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Abstract

The study depicts the successful development and validation of a simple and fast reverse-phase
high-performance liquid chromatography (RP-HPLC) method for the separation of nifurtimox
(NFX) and its degradation products. NFX was exposed to different degradation conditions and a
RP-HPLC method reported in the literature was used to evaluate different peaks that could interfere
with the one from the pure NFX. NaOH generated a degradation product, with a peak that tends to
overlap with NFX. Therefore, the NFX exposed to this condition was used during screening and
optimization of the RP-HPLC method using a Design of Experiment (DoE) approach. A factorial
design was applied to screen different factors, followed by a central composite design for process



optimization with those factors that significantly affected the evaluated responses during the
screening step. The optimized method was further validated according to International Conference
of Harmonization guidelines. Methanol proportion and gradient time to reach it, alongside with
mobile phase flow rate, were the factors that had a statistically significant effect on resolution,
retention time, and tailing factor in the chromatographic peak. The optimized chromatographic
parameters were: 41.6% of methanol, a gradient time of 2 min, and a flow rate of 0.62 mL/min.
Under these chromatographic conditions, the retention time of NFX was 5.3 min, while for the
nearest degradation products was 4.5 min and 6.3 min. The resolution of the NFX peak was 5.14
and the tailing was 1.13. The DoE approach allowed the development of an optimized RP-HPLC
method capable of successfully separating NFX and its forced degradation products.



1. Introduction

Nifurtimox (NFX, IUPAC name: (E)-N-(3-methyl-1,1-dioxo-1,4-thiazinan-4-yl)-1-(5-nitrofuran-2-
yl) methanimine) is a nitrofuran derivative drug. The chemical structure of NFX (Fig. 1) shows that
degradation is a very feasible problem since a heteroaromatic ring rearrangement is possible or even
the cleavage and oxidation/reductions in double bonds through chemical breakdown [1,2]. NFX
also contains a nitrofuran group, enhancing the need for control over genotoxic degradation
products [3].
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Fig. 1. Chemical structure of nifurtimox. [UPAC name: (E)-N-(3-methyl-1,1-dioxo-1,4-thiazinan-4-
yl)-1-(5-nitrofuran-2-yl) methanimine.

The International Conference on Harmonization (ICH) guidelines describe degradation products as
“impurities resulting from a chemical change in the drug substance brought about during
manufacture and/or storage of the new drug product by the effect of, for example, light,
temperature, pH, water, or by reaction with an excipient and/or the immediate container closure
system” [4]. To date, no study has reported the degradation or stability of NFX under stress
conditions.

One of the most common and important tools to analyze drug identity, drug content, and impurities
in the pharmaceutical field is the High-Performance Liquid Chromatography (HPLC) [5]. The lack
of studies regarding NFX impurities and forced degradation products is a problematic gap in
knowledge related to quality control. It is important to note that NFX is used for the treatment of
Chagas disease, a neglected tropical disease. Chagas disease is mainly distributed across Central
and South America, where climate characteristics present a wide range of temperature and
humidity, which could exacerbate stability-related problems for NFX [6,7].

Design of Experiments (DoE) is a systematic approach to optimize a process or method, based on
predefining goals and putting emphasis on product and process understanding, while performing a
limited number of experiments [8]. Designs are organized in such a way that different factors are
being simultaneously evaluated at different levels, on different combinations [9—11]. This allows us
to evaluate not only critical factors but also how the interaction between those factors and their
levels influences the evaluated responses. Collected data is submitted to different mathematical
models to evaluate the statistical impact of different factors and make further predictions about
optimized combinations. DoE has been successfully applied for HPLC method development,
whether for drug quantification or for drug separation from degradation products and simultaneous
quantification as reported by several authors, demonstrating the usefulness of this approach [12—
17].

