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INTRODUCTION
Cefotaxime sodium (CTX) is a beta-lactam antibiotic 

that contains a beta-lactam ring (Fig. S1; Supplementary 
Materials). It is classified as a third-generation cephalosporin 
with a chemical formula of C16H16N5 NaO7S2. The Food and Drug 
Administration (FDA) has approved CTX to treat anaerobic, 
Gram-negative, and Gram-positive bacterial infections. The 
antibiotic is commonly used to treat various conditions, including 
urinary tract infections, skin infections, intra-abdominal 

infections, joint infections, gynecological infections, lower 
respiratory tract infections, and septicemia. CTX is administered 
through the parenteral route. Several methods are available for the 
analysis and quantification of CTX. Literature reported methods 
for the determination of CTX, along with obtained analytical 
parameters are given in Table 1. The United States Pharmacopeia 
and Europe Pharmacopeia have established a method using a 
gradient of phosphate buffer and methanol for 60 minutes at a 
flow rate of 1.0 ml/minute. However, this method has a long run 
time and requires harmful solvents such as methanol, which does 
not align with green analytical chemistry (GAC) principles [1]. 

To the best of our knowledge, no article has been 
published till now for HPLC method development and validation 
of CTX using design of experiment (DoE), greenness tools, 
and GAC being a more sustainable, precise, fast, environment-
friendly approach. Guidelines by organizations such as European 
Medicines Agency (EMA), US-FDA, and the International 
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ABSTRACT
The current work integrates design of experiment (DoE) techniques for developing, validating, and quantifying 
Cefotaxime sodium through RP-HPLC. Four independent factors were considered: flow rate, mobile phase ratio, 
oven temperature, and injection volume. A full factorial design was applied to optimize the parameters and determine 
the significant variables. Using the DoE approach, a more environmentally friendly separation and quantification 
were achieved with the help of the Venusil XBP. C8 column (5 um × 4.6 × 250 mm), a flow rate of 0.8 ml/minute, 
and a mobile phase ratio consisting of a binary combination of A:B (15:65). The organic phase (A) consisted of 
acetonitrile, while the aqueous phase (B) consisted of ammonium acetate, and the pH was adjusted to 6.1 with the 
aid of glacial acetic acid. The injection volume was set at 20 µl, and the elution was performed at a wavelength of 
235 nm using a UV detector. The method was validated according to International Conference on Harmonisation 
guidelines, and it successfully determined the amount of Cefotaxime in Cefotaxime-loaded nanosponges. Tools such 
as Analytical Greenness metric (AGREE), “National Environmental Method Index” (NEMI), and “Green Analytical 
Procedure Index” (GAPI) were used to assess the greenness of the proposed method, along with a comparison of the 
proposed method with other reported HPLC methods. The proposed method proved to be eco-friendly, with better 
qualitative and quantitative results, as well as greener NEMI and GAPI quadrants. It also achieved a higher AGREE 
score (0.68) than the reported method (0.44).
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The primary objective of this study is to develop and 
validate an RP-HPLC method for the quantitative determination 
of CTX using a DoE approach and a green analytical approach.

MATERIAL AND METHODS

Standards and reagents
The materials utilized in this study were obtained 

from various sources. Chromatographic grade acetonitrile and 
analytical grade ammonium acetate were bought from Sigma-
Aldrich, while HPLC-grade solvents and triethylamine (purity 
≥ 99%) were procured from Molychem, Mumbai, India. The 
water used in the experiment was produced in our laboratory. 
Yarrow Chem Products, Mumbai, India, supplied the CTX.

Equipment and software
The HPLC analysis was carried out using a Shimadzu 

LC-2010CHT model equipped with a PDA detector, autosampler, 
and column oven. The dual-wavelength UV detector was used 
to measure the absorbance at 235 nm. The data acquisition and 
processing were performed using Lab Solution software. A 
Sartorius sensitive electronic balance was used to weigh the 
samples, while a GT Sonic Professional Ultrasonic Cleaner 
(Servewell Instruments, India) was used to degass the mobile 
phase. A pH meter (µ Controller based pH System 361) with a 
glass electrode (Systronics, India) was used to measure the pH of 
the buffer solution. The chromatographic separation was carried 
out using a Venusil XBP C8 column (5 um × 4.6 × 250 mm), 
Agela Technologies. The mobile phase filtration was done using 
a Millipore® glass filter with a pore size of 0.22 µm connected to a 
glass vacuum filtration system. The design-expert software (version 
9) (Stat-Ease Inc., USA) was used for method optimization. 

Method development

Chromatographic conditions
In the conducted research, a binary mixture of 

acetonitrile as the organic phase and ammonium acetate as 

Council for Harmonisation of Technical Requirements for 
Pharmaceuticals for Human Use (ICH) are inclined even to 
detect minute levels of impurities, leaving no room for any 
detrimental impact on pharmaceutical safety and efficacy. These 
minute impurities can affect the patients. Concisely, the ultimate 
aim is to develop analytical methods capable of detecting even 
minute amounts of impurities; these methods will be highly 
favored [12]. One of the most effective ways to achieve this is 
through analytical Quality by Design (QbD). The FDA’s revised 
Current Good Manufacturing Practice has resulted in a more 
cost-effective and robust method, following its original release 
in the twenty-first century and the updated ICH guidelines Q8 
(R2) [13]. QbD is widely used in the quantitative measurement 
of pharmaceuticals [14,15]. DoE is the foundation of the QbD 
approach, representing a structured method for examining the 
relationships between factors affecting various processes and 
their outcomes using a range of designs, including the Central 
Composite Design and the full factorial design [16]. 

