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ABSTRACT: In the given study, a new reverse-phase high-performance liquid chromatography (RP-HPLC) method has been
reported for the simultaneous estimation of ciprofloxacin hydrochloride (CPX) and rutin (RUT) using quality by design (QbD)
approach. The analysis was carried out by applying the Box—Behnken design having fewer design points and less experimental runs.
It relates between factors and responses and gives statistically significant values, along with enhancing the quality of the analysis. CPX
and RUT were separated on the Kromasil C;5 column (4.6 X 150 mm, S ym) using an isocratic mobile phase combination of
phosphoric acid buffer (pH 3.0) and acetonitrile with the ratio of 87:13% v/v at a flow rate of 1.0 mL/min. CPX and RUT were
detected at their respective wavelengths of 278 and 368 nm using a photodiode array detector. The developed method was validated
according to guideline ICH Q2 R (1). The validation parameters taken were linearity, system suitability, accuracy, precision,
robustness, sensitivity, and solution stability which were in the acceptable range. The findings suggest that the developed RP-HPLC
method can be successfully applied to analyze novel CPX-RUT-loaded bilosomal nanoformulation prepared by thin-film hydration
technique.

1. INTRODUCTION

A biofilm is a cluster of microbes encapsulated in the self-
produced extracellular polymeric substance (EPS) adhered on
living or nonliving surfaces,’ making infections challenging to
treat and causing the emergence of drug-resistant infections.”
Reportedly, 90% of nosocomial infections are caused by
bacterial biofilms, posing significant challenges to the healthcare
sector.” Several studies have reported that bacteria in biofilms
can be 10—1000 fold more resistant to antibiotics than free-
floating single-celled (planktonic) bacteria.”* Quorum sensing
is an inter and intrabacterial communication channel which
plays a crucial role in the development of bacterial biofilms. It
controls various metabolic activities of the planktonic compart-
ment and shows vulnerable adaptive antibiotic resistance in
biofilms which leads to hindrance in biofilm-associated treat-
ment and chronic infections globally. Many research studies
reported that phytoconstituents act as quorum-sensing inhib-
itors which result in the remarkable degradation of biofilms
when combined with antibiotics™® The main factor which makes
biofilms resistant to antibiotics is the composition of EPS, which
inhibits penetration and reduces drug diffusion.”
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Ciprofloxacin hydrochloride (CPX) is a broad-spectrum
fluoroquinolone second-generation antibiotic (Figure 1b) that
targets the DNA gyrase of bacteria. While most medicines
typically have trouble piercing biofilms, CPX has been found to
diffuse properly, especially against Escherichia coli and Klebsiella
pneumoniae biofilms.® Irrational and improper usage of these
antimicrobials leads to resistance, resulting in higher doses of
antimicrobial therapy.”

Several studies have reported that plant extracts or their active
phytoconstituents could also inhibit bacterial biofilm develop-
ment, check viable bacteria number in biofilms, and reduce
biomass. Rutin (RUT) is a citrus flavonoid glycoside and a low-
molecular-weight polyphenolic compound (Figure 1a), which
shows different pharmacological properties like antiprotozoal,'’
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(a)

Figure 1. Chemical structure of (a) RUT and (b) CPX.

Ciprofloxacin
hydrochloride
®)

antitumor,"’ anti—inﬂammatory12 antiallergic,13 antiviral,"> and
antibacterial.'* Recent studies demonstrated RUT as a potential
antibiofilm agent against Klebsella Pneumonia and Staphylococcus
xylosus strains isolated from hospitalized patients.”> By using
antibacterial agents CPX and RUT, a complete eradication of
bacterial infection can be expected. Furthermore, by using
nanoformulations, the efficacy can further be enhanced. It
results in increased bioavailability, enhanced uptake, biofilm
disruption, and improved pharmacokinetic profile of the drug.

