 and
synthesized by Cdymax India Pharma PVT. LTD., batch
No. CD110081. The Viread® commercial coated tablet
(300 mg) was obtained commercially, batch No.
11100192. The excipients used were Croscarmellose
Sodium, batch No. 80275 (Blanver Farmoquimica Ltd.®);
Lactose monohydrate, batch No. L0913A4033 (MEG-
GLE); Magnesium stearate (MgS), batch No. 2009121200
(Ind. Quimica Anasticio S/A®); Microcrystalline cellulose
(MCC) (Blanver and Microcel), batch No. 1743105 and
Starch (Starch 1500), batch No. IN516910 (Colorcon).

Methods

The thermal characterization was carried out by using the
data obtained by differential scanning calorimetry (DSC)
and thermogravimetry/differential thermal analysis (TG/
DTA) for the evaluation of the thermal stability of TDF.

TDF compatibility study with excipients using thermal
analysis

The flowchart (Fig. 1) presents the procedure used for
verification of the thermal stability of TDF with the
excipients [8]. TG and DSC curves of TDF, binary mix-
tures (BM) TDF + excipient (1:1, w/w), and the com-
mercialized pharmaceutical dosage form were compared.
The possible interactions detected by thermal analysis in
these samples were further investigated by X-ray diffrac-
tion (XRD), Fourier transform infrared spectroscopy
(FTIR) and by non-isothermal kinetics degradation.

Differential scanning calorimetry (DSC)

DSC curves of TDF and excipients isolated, the BMs, and
the Viread® were obtained using a Shimadzu differential
scanning calorimeter® DSC-60, connected to Shimadzu
software® TA-60WS, under a dynamic nitrogen atmo-
sphere with a flow of 50 mL min~' and a heating rate of
10 °C min™", using a temperature range of 25-200 °C. The
samples were placed in an enclosed aluminum sample
holder with a mass of 2 mg (£0,3). Determinations were
performed in triplicate. Before these assays, the tempera-
ture scale and response enthalpy were verified by cali-
brating the instrument with indium (99.98%, mp
156.65 °C, Aldrich®, Milwaukee, USA).
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Fig. 1 Flowchart for evaluating TDF thermal stability

Thermogravimetry (TG/DTA)

The same samples were evaluated by TG/DTG using a
Shimadzu® thermobalance, model TGA Q60, in a dynamic
nitrogen atmosphere with a flow of 50 mL min~"', where
the drug mass and the BM were about 6 mg and 12 mg
(£0,3), respectively. The samples were packed in a plat-
inum crucible and were scanned at a temperature range of
25-600 °C, at a heating rate of 10 °C min~'. Before the
assays, the instrument calibration was verified using a zinc
sample (99.98%, Aldrich®, Milwaukee, the USA).

X-ray diffraction (XRD)

XRD of TDF and excipients isolated, as well as the BMs pre-
pared at the same ratio (1:1, w/w), were obtained by means of a
Siemens®  diffractometer (X-ray diffractometer, D-5000),
equipped with a copper anode. The samples were analyzed at 20
an angle range of 3-45°. Samples were prepared on glass sub-
strates with a thin layer of powdered material without solvent.

Fourier transform infrared spectroscopy (FTIR)

The absorption spectra in the infrared region were obtained
using PerkinElmer® (Spectrum 400) equipment with an

attenuated total reflectance (ATR) device with a selenium
crystal. Samples of TDF, excipients and the analyzed BM
(1:1, w/w) were directly transferred to the ATR device
compartment and the results were obtained with 16 scan-
ning and a 4 cm™' resolution in the region comprising
4000-650 cm ™.

Non-isothermic decomposition kinetic study

The investigation of non-isothermal degradation kinetics
was obtained with TG by applying the Ozawa method.
Heating rates of 5, 10, 20 and 40 °C min~! were used in a
temperature range of 25-600 °C, in a platinum sample
holder with approximately 6 mg (40,3) of samples and a

dynamic nitrogen atmosphere at flow rate of 50 mL min~".

Results and discussion

TDF compatibility study with excipients using
thermal analysis

The determination of the purity by DSC is explained by the
theory of nonlinearity, i.e., the area where the event is
started normally results from the fusion of impurities,
justifying a nonlinear process, by applying the Van’t Hoff
equation. Based on this, the purity found for TDF was
98.28%.