In this study, NFX was exposed to several conditions to force its degradation. When exposed to
NaOH, hydrolysis produces a degradation product, whose elution time is critically close to pure



NFX, which can affect drug quantification. Therefore, a DoE approach was applied for the
development of an RP-HPLC method, capable of separating the NFX peak from the nearest
degradation product peak. First, a factorial design was used to test different factors that tend to
affect the elution times of pure drugs and their degraded products or related impurities. With the
information collected from the performed screening, significant factors were identified. Next, an
optimization step was carried out using those significant factors in a central composite design, and
appropriate response surface models were obtained. Afterward, the optimized RP-HPLC method
was validated according to the requirements established by the ICH.

2. Materials and methods
2.1. Materials

NFX was kindly donated by Gador (~99.998 % purity, Gador, lot 160209, Buenos Aires,
Argentina). Hydrochloric acid (37% w/w, lot 18.0230202.5000), sodium hydroxide (pellets, lot
DCBB0925), and hydrogen peroxide (30% w/w, lot 60327) were purchased from Chem-Lab
(Zedelgem, Belgium), Sigma Aldrich (Darmstadt, Germany) and Cicarelli (Santa Fe, Argentina)
respectively. All chemical reagents were HPLC grade.

2.2. Forced degradation

NFX was exposed to hydrolytic and oxidative conditions to obtain different degradation products.
Different sets of suspension of NFX (1 mg/mL) were prepared with HCI (0.1 M and 1 M), NaOH
(0.1 M and 1 M) and H,0, (1.5 %v/v and 3 %v/v), and stored at 25 °C or 60 °C for 48 h.
Subsequently, samples were filtered, and neutralized and chromatographic runs were performed
under chromatographic conditions previously reported for NFX [18-21]. An isocratic mode, with a
mobile phase consisting of 50% methanol (MeOH) and 50% acetic acid 0.2% in water, at a flow
rate of 0.5 mL/min was used. The column used was a reverse phase BDS Hypersil C18 (Thermo
Scientific™ Inc, United States) of 100 x 4.6 mm and 2.4 um particle size. The injection volume was
10 pL, the run duration was 10 min and the column temperature was set at 25 °C. HPLC instrument
is further detailed in section 2.4.1.

2.3. Design of experiment
2.3.1. Screening

A fractional factorial design with resolution V was applied to identify significant factors for the
chromatographic separation. Five independent factors were evaluated: concentration of organic
modifier in the mobile phase (MeOH, %v/v), gradient time (Time, min), pH of aqueous mobile
phase, column temperature (Temperature, °C), and flow rate (mL/min). Mentioned factors were
tested at two levels, and their effect on responses was studied with Minitab statistical software
(Minitab® 17.1.0, Pennsylvania, USA), which was also used to generate a randomized design, with
16 runs (Table 1). Responses evaluated were categorized into main responses: resolution (Res),
retention time (T,), and tailing factor (Ty), and secondary responses: peak area and peak height.
Each run was performed in triplicate, and the responses were statistically analyzed by ANOVA.
Differences were considered statistically significant for p-values < 0.05.

Run Independent factors Responses




Time MeOH pH Temperature Flow rate Res Tret T Peak area Peak height
(min) (%) (mL/min)
(°0) (min)

1 0 40 40 0.4 0.000 8.431 1.093 1.719 9.699
2 0 50 40 0.4 1.970 5226 1.187 1.857 16.600
3 3 40 40 0.4 0.000 7.221 1.143 1.820 16.136
4 3 50 40 0.6 2.020 3.501 1.183 1.231 16.928
5 3 50 40 0.4 2,130 5195 1.177 1.702 15.266
6 3 50 30 0.4 1.793 5754 1.223 2.207 17.744
7 3 40 30 0.4 -2.890 7.793 1.157 1.720 14.842
8 0 40 30 0.4 0.000 9.805 0.990 1.632 8.848
9 0 50 30 0.6 1.763 3.827 1.183 1.432 17.470
10 3 50 30 0.6 0970 3.764 1.200 1.133 14.235
11 0 40 40 0.6 0.000 5.635 1.110 1.199 10.641
12 0 50 40 0.6 0.000 3.474 1.193 1.121 15.368
13 3 40 40 0.6 -2.143  5.050 1.113 1.207 15319
14 0 40 30 0.6 0.000 6.502 1.095 1.617 11.775
15 0 50 30 0.4 1.545 5.659 1.170 1.714 14.361
16 3 40 30 0.6 -2.235 5500 1.137 1.210 15.047




16 3 40 6 30 0.6 -2.670  5.560 1.130 1.438 17.459

Table 1. Experimental condition of the factorial design for screening of critical factors. Non-coded
values are presented and responses are expressed as the mean (n=3).

