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Abstract: This study used an experimental design approach to optimize an HPLC method for
the simultaneous determination of three pharmaceutical residues (triamcinolone, nystatin, and
gramicidin) in industrial wastewater samples. The goal of using an experimental design approach
was to maximize the method performance through separation enhancement and shortening the time
of analysis and/or minimizing the environmental effects through the reduction in wastes and sample
treatment. To achieve this goal, two steps were performed: a full factorial screening design for the
three chromatographic variables, and optimization design using central composite design to select
the optimum conditions that accomplished the highest resolution between adjacent peaks within
a minimum run time of less than 5 min. The optimal chromatographic conditions derived from
Minitab software using the desirability function were applied. Separation was carried out on a Zorbax
C18 column (250 mm x 4.6, 5 um) with gradient elution of a mobile phase composed of methanol
and 0.25 M potassium dihydrogen phosphate buffer (pH 3.6) at different UV detections. For the
validation of the developed HPLC method, ICH guidelines were followed, and the obtained results
were found to be in compliance with the acceptance criteria. Linearity was over the concentration
range of 1.00-25.00 pug/mL for triamcinilone and nystatin and 10.00-50.00 pg/mL for gramicidin. The
proposed method was successfully applied to quantify the three studied pharmaceutical compounds
in rinsing wastewater samples.

Keywords: HPLC; experimental design; industrial wastewater samples; triamcinolone; nystatin; gramicidin

1. Introduction

One of the new challenges in environmental chemistry is the traceability of pharma-
ceutical residues in wastewater, which is considered the most vital class of environmen-
tal pollution [1]. Following recent investigations, it was discovered that pharmaceutical
residues are not entirely eliminated during the steps of wastewater treatment and that these
residues are not biodegradable in the environment [2]. In developing countries, it was
found that more than 80% of wastewater is disposed of improperly, which is considered
a global problem [3]. Environmental discharges originate from different sources, such as
hospital water waste and pharmaceutical industries. One of the significant sources that
increases the level of organic pollutants in aquatic systems is manufacturing processes due
to improper disposal and/or improper cleaning steps. Moreover, the substantial usage of
pharmaceutical drugs by humans and animals is highly elevated, leading to an increasing
percentage of pharmaceutical drugs present in the aquatic environment, which is recog-
nized worldwide as an emerging case. Antimicrobials, antifungals, and corticosteroids are
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widely used pharmaceutical drugs detected in aquatic systems. In the literature review,
we found that triamcinolone has been detected in ointment formulation [4], in human
plasma [5], in biodegradable microparticles [6], in dosage form [7,8], and in bulk pharma-
ceutical formulation using an HPLC-UV detector and HPTLC-UV detector [9]. Nystatin
has been detected in plasma and tissue with an HPLC-UV detector [10], in saliva with an
HPLC-UV and fluorescence detector [11], and also with ay chemometric and HPLC-UV
detector [12]. Gramicidin has been detected in bulk pharmaceutical formulations with a
UPLC-PDA detector [13], and in phospholipid membranes with an HPLC-UV detector [14].
In a previous literature review, Heugten et al. developed an HPLC method for ointment for-
mulations containing triamcinolone in the presence of its three degradation products. The
developed method separated the studied drug from its degradation products with a flow
rate of 1.5 mL/min within a run time of 40 min [4]. An HPLC technique with UV detection
was developed by Muralidharan et al. to determine triamcinolone alone in human plasma
with an analysis time of 10 min and a flow rate of 1.0 mL/min [5]. Additionally, Silva et al.
established an HPLC method with UV detection for the quantification of triamcinolone
microparticles in a single dosage form within a run time of 9.0 min. [6]. An HPLC-UV
technique for tablet formulations containing triamcinolone was developed by Redasani
et al. with a linearity range of 3.0-18.0 ug/mL, showing lower method sensitivity [7].
Sebaiy et al. established a stability indicating HPLC for the determination of benzyl alcohol
and triamcinolone in tablet dosage form using a C18 column (150 mm x 4.60, 5 um), and
the studied drugs were eluted at 1.67 min. and 3.42 min, respectively [8]. Despite the fact
that this established method was successful in separating the two drugs, the benzyl alcohol
eluted early and close to the dead volume, according to the analytical column that was
used. Furthermore, with a run time of 13 min and a wavelength of 225.0 nm, Abbass et al.
established an HPLC method for the simultaneous measurement of triamcinolone and
econazole in pharmaceutical preparations [9]. Groll et al. developed a chromatographic
technique for nystatin that uses UV detection at 305 nm to determine nystatin alone in
human plasma within an 11 min run time [10]. In addition, L1abot et al. developed two
HPLC methods for determining nystatin in saliva within a 10 min run time using UV
and fluorescence detectors [11]. Heneedek et al. developed HPLC-UV and chemometric
methods for the simultaneous determination of nystatin and miconazole in pharmaceutical
preparations with a nystatin linearity range of 10-100 ug/mL, resulting in a less sensitive
method [12]. For gramicidin, Paradesh et al. established a UPLC method for the simul-
taneous determination of gramicidin, triamcinolone, and neomycin with a run time of
8 min [13]. These analytical methods typically employ flow rates >1 mL/min with an
analysis run time longer than 9 min, and techniques using high flow rates have a negative
impact on the pump while raising the flow rate. Therefore, these methods take a long
time and use a difficult mobile phase that requires pH control. These systems require
development through a low consumption of solvents and a high analysis speed. The
studied drugs are administered alone or in combination in different dosage forms and
occupy a significant sector of industrial pharmaceutical companies. Triamcinolone is used
topically or systematically. Ocular diseases could be effectively treated with triamcinolone
when used topically. Triamcinolone injections, although used to treat eye illnesses, have
many complications, including endo-ophthalmic, an increase in ocular pressure, and glau-
coma [15]. Due to its poor solubility and high toxicity, nystatin is primarily used to treat
oral and topical infections [16]. Gramicidin has a hemolytic adverse effect; hence, it is only
applied topically [17]. The use of design of experiments (DOE) provides many benefits for
developing and improving approaches based on statistical analysis. An example of a DOE
“multivariate optimization” is a full factorial design, which enables the simultaneous inves-
tigation of the impact of studied factors on the chromatographic method performance [18].
In the presented work, three of the most frequently used pharmaceutical drugs are selected
to be analyzed simultaneously in wastewater samples. The separation and simultaneous
determination of nystatin, gramicidin, and triamcinolone in pharmaceutical preparations
and/or environmental samples have not yet been reported. Due to the different classes of
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these three drugs (Figure S1), it was a challenge to create and develop a robust method for
the determination of the three drugs using the design of experiments (DoE). Thus, the pro-
posed method aims to develop a fast, accurate, robust, and cost-effective chromatographic
method for detecting and separating nystatin, triamcinolone, and gramicidin using full
factorial experimental design. Additionally, the method can be successfully used for the
determination of the studied drugs in industrial wastewater samples. Furthermore, the
proposed method can be applied in quality control labs as a cleaning validation method
for the traceability of the studied drugs. The presented developed method was validated
according to ICH (Harmonization for better health) guidelines [19].