The obtained curves of TDF showed two endothermic
events, in which the first one (7 112.30 °C) represents
water loss and the second one (7 = 117.53 °C) is the
melting point of this compound, followed by the main
degradation event of the drug at 146.49 °C. Table 1 pre-
sents the results obtained for the compatibility study by
means of evaluation of the fusion peak temperature
(Tpeak fusion) and the degradation temperature of TDF in
BMs and tablet Viread® by DSC and TG/DTG, respec-
tively. In the DSC analysis, the most part of the BMs
showed small variations in terms of fusion peak tempera-
ture with exception of the BM TDF + MgS, which pre-
sents a reduction of 19.79 °C in relation to the fusion peak
temperature of the isolated TDF.

According to the DSC curves of the BM TDF + MgS
and the isolated TDF (Table 1 and Fig. 2), since was
observed the absence of the fusion peak of TDF and the
fusion event was anticipated in this BM compared to iso-
lated TDF, the excipient magnesium stearate (MgS) can be
previous dissolving of the drug in the liquified excipient,
assuming that both present a certain miscibility [7]. The
anticipation of the Toneer (fusiony Observed in Table 1 is an
indicative that this solubilization process is related to a
possible interaction between these compounds, therefore it
demonstrates that there is weakening of intermolecular
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Table 1 Thermal analytical data of TDF and binary mixtures with excipients

DSC TG/DTG
Tonset fusion’°C Tpeak fusion AH* Tonsel/degradalion Am
/°C gt /°C 1%

TDF 114.26 117.53 —70.00 146.49 77.53
Croscarmellose + TDF 112.69 115.95 —86.93 166.38 68.99
Lactose + TDF 110.23 114.91 —101.95 - -
MgS + TDF 87.10 97.74 —307.33 150.27 80.87
Cellulose + TDF 113.80 116.16 —80.77 164.06 65.50
Starch 4+ TDF 111.51 115.50 —58.93 164.46 73.53
Viread® 105. 91 113.77 —78.46 157.88 70.79

* Negative values represent an endothermic event; (-): the initial stage of decomposition was not possible to analyze

Bold values indicate significant differences to the initial values

Viread

Magnesium Stearate + TDF
Starch + TDF
Croscarmellose + TDF

Cellulose + TDF
Lactose + TDF

TDF

Heat flow mW/mg~!

| Endo

100 150 200
Temperature/°C

Fig. 2 DSC curves of TDF and excipients obtained in a dynamic
nitrogen atmosphere (50 mL min~"') and a heating rate of 10 °C min™"

interactions between the components and that TDF crystals
become fragile, making it more susceptible to fusion in the
presence of this excipient, since a minor amount of energy

is necessary to undo the crystalline network (fusion). On
the other hand, weakening the crystalline structure also
reflects in an increase in aqueous solubility of the substance
[9], a beneficial consequence for TDF since it presents a
very low solubility in water [10, 11].

A similar fact was described by Chaves [7], who
detected the disappearance of the fusion event of diethyl-
carbamazine citrate in the presence of MgS. It can also be
observed that, although MgS modifies the Tonser (usiony OF
TDF, the initial decomposition temperature of the drug
[Tonset (degradationy] Was not modified, as demonstrated in TG
curves (Table 1 and Fig. 3). Despite this, the pattern TG
curve is not the same as is in TDF alone due to the inter-
ference of the MgS in this mixture, modifying the final TG
curve of the BM.

The literature describes diverse interactions between
MgS with other drugs, as glibenclamide and aciclovir
[12, 13]. With captopril, a decrease in the fusion

Fig. 3 TG curves obtained at
10 °C min™" under a dynamic
atmosphere of N, of the 100.00 -
samples: a MgS,
b TDF + MgS, ¢ Viread and
d TDF
&
@
[%]
9 50.00 |-
[9]
(2]
©
=
— —-TDF
—-0.00 MgS
------ TDF + Mgs
—-—" Viread
-0 100 200 300 400 500 600
Temperature/°C
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Fig. 4 X-ray diffraction of TDF, Mg Stearate, TDF + MgS (1:1) at 25 °C, and TDF + MgS (1:1) after heating at 100 °C

temperature was verified, besides changes in the form of
this peak [14]. With aceclofenac, the drug endothermic
fusion peak disappeared and the signs of MgS were mod-
ified [15].