The pharmaceutical industry widely employs high-
performance liquid chromatography (HPLC) as the most effective 
and flexible analytical technique for quantitative analysis of 
mixture components. However, a majority of HPLC methods 
do not incorporate green practices. The term “green analytical 
chemistry” originated in the 2000s [17,18] and focuses on 
developing methods with minimal environmental impact while 
maintaining safety for analysts [19]. Ideally, green chemistry 
advocates for avoiding harmful solvents and reagents or reducing 
their use to a minimum with shorter analysis times, as well as using 
energy-efficient instruments [20]. A variety of reliable tools, such 
as the National Environmental Method Index (NEMI), Analytical 
Eco-Scale, Green Analytical Procedure Index (GAPI), and the 
newly developed “Analytical Greenness metric” (AGREE) [21]. 
These methods are designed to deliver comprehensive information 
about the methodology required from sampling to analysis. These 
methods provide comprehensive information on the methodology, 
from sampling to analysis, and it is recommended to utilize these 
tools to obtain a detailed report on the method’s greenness.

Table 1. Literature reported methods for the determination of cefotaxime sodium along with obtained analytical parameters. 

Analytical Technique Limit of Detection 
(LOD) µg/ml

Limit of 
Quantitation  

(LOQ) 
µg/ml

Linearity Range Reference

HPLC 0.016 0.032 0.05–5 [2]

Voltammetric 1.19 3.98 5–400 [3]

HPLC coupled with tandem mass 
spectrometry 0.1–0.8 

119/120/

120
0.2–20 [4]

Green chemometric 0.0005 0.0015 0.001–2 [5]

TLC 0.01 0.03 0.05–1 [6]

Surface plasmon resonance (SPR) 0.002 0.006 0.01–1 [7]

Liquid chromatography coupled with 
mass spectrometry - 5–500 5–5,000 [8]

Spectrophotometric 0.0240– 0.088  0.0720–0.264 1.2–3.2 [9]

Capillary zone electrophoresis (CZE) > 0.5 - 2–160 [10]

Spectrofluorimetric 0.2804 - 4–25 [11]
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the aqueous phase, in a ratio of 15:85, was employed as the 
mobile phase. The pH of the ammonium acetate solution was 
adjusted to 6.12 using triethylamine (TEA). Isocratic elution 
was achieved by maintaining a constant flow rate of 1.0 ml/
minute. The sample injection volume was consistently set at 20 
µl, with detection carried out at a wavelength of 235 nm.

Selection of wavelength
PDA detector was meticulously calibrated across 

a spectral range of 200–400 nanometres to identify the 
ambient conditions that exhibited the greatest sensitivity. This 
customization process ensured optimal performance and precise 
measurements in the chosen experimental context.

Selection of suitable column
The Venusil XBP C8 column, with specific dimensions 

of 4.6 × 250 mm, was employed to create an analytical method.

Selection of mobile phase and pH
The focus of this research was on the crucial factors 

associated with the use and selection of environmentally friendly 
solvents to minimize their waste. Capello et al. developed a 
comprehensive framework that examined approximately 
26 solvents, including eco-friendly options such as simple 
alcohols (e.g., ethanol) and alkanes (e.g., heptane). Conversely, 
the use of solvents such as dioxane, formaldehyde, acids, and 
tetrahydrofuran was discouraged due to their high toxicity 
levels. In terms of solvent selection, a mixture of methanol and 
water was more favorable than pure alcohol. Moreover, water 
emerged as the greenest solvent, while benzene and carbon 
tetrachloride were identified as the least green options. Other 
factors considered in solvent selection included solubility and 
polarity. However, the primary emphasis was on selecting 
a green solvent to develop a sustainable method [22,23]. For 
instance, the method used by the United States Pharmacopeia 
and Europe Pharmacopeia to analyze CTX involves the use of 
methanol as an organic solvent and phosphate buffer. Although 
methanol is a green solvent, the long run time of 60 minutes and 
flow rate of 1.0 ml/minute result in significant solvent waste, 
making it less desirable from an environmental perspective [1]. 

General procedures

Primary stock and working solution preparation
In a 10 ml volumetric flask, 10 mg of CTX was 

dissolved in double distilled water to create a stock solution with 
1 mg/ml concentration, equivalent to 1,000 µg/ml or 1000,000 
ng/ml. The resulting stock solution was stored in a refrigerator 
when not in use. Subsequent dilutions were prepared from this 
stock solution at 25, 50, 100, 250, 500, 1,000, 2,500, 5,000, 
and 10,000 ng/ml concentrations. It is recommended that stock 
solutions be utilized within 7 days of preparation and stored 
appropriately in a refrigerator.

Method validation

Linearity and linearity range
In the present study, a total of eight distinct 

concentrations of CTX (Cefotaxime) were employed for the 

construction of calibration curves and for the examination of 
method linearity. The concentrations of CTX ranged from 25 
ng/ml to 10,000 ng/ml. A calibration curve was generated by 
plotting the concentration of the drug against the peak area. To 
ascertain the linearity of the developed method, an analysis of 
least square regression was conducted.