2. Materials and Methods
2.1. Chemicals and Reagents

Nystatin, triamcinolone, and gramicidin with a certified purity of 95.1%, 99.8%, and
99.50%, respectively, were kindly supplied by Hikma pharmaceutical industries, Cairo,
Egypt. Methanol and acetonitrile, all of HPLC grade, were purchased from Sigma Aldrich,
Taufkirchen, Germany. Phosphoric acid and potassium dihydrogen phosphate were pur-
chased from Adwic, Giza, Egypt.

2.2. Instrumentation

Chromatographic analysis was carried out using an HPLC (1200 series) system with
a gradient pump (model G1314B), manual injector (Model G1328B), and UV wavelength
detector (model G1328B) fitted with a 20.0 uL loop. We also used a pH meter (Cole-Pramer
Ltd., Sant Neots, UK), stirrer (VELP SCIENTIFICA., Usmate Velate MB, Italy), sonicator
(Elma, Singen (Hohentwiel), Germany), and sensitive balance (RADWAG, Karkow Poland).

2.3. Chromatographic Conditions

The optimum chromatographic separation was carried out using a Zorbax C18 column
(250 mm x 4.6, 5 um) (Agilent Technologies, Santa Clara, CA, USA) with a mobile phase
composed of methanol with 0.25 M potassium dihydrogen phosphate buffer (pH 3.6). The
elution was carried out under gradient conditions at different detection wavelengths (224.0,
234.0, and 240.0 nm). Gradient elution started with the mobile phase ratio 77:23 (v/v) for
2.0 min., then a gradual change in the mobile phase ratio over time was made to reach
87.7:12.2 (v/v) from 2.0 to 6.0 min. The flow rate was 1.3 mL/min.

2.4. Standard Solutions

A stock of standard solution of 0.01 mg/mL of each drug was prepared separately by
weighing 0.01 g of each of the studied drugs and dissolving them in 100 mL volumetric
flasks with methanol to reach a concentration of 100 ug/mL for each. Further dilution was
carried out using the mobile phase (87.7:12.2, v/v) to prepare working standard solutions
with concentration ranges of 1.00-25.00 png/mL for triamcinolone and nystatin separately
and 10.00-50.00 pg/mL for gramicidin.