Effectiveness, safety, and quality are crucial for a pharma-
ceutical product. Scientific strategies such as, quality by design
(QbD) and process analytical technology are used to improve
product quality.'~*° ICH defines QbD as a systematic approach
to the development that begins with predefined objectives and
emphasizes product and process understanding and control
based on sound science and quality risk management. Analytical
QbD is used in the analytical process. The analytical method is
developed using AQbD, which is equivalent to QbD that helps
in the development of a robust and cost-effective analytical
method which leads to establishment of method-operable
design region by considering the method factor. There are
some factorial experimental designs such as Box—Behnken
design (BBD) and central composite design (CCD), which are
frequently used in pharmaceutical analysis.”' In the given
manuscript, BBD experimental runs were used having fewer
design points and less experimental runs. It relates between
factors and responses and gives statistically significant values. In
the experimental runs, organic phase ratio, flow rate, and pH of
mobile phase were selected as independent variables, whereas
retention time (RT), theoretical plate, and tailing factor were
considered as dependent factors. Validation of the developed
method was carried out as per ICH guideline ICH Q2 R (1). A
degradation test was also performed to evaluate the proposed
HPLC method stability.*”

There are several literature reports of HPLC analytical
method of CPX, for example, in bulk drugs HPLC-UV**** and
in human plasma HPLC-flourescence.” Similarly, for RUT
quantitative analysis, different HPLC methods have been
reported.”® Quantitative analyses of RUT in different species
of solanum plant extracts HPLC-UV,”” in solid dosage forms,”®
in human plasma,” and in cigarette tobacco™ have been
reported. The above-reported methods are for the analysis of a
single drug; no analytical method has been reported for the
simultaneous analysis of CPX and RUT in any application.
Therefore, this method has been developed to simultaneously
analyze CPX and RUT by HPLC using a PDA detector. The
developed method was successfully applied to analyze the novel
CPX-RUT-loaded bilosomal nanoformulation.

2. MATERIALS AND METHODS

2.1. Chemicals and Reagents. RUT (purity >98.0%) was
procured from Sisco Research Laboratories Pvt. Ltd. (Mumbai,
India), and CPX (percentage purity; 99.0%) was obtained ex-
gratia from Sun pharmaceutical industries Ltd. Gurugram, India.
Acetonitrile (99.8%) and methanol (99.8%) HPLC grade were
purchased from CDH fine chemical (New Delhi, India).
Orthophosphoric acid (85%) was purchased from CDH fine
chemical (New Delhi, India). Milli-Q water (Gradient A10R
Millipore, Moscheim Cedex, France) was used for sample
preparation.

2.1.1. HPLC Instrumental Attributes and Analytical Setup.
The chromatographic analysis of the APIs was performed on the
Waters Alliance HPLC system (model no €2695 Waters Co,
MA, U.S.A.) having a PDA detector. The instrument consisted
of a quaternary solvent manager, an auto-sampler and a column
oven. Empower software ver.2.0 was used. The analysis was
carried out using a reversed-phase C4 column (100-5-C;g 4.6 X
150 mm, S ym) from Kromasil Electron Corporation, Nouryon,
Sweden. Different wavelengths were used for detection (278 nm
for CPX and 368 nm for RUT).”" The mobile phase
combination of phosphoric acid buffer (pH 3.0) and acetonitrile
with a ratio of 87:13% v/v was eluted at a flow rate of 1.0 mL/
min. The run time for the analysis was 20 min at 40 °C column
temperature. Injection volume was taken as 10 uL. A 0.45 pm
membrane filter (Millipore) was used for the mobile phase, and
a 022 um syringe filter was used (Avantor performance
materials India limited) for chromatographic samples.

2.1.2. Preparation of Stock Solution, Working Solution,
and Quality Control Solution. The stock solutions of CPX and
RUT were separately prepared in a volumetric flask (10 mL),
taking the accurate weight of their solid standard to obtain 1 mg/
mL concentration. The standard stock solution of CPX was
prepared in a buffer solution of the mobile phase, while RUT was
dissolved in methanol and volume adjusted by the mobile phase,
followed by sonication (6 min). The working solution was
prepared by taking 1 mL from the stock solution and diluting
with the mobile phase to obtain 100 yg/mL of concentration.
The working solution of CPX and RUT was further serially
diluted to prepare the calibration standard, with concentration
1-15 pg/mL"* for analytes. A similar procedure was followed to
prepare quality control samples of 4, 8, and 12 pug/mL, which
were considered as lower quality control (LQC), middle quality
control (MQC), and higher quality control (HQC) solutions,
respectively. All solutions were filtered and freshly prepared and
stored in the refrigerator.