In the BM TDF + Lactose monohydrate was verified a
significant change in the T (fusion) Of the drug (Table 1);
however, it was not possible to analyze with exactness the
Tonset (degradation)» Since there was an expansion of the
sample after heating to 219 °C, resulting in a slightly
poorly defined curve and a non-conclusive result.

Lactose is used in the pharmaceutical industry as a diluent
and agglutinate, creating nicely formed tablets. However,
due to its characteristic of reducing sugar, its carbonyls easily
react with compounds that possess a primary and/or sec-
ondary aliphatic amine in its chemical structure, resulting in
the called Maillard reaction [16]. Soares-Sobrinho et al.
(2010) noticed this interaction [17] with the antichagasic
drug benznidazole, which presents a primary amine, besides
occurring in other drugs such as aciclovir [13, 18], iver-
mectin [19], diethylcarbamazine citrate [7], glimepiride
[12], and metformin [20]. Thus, it can be seen that this
reaction possesses a great probability of occurring between

TDF and lactose, since the drug possesses primary and sec-
ondary amines in its chemical structure.

As to the thermal behavior of TDF in the Viread®
commercial coated tablet, there was a reduction in
Tonset (fusiom from 114.26 to 105.91 °C justified by the
presence of MgS as an excipient in this dosage form.
Moreover, in this formulation was verified a delay in the
Tonset (degradation) from 146.49 to 157.88 °C. In this case,
it was seen that the mutual association of the excipients
protects the TDF from the thermal degradation, thus
giving it stability. The excipients that make up the
coating in this pharmaceutical dosage form can still take
part in this protection against thermal degradation:
Opadry II Y-30-10671 (which contains FD & C Blue
n°2 aluminum lacquer, hydroxypropyl methylcellulose
2910, mono-hydrated lactose, titanium dioxide and
triacetin).

For the other excipients, significant alterations in the
fusion and degradation temperatures of TDF were not
verified, thus discarding the possibility of interaction
between them. Thus XRD and FTIR techniques were used
as complementary techniques to understand the type of
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Fig. 5 X-ray diffraction of TDF, Lactose monohydrate, TDF + Lactose (1:1) at 25 °C, and TDF + Lactose TDF (1:1) after heating at 140 °C

interaction between TDF + MgS and TDF 4 lactose
monohydrate.

Compatibility study of TDF with excipients by XRD
and FTIR

The XRD interactions were observed as to the presence of
the main peak at 24.43° and of the secondary peaks at
4.96°, 10.29°, 19.89° and 24.29°, which are characteristic
of TDF. In both BM evaluated was not observed alteration
in the degree of crystallinity of the drug, confirmed by the
maintenance of all the characteristic peaks of TDF [21].
However, after heating, the BM TDF + MgS and
TDF + Lactose, respectively, at 100 and 140 °C, so at
temperatures above their fusion events visualized by DSC
curves (Table 1 and Fig. 2), were observed some loss of
drug crystallinity in the BM profiles, as shown in Figs. 4
and 5. This last result is in agreement with the thermal
analysis previously showed (Table 1 and Fig. 2). The dif-
ferences verified in terms of intensity of these TDF peaks
are due to a lower amount of the drug present in the
mixture compared to the isolated drug sample.
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Different studies have used the XRD analysis to eluci-
date the drug-excipient compatibility in the pre-formula-
tion phase, as in the example of the analysis of ketoprofen
with different pharmaceutical excipients [22].

A FTIR was used as a complementary technique in order
to investigate a possible chemical interaction between the
mentioned BMs. Both mixtures demonstrate the presence
of the characteristic bands of the drug and the excipients
(Figs. 6 and 7).

The TDF alone (Figs. 6 and 7) shows characteristic
FTIR absorption bands, as described: at 3600-3200 cm ™!,
a stretching in aromatic secondary amine; at
1400-1200 cm~! and 1650-1580 cm™1, a bending N-H
from primary amine; at 1250-1020 cm !, a bending C-N
from aliphatic tertiary amine; at 1800-1600, a stretching
C=0 from ester.