2.5. Software

Experimental design, data analysis, and desirability function calculations were carried
out using Minitab® 17 [20] and Microsoft Excel 2020.

2.6. Method Development

The experimental design approach was used in the development of the analytical
method by performing screening and optimization designs. By examining the impact of
various variables on the separation of triamcinolone, nystatin, and gramicidin simulta-
neously, many trials were carried out to reach the optimal condition. Minitab® software,
version 17, was used to build a two-level, three-factor design with three center points.
Using a full factorial design and three variables with two levels, a screening step was
conducted to determine the significant variables affecting chromatographic separation. For
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screening, the percentage of organic solvent in the mobile phase, pH of phosphate buffer,
and flow rate were studied. For each run, the resolution between adjacent peaks and run
time were recorded and chosen as responses. Polynomial equations were calculated to
build the quadratic models and illustrate the interaction between variables. In the opti-
mization step, the desirability function was used to derive the optimum condition of the
proposed chromatographic method. The run time was adjusted to be at a minimum, while
the resolution was at a maximum.

2.7. Method Validation

The developed chromatographic method was validated with respect to linearity, ac-
curacy, precision, the limit of detection (LOD), the limit of quantification (LOQ), and
robustness, as described by the ICH guidelines Q2 (R1) [19].

2.8. Application

The industrial wastewater samples were collected from different areas within the
manufacturing equipment in the production area of the pharmaceutical plant (Hikma
Pharmaceuticals, Cairo, Egypt). During the steps of washing the manufacturing machine
(Fryma Chroma 400 mixer, Switzerland) with distilled water after the finishing of the
production of pharmaceutical dosage form containing the studied drug, the samples were
collected and stored in amber bottles at 4 °C to avoid the degradation of the studied drugs.
A volume of 1.00 mL from each sample was transferred to 10.0 mL calibrated volumetric
flasks after sonication for 15 min. Each solution was diluted to the mark with a mobile phase
composed of methanol and 0.25 M potassium dihydrogen phosphate buffer (pH 3.6) in a
ratio of 77:23 (v/v), and the diluted samples were then filtered through 0.45 pm membrane
filters (Millipore, Milford, MA, USA), then injected directly into an HPLC chromatograph.
The general procedures described under linearity were followed, and the concentration of
each drug was calculated through substitution into the corresponding regression equation.

3. Results and Discussion
3.1. Method Development

The simultaneous determination of the studied drugs in a sophisticated matrix (en-
vironmental industrial wastewater samples) obstructs their quantification using a one-
factor-at-a-time approach. Therefore, the chromatographic method was carried out for
simultaneous determination of nystatin, triamcinolone, and gramicidin in wastewater
samples by using the DOE approach. The studied analytes have different physicochemical
properties, so it was challenging to find the optimal condition for their separation as there
were many factors that needed to be optimized first. Therefore, controlling the variables
simultaneously by trial and error is a sophisticated issue, so using DOE helps to identitfy,
detect, understand, and control all the factors at the same time and will lead to an improve-
ment in the quality and performance of separation. The presented method is developed
using full factorial design to study the method variables determining the significance of
each factor by using Pareto charts and p values.

Multiple variables might influence separation performance throughout the develop-
ment of HPLC techniques, making monitoring necessary. The proposed Ishikawa diagram
for the HPLC method’s performance is presented in Figure 1. For the purpose of determin-
ing the measured variables for the Ishikawa diagram, different variables were examined.
Different organic solvents were examined, such as acetonitrile and methanol. Acetonitrile
was chosen to achieve the goal of a short run time for the chromatographic method, since
its elution strength is larger than that of methanol. Gradient elution was conducted instead
of isocratic to allow good separation of the three studied drugs with acceptable resolution.
Different types of buffers in different pH ranges were evaluated to study the behavior of
the studied drugs over a wide pH range (2—4). The wavelengths (224.0, 234.0, and 240.0 nm)
were chosen based on the absorption spectra of the studied drugs to achieve the high
sensitivity of the method. In order to gain further understanding of the impacts of these
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pH levels (2.0-3.5), screening procedures were applied. In contrast, a flow rate scouting
step was carried out to maintain an appropriate equilibrium between effective separation
and fast run time. Due to their minimal impact on method performance, the other variables
in the suggested Ishikawa diagram have been left at their normal levels.

