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Saracatinib (SRC) and Rapamycin (RAP) are promising targeted anticancer agents that act through dual Src/
Abl kinase inhibition and mTOR pathway suppression, respectively, demonstrating synergistic efficacy in
head and neck cancer models. To overcome limitations such as poor tumor selectivity, low solubility,
and systemic toxicity, both drugs were co-encapsulated into lipid—polymer hybrid nanoparticles
(LPHNPs) to enhance bioavailability and therapeutic performance. However, no validated analytical
approach has been reported for their simultaneous quantification in such nanocarrier systems. This
research presents the development and optimization of a robust, sustainable and green reverse-phase
high-performance liquid chromatography (RP-HPLC) method using an Analytical Quality by Design
(AQDbD) strategy. A Box-Behnken design was utilized to systematically evaluate critical method
parameters (CMPs) and establish a design space, ascertaining consistent performance. Chromatographic
separation was achieved under optimized isocratic RP-HPLC conditions with baseline resolution of both
analytes. SRC and RAP were eluted at 3.787 and 9.462 minutes, respectively. The validated method
showed outstanding linearity over the studied concentration, with an r> of 0.9999 for SRC and 1 for RAP.
The % RSD below 2% indicated high precision, robustness and complied with international regulatory
standards, specifically the ICH Q2(R2) validation requirements. Furthermore, the method's applicability
was confirmed by determining the drug entrapment efficiency (DEE) and monitoring in vitro drug release
profiles of LPHNPs. Environmental sustainability was assessed using complementary green analytical
metrics, including AGREE (0.68), AGREEprep (0.63), and ComplexMoGAPI (81), indicating a favourable
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quantification of dual-drugs, supporting the advancement of nanocarrier-based combination therapies in
HNC management.
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therapeutic modalities—such as surgery, systemic chemo-
therapy, and radiotherapy—the prognosis for advanced-stage

1. Introduction

Head and neck cancers (HNCs) constitute a diverse group of
tumors that arise from the mucosal epithelial layer of the oral
cavity, larynx, pharynx, salivary glands, lips, and paranasal
sinuses.'® Globally, they contribute to over 800 000 new cases
and approximately 400000 deaths each year, representing
a major public health challenge.®® Despite advancements in
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HNC remains poor due to high recurrence rates, resistance to
conventional treatments, and dose-limiting toxicities.”** Stan-
dard chemotherapeutic agents such as cisplatin and molecular-
targeted drugs like cetuximab have shown limited success,
often hampered by poor tumor specificity and severe systemic
side effects.”>*® These limitations highlight the need for novel
therapeutic approaches and more effective drug delivery plat-
forms that can enhance selectivity, reduce off-target toxicity,
and improve therapeutic outcomes.'”>*

Saracatinib (SRC), a potent dual inhibitor of Src and Abl
kinases, and Rapamycin (RAP), an mTOR pathway inhibitor,
have gained attention for their ability to disrupt key oncogenic
pathways involved in tumor growth, angiogenesis, and
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metastasis in HNC.*”® However, their clinical application is
restricted by poor aqueous solubility, suboptimal pharmacoki-
netics, and non-specific biodistribution. To address these
shortcomings, nanotechnology-driven drug delivery systems
(DDS) have gained considerable attention. Among them, lipid-
polymer hybrid nanoparticles (LPHNPs) have emerged as next-
generation carriers, combining the advantages of both lipo-
somes and polymeric nanoparticles.>** The lipid shell offers
improved biocompatibility and stability, while the polymeric
core provides structural integrity and sustained drug release. In
this study, we developed a co-encapsulated LPHNP formulation
of SRC and RAP to enhance their therapeutic efficacy in HNC
treatment.