2.1.3. Preliminary Method Development Studies. Based on
the literature on the physicochemical properties of the drug, the
solubility of both drugs was screened to identify the maximum

https://doi.org/10.1021/acsomega.3c00956
ACS Omega 2023, 8, 21618-21627


https://pubs.acs.org/doi/10.1021/acsomega.3c00956?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00956?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00956?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00956?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c00956?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

solubility profiles in organic solvents (methanol acetonitrile).
However, the method development was carried out using an
equal volume of organic phase and aqueous phase in
combination, where aqueous phase with different pH (3—5)
values was adjusted by orthophosphoric acid, formic acid, and
glacial acetic acid. All possible mobile phase ratios at different
pH values were studied to evaluate the solubility profile and
established better chromatographic estimation.

2.1.4. Assessment of the Analytical Method Using the QbD
Approach. The AQbD approach is categorized into different
steps. The initial step is an analytical target product profile,
which is an essential element of an AQbd system that ensures
how and what to be measured for the desired quality process.
The second one is the critical analytical attribute (CAA), which
refers to the analytical method and parameter attributes like
product identification and separation of peak, robustness,
method accuracy, and their precision. Critical method attributes
(CMAs) that determine analytical technique performance
include mobile phase pH, injection volume, column temper-
ature, and so forth. CMAs influence method execution factors
like sample concentration and reagent and their grades. The
DoE method is employed to identify a central process and
produce design space based on statistical significance. Method
validation provides credible verification of quality outcomes.
The control approach ensures that the technique performs as
expected.”

2.1.5. Chemometrics-Assisted RP-HPLC Method Develop-
ment. The factorial design BBD is a type of DoE software
(version 11.1) that has been used for the optimization of the
HPLC method consisting of independent and dependent
variables. As compared to CCD, this design gives high responses
of independent variables with fewer probable runs. In this study,
three independent variables were taken that is, percentage
organic phase (A), flow rate (B), and mobile phase pH (C). The
dependent variables for CPX were RT (Y,), theoretical plates
(Y,), and tailing factor (Y;), and the dependent variables for
RUT were RT (Y,), theoretical plates (Ys), and tailing factor
(Y,). Polynomial equations were used to analyze the results of
17 test runs as shown in Table 2. The details of the method
validation study, polynomial equation, and coeflicient have been
mentioned in the Section 3.

Response surface methodology examines the correlation
between the variables, and variance analysis was used to confirm
the model relevance (ANOVA). Here, the range of dependent
parameters was chosen between 7 and 13% for the organic phase
for pH of the mobile phase 2.9 to 4 and for flow rate 0.5 to 1.5
mL/min as given in Table 1.

2.2. Method Validation. As per ICH Q2(R1) guidelines,
the proposed method was validated with different parameters,
system suitability, specificity linearity, accuracy, precision, limit
of detection (LOD), limit of quantification (LOQ), robustness,
as well as stability studies at respective storage conditions.**

2.2.1. System Suitability Test. System suitability is an integral
part of chromatography technique to check method reprodu-
cibility and to ensure that the procedure is adequate for the
intended use. The test was conducted at MQC concentration (8
ug/mL) to inject six replicas, and the outcome was evaluated by
the RT, the peak area, the theoretical column plate. and tailing
factors. To ensure the system’s suitability, the considerable
approved criterion is the relative standard deviation (% RSD) of
RT. The range of peak area should be <2%. The range of tailing
factor should not surpass 2. The range of theoretical plates of the
column should not be more than 2000 (N > 2000) (Table 2).

Table 1. Selected Full Factorial Design 3% 22 Variables and
Their Constraints

levels
independent variable low (—1) medium (0) high (+1)
A = organic phase %(v/v) 7.0 10 13
B = flow rate (mL/min) 0.5 1.0 1.5
C = mobile phase pH 2.9 345 4
independent variable constraint importance

A = organic phase %(v/v) in range +++

B = flow rate (mL/min) in range +++

C = mobile phase pH in range +++

dependent variable
Y, = RT of CPX (min) minimum +++
Y, = number of theoretical plates of CPX maximum +++
Y; = tailing factor of CPX minimum +++
Y, = RT of RUT (min) minimum 4
Y5 = number of theoretical plates of RUT maximum +++
Y, = tailing factor of RUT minimum +++
independent variable constraint importance