Sensitivity
The study utilized the parameters of limit of detection 

(LOD) and limits of quantification (LOQ) to assess the sensitivity 
of the analytical method. These parameters correspond to signal-
to-noise ratios of 3:1 and 10:1, respectively. The determination 
of LOD and LOQ values involved the analysis of the standard 
deviation (SD) response to the blank sample and the gradient 
(G) of the linearity plot. The calculations for LOD and LOQ 
were based on the following equations [24]:

LOD = 3.3 ×
SD
G

LOQ = 10 ×
SD
G

These equations were employed to establish the 
sensitivity thresholds of the analytical approach, providing 
essential insights into the detection and quantification limits of 
the method under investigation.

Accuracy
The accuracy of the method was rigorously evaluated 

through the analysis of three distinct concentrations of CTX, 
namely low-quality control (LQC), middle-quality control 
(MQC), and high-quality control (HQC). Specifically, samples 
with CTX concentrations of 100, 5,000, and 8,000 ng/ml were 
subjected to HPLC for quantification. The accuracy of the 
method was determined by computing the SD, peak area, and 
percentage relative standard deviation (% RSD) of the results 
obtained from the analysis of these samples. This meticulous 
approach enabled a thorough assessment of the method’s 
precision and reliability, thereby ensuring the validity and 
credibility of the research findings.

Precision (intra-day and inter-day)
Three discrete concentrations of CTX (100, 5,000, and 

8,000 ng/ml) were evaluated within the same day (intra-day) 
across various time intervals, with the analysis repeated on the 
subsequent day. SD and percentage RSD values were employed 
to assess the precision of the developed methodology [25].

System suitability
In the present investigation, the standard solution 

of CTX, with a concentration of 5,000 ng/ml, was analyzed 
systematically, with a total of six replications. The peak area 
measurements, which served as the basis for the analysis, were 
employed to calculate the percentage RSD. This statistical 
measure is commonly used to assess the precision and 
reproducibility of analytical methods, particularly in chemical 
and biological sciences [26].
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Robustness
The present study scrutinized the prevailing 

methodology through incremental adjustments in flow rate 
(0.8 ± 0.1 ml/minute), injection volume (20 ± 2 µl), oven 
temperature (25°C ± 5°C), and mobile phase ratio (85% ± 5%) 
as recommended by Design Expert v9.0. The percentage % 
RSD was calculated to assess the analyte recovery [27]. 

Selectivity and specificity
The standard concentration of CTX was rigorously 

examined in accordance with the established protocol to assess 
the chromatogram, the method’s sensitivity in detecting the 
analyte amidst potential interference from process impurities, 
and the specificity of the developed analytical method for CTX. 
The evaluation of the chromatogram was conducted to ensure 
the method’s ability to produce clear and distinct peaks for the 
analyte, while the sensitivity of the method was assessed by 
determining the lowest concentration of CTX that could be 
reliably detected. The specificity of the method was evaluated by 
determining its ability to accurately detect CTX in the presence 
of potential impurities or interfering substances. The results of 
this investigation provide a comprehensive assessment of the 
analytical method’s performance in detecting and quantifying 
CTX, which is crucial for developing reliable and accurate 
analytical methods in this field [28].

Stability of solution 
A standard CTX stock solution was meticulously 

formulated and injected at various intervals of time. Post-
injection, the stock solution was consistently stored in a 
refrigerated environment. It is imperative to document any 
alterations in the chromatogram following each run, as this 
serves as an indicator of the drug’s stability [28].

Degradation studies
Forced degradation studies were executed in 

accordance with the guidelines stipulated in ICH Q1A (R2) to 
ascertain the stability and specificity of the optimized analytical 
methodology under various environmental conditions. The 
drug under investigation was subjected to a series of stress tests, 
encompassing basic sodium hydroxide (NaOH), oxidation 
(H2O2), acidic (HCl), and thermal stress, to elucidate its stability 
characteristics. 

A standard sample of the drug was prepared at 
a concentration of 100 µg/ml or 100,000 ng/ml and was 
subjected to all the aforementioned hydrolysis conditions 
to observe the degradation patterns. The samples were 
subsequently neutralized and diluted, in accordance with 
the standard procedure, before being injected into the HPLC 
system for analysis. These studies were crucial in identifying 
the degradation products and validating the suitability of the 
proposed analytical methodology [28]. 

Acidic hydrolysis
In this research, an investigation into the acid 

degradation of CTX was conducted. The primary stock 
solution of CTX was prepared with a concentration of 100 µg/

ml or 100,000 ng/ml. To this solution, 5 ml of 0.1N HCl was 
added and heated to 80°C for 6 hours using a water bath. After 
the 6 hours’ completion, the acidic solution was neutralized by 
adding 5 ml of 0.1N NaOH. At appropriate intervals, aliquots 
of the sample were extracted and subjected to HPLC analysis 
following dilution to a concentration of 1 µg/ml or 1,000 ng/
ml.

Base hydrolysis
A study on the base hydrolysis of CTX was 

conducted by preparing a primary stock solution of CTX with a 
concentration of 100 µg/ml or 100,000 ng/ml. Subsequently, 5 
ml of 0.1N NaOH was introduced to the stock solution and the 
mixture was heated to 80°C using a water bath for a duration of 
30 minutes. Following this incubation period, the basic solution 
was neutralized by the addition of 5 ml of 0.1 HCl. Samples 
were extracted at specific time intervals and subsequently 
subjected to HPLC analysis after appropriate dilution (1 µg/ml 
or 1,000 ng/ml).

