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Abstract:  Mupirocin is a topical antibiotic widely used to treat various skin infections caused by
Gram-positive and Gram-negative bacteria, being the first-line treatment in the case of an infection with
methicillin-resistant Staphylococcus aurens (MRSA). Due to the unique mechanism of action, it does not
possess any cross-resistance with other antibiotics, leading to its global use in different hospital departments.
The main disadvantage of mupirocin is represented by its pharmacokinetic properties, leading to the
main purpose of this study, namely, to fully characterize the physicochemical properties of the active
pharmaceutical ingredient. Currently, it is used in different combinations with other active substances,
for example metronidazole, to decrease the risk of developing resistance to mupirocin and to improve the
therapeutic response. Thisleads to the second purpose of this study, i.e., to characterize the physico-chemical
profile of metronidazole and to find out if there are any chemical interactions between the two compounds,
and to establish if there is a possibility of using them in the same pharmaceutical formulation, thus increasing
the compliance of the patient to the treatment.
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Introduction

Mupirocin, or pseudomonic acid A, is a natural antibiotic produced by the bacterium Psendomonas
fluorescens, first described as pseudomonic acid in 1971 by the Ernst Chain laboratory research team. Later, in
1978, it was discovered that this bacterium produces a mixture of pseudomonic acids, namely A, B, C and D,
with their structures presented in Figure 1(I). The major component of the mixture of secondary metabolites
is represented by pseudomonic acid A. Mupirocin can also be synthesized by other Pseudomonas species, but
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with a much-reduced efficiency compared to the fluorescens species. Pseudomonic acid derivatives have also
been identified within the genus A/teromonas sp. [1-4]. From a structural point of view, mupirocin is an ester
of monic acid, the esterification being carried out with a saturated fatty acid, namely 9-hydroxynonanoic acid.
The chemical stability of the epoxy group in position 1o-11 is in the acidic or weakly basic range, 4 < pH < 9.
Atanother pH value, the irreversible interaction of the hydroxyl group from position 7 with the epoxy group
from position 10-11 occurs, forming two cyclic ethers (Figure 1(ILIII)) [1,5,6].
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Figure 1. The chemical structures of (I). mupirocin (namely Pseudomonic acid A); (I) and (IIT) the two formed cyclic

ethers from mupirocin formed outside the stability pH domain.

Mupirocin is one of the topical antibiotics widely used to treat various skin infections caused by
Gram-positive and Gram-negative bacteria, being the first-line treatment in the case of an infection with
methicillin-resistant Staphylococcus aurens (MRSA), and among the pathogens for which the discovery of
new therapeutic alternatives is urgent, as stated by the WHO [7]. In addition to drug therapy, several natural
extracts and essential oils, obtained from Myristica fragrans Houtt., Piper cubeba L., Melaleuca alternifolia,
Eucalyptus globulus Labill., Thymys zygis L., Lavandula augustifolia Mill., Stachys viticina Boiss., Nectandra
megapotamica, Aloysia citriodora Palau, and Nigella sativa L., have been presented in the scientific literature
as being effective against MRSA [8].

Mupirocin is currently available on the pharmaceutical market in the form of a cream or ointment
(Bactroban, Bactoderm, Mupirocin, Turixin) in a concentration of 2%. Due to the unique mechanism of
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action, it does not possess any cross-resistance with other antibiotics, leading to its global use in different
hospital departments. However, the therapeutic efficacy of mupirocin is diminished by its pharmacokinetic
properties, such as a short half-life (<30 min) and a high plasma protein binding. Thus, to improve these
pharmacokinetic aspects, it is necessary to study the physical-chemical properties of the active substance [s,
9-12]. The antibacterial activity of mupirocin depends on the value of the pH, and thus it is greater in an
acidic medium, conferred by the pH value of the skin of approximately 5, making the active pharmaceutical
ingredient a great candidate for skin infections caused by MRSA [9,13].

Currently, to decrease the risk of developing resistance to mupirocin and to improve the therapeutic
response, various combinations of it with other active pharmaceutical ingredients are being studied: with
antibacterial effects: chlorhexidine gluconate [14,15], povidone iodine [16], silver sulfadiazine [r7] and
metronidazole [18]; with anesthetic effect: lidocaine [19]; with antihistaminic effect: levocetirizine [20]; and
with anti-inflammatory effect: triamcinolone acetonide [21], fluticasone propionate [20].