Despite the growing research on dual-drug delivery systems,
there remains a significant analytical gap: no validated AQbD
driven reverse-phase high-performance liquid chromatography
(RP-HPLC) method has yet been established for estimating SRC
and RAP simultaneously, particularly within a complex nano-
carrier matrix. Such a method is essential for accurately
assessing entrapment efficiency, evaluating in vitro drug
release, and pharmacokinetic profiling, which are crucial for
both formulation development and regulatory approval. While
several RP-HPLC methods have been reported for kinase
inhibitors or conventional drug combinations, few studies have
addressed simultaneous multi-analyte quantification in struc-
turally distinct dual-drug nanocarrier systems using a system-
atic AQbD-driven framework.**?* Unlike conventional
formulation-oriented assays that focus primarily on quantita-
tion, the present work advances analytical science by inte-
grating design-space-driven method development, multivariate
robustness optimization, and green analytical metrics into
a single lifecycle-oriented platform. This positions the method
not merely as a formulation support tool, but as an innovative
analytical strategy for complex combination nanomedicines. In
parallel with quality-driven method development, Green
Analytical Chemistry (GAC) has emerged as an important
paradigm aimed at reducing hazardous solvent use, energy
demand, and waste generation while maintaining analytical
reliability. This is particularly relevant for chromatographic
techniques such as HPLC, which often rely on substantial
organic solvent consumption. Accordingly, incorporation of
green assessment metrics has become increasingly important
for evaluating the sustainability profile of analytical methods
using structured criteria related to solvent toxicity, resource
consumption, waste generation, and operational safety. In the
present study, sustainability considerations were integrated
through complementary greenness assessment tools to support
the development of an environmentally conscious analytical
method. To further position the novelty and analytical advan-
tages of the present method, a comparative benchmarking of
previously reported chromatographic methods and the
proposed AQbD-based RP-HPLC method is presented in Table
1, which shows previously reported methods largely focus on
single-analyte assays, bioanalytical applications, or individually
incorporate AQbD, dual-drug analysis, or greenness evaluation.
In contrast, the present method uniquely integrates simulta-
neous dual-drug quantification in LPHNPs with AQbD-driven
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optimization, comprehensive validation, and complementary
greenness assessment, highlighting its broader analytical and
sustainability advantages.’*°

The present research aimed to develop a robust, eco-friendly,
and regulatory-compliant reverse-phase high-performance
liquid chromatography method for simultaneously quanti-
fying SRC and RAP in LPHNPs using the AQbD framework. The
methodology includes defining an Analytical Target Profile
(ATP), assessing the systematic risk assessment, and optimizing
critical method variables through a BBD to define the Analytical
Design Space (ADS). The method was subsequently validated in
compliance with the international regulatory standards as
outlined in International Council for Harmonisation Q2(R2)
guidelines to comprehensively evaluate its performance char-
acteristics and ensure regulatory compliance. Key parameters of
validation—namely linearity, accuracy, precision, and robust-
ness—were systematically assessed using predefined experi-
mental protocols and statistical criteria.** In addition, the
method's environmental sustainability was assessed using
a green analytical chemistry tools, supporting its application in
sustainable pharmaceutical development. This integrated
analytical approach not only facilitates precise quantification of
dual drugs in nanocarrier systems but also aligns with the
current trends toward green and quality-centric analytical
sciences.

2. Experimental
2.1 Materials

Saracatinib (MW: 542.0 g mol~; purity > 98%; white crystalline
powder) was procured from TCI Chemicals, Japan, while rapa-
mycin (off-white powder, purity > 98%; 914.2 g mol ') was
kindly provided by Biocon Biologics, Bengaluru, Karnataka,
India. Chromatographic-grade solvents like acetonitrile (ACN)
and methanol were purchased from Sigma-Aldrich Chemicals
Private Limited, Bengaluru, Karnataka, India. A 12 kilo Dalton
molecular weight cut-off of dialysis membrane was procured
from Merck Life Science, Mumbai, Maharashtra, India. BASF,
Mumbai, India, generously supplied the Soluplus. Furthermore,
DSPE-PEG2000 and soy lecithin were provided as kind gift
samples from Lipoid, Germany. A 150 x 4.6 mm Agilent XDB
C18 column (120 A, 5 pm) was procured from Agilent Tech-
nologies, United States. Meanwhile, the 0.45 um membrane
filter was sourced from Riviera Glass Private Limited, Mumbai,
Maharashtra, India. Additional analytical-grade reagents,
including orthophosphoric acid, sodium hydroxide, and
potassium dihydrogen phosphate, were procured from Sigma-
Aldrich Private Limited, Bengaluru, Karnataka, India. Milli-Q
water used throughout the experiments was prepared in-
house utilizing a Milli-Q filtration unit (Millipore GmbH,
Germany).