Cause-and-Effect Diagram

Lab environment
Light
Temperature

Method Operation Machine

Elution
wavelength

Mobile phase Injector

Humidit
2 Flow rate Detector
HPLC Method

Performance

i Organic modifier
Purity
Stability Buffer solution
Analyte Material

Figure 1. Ishikawa diagram for identification of critical process variables.

3.2. Screening Design

By using DOE, screening design (full factorial design) was carried out to obtain data
by performing a minimum number of experiments, as shown in Table 1, and the coded and
uncoded values in the design are presented in Table S1. The analysis of the screening design
showed that the variables influencing the measured responses were the amount of organic
solvent, pH, and flow rate. The effect of each factor was computed using Minitab 17 [20]
with respect to the resolution between peaks (Rs1, Rs2) and run time by using main effect
plots, interaction plots, and Pareto charts. As shown in the main effect plots (Figure 2), the
non-horizontal lines suggest that lower percentages of methanol and flow rates may have a
positive impact on the improvement of resolutions and shortening of run times. Regarding
the main effect of the pH of the phosphate buffer, the pH line and reference line are almost
parallel, so the main effect is absent. The three responses are equally impacted by each
pH level. From the main effect plot, we can conclude that the factor affects the time of
analysis, and the resolution between peaks was the organic solvent percentage (methanol)
and flow rate followed by pH. Minitab can also provide interaction plots (Figure 3), which
show separate lines for each level of one factor and means for the levels of one factor
along the x-axis. Figure 3 demonstrates that lowering the flow rate and percentage of
methanol while using either of two pH levels results in higher resolutions and shorter run
times, which is supported by the main effect plots. From factorial design, the ANOVA and
model fit statistics indicate significant models with p values 0.005, 0.008, and 0.003 for the
resolution between peaks (Rs1, Rs2) and run time, respectively. Additionally, a good model
fits with adjusted R2 0.996, 0.999, and 0.902 for Rgl, Rs2, and run time, respectively. In
Figure S2, Pareto charts report the effects of the factors on the performance of the method
and categorize the factors according to their effects on critical quality attributes (responses).
The graph shows the effects” values in absolute terms in the bars, and indicates the critical
t-value for an & of 0.05 by drawing a vertical line on the graph. When the bar does not
cross the vertical line, the effect is minimal and non-significant. Figure S2 demonstrates
that the majority of the examined factors had a significant effect on the analyzed responses,
with the exception of the pH of the phosphate buffer, which had no significant impact on
Rs2, and the percentage of methanol, which had the greatest impact on all three responses.
Thus, by controlling every factor examined, an improvement in resolution (Rg1, Rg2) and a
decrease in run time can be achieved. From the screening design, it can be concluded that
the curvature and the three factors are significant in the model, since the p value < 0.05.
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This implies that the quadratic model should be considered by using a central composite
design. Therefore, using the response surface methodology (RSM) approach to optimize the
factors affecting the method should be advised in order to obtain the optimum condition
using desirability functions.

Table 1. Screening design: full factorial design for HPLC method.

Organic Flow Rate .
pH Solfent Y% mL/min Rs1 Rs2 Run Time
-1 1 -1 8.08 + 0.03 6.82 + 0.04 6.28 + 0.03
0 0 0 7.80 £ 0.01 6.88 £+ 0.01 6.06 = 0.02
1 -1 1 9.50 + 0.05 7.53 + 0.03 6.46 + 0.05
-1 1 1 6.69 + 0.05 5.35 £ 0.06 4.93 £ 0.06
0 0 0 7.60 £ 0.03 6.80 £ 0.06 6.06 = 0.02
0 0 0 7.60 £+ 0.04 6.80 + 0.06 6.06 + 0.01
1 -1 -1 10.23 + 0.03 9.13 £0.10 8.72 £ 0.03
1 1 1 6.40 £+ 0.06 6.26 = 0.05 4.88 + 0.01
-1 -1 -1 10.19 + 0.01 9.27 £ 0.06 8.59 + 0.03
-1 -1 1 9.51 + 0.09 8.34 + 0.57 6.47 + 0.06
1 1 -1 6.83 £ 0.06 7.07 £ 0.01 6.29 £+ 0.03
Main Effects Plot for RS2 Main Effects Plot for RS1
Fitted Means Fitted Means
pH organic ratio Flow rate Egirrr\‘te:'ype 100 pH organic ratio Flow rate Point Type
8s —a=- center ey Sekoed
2 8 5 20
0, NSRS | NS, NN DU T es
| A P s e X—

75

70
A o 1 E] o 1 -1 o 1

All displayed terms are in the model. Al displayed terms are in the model.