Metronidazole is a s-nitroimidazole derivative (Figure 2) used in the treatment of infections with anaerobic
germs (Clostridium sp., Eubacterium sp., Peptococcus sp., Peptostreptococcus sp., Bacteroides sp. (B. fragilis,
B. distasonis, B. ovatus, B. thetaiotaomicron, B. vulgatus), Fusobacterium sp.), and is considered an essential
medicine by the WHO. It was discovered in 1959 and used in the treatment of trichomoniasis, an infection
of the genital tract caused by the parasite Trichomonas vaginalis [22,23].

N

\

OH

Figure 2. Chemical structure of metronidazole.

Considering the pharmacokinetic and pharmacodynamic properties of mupirocin, the purpose of this paper
is to study the physicochemical properties of the active substance and the possibility of a chemical interaction
with another molecule with an antimicrobial effect (metronidazole) to conclude if new pharmaceutical
formulations containing both active molecules can be prepared. The experimental protocol was based on the
implementation of a series of instrumental methods of analysis, more precisely Fourier transform infrared
spectroscopy—FTIR, thermogravimetric analysis— TG and DTG, as well as the realization of a complex
kinetic study based on three methods: ASTM E698, Friedman and Flynn—Wall-Ozawa.
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Materials and Methods
Samples and Preparation

Mupirocin of >99.9% purity was received from TEVA (Lot: 80200102810) in powder form. This could
be used without previously increasing the degree of purity of the active substance or without carrying
out other steps prior to the experimental protocol and could be kept in the conditions recommended by
the manufacturer.

Metronidazole of a purity above 99.9% was purchased from Fluka (Lot: #SLBG3633V) in crystalline form.
The substance could be used without previously increasing the degree of purity of the active substance or
without carrying out other steps prior to the experimental protocol and could be kept in the conditions
recommended by the manufacturer.

To make the physical binary mixture, mupirocin and metronidazole were weighed, in a mass ratio of
mupirocin/metronidazole = 2:1 (w:w). After trituration, a white powder was obtained which was sealed
and kept in brown vials at 2-8 °C.

Fourier Transform Infrared Spectroscopy (FTIR)

Fourier transform infrared spectroscopy was applied to verify the identity and purity of the two active
substances (mupirocin and metronidazole), as well as to establish the existence of any chemical interaction
between the two compounds when keptat2-8 °C. The device used for FTIR analysis was Jasco FT/IR—670
Plus. To obtain the spectrum, 16 successive recordings at 2 cm™" were used. The spectral domain selected for

the analysis was the range of 4000-400 cm™".

Thermal Analysis

For the thermogravimetric analysis (TG/DTG) of mupirocin, metronidazole and the mixture, Setline TGA
instrument was used, with a synthetic air flow rate of 46.67 mL-min™". Samples weighed for analysis in
alumina crucibles had a mass of approximately 6 mg. For heating, 4 different heating rates were selected (3 =
2, 4, 6,10 °C-min™"), with the starting temperature being the ambient one, and the maximum temperature
being 600 °C.

Kinetic Analysis

The kinetic analysis was carried out on the data obtained from the thermal analysis at the four heating rates
(B =2, 4, 6, 10 °C:min™"). The apparent activation energy was initially calculated by using the ASTM
E698 method, followed by the application of the two isoconversional methods: the Friedman differential
isoconversional method (FR) and the Flynn—-Wall-Ozawa (FWO) integral isoconversional method. To
perform the kinetic analysis, version 4.46 of the AKTS—Thermokinetics Software was used.