2.3.2. Optimization

Based on the results of the screening, a central composite design was used for the optimization of
main responses. Thus, the significant independent factors selected in the screening step were next
evaluated at five levels. For gradient time, the superior and inferior values were set as 0 min and 5
min, for MeOH concentration the limits were 40% and 60%, and for flow rate, they were 0.3 mL
and 0.7 mL/min, respectively. Table 2 summarizes the randomized design given by Minitab
statistical software (Minitab® 17.1.0, Pennsylvania, USA). Each run was performed in triplicate
and mathematical models for each response were evaluated by ANOVA (differences were
considered statistically significant for p-values < 0.05).

Ru Independent factors Responses
n
Time MeOH Flow rate Res T, Tt Peak Peak
(min) (%) (mL/min) area height
(mi
n)
1 2.50 50.00 0.50 1.26 452 1.19 1.500 12.408
0 0
2 4.00 56.00 0.62 3.15 283 1.25 1.282 16.381
7 4 7
3 2.50 50.00 0.50 1.27 451 120 1.895 13.050
0 0 0
4 2.50 60.00 0.50 1.73 3.11 129 1488 19.974
0 3 0
5 1.00 44.00 0.62 1.69 454 1.16 1.288 13.870
3 4 3
6 1.00 56.00 0.62 505 282 124 1.297 17.247




0 6 0

7 4.00 44.00 0.62 236 477 1.15 1.288 12.156
0 9 3

8 2.50 50.00 0.30 1.66 7.25 120 2471 12.802
0 7 0

9 4.00 56.00 0.38 3.08 456 1.23 2.145 16.913
7 4 0

10 0.00 50.00 0.50 1.92 414 121 1.595 17.477
7 3 7

11 2.50 50.00 0.50 1.34 450 1.18 1.582 13.116
0 8 0

12 2.50 40.00 0.50 586 6.74 1.14 1.431 10.126
0 0 0

13 2.50 50.00 0.50 1.26 451 120 1.574 13.032
0 2 0

14 1.00 56.00 0.38 3.06 454 124 2135 17.973
3 3 0

15 2.50 50.00 0.70 1.13 328 1.17 1.071 11.475
0 7 0

16 4.00 44.05 0.38 1.87 7.52 1.15 2.119 12.578
7 2 3

17 1.00 44.00 0.38 1.20 7.18 1.16 2.109 13.662
0 1 0

18 2.50 50.00 0.50 1.32 450 1.19 1.600 13.152




19 5.00 50.00 0.50 1.25 458 121 1.571 11.641
0 3 0

20 2.50 50.00 0.50 1.29 452 1.18 1.630 13.358
0 3 5

Table 2. Central composite design for the optimization of RP-HPLC method. Responses are
expressed as the mean value for a n=3.

2.4. Method validation
The optimized method was validated based on ICH requirements from the Guideline Q2(R1) [20].

Linearity: A standard calibration curve was prepared with concentrations ranging between 2.50
pg/mL and 20 pg/mL. Three replicate injections of each concentration were analyzed and linear
regression and correlation coefficient were obtained from the graph of peak area versus
concentration.

Limit of detection and limit of quantitation: the sigma method was used for the limit of detection
(LoD) and limit of quantification (LoQ) applying Eq. (1) and Eq. (2), where o is the standard error
obtained from the regression analysis and S is the slope of the calibration curve.

LoD = (3.36)/S (1)

LoQ = (100)/S (2)

Accuracy: three different standard concentrations were measured in triplicate to test the accuracy of
the calibration curve. The concentrations tested were 4, 7 and 14 pg/mL.

Precision: for interday precision, triplicate measurements of low (5 pg/mL), medium (13 pg/mL),
and high (17 pg/mL) concentrations of NFX were taken. The mean, SD, and RSD of the peak areas
and corresponding concentrations were calculated. The acceptance limit for precision was that the
RSD of the drug should not exceed 2%.