(a) (b)

Main Effects Plot for Run time
Fitted Means

pH organic ratio Flow rate Point Type

—a— Corner

75 — -m— - Center

70

(©)

65

Mean of Run time

6.0

55
-1 o 1 -1 0 1 -1 [ 1

All displayed terms are in the model.

Figure 2. Main effect of the variables and their effect on response. (a) Main effect of the variables and
their effect on Rg2. (b) Main effect of the variables and their effect Rg1. (c¢) Main effect of the variables
and their effect on run time.

The equations of the models derived from Minitab software 16 for screening design
were as follows:

Y (Rs1) =1.22 + 0.211 pH — 0.22 methanol — 0.07 flow rate — 0.014 pH- flow rate — 0.03

pH: methanol — 0.098 flow rate- methanol — 0.26 pH - methanol- flow rate. M)

where Y is the resolution between triamcinolone and nystatin (Rg1).
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Y (Rg2) =24.19 — 8.58 pH — 9.24- methanol — 14.2flow rate — 2.10 pH: flow rate + 2.9 @
pH- methanol + 5.09 pH- methanol + 6.85 pH- methanol- flow rate.

where Y is the resolution between nystatin and gramicidin (Rs2).

Y (Run time) = 2.54 — 0.022 pH + 0.25 methanol + 0.015 flow rate — 0.14 pH- flow rate

Interaction Plot for RS1 Interaction Plot for Run time
Fitted Means Fitted Means
= PH T Srganic ratic . PH * organic ratic organic ratic
Point Type
> . —_— -1 Corner
° organic ratio ype —-— 0 Center
8 A -1 Corner 4 ke 3 Conmer
5 - - 0 Center -
g 7{ TTvm—e—en. == 1 Corner £ SO . =
2 s | ESSee—iee—si ] [ Sgi D] Setcrmmemssesncessees
5 . 2
5 PH * Flow rate Grganic ratio * Flow rate Fiow rate s . PH * Flow rate Srganic ratic * Flow rate Flow rate
2 Point Type b4 Point Type
- —e— -1 Comner 3 . —e— -1 Corner
9 — Saa - 0 Center = -— ——— 0 Center
~ — 1 _Corner , - 1 Corner
* s - 7T e -~ -~
~ . - ~——~a_=
7 Sao @ e - 7=
. ~ S~ee
O O o v 3
oH L pH organic ratio
All displayed terms are in the model All displayed terms are in the model
Interaction Plot for RS2
Fitted Means
PH ™ organic ratic organic ratio
° Point Type
—_—— — -1 Corner
8 o 0 Center
-y 1 Corner
7
-
8 | nmmmm—-— ="
(c) £ o «-—-
= PH * Flow rate organic ratio * Flow rate s
8 o Point Type
= —— -1 Corner
- 0 Center
8 -_— - —e = 1 Corner
L4 ——————y————— T
6 S
° ' ° i
pH organic ratio
All displayed terms are in the model

Figure 3. Interaction plot between the variables and their effect on response. (a) Interaction plot
between the variables and their effect on run time. (b) Interaction plot between the variables and
their effect on Rgl. (c) Interaction plot between the variables and their effect on Rg2.

3.3. Optimization Design

The experimental factors to be further studied using central composite design (CCD)
were the following: the pH of the phosphate buffer (3.0), methanol percentage (87%),
and flow rate (1.2 mL/min). In order to estimate the coefficients, 20 runs of CCD were
performed, including 6 runs of center point to estimate the experimental error and take into
account the interactions between factors. The experimental design is reported in Table 2
with the measured responses. Table 52 shows the coded and uncoded factors used in the
experimental design.

The polynomial quadratic equations are as follows:

Y (Rgl) =14.21 — 5.99 pH — 5.84 methanol — 11.26 flow rate + 2.97 pH. pH + 0.13
methanol. methanol — 0.28 flow-rate. Flow rate + 0.3 pH. methanol + 3.3 pH. 4)
flowrate + 3.5 methanol. flow-rate.

where Y is the resolution between triamcinolone and nystatin (Rg1).

Y (Rg2) =2.27 + 0.23 pH + 0.33 methanol + 0.03 flow-rate + 0.72 pH. pH — 0.27
methanol. methanol — 0.19 flow-rate. flow-rate + 0.086 pH. methanol + 0.02pH. flow-rate + )
0.16 methanol. flow-rate.

where Y is the resolution between nystatin and gramicidin (Rs2).
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Y (run time) = 1.15 + 0.12 pH — 0.16 methanol — 0.011 flow-rate — 0.079 pH. pH + 0.012 methanol. methanol +

0.11 flow rate. Flow rate — 0.11 pH. methanol + 0.009 pH. flow-rate — 0.036 methanol. (6)
Flow rate.