Results and Discussion

FTIR Analysis

The results of the FTIR analysis led to the complete FTIR spectra of the analyzed samples being obtained,
namely mupirocin (MUP), metronidazole (MTZ) and the binary mixture formed between the two active
pharmaceutical ingredients (API) in a mass ratio of 2:1 (w:w). The wavenumbers observed on each
spectrum of MUP and MTZ can be correlated with the functional groups and chemical bonds of the
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two APIs. In the case of the binary mixture, the purpose of the analysis was to observe whether there are
any chemical interactions between the two compounds at ambient temperature, and the absence of the
chemical interactions is rendered by the fact that the spectrum of the binary mixture should be the result
of the superposition of the spectra of the two pure pharmaceutical substances [24]. The obtained results
correspond to the data from the specialized literature, which demonstrates both the identity and the degree
of analytical purity of the analyzed substances [25,26]. The results of the FTIR spectroscopy analysis are
presented in Table r and in Figure 3, where the wavenumbers written in bold signify the differences observed
on the spectra of the binary mixture when compared to the spectra of MUP and MTZ.

Table 1. The wavenumbers of each absorption band observed on the spectra of MUP, MTZ and the binary mixture
(MUP+MTZ).

Sample
MUP MTZ MUP+MTZ
T
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On the FTIR spectrum of mupirocin at the following wavenumbers, 2972 and 2867 cm ™", can be observed
the absorption bands characteristic of the stretching vibrations of the methyl radicals. The symmetrical
bending vibrations of the same radical are observed at 1381 cm™', and at 1463 cm™" can be noticed in the
asymmetrical ones. The symmetrical and asymmetrical stretching vibrations of the methylene radicals are
highlighted at the wavenumbers 2935, 2921, 2907 and 2849 cm™". For the stretching vibrations of the
methylene radicals from the tetrahydropyran cycle, an absorption band at 2998 cm™" is observed, and the
methylidyne group determines an absorption band at 2894 cm™". The stretching vibrations of the C=C
moiety determine an absorption band at 1657 cm™". The stretching vibrations of the hydroxyl radical are
noticed as a broad absorption band with two peaks at 3478 and 3309 cm™". The carbonyl moiety from the
carboxyl (being unconjugated) and the ester (being conjugated) group determines an intense absorption band
in the spectral region of 1766-1674 cm ™', with three maxima at 1728, 1719 and 1712 cm™". At wavenumbers
equal to 11o1 and 1025, the C-O-C moiety from the tetrahydropyran ring and the epoxide radical can be
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observed. In addition, the C-O bonds determine two intense absorption bands, each presenting two maxima,

the first one at 1233 and 1223 cm " and the second one at 1170 and 1163 cm ™.
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Figure 3. The obtained spectra for MUP, MTZ and the binary mixture (MUP+MTZ).

The spectra of metronidazole revealed a large absorption band for the hydroxyl radical, described by two
peaks, the first one at 3441 cm ™', characteristic of the dimeric form of the hydroxyl radical, and the second one
at 3218 cm ™, describing the monomeric form of the same group. In the spectral region of 2995-2762 cm™,
the symmetric and asymmetric stretching vibrations of the C—H moiety from the methyl, methylene and
methylidyne can be observed, the peaks being 2982, 2958, 2939, 2880 and 2844 cm™". The imidazole ring
determines an intense and sharp absorption band at 3101 cm™", and the presence of the alkene moiety is
confirmed by the absorption band at 1535 cm™". Since metronidazole possesses tertiary amines groups, on the
spectrum significant absorption bands cannot be observed, due to the lack of N-H moieties. The stretching
vibrations of the bond between C-N are noticed at v = u188 cm™" and v = 59 cm™". The nitro radical
determines several absorption bands, especially in the fingerprint region, with the first one presenting three
peaks at 1487, 1474 and 1429 cm ™" (resulting from the asymmetric stretching vibrations), and the second

one also having three maxima at 1369, 1355 and 1342 cm ™"

(caused by the symmetrical stretching vibrations).
By studying the spectrum of the binary mixture, there are no significant differences when compared to
the spectra of the pure APIs. The shoulder observed at 3241 cm™" is not absent, it is just hindered by
the absorption band of the hydroxyl radical from metronidazole. The same aspect can be noticed for
the peak at 3441, characteristic of the dimeric form of the hydroxyl group of metronidazole. In addition,
in the case of metronidazole, the absorption band at v = 3218 cm™" is shifted to a higher wavenumber,

namely v = 3224 cm™". The other absorption bands characteristic of MUP and MTZ can be found on
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the spectrum of the binary mixture, suggesting the lack of a chemical interaction between MUP and MTZ
at ambient temperature.