2.2 Instrumentation

A Shimadzu Corporation (Japan) HPLC system was employed
for analysis, configured with an LC20-AD solvent delivery pump,
a CTO-10ASvp column oven, an SIL20-AC HT autosampler, and
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a SPD-M20A detector. The system was operated, and data were
processed employing LabSolutions (Shimadzu Corporation,
Japan). For precise weighing of samples and standards, an
analytical balance that has been well calibrated (Sartorius
Mechatronics, India) was utilized. The mobile phase was pro-
cessed vig a 0.45 pm membrane filter (Riviera Glass, India) and
sonicated in a bath sonicator (Labtronics, India) for efficient
degassing prior to use.

2.3 Preparation of analytical standard and tests samples for
HPLC analysis

To prepare the primary stock (1 mg mL™'), accurately 10 mg
each of Saracatinib (SRC) and Rapamycin (RAP) were dissolved
individually in Milli-Q water (10 mL). After sonication to achieve
complete dissolution, the primary stock solutions were diluted
with Milli-Q water to obtain 500 ug mL ™" working stocks.

2.4 Determination of isosbestic wavelength

A stock solution containing both saracatinib and rapamycin
was prepared in ACN to obtain a concentration of 1 mg mL™".
Aliquots of this solution were subsequently analyzed employing
a PerkinElmer LAMBDA 365+ double-beam UV-vis spectropho-
tometer, with measurements conducted in quartz cuvettes over
the wavelength spectrum of 200-800 nm to determine the
maximum absorption (Amay), utilizing ACN as the blank. The
isosbestic point of the two drugs was identified through overlay
analysis of their UV spectra. The isosbestic point provides
several advantages for simultaneously estimating two drugs.**
It offers certain benefits that include simpler data interpreta-
tion and assures that system suitability parameters are met. It
also helps to specifically identify two or more active compo-
nents that are in a single formulation. Hence, the isosbestic
point was selected.

2.5 AQbD-based optimization of the chromatographic
parameters

The initial phase of the AQbD approach involves defining the
ATP to establish clear objectives for method development.?*4%-*
This systematic strategy proceeds through sequential steps,
including setting method goals, identifying potential risks, and
pinpointing critical method parameters (CMPs) as well as crit-
ical quality attributes (CQAs) using design of experiments
software (DoOE).***”"> Design Expert® (v23.1, Stat-Ease® 360,
USA) was used to construct the response surface methodology
(RSM) by using the experimental values. A second-order design,
specifically the Box-Behnken design, was applied, which is
obtained from incomplete factorial designs and utilizes three
levels for each factor.”*** For optimizing the chromatographic
conditions for simultaneously estimating both the drugs,
a three factor, three levelled BBD was employed.**>” The
experimental design consisted of three parts, with one factor
fixed at the zero level and the other two factors set at three
levels. A second-order polynomial equation was analyzed
employing the DoE software to evaluate the quadratic response
surfaces. The Box-Behnken design ensured a cost-effective
optimization process by requiring fewer runs than full
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factorial designs to accurately characterize the analytical design
space. In the current study, 15 runs having 3 centre points were
used. The quadratic equation shown below explains the implied
model.

Y= bo + blA + sz + b3C + bleB + b13AC + b23BC
+ by A® + byB + by C (1)