Table 2. Optimization design: central composite design for proposed HPLC method.

Organic Flow Rate

pH Solvent % (mL/min) Rs1 Rs2 Run Time
0 0 0 8.40 4+ 0.07 9.30 + 0.05 6.06 = 0.04
0 1.68 0 8.20 £ 0.04 7.85 £+ 0.02 5.95 4+ 0.01
0 0 —1.68 9.00 + 0.07 9.85 £ 0.01 7.60 £ 0.02
0 0 1.68 7.85 £+ 0.03 7.70 £ 0.11 5.20 + 0.02
-1 1 1 7.20 £ 0.06 6.00 £ 0.05 490 + 0.10
-1 1 -1 8.20 & 0.06 6.70 = 0.05 6.30 + 0.30
0 —1.68 0 8.30 + 0.16 8.50 £ 0.06 6.2 + 0.05
1 -1 -1 10.68 + 0.07 9.48 + 0.06 8.55 £+ 0.02
1 —1 1 10.00 £ 0.14 8.20 +0.03 6.50 + 0.01
0 0 0 7.80 £+ 0.08 8.80 £ 0.05 6.01 = 0.01
0 0 0 8.20 £ 0.07 8.60 + 0.01 6.06 = 0.20
1 1 1 8.00 &+ 0.27 5.05 £+ 0.04 490 + 0.03
—1.68 0 0 10.00 + 0.17 6.90 £ 0.02 6.19 £+ 0.10
0 0 0 7.80 = 0.01 6.88 £ 0.07 6.06 = 0.02
1.68 0 0 7.70 & 0.01 7.80 + 0.01 6.20 4+ 0.05
0 0 0 7.60 £+ 0.02 6.80 £ 0.02 6.06 = 0.01
-1 -1 1 7.60 = 0.01 8.70 £ 0.07 6.40 £ 0.02
1 1 -1 8.80 4+ 0.01 5.93 £+ 0.06 6.30 &+ 0.09
0 0 0 7.60 £ 0.01 6.80 £ 0.02 6.06 = 0.01
-1 -1 -1 10.10 £ 0.21 9.95 + 0.1 8.40 4+ 0.03

The role of RSM is to find a way to reach a complete description of the problem and,
consequently, it can be effectively applied to resolve the problem and define the optimum
conditions of the method. In RSM, the ANOVA and model fit statistics reveal the validity
and significance of the three models, as shown in Table S3.

By applying CCD, we can estimate the optimization of the method, which is an
approach to search along a response surface for an optimal range of input variables to
satisfy a goal such as maximizing/minimizing/targeting a response variable.

In terms of specification for the proposed method for the resolutions between peaks,
a value above 1.5 is desired, while for run time, the desired value less than 6 min. The
search for a global solution was performed through optimization design in Minitab (17), as
represented in the desirability plot.

The desirability plot shows how the variables influence the anticipated responses and
highlights the combinations that result in desired values. The score for desirability ranges
from 0 to 1, where 0 indicates that one or more responses fall outside of the acceptable
range and 1.0 indicates that the case has been reached in its optimal state. The desirability
plot in Figure 4 is made up of four rows and three columns, where the columns reflect the
variables and the rows the predicted responses. The first row’s composite desirability score
was 1.000, meaning that all predicted responses fall within a reasonable range. The optimal
settings for the variables are pH = 1.27, organic solvent = 0.35, and flow rate = 45.0. The
desired run time was 5.5 min., with predicted values for Rgl and Rg2.This method was
achieved by applying the optimum conditions derived from Minitab software using the
desirability plot. The efficiency of the method was checked by determining the resolution
of peaks and time of analysis during the validation step, as the resolution of all peaks
should be no less than 1.5 and the time of analysis no more than 6 min. The chromatogram
representing the simultaneous determination of gramicidin, nystatin, and triamcinolone in
water samples obtained according to these results is shown in Figure 5.
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Optimal pH Organic Flow rate
D: 1.000 High 1.6818 1.6818 1.6818
- Cur [1.2712) [0.3546]) [0.4152)

Predict Low -1.6818 -1.6818 -1.6818

run time
Targ: 5.50
y = 5.50
d = 1.0000

RS 2
Targ: 6.50
y = 6.50
d = 1.0000

RS 1
Targ: 7.70
y = 7.70

d = 1.0000

Figure 4. Desirability plot displaying the optimum conditions of the method.