Oxidative degradation
The oxidative degradation of CTX was conducted by 

preparing a primary stock solution with a concentration of 100 
µg/ml (100,000 ng/ml). To this solution, 5.0 ml of 30% hydrogen 
peroxide was added and allowed to react without disturbance 
for a period of 24 hours. Subsequently, the solution was diluted 
to 1 µg/ml (1,000 ng/ml) and subjected to analysis via HPLC. 
This process was implemented to evaluate the degradation of 
CTX under oxidative conditions.

Heating degradation
The heating degradation process was executed by 

boiling the sample at 105°C for 5 minutes, followed by a cooling 
period. The sample was subsequently diluted to a concentration 
of 1 µg/ml or 1,000 ng/ml, and then subjected to analysis using 
HPLC.

Statistical analysis
A One-way Anova was performed for the proposed 

method with a confidence interval of 95 on the robustness data. 
Values of F value, p value, R2 (coefficient of determination), 
equation with coded factors, predicted values, observed values, 
and relative error were observed.

Method applicability

Formulation of β-Cyclodextrin nanosponges loaded with CTX
In the synthesis of β-Cyclodextrin nanosponges, 

β-Cyclodextrin and Diphenyl Carbonate (DPC) were utilized 
as precursors. The precursors were combined in a molar ratio 
of 1:4 and transferred to a round bottom flask (RBF). The RBF 
was then heated on a heating plate at a temperature of 100°C 
with constant stirring for 5 hours, during which the melting 
of the mixture was observed. After 5 hours, the solid mixture 
obtained was grounded in a mortar and washed with water and 
acetone to remove unreacted DPC. The resulting solid was then 
dried in a vacuum oven at a temperature of 65°C for 72 hours 
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responsible scientific practices [31]. The methodology 
employed in this study utilizes acetonitrile and methanol as 
solvents, resulting in minimal waste generation of 10 grams per 
run, significantly below the allowable limit of 50 grams. This 
contrasts with the previously reported method, which produces 
60 grams of waste per run, exceeding the permissible limit. 
Additionally, the proposed method demonstrates a markedly 
reduced run time of 10 minutes per run compared to the 
reported method’s 60-minute duration. Although this shorter 
run time may lead to higher power consumption, it allows for 
the analysis of more samples within a shorter period, thereby 
increasing overall process efficiency. The developed method 
can analyze six samples per hour, highlighting its potential for 
high-throughput analysis and presenting an environmentally 
friendly alternative to existing methods. Moreover, the retention 
time for each sample in the proposed method is only 5 minutes, 
facilitating rapid and efficient analysis, with the pH maintained 
at 6.12, well within the acceptable range of 2–12, indicating 
broad applicability.

Study of various factors using full factorial design (FFD)
In the context of this research, a FFD (24) methodology 

was employed to optimize and render the analytical technique 
more environmentally sustainable, with a reduced reliance on 
solvents and reagents. This method encompassed two levels 
(+1 and −1), four factors, and four responses. The factors 
under consideration were flow rate, mobile phase ratio, oven 
temperature, and injection volume. The responses, namely 
peak area, tailing factor, retention time (tR), and theoretical 
plates, were selected to evaluate the method’s performance and 
its capacity for efficient separation. The software suggested a 
total of 32 runs, as detailed in Table 2. The upper and lower 
limits for each factor were set at 0.7 and 0.9 ml/minute for 
flow rate, 18 and 22 µl for injection volume, 26°C and 23°C 
for oven temperature, and 89% and 80% for mobile phase 
(buffer%). These limits were determined based on preliminary 
experiments to ensure the optimal performance of the 
analytical method. The study aimed to enhance the method’s 
efficiency and environmental sustainability by employing this 
FFD approach.

Analysis of response
The responses were systematically recorded according 

to the criteria specified in Table S1. These responses were 
subsequently analyzed to develop statistically significant 
models (p-value < 0.05) illustrating the relationship between 
the responses and the variables under investigation. To assess 
the validity and reliability of these models, analysis of variance 
(ANOVA) testing was conducted, followed by an examination 
of diagnostic figures for potential transformation suggestions 
and improvements in adjusted and predicted R². The significant 
terms that underwent ANOVA testing, generating p-values 
(considering p-value < 0.05 as significant), are detailed in 
Table S1 along with the response equation derived from the 
DoE approach. A Pareto chart and perturbation plots were 
used to investigate the impact of these variables further, and 
the coefficients of the equation terms quantified the effect sizes. 
A half-normal plot identified the significant factors influencing 

and subsequently stored for further use [29], loaded with CTX 
using a solvent immersion technique. 

Determination of total drug content in β-Cyclodextrin 
nanosponges loaded with CTX

To determine the CTX content in β-Cyclodextrin 
nanosponges, a precisely weighed quantity of the formulation 
(equivalent to 5 mg) was dissolved in methanol and subjected to 
centrifugation at a rate of 10,000 rpm for 10 minutes. Following 
centrifugation, the supernatant was extracted and diluted with 
the mobile phase, and the resulting solution was analyzed using 
optimized analytical conditions in HPLC to assess recovery. 
This process was repeated in triplicate to calculate the mean 
drug content [30]. 