2.5. Instrumentation and chromatographic conditions
2.5.1. Instrument

Chromatographic analysis was performed on HPLC equipment (Dionex™ UltiMate™ 3000,
Thermo Scientific™ Inc, Massachusetts, United States) with a photodiode array and fluorescence
detectors (DAD-3000 and FLD-3100 PMT), a standard quaternary pump (LPG 3400SD) and
autosampler column compartment (ACC-3000T). The column used was a reverse phase BDS
Hypersil C18 (Thermo ScientificTM Inc, United States), with dimensions of 100 x 4.6 mm and 2.4
um particle size. The injection volume was 10 pL. Detection was performed at 400 nm. Control was
carried out by Chromeleon software (version 7.2 SR4). The mobile phase was a mixture of
methanol and a solution of acetic acid 0.2% in water.



For the designed experiments, gradient programs were the following: for those experiments where
gradient time was 0, the isocratic mode was used (either 40% or 50% MeOH in aqueous acetic
acid), while in those experiments where time was different than 0, the organic modifier was
increased from 40% to the required final concentration in the correspondent time (1, 2.5, 4 or 5
min), remaining constant after that. After the optimization step, the resulting chromatographic
conditions were: initial 40% MeOH, gradient to 41.6% in 2 min, at a flow rate of 0.62 mL/min.

2.5.2. Working solution

Working solutions of degraded samples were prepared in basic conditions (0.1 NaOH M, kept at 60
°C for 48 h). The samples were subsequently neutralized with HC1 0.1 M and filtered.

3. Results and discussion
3.1. Forced degradation

During forced degradation studies, drugs are exposed to stress conditions under which they can
undergo degradation through different pathways, whose products could eventually affect treatment
efficacy or generate toxic products [23]. The degradation process can be accelerated after exposure
to light, high temperatures, and other stress conditions [24]. As it was stated before, there is a lack
of knowledge about the degradation pathways of NFX, nonetheless, forced degradation studies have
been previously conducted on other drugs that share the nitrofuran structure with NFX. Biosic et al
elucidate nitrofurantoin degradation pathway under hydrolytic conditions at different pH values,
which resulted in six different degraded products [25]. Nitrofurantoin can also form
nitrofuraldehyde after photohydrolysis [26]. Nitrofurazone is another nitrofuran derivative that can
form 8 dominating intermediates after the redox process during the generation of degradation
products [27].

Here, the stability of NFX under hydrolytic (NaOH and HCIl) and oxidative conditions was
evaluated. Based on previously reported HPLC methods for NFX, the separation of NFX and
degradation products (if generated) was carried out in an isocratic mode, with a mobile phase
consisting of 50% MeOH and 50% of a 0.2% solution of acetic acid in water, at a flow rate of 0.5
mL/min. Under these chromatographic conditions, pure NFX dissolved in acetonitrile had a T, of
4.78 min.

From all the assayed experimental conditions, only the degradation products from basic hydrolysis
presented a closely eluting impurity near the NFX peak, as can be seen in Fig. 2. T, was 2.09, 4.56,
and 7.46 min for those products. Also, a broad signal was observed around 3.61 min. It has been
reported that furazolidone generated degradation products in NaOH 0.01 N conditions (with a drug
recovery of 4.98 %, indicating a vast degradation extension) and the appearance of three additional
peaks were observed [28].
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Fig. 2: Chromatograms of NFX without exposure to degradation conditions and NFX after exposure
to basic hydrolysis (NaOH 0.1 M) at two temperatures (25 °C and 60°C). Insert shows full
chromatograms (10 min run).

After exposure to acidic hydrolysis and to H,O, for 48 h, the generated degradation products had
elution times that did not interfere with pure NFX (1.41 min with a small absorbance value for H,O,
and a peak with high absorbance at 2.08 min for acidic hydrolysis). Therefore, we used the
hydrolyzed products that were generated under basic conditions to develop a new method for NFX
separation by applying a DoE approach.