Regarding BM TDF + MgS (25 °C) (Fig. 6), aband shift
of 13 cm™" (from 1560.14 to 1573.68 cm™") in the C=0
region of stearate from MgS in comparison with the FTIR
spectrum of the pure MgS was observed. Although this band
shift is visualized only for MgS, it means that the excipient is
interacting, under some degree, with the drug. Probably, this
band shift characterizes the formation of a weak
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Fig. 6 The spectrum in IR region of the TDF, Mg Stearate, BM TDF + Mg Stearate (1:1) at 25 °C, and BM TDF + Mg Stearate (1:1) after

heating at 100 °C

intermolecular hydrogen binding [23] involving the primary
amine of TDF and this C=0 from MgS. This same band shift
was also verified in this BM heated after 100 °C. Regarding
the other bands, there were no significant alterations.

In the BM TDF + Lactose under room temperature was
not observed some interaction signal by FTIR. However,
after heating to 140 °C, FTD’s amine band has shifted from
1622.98 to 1612.32 cm™'. This behavior is probably due to
Maillard reaction between FTD’s amine group and lac-
tose’s carbonyl group. Once lactose’s carbonyl group is
covered by other vibrational groups, it was not possible to
check its behavior; however, after heating the sample, it
became light brown, which is characteristic of Maillard
reaction (Fig. 7) [24].

Non-isothermic Decomposition Kinetic Study
The thermal analysis and its application to the kinetic

analysis of the solid-state processes were used based on the
theoretical basis of Ozawa’s kinetic method applied to

thermoanalytical curves, as also applied in other works
[25-28]. Thus the investigation of non-isothermal degra-
dation kinetics was obtained from the degradation event of
the drug analyzed by TG/DTG curves applying the Ozawa
method. In this case, as the initial stage of the drug’s
degradation event in the BM TDF + lactose was not pos-
sible to be measured as mentioned above, only the BM
with MgS and the Viread® of was precisely investigated by
the non-isothermal degradation kinetic.

By means of the data contained in Table 2, a compar-
ative profile of stability between TDF, BM TDF + MgS
and Viread® can be established. Among the data obtained
in this study, the activation energy (Ae) presents a greater
interest in the evaluation of the stability of pharmaceutical
products, being useful in the establishment of a compara-
tive profile between the drug and its associations with
excipients, where the increase of the value of Ae means an
increment in the stability of the system [26-28].

In agreement with the analysis carried out, was verified a
decrease in the Ae of around 15% in the medicine Viread®

@ Springer
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Fig. 7 The spectrum in the IR region of the TDF, lactose monohydrate, TDF + Lactose (1:1) at 25 °C, and TDF + Lactose (1:1) after heating

at 140 °C

Table 2 Kinetic parameters obtained through the non-isothermal
method at the rate of 5, 10, 20 and 40 °C min~! under dynamic
nitrogen atmosphere

Reaction order A/min~! Ae/KJ mol ™!
TDF 1 5511 x 10°  87.86
FTD + MgS 1 1722 x 10°  83.57
Viread® 4.047 x 10°  73.05

compared to the isolated TDF; while this Ae variation was
insignificant (5%) in relation to the BM TDF 4 MgS. Thus
this result confirms the little interference of MgS on the
degradation/stability of TDF, and on the other hand, the total
others excipients, including those that make up the coating of
Viread®, contribute negatively to the thermal stability of this
drug, largely affecting its stability.

In addition, all kinetic decomposition indicated a reaction
of the first-order (only one reaction contributes to the loss of

@ Springer

mass), what means that there is only one significant reaction
occurring and it is not affected by competing processes [8].

Conclusions

The thermal study carried out in this work allowed for
detailed information about the existing interaction between
TDF and the excipients contained in its formulation. Such
information is important for dealing with the first com-
patibility study involving this drug, besides aiming to direct
the delineation of other formulations containing TDF.
The results derived from the compatibility study by
thermal analysis have identified the existing interaction
between this drug and the excipients magnesium stearate
and lactose monohydrate. These results were confirmed by
FTIR, which showed a chemical interaction between these
mixtures. The non-isothermal kinetic study occurred at a
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constant speed, indicating a reaction of the first-order and a
lesser reaction Ae mainly for the commercial formulation,
which presented a reduction of 15% in relation to isolated
TDF. Based on this result, it can be concluded that the
other components of the commercial dosage form are
promoting a decrease in the drug’s stability.

In short, thermal analysis has shown to be a very useful
technique in the drug-excipient compatibility study in view
of the attainment of fast and convenient answers in the
selection of excipient candidates which justifies its use in
the pharmaceutical field to foresee, in the long run, the
stability of the candidates for a pharmaceutical product,
thus accelerating its commercialization.
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