In- vitro release studies
The in-vitro release study was conducted using a 

rigorous methodology to ensure the accuracy and reliability 
of the results. The experiment was executed using a dialysis 
bag with a molecular weight cut-off of 12 kDa, procured from 
HiMedia. The pure drug and β-Cyclodextrin nanosponges, 
loaded with an equivalent amount of CTX (5 mg) and (1.5 mg), 
respectively, were placed in separate dialysis bags. The two 
ends of each bag were securely tied to prevent any leakage of 
the contents. The dialysis bags were subsequently immersed in 
a beaker containing 50 ml of phosphate buffer with a pH of 
7.2, maintained at a temperature of 37°C ± 5°C. The beaker 
was then placed in an orbital rotary shaker, set at a rotation per 
minute (rpm) of 120, to facilitate the release of the drug. At 
predetermined time intervals (0.5, 1, 2, 4, 5, 6, 12, 24, and 48 
hours), a sample of 1 ml was withdrawn from the release media 
and replaced with an equal volume of fresh media to maintain 
sink conditions. Finally, the drug release was calculated by 
employing the linear regression equation obtained from the 
calibration curve of CTX. The equation, y = 52.062x—1697.3, 
was used to determine the peak area (y) corresponding to the 
amount of CTX (x) in the sample.

RESULTS AND DISCUSSION

Design of experiment

Selection of important potential variables
In the present investigation, water was selected as the 

solvent for sample preparation due to its environmentally benign 
and sustainable properties. This choice reflects an adherence to 
green chemistry principles emphasizing waste reduction, energy 
conservation, and environmental protection. The ratio of the 
mobile phase was adjusted to minimize the use of the organic 
phase, thereby enhancing the environmental friendliness of 
the analytical method. Although organic solvents are often 
necessary for effective compound extraction and analysis, they 
pose significant environmental risks, including greenhouse 
gas emissions and resource depletion. By prioritizing water 
as the solvent and minimizing the organic phase, this research 
aims to develop analytical methods that are effective, reliable, 
and environmentally sustainable. Consequently, the study 
contributes to the broader objective of fostering environmentally 
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tailing factors, suggesting broader, and less symmetrical peaks. 
Furthermore, the temperature of the column oven influences the 
tailing factor, indicating its role in peak shape and symmetry. 
These findings are crucial for optimizing HPLC conditions 
to achieve effective separation and quantification of target 
analytes.

Optimization
During the optimization process, the principles of 

GAC were rigorously adhered to, with a particular emphasis on 
minimizing the use of hazardous solvents and reducing run time 
without compromising the efficiency of the separation process. 
The proposed method has met all the established criteria, 
including a minimum of 2,000 theoretical plates, a RSD of 
greater than 2%, and a tailing factor of less than 2. Furthermore, 
the method produces minimal waste, with only 10 grams being 
generated during each run. The detailed data generated by the 
DoE method is presented in Table S2. The selected solution, 
which has a flow rate of 0.8 ml/minute, a mobile phase ratio 
of 80% (buffer), a column oven temperature of 27°C, and an 
injection volume of 20 µl, has a desirability value of 1.000, 
indicating its suitability for the intended application.

Point prediction and confirmation
The predictive accuracy and reliability of the models 

that corresponded to the correct responses were examined. A 
reliable model should exhibit observed data that falls within the 
confidence and tolerance intervals (CI and TI). The observed 
values of both PI and TI were determined to be within the 95th 
percentile of low and high values, suggesting the validation of 
the models and the expectation that future data will remain within 
acceptable bounds (see Table S3, supplemental materials).

Mobile phase composition, pH
In light of the various factors considered, we 

determined that utilizing a mobile phase system consisting 
of ammonium acetate and acetonitrile, in conjunction with 
isocratic elution, was the most suitable option. The decision to 
employ an ammonium acetate buffer, as opposed to water, was 
predicated on the extended separation time and the observed 
unsatisfactory resolution. To achieve optimal resolution, the pH 
was adjusted to 6.12, given the significant impact that pH has 
on elution time.

Wavelength selection
The sensitivity of HPLC results is notably contingent 

upon optimizing the wavelength utilized. The importance of 
selecting the appropriate wavelength cannot be overstated, 
as it significantly impacts the peak resolution, the area under 
peak (AUP), and the tailing factor. Specifically, the utilization 
of a wavelength of 235 nm (λmax) has been demonstrated to 
be advantageous for its ability to enhance sensitivity while 
minimizing noise. The AUP and tailing factor are critical 
indicators of sensitivity and noise in HPLC analysis [32].

Column selection
The Venusil XBP C8 column exhibited favorable peak 

shape characteristics with reduced tR. Optimal peak separation, 
plate count, and shape were observed in the C8 column.

each response, while contour plots in Figure 1 (A–D) visually 
depicted the effects of flow rate and mobile phase ratio on peak 
area, tailing factor, tR, and theoretical plates, showing that peak 
area decreases as flow rate and mobile phase (buffer%) increase, 
while tailing factor increases, tR decreases, and theoretical 
plates decrease. These findings provide valuable insights into 
the complex relationships between the investigated variables 
and responses.

The analysis of Pareto charts and perturbation plots, 
illustrated in Figures 2 and 3, indicates that the flow rate and 
mobile phase (%) buffer significantly affect peak area, tR, and 
theoretical plate count. A reduction in flow rate and mobile 
phase (%) buffer increases peak area. Additionally, flow rate 
negatively correlates with tR and theoretical plate count, where 
a higher flow rate decreases both metrics. The mobile phase 
ratio (% buffer) adversely impacts peak area and theoretical 
plate count, with higher buffer percentages leading to increased 

Table 2. Full factorial design of possible variable. 