A = organic phase %(v/v) in range +++

B = flow rate (mL/min) in range +++

C = mobile phase pH in range +++

dependent variable

Y, = RT of CPX (min) minimum +++
Y, = number of theoretical plates of CPX maximum +++
Y; = tailing factor of CPX minimum 4
Y, = RT of RUT (min) minimum e+t
Y5 = number of theoretical plates of RUT maximum +++
Y, = tailing factor of RUT minimum +++

2.2.2. Specificity. Specificity is an important parameter of
HPLC analytical method which refers to the ability of the
analytical method to identify the analytes from the heteroge-
neous mixture. Specificity has been evaluated by comparing the
chromatograms of individual drug solutions and their complex
mixture with their blank solution (without adding the drugs
CPX and RUT) at their MQC concentration.

2.2.3. Linearity Range. Calibration plots of RUT and CPX
mixture solution were plotted at concentrations ranging from 1
to 15 pg/mL. These concentrations cover 40, 60, 80, 100, 120,
140, and 160% of the target concentration. The regression
equation of the respective drug was calculated by plotting the
individual calibration curve using the concentration and the
peak area, respectively. The response factor was also calculated.

2.2.4. Robustness. The robustness was assessed by the impact
on RT and peak area by a slight variation in chromatographic
properties. Samples were analyzed by slight changes in the
mobile phase composition ratio (85:15, 87:13, and 89:11), pH
(2.9,3.0,and 3.1), and column oven temperature (35, 40, and 45
°C). The effect caused by the method change was investigated,
and the result was analyzed. The analysis was performed at
MQC concentration (8 ug/mL). The experiment was
performed in triplicate for each sample and each variation.
The % RSD evaluates the robustness of RUT and CPX, <2%
range for acceptance of the method.””

2.2.5. Accuracy. Accuracy means the closeness between the
expected and actual values. It was evaluated by measuring the %
recovery of both the analytes (CPX and RUT) at three QC
concentrations (4, 8, and 12 ug/mL). Both the analytes were
injected at all three QC concentration levels in triplicate, and %
recovery and their %RSD were measured. The percentage

https://doi.org/10.1021/acsomega.3c00956
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Table 2. Experimental Runs, Variables, and Measured Responses Using Factorial Design (Box—Behnken) for the Optimization

ACS Omega
Study”
run factor A factor B factor C Y, RT Y, theoretical plate
1 13 0.5 3.45 7.78 6126.9
2 10 1 345 7.79 4462.7
3 10 0.5 4 8.93 5390.8
4 10 1 345 7.87 4387.5
S 10 1 3.45 7.9 4566.2
6 10 0.5 29 8.71 5171.6
7 7 0.5 345 8.98 3926.7
8 7 1.5 3.45 8.17 4790.8
9 13 1.5 345 6.79 6987.9
10 10 1.5 4 7.88 5958.1
11 10 1 345 7.98 4790.8
12 7 1 4 7.99 4280.8
13 13 1 29 6.09 6858.1
14 7 1 2.9 7.88 4136.4
15 13 1 4 6.59 7161.7
16 10 1.5 29 7.88 5890.8
17 10 1 3.45 7.99 4493.9

“Abbreviations: A, organic phase %; B, flow rate; C, mobile phase.

Y, tailing factor Y, RT Y; theoretical plate Y tailing factor

1.47 17.78 7136.6 1.61
1.36 17.79 5442.6 1.56
1.59 18.93 6360.4 1.61
133 17.87 5337.7 1.53
1.32 17.9 5586.3 1.52
1.43 18.71 6181.4 1.61
1.58 18.98 4966.7 1.72
1.76 18.17 5750.8 1.74
1.42 16.79 7947.9 1.62
1.58 17.88 6978.3 1.68
1.36 17.98 5780 4 1.56
1.69 17.99 5240.8 175
1.39 16.09 7878.1 1.59
1.59 17.88 5156.4 1.67
1.48 16.59 8141.6 1.58
1.56 17.88 6880.8 1.62
1.34 17.99 5473.6 1.54

variation in recovery should be limited to 90—110% with %RSD
< 2% for the acceptance of the method.

recovered concentration
%Recovery = - - X 100
nominal concentration (1)

2.2.6. Precision. The capacity to which a method is repeatedly
utilized to examine several replicates in different circumstances
is referred to as precision. The samples of both the analytes were
subjected to interday and intraday QC analyses for the
determination of precision. Lay out of the study for intraday
was three replicas of the same concentration in a day for both
analytes at all three QC concentrations (LQC, MQC, and
HQC), while for interday, same study was on different days (3
days). For the calculation of peak area of both the analytes, their
% recovery were noted. The limit of % RSD calculation is <2%.