Thermal Analysis

The TG and DTG curves were recorded at four different heating rates, namely 3 = 2, 4, 6 and 10 °C-min ™",

for MUP, MTZ and for the binary mixture between the two active pharmaceutical ingredients only for
3 =10 °C-min". The results of the thermal analysis show the thermal stability of the APIs, essential factors
in the preformulation state of new pharmaceutical forms, and by studying the DTG and TG curve of the
binary mixture the presence or absence of chemical interactions when the mixture is heated can be observed.
In order to conclude that a chemical interaction takes place between the two compounds of the mixture on
the thermal curves, new decomposition processes or the disappearance of some decomposition processes of
the pure substances should be observed, in addition to the differences that can be seen in the loss of mass for
each decomposition process [24]. In Figure 4 and Table 2, the results of the thermal analysis are presented.

Table 2. The results of the thermal analysis obtained for the analyzed samples, namely MUP, MTZ and the binary
mixture (MUP+MTZ).

Sample B (°C-min—") Decomposition Step  T; (°C)  Thaxprc (°C) Am (%)

1 148 298 31.9
5 II 327 330 4.6
111 360 393 26.7
v 424 473 27.0
I 164 327 SLS
4 I 368 3755 3925 413 25.0
MUP 11 443 496 23.5
I 169 336; 365 543
6 I 377 4025 411 19.9
111 445 503 23.8
1 173 366 65.2
o II 395 399 3.73
III 406 413 12.0
v 458 533 18.8
I 135 236 98.6
MTZ 4 I 136 245 99.1
6 I 141 258 94.7
10 1 143 277 92.2,
1 130 261 32.0
1I 8 65386 8.
MUP+MTZ 10 29 34653 38.5
III 401 414 9.1
v 468 540 18.4

The analysis of TG curves of mupirocin reveals a thermal stability up to 148 °C. The most detailed
decomposition process of mupirocin is highlighted on the TG and DTG curves obtained after a heating rate
of 3 =2 °C-min~", where four decomposition stages can be observed. Thus, the first decomposition process
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noticed on the DTG curve takes place in the thermal range of 148298 °C, with a mass loss of approximately
32%, followed by the second one, with a mass loss of Am = 14.6%. For the third and fourth decomposition
processes, the mass loss is almost equal, namely 27%.
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Figure 4. The TG and DTG curves recorded at 3 = 10 °C-min~" for A. MUP, B. MTZ and C. MUP+MTZ.
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In the case of metronidazole, all the TG and DTG curves revealed a one-step decomposition process and a
thermal stability for the active pharmaceutical ingredient up to 135 °C. The mass loss for the decomposition
process is about 96%.

By studying the TG and DTG curves for the binary mixture, the decomposition process begins at 130
°C. The relatively low thermal stability of the mixture is determined by the presence of metronidazole.
The degradation of the mixture takes place in four steps. The first one consists of the degradation of
metronidazole, a fact rendered by the mass loss. Due to the ratio of mupirocin/metronidazole 2:1 (w:w) in
the binary mixture, for each decomposition step observed for the pure substance on the thermogravimetric
curves of the mixture, aloss of mass of 2/3 in the case of mupirocin and 1/3 in the case of metronidazole should
be observed when compared to the loss of mass of the pure compounds. For the first process observed for
the mixture, the expected Am is 30.7% and the data shows a loss of 32%, with the slight difference caused
by the immediate start of the second decomposition process characteristic of the first decomposition process
observed on the thermoanalytical curves registered at 3 = 10 °C-min~" for mupirocin. Also, for this process,
the loss of mass is slightly lower than that one expected, confirming that the degradation of mupirocin
begins during the first step. The second degradation process for the mixture can be associated with the first
decomposition process, and the beginning of the second process of the degradation of mupirocin. Also,
for this process a shift can be observed in the maximum of the DTG curve for each decomposition process,
suggesting the presence of a chemical interaction between the two APIs. The third decomposition step can
be correlated with the continuance of the second decomposition step and the third degradation process
of mupirocin. For these two processes, the maximum noticed on the DTG curve corresponds with that
observed for the pure substance. Those results suggest that, when the mixture is heated, there is a chemical
interaction between mupirocin and metronidazole.