Std Run A: Flow rate 
(ml/minute)

B: 
Mobile 
phase

C: 
Temperature 

Degree 
Celsius (°C)

D: Inj 
volume 

(µl)

15 1 0.9 89 26 18

9 2 0.7 81 26 18

14 3 0.7 89 26 18

26 4 0.7 81 26 22

13 5 0.7 89 26 18

6 6 0.7 89 23 18

28 7 0.9 81 26 22

12 8 0.9 81 26 18

10 9 0.7 81 26 18

1 10 0.7 81 23 18

4 11 0.9 81 23 18

24 12 0.9 89 23 22

17 13 0.7 81 23 22

27 14 0.9 81 26 22

8 15 0.9 89 23 18

3 16 0.9 81 23 18

20 17 0.9 81 23 22

21 18 0.7 89 23 22

18 19 0.7 81 23 22

7 20 0.9 89 23 18

11 21 0.9 81 26 18

29 22 0.7 89 26 22

2 23 0.7 81 23 18

32 24 0.9 89 26 22

23 25 0.9 89 23 22

16 26 0.9 89 26 18

5 27 0.7 89 23 18

22 28 0.7 89 23 22

19 29 0.9 81 23 22

31 30 0.9 89 26 22
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Accuracy
The recovery and RSD values for a series of quality 

control samples of CTX were determined and utilized for 
accuracy studies. The findings of the accuracy evaluation 
revealed that the percentage recovery of CTX ranged from 
100% to 104%, while the RSD values were between 0.03% and 
0.100%. These results demonstrate a high level of accuracy for 
the analytical method employed in the HPLC analysis of CTX, 
as the RSD values were significantly lower than the acceptable 
limit of 2%.

Precision
Precision, in analytical chemistry, refers to the degree 

of agreement among multiple measurements obtained from 
homogenous samples under controlled conditions. The present 
study evaluated the inter-day and intraday precision of an 
analytical method by calculating the percentage RSD values. 
The results revealed that the RSD values for the interday and 
intraday precision investigations were consistently low, ranging 
between 0.028 and 1.159. These values are significantly 
below the acceptable limit of 2% for LQC, MQC, and HQC 

Method validation

Linearity and linearity range
The linearity of an analytical method is characterized 

by its ability to generate test outcomes that exhibit a direct or 
quantitative correlation with the concentrations of analytes 
within a specified range of concentrations [33]. The linear 
regression analysis conducted on the dataset encompassing the 
measured concentration range of 25 to 10,000 ng/ml reveals 
a robust linear relationship, as evidenced by a coefficient of 
determination (R2) of 0.999 and a p-value of 0.001 (Fig. 4). 
This analysis not only substantiates the linearity range but 
also indicates that the residuals of the responses fall within the 
bias limits of 5%, thereby suggesting that most residuals are 
typically encompassed within this range.

LOD and LOQ
The LOD and LOQ for CTX were determined to be 

13.95 ng/ml and 42.30 ng/ml, respectively. These diminutive 
nanomolar thresholds underscore the exceptional sensitivity, 
effective separation, and precise quantification capabilities of 
the method employed [26,34]. 

Figure 1. Shows the contour plot for, A- peak area, B- tailing factor, C-retention time and D- theoretical plates. 
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wavelength, as recommended by the DoE. The supplementary 
materials provide a comprehensive overview of the various 
parameters evaluated, including the peak area, tailing factor, tR, 
and theoretical plates (Table S1).

Selectivity and specificity
Figure 5 displays the pure chromatogram of the 

CTX compound, which was obtained using a highly selective 
and specific analytical method. This method exhibited no 
interference from process-related impurities, indicating its 
suitability for the analysis of CTX.

Stability of the solution
An investigation was conducted on a singular 

standard sample at various time intervals (3, 6, 9, and 24 
hours). Observations revealed a consistent lack of significant 
alterations in tR, peak area, and tailing factor across all time 
points, indicating high sample stability. Percentage% RSD 
values obtained, all of which fall below 2%, demonstrate 
conformity with established acceptable thresholds.

concentration levels. The low percentage RSD values further 
underscore the high precision of the developed analytical 
approach, indicating a consistent and reliable method for 
measuring the analyte of interest.

System suitability
The present investigation entailed the examination of 

six samples, all possessing an identical concentration of CTX. 
To assess the consistency and reliability of the analytical results, 
the following parameters were determined for each sample: tR, 
tailing factor, peak area, and % RSD. The % RSD values were 
found to be 0.076, within the acceptable agreement limit of 
less than 2%, indicating high precision and reproducibility in 
the analysis. Furthermore, the various evaluations observed no 
significant differences in peak area, tR, and tailing factor. 

Robustness
In the experimental investigation, it was observed that 

there was no discernible variation in the analytical parameters, 
specifically the peak area and retention duration of CTX, 
despite manipulating the flow rate, pH, oven temperature, and 

Figure 2. Pareto charts for a-peak area, b- tailing factor, c- Retention time and d-theoretical plates, A- Flow rate, B- Mobile phase 
ratio (% buffer), C- Column oven temperature and D- Injection volume. 
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degradation, and thermal degradation. The objective of these 
studies was to thoroughly understand the behavior of the 
drug CTX under different conditions, thereby elucidating 

Forced degradation studies
Forced degradation studies were conducted following 

the guidelines set forth by the ICH Q1A (R2), under various 
stress conditions, including acid and base hydrolysis, oxidative 

Figure 3. Perturbation plots for, A- peak area, B-tailing factor, C- Retention time and D-theoretical plates. 