3.2. Design of experiment

3.2.1. Screening step
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Fractional factorial designs are a reduced version of full factorial design, where different factors
that could potentially affect the responses of interest are evaluated. Use of the fractional factorial
allows a reduction in the number of runs and so a more efficient use of resources [29]. A fractional
factorial design at two levels was applied to screen five factors and evaluated which had a
significant impact on critical parameters for the separation between the NFX peak and the closest
peak from basic hydrolysis. According to the half fraction factorial design, 23! = 16 experiments
were conducted and the results can be found in Table 1. The resolution value of the chosen design
(V) allowed to keep the power of the design and the ability to differentiate between main effects
and interactions of factors.

Pareto charts were obtained from ANOVA results. From the Pareto charts in Fig. 3, it can be seen
that, by far, the factor that mainly influences most responses is MeOH concentration. Variation in
MeOH concentration affects the viscosity and allows different polarities in the mobile phase, thus
altering the interaction among the column and NFX and its degradation product, even those with
possible high structural similarities. Gradient time and flow rate also showed statistical significance
in some of the analyzed responses.

resolution I I

retention time I tailing factor Ii
| >

| s

factors
T T

factors
m
iz :

T ! T T T T 1
0123456738

T
910 01 2 3 4 5 6

JESE

standarized effects
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_| peak area I_ peak height Ii
[ 1 T
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e ' ‘ B ' ‘
[]
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Red P & 1
B—:| ' E :
1 ]
A ' D’} '
1 1
T T T T T ] J T ! !
0 1 2 3 4 5 8 0 1 2 3 4

standarized effects

standarized effects

Fig. 3. Pareto charts from the screening experiment, showing the effect of each factor (A: Time, B:
MeOH, C: pH, D: Temperature, and E: Flow rate) over different evaluated responses. The reference
line for statistical significance is plotted as a dotted line at 2.201.

Collected data was analyzed with an ANOVA test. A linear model was applied to model the
responses, showing adequate fit and lack of fit values and a good relationship between the values of
the coefficient of determination (R?) and the adjusted R? (R?ad) (Table 3).

Factors Model

11



Time MeO pH Temperat Flow Fit Lackof R?
H ure rate fit
R
p-value 0.112 <0.00 0.24 0.319 0.206 0.77
01
64
Res? 0.003 0.231
R2ad:
coded 0275 02 O g0a08 321 0.67
coefficient 2 8
48
RZ:
p-value 0.031 <0.00 0.87 0.045 <0.0001 0.93
01 2
96
b <0.00
T et 01 0.06
R2ad:
coded 0315 -1205 %02 o288 1131 0.91
coefficient 1 1
R2.
0.79 :
p-value 0.044 0.001 6 0.778 0.579 0.71
86
T 0.008  0.098
R2ad:
coded 0019 0042 531 0.00252  0.00498 0.59
coefficient 77 1
06
RZ:
p-value 0.989 0.782 032 0.242 <0.0001 0.76
56
Peak 0.003 0.6
area
R2ad:
coded. 0.000 0.012 0.04 0.055 10.2594 0.65
coefficient 6 6 56
90
RZ:
Pe.ak p-value 0.014 0.011 0.20 0.965 0.513 0.029 0.581 0.63
height 4 65
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ded 0.65 Riad:
o 1422 148 7 -0.022 033 0.47
coefficient 9 13

aRes: Resolution; ® T,: Retention time of NFX, ¢ T¢: Tailing factor,

Table 3. ANOVA results from screening experiments. Factors that induced a statistically significant
difference in responses can be found in bold format (p-value<0.005).

MeOH concentration had a significant impact on Res (p < 0.0001), T, (p < 0.0001), and T¢ (p =
0.001). Usually, the degraded product tended to elute before NFX, but when MeOH concentration
was 50% (and gradient time 3 min), in some chromatographic runs it eluted after NFX, hence the
negative values in Res shown in Table 1. Gradient time had a slightly significant influence in T, (p
=0.031) and T¢ (p = 0.044) whereas temperature only showed borderline significance in T, (p =
0.045). T, was highly affected by flow rate (p < 0.0001), with considerably reduced elution times
at the maximum flow rate tested.