Kinetic Analysis

In order to perform the kinetic analysis, the data from the first decomposition process observed on the DTG
curves recorded at 5 = 2, 4, 6 and 10 °C-min~" for MUP and MTZ were used. In Table 3, the selected
temperature range can be observed.

Table 3. The selected temperature range for the first decomposition process observed on the DTG curve for MUP and
MTZ at four heating rates.

DTG Temperature Range for the Selected Decomposition Process

B (°C min—Y) (°C) for Kinetic Analysis
MUP MTZ
2 160—325 135—244
4 165—365 140-260
6 170-379 143—280
10 195—-407 147-299

The first step to perform the kinetic analysis was to generate the reaction progress vs. temperature (Figure s)
and the reaction rate vs. temperature (Figure 6) by using the data presented in Table 3. In all figures a shift
can be observed to a higher temperature in the selected process, which is caused by the increasing of the
heating rate, agreeing with the fact that mass/heat transfer is influenced by a higher inertia when the heating
rate is increased. In the case of metronidazole, it can be observed that the decomposition mechanism does
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not change along with the increase in (3. For mupirocin, it can be noticed that for each heating rate the
decomposition mechanism changes, suggesting that the heating rate may influence the degradation process.
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Figure 5. The reaction progress vs. temperature for the first decomposition process observed on the DTG curve for A.
MUP and B. MTZ.

Initially, the ASTM E698 method was employed to calculate the apparent activation energy, and the results
obtained are presented in Figure 7. This kinetic method is a non-isoconversional one, where in the calculus
of the apparent activation energy (£,) the data from the reaction progress are not used. Usually, this kinetic
method is more suitable for processes consisting of a one-step degradation [27]. The mathematical equation
is as follows:

In the case of mupirocin, the lower activation energy (50.737) can be explained by the epoxide moiety, which
has a low stability. For metronidazole, the activation energy is equal to 78.02.
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To obtain a more in-depth characterization of the degradation processes that take place during the first
degradation process, the next step of the kinetic analysis was to calculate the apparent activation energy
by using two isoconversional methods, namely the integral Flynn—Wall-Ozawa (FWO) and the differential

Friedman method (FR).
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Figure 6. The reaction rate vs. temperature for the first decomposition process observed on the DTG curve for A.

MUP and B. MTZ.

The FWO method is an integral isoconversional method which uses Doyle linear approximation to determine
the value of the apparent activation energy, making it more suitable for the complex decomposition
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processes [28]. It is described by the following mathematical equation:

AFE E
] = log ——2 -2.315-0.457T—=
0gf =log g(a)R RT
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E (kJ/mol) = 50.737
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Figure 7. The apparent activation energy calculated for A. MUP and B. MTZ.

The FR is a differential isoconversional kinetic method which presents the advantage of not using any
approximations in the calculation of the apparent activation energy. Also, the value of E, is calculated at
a constant value of c, making it more suitable for non-isothermal processes [28]. The equation used to
determine the value of the activation energy is as follows:

The results of the employment of the two isoconversional methods for mupirocin are presented in Figure 8
and Table 4. Also, in Figure 9A, the dependence of Inf3 vs. (1/T) is presented in order to obtain the FWO
linear dependencies, and in Figure 9B In( g—%) vs. (1/T) is presented to acquire the FR linear dependencies.
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Figure 8. Variation in E, vs. o according to the FWO (A) and FR (B) isoconversional methods of the first

decomposition process for MUP.

By analyzing the values of the £,, the complexity of the decomposition process can be obtained. The FWO
kinetic method revealed that at the beginning and at the end of the degradation process, the obtained values of
the activation energy were outside the range of 0.9- B, < E, () <1.1-Ej, (0t < 35% and o > 70%); meanwhile,
the values for £, calculated for oc between 40% and 70%, may suggest that the decomposition process consists
of a complex degradation of the active pharmaceutical ingredient. In the case of the FR kinetic method,
the same tendency cannot be observed, with the values of E, being mostly outside the confidence interval
(0t <30% and 50% < & < 90%). These results are to be expected, due to the different methods of calculus
of the activation energy, with FR being a differential method which does not use any approximations, while
FWO is an integral method which uses approximations. The results of the kinetic analysis of MUP suggest
that the degradation of the active substance is a complex process.
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For metronidazole, the results of the two isoconversional kinetic methods are shown in Figure 10 and
Table s, along with the representation of the FWO linear dependencies In3 vs. (1/T) (Figure 11A) and the
representation of the FR linear dependencies In( g—%) vs. (1/T) (Figure uiB).