2.2.7. Sensitivity (LOD and LOQ). Assay sensitivity of
analytes was evaluated by determining the LOD and LOQ
using the developed analytical technique. The LOD is
considered the lowest concentration of the calibration curve,
of which the signal-to-noise ratio (S/N) is >3. In contrast, LOQ
is the concentration that delivers approximately S/N > 10 with a
% RSD (n = 3) of >10. LOD was determined by analyzing the
lowest possible concentration likely to be reliably distinguished
from the limit of blank and the concentration at which detection
is feasible. In contrast, LOQ is the concentration at which
quantification is possible with acceptable accuracy and precision.
The LOD and LOQ of both analytes were calculated using the
formula® A = kr/S, where A denotes the detection and
quantification value, r represents response’s SD, and § is the
slope of the calibration curve. k is a constant the value of which
LOQ =10 and LOD = 3.3.

2.2.8. Stability Studies of Analytes. The stability of both the
analytes (CPX and RUT) in an aqueous solution was studied to
ensure the accuracy of the concentration at different storage
levels. Both LQC and HQC concentration were measured in
triplicate and analyzed in % recovery+SD by storing the samples
at 25 + 2 °C (ambient temperature) for 24, 48, and 72 h and 4
°C (refrigerator) for 15 days. The concentrations of each QC
and the variation in the chromatographic pattern were measured

21621

against prepared calibration curves. The obtained data must rely
in the range.

2.3. Application of the Simultaneous Analytical
Method in CPX-RUT-Loaded Bilosomal Nanoformula-
tion. The developed analytical method was utilized to quantify
CPX and RUT in various novel bilosomal nanoformulations.
The drug-release profile in dissolution studies and the amount of
drug entrapped in the bilosomes were analyzed by using the
given assay. Briefly, the thin-film hydration technique was used
to prepare CPX-RUT-loaded bilosomes with some significant
modifications. A 25 mL round bottom flask (RBF) was taken in
which an accurately weighed amount of surfactant (Span 60),
hydrophobic drug, and cholesterol was dissolved in an organic
solvent (chloroform) followed by sonication up to 15 min
(Ultrasonic bath sonicator, model SH 150-41; U.S.A.). The
sample solution was evaporated using a Rota evaporator at a
temperature of 65 + 2 °C under reduced pressure (Rotavapor,
Heidolph VV 2000; Germany) till all organic solvents
evaporated and a thin dry film formed in RBF. Weighed
amounts of bile salt and hydrophilic drug were dissolved in Milli-
Q_water and poured in a thin film-containing RBF for their
hydration. The hydration process lasted for 45 min. A
suspension of bilosome was obtained. The formed opalescent
formulation was stored at 4 °C until further use.*’

3. RESULTS AND DISCUSSION

3.1. Preliminary Method Development Studies. This
study was performed to analyze the initial easement and
suitability for different chromatographic conditions. The mobile
phase contains acetonitrile as an organic phase, and the aqueous
phase (pH 3) contains orthophosphoric acid as the pH modifier
with a ratio of 13:87% v/v. Initial trials performed using the said
solvent system at 1.0 mL/min flow rate, the column oven
temperature of 25 °C, and the sample injection volume of 10 uL
give the characteristic peak of both drugs. Initially, the peaks
were not highly symmetric, and some tailing was also observed.
To overcome these conditions, detailed screening of the
different key method variables was performed which critically
impacts the method performance.

https://doi.org/10.1021/acsomega.3c00956
ACS Omega 2023, 8, 21618-21627


http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c00956?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

Table 3. Analytical Target Profile Parameters of the Method Development

parameters target
sample API in developed
bilosome Bilosomes.
instrument HPLC
detector was selected.
type of method reverse phase-HPLC
nature of sample aqueous
standard and sample methanol

preparation

assessment of CPX and
RUT

application of method

justification

developing an analytical method for the simultaneous quantification of CPX and RUT in developed
both CPX and RUT are nonvolatile and show absorbance in the UV range. So, the HPLC method with a UV

nonpolar stationary phase tends to offer improved retention of molecules.
analyte must be in the aqueous phase, ensuring complete miscibility
based on the pK, and solubility of CPX and RUT, buffer and ACN were selected as the diluent.

the method is applicable to assess CPX and RUT in the bilosome and in the biological samples.