where Y is a response variable that corresponds with the
combination of factors at each level; b, represents the intercept;
the terms b; to b;; represent regression coefficients that are
calculated on the basis of experimentally observed values, i.e.,
responses; and factor A, factor B, and factor C denote the coded
values of independent factors.*®*® Experiments employing one-
factor-at-a-time (OFAT) were carried out initially to understand
individual factor influence and to define the appropriate ranges
for the independent variables used in the BBD. As a prominent
response surface methodology, the BBD optimizes experimental
conditions by positioning experimental points at the multidi-
mensional cube's edge midpoints and at the centre. This stra-
tegic placement minimizes the total number of required runs
without compromising the predictive accuracy of the resulting
models. All runs were randomized to eliminate bias due to
uncontrolled variability. This research employed a three-level
BBD to systemically optimize independent factors; concentra-
tion of ACN (% v/v) in mobile phase: A, mobile phase flow rate
(mL min™"): B, and injection volume (uL): C. The selected
dependent variables were retention time (¢g) of SRC and RAP (R,
and R,, respectively), peak area of SRC and RAP (R; and Ry,
respectively), and resolution (Rs). On the basis of the desirability
function derived from the model, optimal method conditions
were selected for further validating the method and analytical
application. In comparison to other experimental designs, Box
Behnken design exhibits significant benefits. It consists of three
components, 12 runs, and 3 replicates at the centre point, using
less energy and time. Each element is also investigated and
categorized at 3 fundamental levels.®® SI Table S1 provides an
overview of the independent factors and dependent responses
employed in Box Behnken design.

To optimize the chromatographic parameters, a desirability
function approach was used to concurrently optimize multiple
response variables. Each response were assigned individual
desirability functions (di) based on predefined goals, including
minimization of retention times (R; and R,) and maximization
of peak areas (R; and R,) and resolution (Rs). Each response was
transformed into a desirability value between 0 (completely
undesirable) and 1 (fully desirable) using Derringer's desir-
ability function. The lower and upper bounds for each response
were defined based on experimentally observed ranges obtained
from the Box-Behnken design. Equal importance weights were
assigned to all responses to ensure balanced optimization. The
overall desirability (D) was determined as the geometric mean of
individual desirability functions, expressed as:

D= (dy x d» x dy x dy x ds)'”® (2)
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where d;-ds represent individual desirability values corre-
sponding to each response. This approach ensures simulta-
neous optimization of all critical analytical attributes while
maintaining method robustness.

2.6 Validation of HPLC method

This is a systematic process that provides a high degree of
confidence that the developed method is acceptable for its
specified use. The optimized reverse phase-HPLC was validated
according to International Council for Harmonisation Q2(R2).**
The developed method was evaluated for linearity, precision,
accuracy, limits of detection and quantification (LOD and LOQ),
solution stability, robustness, and system suitability, thereby
verifying the method to be reliable and reproducible for routine
analysis.?*%1-¢*

2.6.1 Linearity. Linearity was established over six different
concentration levels from the limit of detection to 140% of 500
ng mL™" (i.e., target concentration). The drug concentration (x)
was plotted against the peak area (y) to generate calibration
curves. The linear regression equations and correlation coeffi-
cient (?) values were calculated to evaluate the strength of the
linear relationship. The findings verified that the method
produces concentration-dependent responses within the
established range.

2.6.2 Accuracy. Method accuracy was evaluated via recovery
studies at three distinct concentrations—80%, 100%, and
120%—Dby spiking the prepared formulation with known
amounts of the standard drugs. The recovery (%) of SRC and
RAP was determined. The acceptable recovery range was set
between 98% and 102%, in accordance with the ICH frame-
work, indicating the reliability of the method in estimating the
analytes without interference from formulation excipients.

2.6.3 Precision of analytical method. Method repeatability
was analyzed by assessing six replicate samples, each having
500 ug mL~" of SRC and RAP. Intraday precision and interday
precision were analyzed at three concentrations (100, 300, and
500 pg mL ") of both drugs. For intraday precision, triplicate
samples were analyzed at multiple time points on the same day
to evaluate short-term variability, whereas interday precision
was determined by evaluating triplicate samples on different
days to confirm the method's consistency and reproducibility
over time. For each assessment, the percent relative standard
deviation (% RSD) was calculated, with an acceptance criterion
of less than 2%, according to ICH guidelines, indicating good
precision.

2.6.4 Specificity of analytical method. Specificity was
assessed by analyzing blank/placebo formulation (drug-
unloaded LPHNPs) and drug-loaded LPHNP samples under
the optimized chromatographic conditions. Blank placebo
samples containing all formulation excipients but excluding the
analytes were prepared and processed similarly to test samples
to evaluate potential interference arising from excipients at the
retention times corresponding to SRC and RAP. Drug-loaded
LPHNP samples containing both analytes were analyzed to
verify simultaneous separation and detect any possible co-
eluting matrix components. Chromatograms were examined
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for retention time consistency, peak symmetry, baseline sepa-
ration, and presence or absence of interfering peaks at the
analyte retention times. Resolution between SRC and RAP peaks
was determined as part of specificity assessment, with adequate
separation considered indicative of selective quantification. In
addition, specificity was further supported through photodiode
array (PDA) spectral evaluation by examining spectral consis-
tency across the peaks of both analytes to assess peak homo-
geneity and exclude evidence of co-eluting components.