Figure 4. Calibration curve of Cefotaxime sodium. Figure 5. Overlay of chromatogram of A) pure cefotaxime sodium and B) blank 
mobile phase at 7.0 and 5.0 minutes respectively, showing clear separation and 
no interference from each other. 
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nanoparticles, hydrogels, and micelles, β-Cyclodextrin 
nanosponges offer enhanced loading capacity, solubility, and 
stability for drugs and guest molecules. Through polymer 
cross-linking modifications, β-Cyclodextrin transforms 
into a highly porous, branched nanometric matrix known as 
β-Cyclodextrin nanosponges. These structures, characterized 
by carbonate bridges and a lipophilic cavity, establish a network 
of hydrophilic channels that augment drug loading capacity, 
enhance bioavailability, and improve stability. Cavities and 
multiple pores resulting from crosslinking further contribute 
to the increased loading capacity. These attributes collectively 
position β-Cyclodextrin nanosponges as efficacious and 
versatile nanocarriers for drug delivery.

In this study, cefotaxime-loaded β-Cyclodextrin 
nanosponges were synthesized. The RP-HPLC method 
was employed to quantify the cefotaxime loading in 
β-Cyclodextrin nanosponges. The technique demonstrated 
specificity, sensitivity, and absence of interference from 
blank peaks. Recovery rates fell within acceptable limits, 
affirming the method’s efficacy in accurately analyzing the 
cefotaxime content within the β-Cyclodextrin nanosponges. 
This established method is a reliable tool for assessing the 
drug content in β-Cyclodextrin nanosponges, showcasing its 
potential for further pharmaceutical applications.

Analysis of CTX-loaded ß- Cyclodextrin nanosponges
The analysis of CTX-loaded β-Cyclodextrin 

nanosponges, equivalent to a dosage of 5 mg, was conducted. 
The resulting recovery was 70% ± 0.100%. The chromatogram 
peak for nanosponges loaded with CTX is depicted in Figure 6. In 
this research paper, the analysis of CTX-loaded β-Cyclodextrin 
nanosponges, which are equivalent to a dosage of 5 mg, was 
conducted. The results of the analysis revealed a recovery rate 
of 70% ± 0.100%. This indicates that the nanosponges could 
effectively deliver the drug, with a high degree of consistency. 
The chromatogram peak for the nanosponges loaded with CTX 
is presented in Figure 6. This graphical representation provides 
a visual representation of the drug’s presence within the 
nanosponges. The peak in the chromatogram serves as evidence 
of the successful loading of the drug onto the nanosponges. 
In summary, the analysis of CTX-loaded β-Cyclodextrin 
nanosponges has shown promising results, with a high recovery 
rate and successful loading of the drug. This research has 
implications for developing nanosponges as a drug delivery 
system, particularly for drugs such as CTX.

Drug release studies (in vitro) of CTX-loaded nanosponges
A comprehensive investigation was conducted to 

examine the drug release profile of CTX in a pH 7.2 phosphate 
buffer for both pure CTX drug and CTX-loaded β-Cyclodextrin 
nanosponges. This particular pH level was selected based on 
the fact that the formulation will be administered intravenously, 
and the basic blood pH is approximately 7.4. The results 
demonstrated that the pure CTX drug exhibited a complete 
release of 100% within 5 hours. In contrast, the CTX-loaded 
nanosponges displayed a more gradual and sustained release 
pattern, with a total release of 98% achieved over a duration 
of 24 hours. This observation suggests that the CTX-loaded 

potential degradation pathways during the formulation 
development and storage of CTX-loaded nanosponge. These 
investigations are crucial for guiding scientists and researchers 
in selecting appropriate excipients, determining optimal storage 
temperatures, and assessing the impact of pH on the formulation. 
Addressing these factors is essential for developing a stable 
formulation that maintains its therapeutic efficacy over time. 
Additionally, these studies allow for the proposal of various 
strategies to enhance CTX stability during formulation, storage, 
and analytical processes. Such comprehensive knowledge is 
indispensable for ensuring the longevity and effectiveness of 
the CTX-loaded nanosponge.

Acidic hydrolysis
The chromatogram of CTX, which has undergone acid 

hydrolysis by applying 0.1N HCL, is presented in Figure S2 of 
the supplementary material. Notably, several degradant peaks 
were detected, which can be attributed to the decarboxylation 
process of the drug.

Basic hydrolysis
The chromatogram of Ciguatoxin (CTX) following 

exposure to alkaline hydrolysis is depicted in Figure S2 of the 
supplementary materials, utilizing a 0.1N NaOH concentration. 
Notably, analogous degradant peaks were detected, mirroring 
those observed during acid hydrolysis.

Oxidative degradation
The chromatogram of CTX, which underwent 

oxidative degradation using a 3% hydrogen peroxide solution, is 
depicted in Figure S2 (Supplementary Material). The presence 
of degradant peaks was discernible within the chromatogram.

Heating Oxidation 
Figure S2 (Supplementary material) illustrates the 

chromatogram of CTX after exposure to thermal degradation 
via boiling under reflux for 5 minutes at a temperature of 80°C. 
The resulting chromatogram depicts a substantial degradation 
of the drug, with the emergence of distinct peaks indicative of 
the formation of degradation products. This finding underscores 
the sensitivity of CTX to heat and the potential for degradation 
under elevated temperature conditions.