Other responses that could be evaluated from chromatograms were peak area and peak height
(considered as secondary responses), therefore, they were measured to study pure NFX peak. Peak
height was affected by time and MeOH (p = 0.014 and p = 0.011, respectively), while peak area was
highly influenced by flow rate (p < 0.0001).

Based on these results, time, MeOH, and flow rate were chosen to carry out the optimization
process. The column temperature was set at 40 °C since lower T, values were obtained with higher
temperatures, as indicated by the coefficient value (-0.288). Since the pH of the mobile phase had
no statistical influence in any of the evaluated responses, only water was used.

3.2.2. Optimization step

The purpose of this work was to develop a fast RP-HPLC method capable of separating NFX from
degradation products that presented similar T, in a single chromatographic run. Based on the
results obtained in the screening step, the following optimization step was performed setting time
gradient, MeOH, and flow rate as the independent variables. In order to use a response surface
methodology, a central composite design was chosen because it allows the levels for each factor to
be enlarged with center and axial points, and its rotatability provides a robust design with an
excellent prediction capability [30]

The results of the central composite design are shown in Table 2. ANOVA was applied to evaluate
a quadratic model for regression of the response surface. The procedure to analyze each response
was first to model the data into a quadratic equation including all terms (quadratic, interactions, and
linear terms). If the fitting was not good, outliers were checked and then elimination of non-
significant terms was performed.

Res and T, data were parametrically transformed in order to set a model with good statistical fit.
The suitability of Yeo-Johnson parametric transformation has been proved by Atkinson et al and it
was previously used during the analysis of different DoE, showing that Yeo-Johnson transformation
allows precise and accurate regression models [31-34]. Therefore, we applied this transformation to
perform a parametric transformation for Res and T, to obtain a normal distribution and an

13



appropriate model fit (Table 4). Transformed data was analyzed through a normality test to confirm
an appropriate transformation was performed. Ryan-Joiner test was applied and there was no
evidence that data did not follow a normal distribution (p>0.05). For the remaining responses, no
transformation was needed and models showed good fit (see Table 4).

Quadratic model

Model p-value Lack of fit

Res@P) <0.0001 0.085
Trec®P <0.0001 0.733
T <0.0001 0.244
Peak area <0.0001 0.192
Peak height <0.0001 0.604

a: Johnson transformation; ®: outlier elimination

Table 4. ANOVA results from the optimization step through central composite design (p-
value<0.005).

Regression equations in non-coded units for optimization are: Res JT = 0.03518 MeOH? +
0.269 Time - 3.417 MeOH + 2.847 Flow rate +80.80; T,,, JT = 0.0745 Time? +0.002436
MeOH? + 6.69 Flow rate? + 0.00371 Time*MeOH + 0.543 Time*Flow rate - 0.3559
MeOH*Flow rate - 0.747 Time - 0.1705 MeOH + 5.29 Flow rate + 7.06; Ty = +0.00309
Time? + 0.000210 MeOH? -0.01648 Time -0.01371 MeOH -0.0126 Flow rate + 1.379; Peak
Area = 0.01030 Time? - 0.000590 MeOH? + 6.31 Flow rate’ - 0.0532 Time + 0.0608 MeOH
- 9.83 Flow rate + 3.41; Peak height = 0.5414 Time? +0.03459 MeOH? - 22.79 Flow rate’ -
3.113 Time - 3.115 MeOH + 20.51 Flow rate + 82.15.

Contour plots for main modeled responses are shown in Fig. 4. In a preliminary view of such plots
it can be seen that a high flow will favor minimizing T, and Ty while it maximizes Res. The effect
of the remaining factors is not evident. Low MeOH could produce minimum values of T; and high
Res, but T, will be enlarged. Time presents opposite effects when trying to maximize Res and
reduce T, Therefore, to get a single set of conditions for the three responses to be favored, the use
of the desirability function is needed.
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Fig. 4. Contour plot of main responses.