3.2. Assessment of the Analytical Method Using the
QbD Approach. In the AQbD approach, the analytical target
profile (ATP) plays a similar role as the quality target product
profile (QTPP) in specifying the objectives for method
development (Table 3). ATP serves as the intended character-
istic of the CAA of the method’s intended purpose and
regulatory constraints. The ATP specifies a collection of
attributes and target analytes that must be measured, such as
the technique and concentration range that will be employed as
per the required characteristics of the method. The analytical
method monitoring is associated with critical method
parameters (CMPs). CMP and critical quality attributes are
connected in a cause-and-effect manner, and it has the ability to
influence the selected CAAs. The three most important
technical factors affecting the HPLC procedure are the column
temperature, the organic phase concentration, and the mobile
phase pH. Column aging (CMP), for example, can have an effect
on the tailing factor and plate counts (CAA). In this
experimental design, tailing factor, theoretical plates, peak
area, and RT have been considered as CAAs as shown in Table 4.

Table 4. CMP and CAA and Their Relationship in the
Method Development

critical analytical attributes

S.N. critical method parameters (CMP) (CAA)
1 HPLC column (dimensions, stationary peak area
phase, make)
column flow rate RT

column oven temperature tailing factor

buffer for mobile phase plate counts

[ N A

buffer concentration pH of mobile phase

buffer
6 mobile phase gradient

7  column flow rate

The fish-bone diagram, commonly called as an Ishikawa
diagram, has been designed for the current study to investigate
the risk assessment to identify the CMPs as shown in Figure 2.

3.3. Chemometrics-Assisted RP-HPLC Method Devel-
opment. The experimental settings were optimized using BBD.
3D graphs illustrating the impact of variables were obtained.
Notable disparities in values were evident in every response.
Table 2 shows all dependent variables, expected and actual 2
values. The corrected r* value and the projected r* value agreed
reasonably well. A strong correlation associated with the
experimental data and the fitted model is predicted by the
increased adjusted +* value. The polynomial equation has been
used to forecast how the variables and responses relate to one
another. The effect that promotes optimization is indicated by a
positive value, whereas an opposition interaction between the

elements is indicated by a negative value. The two interacting
components from equations (AB and BC) were discovered to be
negative, whereas the effect of the AC interaction on answer Y,
was positive. For response Y,, it was determined from eq 4 that
the two interactions, BC and AC, were negative, while one AB
was positive. Responses Y, and Y from the polynomial eqs 2 and
S revealed that the three interaction terms, AB, BC, and AC,
were all antagonistic to one another. The two interaction terms
AB and AC were shown to be favorable for responses Y; and Yy,
while the correlation of BC showed the negative result, as shown
ineqs 3 and 7

RT (CPX) = 7.906 + —0.72125 X A + —0.46 X B
+ 0.10375 X C + —0.045 X AB
+ 0.0975 X AC + 0.055 X BC

+ —0.59425 X A> + 0.6182 X B?
+ —0.17425 x C* (2)

Theoretical plates (CPX)
= 454022 + 1249.99 X A + 376.45 X B
4+ 91.8125 X C + —0.775 X AB + 39.8 X AC
+ —37.975 X BC + 462.14 X A + 455.715 X B
+ 606.89 x C* 3)

Tailing factor (CPX)
= 1.342 + —0.11375 X A + 0.0375 X B
+ 0.04625 X C 4+ —0.045 X AB + —0.0025 X AC
+ —0.035 X BC + 0.10025 X A® 4+ 0.10275 X B*
+0.09525 x C* (4)

RT (RUT) = 17.906 + —0.72125 X A + —0.46 X B
4 0.10375 X C + —0.045 X AB
+ 0.0975 X AC 4+ —0.055 X BC
+ —0.59425 x A’ + 0.61825 x B’
+ —0.17425 x C* (5)

Theoretical plates (RUT)

= 5524.12 + 1248.69 X A + 364.088 X B
+ 78.05 X C + 6.8 X AB + 44.775 X AC
+ —20.375 X BC + 465.19 X A* + 461.19 X B*
+ 614915 x C* (6)
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Figure 2. Ishikawa (fish-bone diagram) explains the risk assessment parameter responsible for the quality attributes of the method.