3.4. Method Validation
3.4.1. Linearity

The linearity of the method was evaluated by analyzing a series of six different concen-
trations of each studied drug. Concentrations were chosen in the range of 1.00-25.00 ug/mL
for triamcinolone and nystatin and in the range of 10.00-50.00 ug/mL for gramicidin. The
assay was performed according to experimental conditions previously mentioned, and each
concentration was repeated three times. Linear regression analysis was carried out, and by
the construction of calibration curves as presented in Figures S3-S5, the linear regression
equations for each studied drug were calculated.
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Figure 5. HPLC chromatogram of triamcinolone (10.00 pg/mL), nystatin (10.00 ug/mL), and grami-
cidin (30.00 pug/mL) using gradient elution.

3.4.2. Accuracy

Accuracy was assessed by analyzing three different concentrations within the cali-
bration curve. The resulting prepared solutions were assayed and determined, and are
presented in Table S4. The mean percentage recoveries and standard deviation results
were found to be 98.80 &= 0.01, 98.08 &= 0.12, and 99.70 £ 0.15 for triamcinolone, nystatin,
and gramicidin, respectively. Therefore, good recovery results were obtained with a small
standard deviation.

3.4.3. Precision

The precision of the method was assessed by selecting three different concentrations
for each studied drug and analyzing them, as mentioned before, under linearity. The
prepared solutions were repeated three times within a day (intra-day precision) and on
three consecutive days (inter-day precision). The % RSD of the calculated intra-day and
inter-day precisions was found to be less than 2%, revealing that the method is precise, as
shown in Table S5.

3.4.4. LOD and LOQ

The LOD was 0.24, 0.57, and 1.17 ug/mL for triamcinolone, nystatin, and gramicidin,
respectively, using the formula 3.3. SD/S, where SD is the standard error of the intercept
and S is the slope. On the other hand, the LOQ was 0.72, 1.73, and 3.54 pg/mL for
triamcinolone, nystatin, and gramicidin, respectively, using the formula 10. SD/S. This
result indicates the sensitivity of the method, its applicability for studies, and its ability to
detect very small quantities. All validation variables are summarized in Table 3.

Table 4 shows a statistical comparison of the results obtained by applying the HPLC
method for the determination of triamcinolone, nystatin, and gramicidin. The data show
no statistical difference between the reported methods and the proposed HPLC method.
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Table 3. Validation and regression variables of proposed HPLC method for determination of triamci-

nolone, nystatin, and gramicidin.

Triamcinolone Nystatin Gramicidin
Variable Validation
Values Values Values
Linearity Range (ug/mL) 1.00-25.00 1.00-25.00 10.00-50.00
Slope 45.131 18.333 5.4181
SE of Slope 0.25 0.24 0.06
Intercept 31.309 21.659 18.907
SE of Intercept 3.24 3.18 1.92
Correlation Coefficient 0.9999 0.9993 0.9995
Accuracy ? 99.07 + 0.04 101.01 + 0.12 100.52 + 0.14
PN Intra-day 2 0.31 0.97 0.40
Precision (%RSD) 1o day ® 0.57 0.70 0.46
LOD (ug/mL) 0.24 0.57 1.17
LOQ (ng/mL) 0.72 1.73 3.54

2 Mean =+ SD; P RSD%.

Table 4. Statistical comparison of the results obtained by applying HPLC method for determination
of triamcinolone, nystatin, and gramicidin.

Triamcinolone Nystatin Gramicidin
Variables Reported Reported Reported
HPLC Method Method 2 [4] HPLC Method Method b [12] HPLC Method Method © [21]
Mean 99.43 100.03 98.56 99.58 100.75 100.03
SD 0.94 0.68 1.31 1.11 0.94 0.68
Variance 0.88 0.46 1.28 1.24 0.88 0.46
t-test 9 (2.23) 1.29 1.58 1.56
F-test 4 (5.05) 1.90 1.03 1.89

2 Reported method for triamcinolone using C18 column, flow rate 1.50 mL/min, gradient elution using mobile
phase acetonitrile: water buffered at pH 7 using 10 mM phosphate buffer and UV detection at 241.0 nm. ® Reported
method for nystatin using C18 column, flow rate 1.00 mL/min, elution using mobile phase methanol:acetonitrile:
50 mM ammonium acetate buffer (60:30:10, v/v/v%), and UV detection at 230.0 nm. € Reported method for
gramicidin using C18 column, flow rate 1 mL/min, elution using mobile phase methanol: water (71:29, v/v%),
and UV detection at 282.0 nm. ¢ The theoretical values of t and F at p = 0.05, where n = 6.

System suitability variables of the HPLC method, resolution, retention time, selectivity,
theoretical plate number, tailing factor, and capacity factors were evaluated as presented in
Table S6 [22]. The data verify that the resolution and reproducibility of the chromatographic
system were adequate for analysis.