Since the main goal of this study was to obtain the conditions in which higher separation between
the NFX peak and nearest degradation product peak was achieved, the optimization criteria for the
three factors and all responses were set to maximize Res (importance of 3), minimize Ty and T,
(with an importance of 1). Optimized conditions, model-predicted values, and experimental values
of Res, Ty and T, are presented in Table 5. Under these chromatographic conditions, four
chromatographic peaks from degradation products are present at the following T,.: 4.17 min, 4.49
min, 6.29 min, and 6.38 min. The predictability of the model was analyzed in terms of the
percentage of prediction error (PE) according to Eq. 3, where Exp is the experimental value
obtained for each response and Pred is the predicted value calculated by the mathematical model
used [35].

PE =100 * (Pred — Exp)/Pred (3)
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Values Time MeOH Flow rate T Thret Res Desirability

(min) (%) (mL/min) (min)
Predicted 1.9799  41.6107 0.6189 1.1376 59071 4.2788" 0.9376
Experimental 2 41.6 0.62 1.13 5.313 5.14
PE 0.67% 10.06% 20.13%

Table 5. Predicted and experimental values from optimized method (*: predicted values calculated
from linear regression of transformed data from central composite design).

Experimental values were obtained from new runs in triplicate, setting the required values for the
studied factors, i.e., Time, MeOH, and Flow rate. The average measured results are in agreement
with the predicted ones, as can be seen by the PE. With the initially tested chromatographic method,
based on literature references, T, for NFX was 4.78 min and the Res with the closest degradation
product peak was 1.41. With the optimized method developed here, an appropriate T, was achieved
in a reasonably short T, of 5.31 min, whereas the Res value was increased up to 5.14, indicating
that the method is capable of separating pure NFX from molecules formed during its degradation.

3.3. Method validation

Under the optimized chromatographic conditions, the average T, for NFX was 5.103 min + 0.006.
The linearity of the method was evaluated in a concentration range between 2.50 and 20.00 pg/mL.
From the chromatograms, peak areas were plotted against the concentration values, and regression
analysis was performed. As can be seen in Fig. 5, a linear relationship between NFX concentration
and area under the peak was obtained, with a correlation coefficient R? >0.99.

LoD and LoQ were calculated with the data from the calibration curves, and their values resulted in
1.06 and 3.21 pg/mL, respectively.
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Fig. 5. Calibration curve obtained with average values of peak areas for five different NFX
concentrations.

Accuracy across the analytical range showed good recovery percentages for NFX at tested
concentration (between 95 to 105 %), while intraday precision had RSD less than 2 % (Table 6).

NFXy @ NFXy b Accuracy
Intraday Precision (RSD%)
(ng/mL) (ng/mL) (%)
5 5.01 £0.06 100.12 £1.18 1.18
13 12.98 +£0.05 99.81 +0.40 0.40
17 17.25+0.03 101.44 £ 0.19 0.19

aNFX7: Theoretical concentration of NFX, PNFXy: average intraday concentration
measured of NFX

Table 6. Intraday method validation.
4. Conclusion
Force degradation study of NFX was performed and it was found that NFX was susceptible to

hydrolyzation under acidic and basic conditions, while it showed higher stability when exposed to
H,0,. Selecting the conditions for HPLC analysis is a challenging step since it depends on multiple
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variables. A new RP-HPLC method for the separation of NFX and its degradation products under
basic conditions was developed applying a DoE approach. The optimized method allows to separate
closely eluting peaks using a mobile phase with 41.6% of MeOH in water, with a gradient time of 2
min and a flow rate of 0.62 mL/min, achieving a Res of 5.14, with T,,; of 5.10 min for pure NFX
and Trunder 1.13. This optimized method had a linear response to increasing concentration of NFX,
with LoD and LoQ of 1.06 and 3.21 pg/mL, respectively. It also showed good accuracy and
precision.
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Highlights

e Forced degradation products of nifurtimox were generated by acidic and basic
hydrolysis

e A Design of Experiments approach was applied to evaluated how different
chromatographic conditions affected resolution, retention time and tailing factor

e A fast RP-HPLC method for separation of nifurtimox and closely eluted
degradation products was developed

e The developed RP-HPLC method was validated as indicated by ICH guidelines
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