Tailing factor (RUT)

= 1742 + —0.11375 X A + 0.0375 X B
+ 0.04625 X C 4+ —0.045 X AB + —0.0025 X AC
+ —0.035 X BC + 0.10025 X A® 4+ 0.10275 X B*
+0.09525 x C* (7)

In the 3D plots, three factors were taken; out of three factors,
the effect of two factors was considered and the third one was
kept constant. The effects of independent factors on the RT of
both analytes are depicted in Figure 3A and Figure 4A Y, & Y,.
The flow rate and the organic-to-aqueous phase ratio had a
noticeable impact on the RT of both analytes, whereas the pH of
the aqueous mobile phase had not shown any effect on the RT of
both analytes. The effects of independent variables on the
theoretical plates are depicted in Figure 3B and Figure 4B Y, &
Y;. This finding demonstrated that the organic phase ratio and
the flow rate unfavorably impact the theoretical plates.

Theoretical plates were somewhat raised by a rise in the %
organic ratio, where as it was found to be increased by a decrease
in the flow rate. With the increase in the pH of the mobile phase,
the theoretical plates increased in proportion and vice versa,
which demonstrates the significant impact of pH of CPX and
RUT on the theoretical plates. The impact of independent
variables on the tailing factor is depicted in Figure 3C and Figure
4CY;, Y4 in factorial graphs. With the increase in the percentage
of the organic phase concentration and flow rate, the decreases
in the tailing effect of the analytes have been observed.

The tailing factor is slightly increased by the pH of the
aqueous phase. The Design-Expert Stat-Ease, Inc. (version 11.1)
software gives the optimal value for independent parameters
such as the organic phase (13%), the mobile phase pH (2.9), and
the flow rate (1 mL/min) at these concentrations, and it was
discovered that every response was good. A negligible prediction
error (+ 5%) was found between the predicted and observed
values, indicating the strong predicted capability of the model
for their response variables. Considering the optimized
conditions, the method shows excellent chromatographic
separation of the drug, as shown in the figure.

3.4. Method Validation. 3.4.1. System Suitability Test.
The % RSD of the peak area and RT of both analytes was

calculated and was found to be within the range, that is, 2%, as
depicted in supplementary Tables S1 and S2. The mean + %
RSD of the number of theoretical plates in the column and of the
tailing factor in the six replicate injections were found to be
6829.16 + 1.4 and 1.38 + 0.74% for CPX and 7795.87 + 1.21
and 1.57 + 0.66% for RUT, respectively. In the system
suitability, the number of theoretical plates exceeded 2000
considered for the test. The tailing factor % RSD of both analytes
was found to be in the limit as mentioned in ICH guidelines.
These outcomes suggest that the HPLC method was adequate,
and the data are in an acceptable range.

3.4.2. Specificity. Specificity can be measured by comparing
the chromatograms of CPX and RUT individually and
simultaneously at a predetermined concentration (Figure S1).
When a different set of sample (containing CPX and RUT)
equivalent to 20 yL was injected into the HPLC, its RT was
found to be 7.237 & 0.073 min and 17.773 + 0.034 for CPX and
RUT. The results obtained show that the RT of CPX and RUT
remains the same when samples have the individual drug as well
as when the samples containing a mixture of drugs are injected.
Furthermore, no other interfering peaks were obtained other
than that of drugs. All this indicates that the proposed method is
highly specific for the estimation of CPX and RUT.

3.4.3. Linearity. The linear relation was obtained in the form
of a calibration curve by plotting a graph between the mean peak
areas of the analytes (RUT, CPX) and their respective
concentrations (1—15 pg/mL). The linear equation and r* of
both the analytes (CPX and RUT) were calculated (y = 91,541x
+37,280; 0.999 and y = 80,945x + 16,633; 0.998, respectively).
These results show a linear relationship for both the analytes.