3.5. Robustness

This is a method to prove that all factors will not affect the method performance
upon minor changes. Therefore, to achieve the robustness step, a new full factorial design
was carried out using the pH of the buffer, methanol percentage, and flow rate around
their optimum conditions (pH 3.60, organic solvent 87.70, and flow rate 1.30), as shown
in Table S7. The coded and uncoded factors for the new factorial design are presented in
Table S8. By analyzing the p values of all variables, this test proved their non-significant
effect on the performance of the method, as their values were above 0.05. The results of the
robustness design were represented by a Pareto chart revealing the non-significance of the
studied factors and showing the p value for all the variables, as shown in Figure 6.
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Figure 6. Pareto charts of the variables and their effects on the response. (a) Effect of pH, organic
ratio, and flow rate on resolution 1 (Rg1). (b) Effect of pH, organic ratio, and flow rate on resolution
2 (Rg2). (c) Effect of pH, organic ratio, and flow rate on run time.

4. Application

After validation, the developed chromatographic method was successfully applied for
the simultaneous determination of triamcinolone, nystatin, and gramicidin in environmen-
tal water samples. The number of water samples was six environmental water samples, and
they were analyzed under the conditions described previously. The results are presented
in Table 5. Figure 7 shows the chromatogram of the simultaneous determination of the
three studied drugs in real environmental samples. The proposed method is considered
the first analytical method that quantifies triamcinolone, nystatin, and gramicidin simulta-
neously in industrial wastewater samples. The proposed method is simple, low-cost, and
environmentally friendly.

Table 5. Determination of triamcinolone, nystatin, and gramicidin in environment water samples

using the proposed HPLC method.

Sample Number ? Triamcinolone Nystatin Gramicidin
1 49.48 ug/mL 1.62 pg/mL 4.41 pg/mL
2 4.78 ug/mL 1.06 pg/mL N.D.
3 1.32 pg/mL N.D. N.D.
4 N.D. N.D. N.D.
5 N.D. N.D. N.D.
6 N.D. N.D. N.D.

N.D.: not detected. ® Samples were diluted first.
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Figure 7. Chromatogram of HPLC determination of the 49.48 ug/mL triamcinolone, 0.62 pug/mL
nystatin, and 4.41 pg/mL gramicidin in real environmental samples.

5. Conclusions

The method for the determination of nystatin, triamcinolone, and gramicidin in
wastewater samples developed and optimized using DOE proved to be very sensitive. The
drugs were separated with no interference and efficiently from the wastewater sample. This
is in addition to a complete study of the effect of the variables on resolution between peaks
and run time by using a full factorial design (DOE approach). The complete separation of
the drugs was reached in a short chromatographic run time (5.7 min) with no interference
between peaks, so there is no need for traditional HPLC methods, which require a very long
run time and a complex mobile phase, and lead to excess solvent. All the results obtained
were satisfactory, proving the applicability of the method for the detection and quantifica-
tion of nystatin, triamcinolone, and gramicidin in the wastewater sample. The method was
successfully used to trace triamcinolone, nystatin, and gramicidin with concentrations of
1.32 ug/mlL, 1.06 pg/mL, and 4.41 pg/mL, respectively, in real environmental samples.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/separations10060342/s1. Figure S1: Chemical structures of
triamcinolone (a), nystatin (b), and gramicidin (c), Figure S2. Pareto charts of the parameters and
their effects on the response. (a) Effect of pH, organic ratio and flow rate on Rg1. (b) Effect of pH,
organic ratio and flow rate on run time. (c) Effect of pH, organic ratio and flow rate on Rg2. Figure S3.
Calibration curve for triamcinolone (1.00-25.00 ug/mL). Figure S4. Calibration curve for nystatin
(1.00-25.00 ug/mL). Figure S5. Calibration curve for gramicidin (10.00-50.00 ug/mL). Table S1. Coded
and uncoded factors for the screening design for the purposed HPLC method. Table S2. Coded and
uncoded factors for optimization design: Central Composite design for proposed HPLC method.
Table S3. A summary list ANOVA results in optimization design. Table S4: Accuracy assessment
of the proposed HPLC method for triamcinolone, nystatin and, gramicidin. Table S5. Interday and
intraday results for triamcinolone, nystatin and, gramicidin by the proposed HPLC method. Table S6.
System Suitability parameters of the proposed HPLC method for determination of triamcinolone,
nystatin, and gramicidin. Table S7. Robustness design for the proposed HPLC method. Table S8.
Coded and the uncorded factors for the robustness design for HPLC method.
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