Table 4. Variation in Ea vs. « according to the FWO and FR isoconversional methods of the first decomposition
process for MUP.

Kinetic Method
%
’ Fr FWO
5 28.0 43.8
10 24.8 40.4
15 29.7 39.1
20 37.1 39.3
23 44.0 40.2
30 50.1 415
35 54-9 43.0
40 59.2 44.6
45 63.7 46.3
50 66.1 48.0
55 68.6 49.8
60 712 SLS
6s 73.0 53-3
70 76.1 55.1
75 783 571
8o 79.2 59.1
85 74-4 60.9
90 64.8 62.2
95 59.3 62.8
E,/ k] mol™ 58.0 & 4.1 49.4 £ 1.9
0.01
__2.4{ 098090705 03 01 %
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Figure 9. Cont.
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Figure 9. Linear plotting of the FWO method (A) and linear plotting of the FR method (B) for MUP.
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Figure xo0. Variation in E, vs. o according to the FWO (A) and FR (B) isoconversional methods of the degradation
process for MTZ.
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Table 5. Variation in Ea vs. o according to the FWO and FR isoconversional methods of the degradation process
for MTZ.

Kinetic Method
o %
Fr FWO
5 50.5 76.3
10 56.9 70.5
Is 62.0 693
20 64.9 69.2
25 67.0 69.5
30 68.0 69.9
35 69.1 70.3
40 70.0 70.7
45 70.9 71.2
50 71.8 71.6
5S 73.0 72.0
60 743 72.5
6s 757 73.0
70 773 73-6
75 78.5 74.1
8o 785 747
8s 76.4 751
90 69.6 753
95 50.9 74.8
FEq/k] mol™ 68.7 + 1.9 723t 0.5

The results of the FWO isoconversional kinetic method showed that all the values of the E, were in the
range of the confidence interval, suggesting that the degradation of metronidazole is a one-step process. The
results of the FR isoconversional method show that the values of the activation energy corresponding to the
a equal to s, 10, 70, 75, 80, 85 and 95% are outside the confidence interval of 0.9-E, < E, (o) <1.1-E,. Those
results are due to the different calculation methods used by the FR method. Thus, the results of the two
isoconversional methods suggest that the degradation of metronidazole is a one-step process.
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Figure 11. Cont.
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Figure 11. Linear plotting of the FWO method (A) and linear plotting of the FR method (B) for MTZ.

Conclusions

The purpose of this study was to fully characterize and understand the degradation processes of mupirocin
and metronidazole, and to study whether there are any chemical interactions between the two compounds.

Initially, the FTIR investigations were conducted to confirm the identity of the pure active pharmaceutical
ingredients (mupirocin and metronidazole) and to determine if there were any chemical interactions between
the two compounds at ambient temperature. The results showed the lack of a chemical interaction between
the two compounds at ambient temperature.

The thermal investigations (TG and DTG) revealed that mupirocin is thermally stable up to 148 °C and its
degradation process takes place in four steps. In the case of metronidazole, it presents a thermal stability up to
135 °C, and a degradation process consisting of one step. When heated, the existence of a chemical interaction
between the two active pharmaceutical ingredients is observed. Due to the lack of chemical interactions
between mupirocin and metronidazole at ambient temperature and the fact that the chemical interaction,
when heated, is observed only at 298 °C, it can be concluded that a new pharmaceutical formulation
containing both compounds is possible, increasing the compliance of the patient to the treatment.

The kinetic analysis was performed for the first degradation process observed on the DTG curves registered
at 3 =2, 4, 6 and 10 °C-min~" for mupirocin and metronidazole, and the following kinetic methods were
applied: ASTM E698, Flynn-Wall-Ozawa and Friedman. The degradation of mupirocin consists of a
complex decomposition process, while for metronidazole the degradation takes place in one step.

As a turther perspective of this study, we aim to determine the antibacterial effect of the mixture on MRSA,
as well as studying the compatibility of the mixture with several pharmaceutical excipients.
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