3.4.4. Robustness. Analytical process robustness was assessed
by slightly changing the HPLC parameters, that is, changes in
the pH of both the analytes, the column oven temperature, and
the mobile phase ratio. The %RSD of the peak area and RT of
both the analytes analyzed at MQC concentration were within
the acceptable limits of <2%. Similarly, the tailing factor and the
number of theoretical plates also did not show not any notable
effect. Slight change in the method indicated that the proposed
method is optimized and robust for estimation of both the
analytes.

3.4.5. Accuracy. The accuracy measured by % recovery is
regarded as closeness toward the actual value. At all QC
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Figure 3. Factorial design response surface plots describing the effect of independent variables on the dependent variables. (A) RT, (B) theoretical

plates, and (C) tailing factor of CPX.

concentrations, the % recovery range is 98.45—101.83 and
99.58—103.17% for CPX and RUT, as shown in Table S3. These
results are in the limits and show that the method is accurate.

3.4.6. Precision. At all QC levels, the % RSD of % recovery for
intraday and interday precisions (intermittent) was calculated,
and the value was in the range of 0.93—1.04 and 1.12—1.69% for
CPX and 0.77—1.97 and 1.54—1.66% for RUT, respectively.
The data show that the method gives good precision and
reproducibility with % RSD, found to be less than 2%, as given in
Table S4. This suggests that the methods are repeatable and
reliable.

3.4.7. Sensitivity (LOD and LOQ). The signal-to-noise ratios
for LOD and LOQ_were obtained for both the analytes at 3:1
and 1:10. LOD and LOQ were calculated as 0.5 and 0.9 pg/mL
for RUT and 0.44 and 1.1 pg/mL for CPX, respectively. The
result shows that the proposed method is sufficiently sensitive
than the previously reported method.”**”**

21624

3.4.8. Stability Studies of Analytes. The stability of both the
analytes (CPX and RUT) in aqueous solution was assessed in all
QC levels at different storage conditions. Short-term stability
study also called as the accelerated stability study was performed
at room temperature, whereas long-term stability study was
performed at 4 °C for a period of 2 weeks in the refrigerator. The
results were in the range of 90.4—101.4% for RUT and 87.4—
100.2% for CPX, as shown in Table SS. These findings suggest
that neither drug degraded under various storage circumstances.
This means that the aqueous QC samples were stable up to 72 h
at ambient temperature. Additionally, its standard solutions
remained stable for at least 1S days at 4 °C (refrigerator).

3.5. Developed Optimized Method and Their Pharma-
ceutical Application. The optimized method was successfully
used to determine CPX and RUT simultaneously on prepared
bilosomal nanoformulations for drug release and entrapment
studies. The calibration range (1—15 pg/mL) was sufficient to
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cover the quantification of different drug samples obtained in in
vitro and ex vivo studies. The formulation characterization
outcome did not show any significant difference in the RT of
both the analytes. No extra peaks were observed at the RT of
CPX and RUT, which further confirmed the assay’s specificity

(Figure S).

4. CONCLUSIONS

The present research proposes a novel RP-HPLC-PDA method,
which was successfully developed and validated to simulta-
neously estimate CPX and RUT in bilosomal nanoformulation
and shows therapeutic efficacy against antibiotic resistance by
disrupting bacterial biofilms. The use of AQbD and the Box—
Banken experimental design facilitates the significant improve-
ment of performance and the robustness of the method for the
successful separation and estimation of two analytes. The

- 7.237
0.10] 17.773
o ]
<C
0.05]
0‘00_....,....,..A.,..A.,....,
0.00 5.00 10.00 15.00 20.00 25.00

Minutes

Figure S. Representative chromatogram of CPX and RUT obtained
during estimation of bilosome formulation.

developed method was found to be eflicient and effective for
routine analysis and offered a quality result. The use of Design-
Expert Stat-Ease, Inc. (version 11.1) approach reduces the
number of experimental runs, and validation was carried out
using ICH Q2 R (1) guidelines. All parameters were considered
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for method validation, which were found to be in the acceptable
range and confirm that the proposed method is affordable,
precise, robust, and sensitive. These outcomes reveal that the
proposed analytical HPLC method can be used to simulta-
neously estimate CPX and RUT in combined dosage forms for
future investigations.
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