Statistical analysis
In Table 3, a comprehensive exposition of the One-way 

ANOVA is presented, encompassing key statistical parameters 
such as the F value, p-value, R2 (coefficient of determination), 
the equation incorporating coded factors, predicted values, 
observed values, and the relative error.

Method applicability

ß- Cyclodextrin nanosponges

β-Cyclodextrin: a versatile nanocarrier for drug delivery
β-Cyclodextrin, a cyclic oligosaccharide, holds 

approval from the FDA for diverse pharmaceutical applications. 
Primarily utilized as a drug carrier in forms such as micelles, 
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practices throughout the entire analytical process, spanning 
from sample collection to separation. Given the inherent 
variability among these methods, the necessity for robust 
evaluation techniques becomes apparent. In recent years, 
numerous methodologies have emerged dedicated to assessing 
the ecological footprint of analytical procedures. Leveraging 
these tools, the proposed methodology underwent a comparative 
analysis with established practices to evaluate its environmental 
sustainability.

Greenness assessment using NEMI tool
The impetus for the inception of an environmentally 

sustainable methodology stemmed from the utilization of 
a qualitative framework. This approach is founded upon a 
pictorial representation segmented into four distinct quadrants, 

nanosponges provide a more controlled and extended release 
of the drug in a basic pH environment, potentially enhancing 
the therapeutic efficacy and reducing the frequency of dosing 
(Fig. 7).

Assessment of greenness
In the realm of analytical procedures, it is imperative 

to advocate for environmentally sustainable chromatographic 

Figure 6. Chromatogram peak of cefotaxime-loaded nanosponges. 

Figure 7. Release study of Cfs. 

Table 3. Result of Anova using 24 full factorial design for robustness testing. 

Response Peak area (PA) Plate count (PC) Tailing Factor (TF) Retention time (tR)

F value 6.14 3.66 2.82 9.96

p value

Model < 0.005 Model < 0.005 Model < 0.0445 Model < 0.0001

A 0.0143 A 0.0134 BC 0.0075 A < 0.0001

B 0.001 B 0.0785 BD 0.4196 B 0.1549

D 0.0605 C 0.1363 ABC 0.4161 C 0.0646

AB 0.2634 AB 0.1782 ABCD 0.2208 AB 0.081

AC 0.4936 NA ABC 0.0286

AD 0.0034 NA ABD 0.0755

R2 0.5957 0.3513 0.2949 0.744

Predcited R2 0.3376 0.0889 0.0096 0.5448

Adjusted R2 0.4987 2552 0.1905 0.6693

Equation with 
coded factors

PA = 
+ 1.769E + 05  

– 36491.16 A – 51427.53 B + 
27233.66D – 15850.84 AB – 
9623.84 AC – 44804.78 AD

PC = 
+ 5216.02 – 1906.39 A –1316.43 

B + 1105.54 C 
+ 995.31 AB

TF = 
+ 1.55 + 0.2050 BC + 0.0581 BD 
+ 0.0585 ABC – 0.0888 ABCD

tR = 
+ 5.33–0.7603 A – 0.1597 B – 

0.2105 C + 0.1980 AB + 0.2531 
ABC + 0.2019 ABD + 0.1790 

ACD

R2= Coeffecient of determination ; p < 0.05- Statistically significant; A = Flow rate (ml/minute), B = Mobile phase ratio (% buffer), C = Column oven temperature 
(°C), D= Injection volume (µl). 
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quadrant, waste generation should be kept below 50 grams. 
The NEMI pictogram indicates that the proposed method is 
environmentally friendly, meeting green classification criteria 
in all quadrants. Reagents and solvents used are not on the 
PBT list, although acetonitrile and methanol are classified as 
hazardous on the TRI list [36]; The process maintains a pH 
of 6.12, making it noncorrosive, and generates only 8 grams 
of waste, significantly below the 50-gram limit, thus ensuring 
safety and environmental sustainability. 

Greenness assessment using GAPI tool
The integration of NEMI and ESA tools has resulted 

in GAPI, a semi-quantitative assessment tool for evaluating 
the environmental sustainability of analytical methods. GAPI 
uses a visual, three-color scale to compare different techniques 

each representing a parameter. The four quadrants of the 
diagram represent different categories of chemical substances. 
Precisely, the first quadrant corresponds to persistent, 
bioaccumulative, and toxic (PBT) substances, the second 
quadrant encompasses hazardous chemicals, the third quadrant 
pertains to corrosive substances, and the fourth quadrant 
signifies waste materials. If the first quadrant is shaded in green. 
In that case, it indicates that the reagents utilized do not fall 
under the classification of toxic substances as defined by the 
Toxic Release Inventory (TRI) of the Environmental Protection 
Agency (EPA) [35]. In accordance with the regulations for 
the second quadrant, hazardous substances on the TRI list are 
prohibited. Compliance with this prohibition is essential for 
safety within the area. For the third quadrant, the pH of the 
medium must be maintained between 2 and 12. In the fourth 

Table 4. Comparison between the proposed method and reported method for the analytical quantification 
of cefotaxime sodium. 

Parameters Proposed method Reported method [21]

Technique HPLC-UV HPLC-UV

Elution Isocratic Gradient

Mobile phase Acetonitrile and ammonium acetate Methanol and phosphate buffer

Column 3.9-mm × 15-cm; 5-μm packing

Flow rate 0.8 ml/minute 1.0 ml/minute

pH 6.12 6.25

Detection wavelength 235 235

Run time 10 minutes 60 minutes

Waste 8 g 60 g

GAPI

AGREE

NEMI
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