2.6.5 Determination of limit of detection (LOD) and limit
of quantification (LOQ). The limit of detection (LOD) and limit
of quantification (LOQ) were determined based on signal-to-
noise criteria. The obtained LOD and LOQ values indicate
that the method is sufficiently sensitive for the detection and
quantification of SRC and RAP at low concentrations. These
were calculated using eqn (3) and (4) as per guidelines
prescribed by ICH.

LOD = 3.3 x (g) 3)
LOQ = 10 x (g) (@)

Here, ¢ represents the standard deviation (SD) of the intercept
of the calibration curve, whereas S corresponds to the slope of
the regression line.

2.6.6 Evaluation of solution stability. The solution stability
of saracatinib and rapamycin was analyzed over a period of 72
hours at 2-8 °C (under refrigerated conditions). Sample solu-
tions were kept in sealed containers and were subjected to
analysis at predetermined time points of 0, 12 h, 24 h, 48 h, and
72 h to systematically monitor any changes over time. These
controlled storage conditions were maintained to ensure that
any measurable change in analyte concentration could be
accurately attributed to intrinsic stability rather than external
factors. At each specified time point, the samples were assessed
employing the validated method, and the results were
compared to the initial concentration. Stability was deemed
acceptable if the percentage difference in peak area remained
within the acceptance criterion of =£2%, signifying no
substantial degradation.

2.6.7 Robustness. To evaluate the robustness of the opti-
mized chromatographic method, small deliberate changes were
introduced to critical parameters, including the temperature of
the column, the pump flow rate, and the concentration of for-
mic acid (FA) in the mobile phase. These controlled adjust-
ments were designed to mimic small operational changes that
may occur during daily laboratory practice and to evaluate their
influence on analytical performance. The peak area's % RSD
was calculated for each condition, with values below 2%
considered acceptable, indicating the consistency and reli-
ability of the analytical method under a varied environment.

2.6.8 Assessment of system suitability. The suitability of
the system was evaluated by injecting six replicate standard
solutions containing SRC and RAP. For each injection, critical
parameters were calculated, including retention time to assess
reproducibility of analyte elution, resolution to confirm

© 2026 The Author(s). Published by the Royal Society of Chemistry
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adequate separation between peaks, and theoretical plate count
as an indicator of column efficiency. Additionally, the capacity
factor was determined to evaluate appropriate analyte reten-
tion, and the tailing factor was calculated to assess peak
symmetry and overall chromatographic performance. The ob-
tained values were compared with predefined system suitability
acceptance criteria. Compliance with these limits confirmed the
stability, efficiency, and reliability of the analytical setup,
ensuring its suitability for accurate and precise quantitative
analysis of SRC and RAP.

2.7 Formulation of SRC + RAP-loaded LPHNPs

Dual drug-loaded lipid polymer hybrid nanoparticles were
formulated using a straightforward and reproducible film
hydration method, with slight modifications from previously
reported protocols.®>® Briefly, the SRC and RAP were dissolved
together in methanol at 1 mg mL™* each, along with 20 mg
mL~" of Soluplus. The drug-polymer solution (10 mL) was
subjected to complete evaporation of solvent under reduced
pressure using a rotary vacuum evaporator, resulting in a thin,
uniform film along the inner surface of the flask. This film was
subsequently hydrated using Milli-Q water (10 mL) containing
0.1 mg mL~" of DSPE-mPEG-2000 and 3 mg mL ™" of soy leci-
thin, serving as the lipid phase. Self-assembly of the LPHNPs
was achieved by magnetically stirring the resulting mixture at
a rate of 1200 rpm for a duration of 30 minutes at ambient
temperature.” The prepared nanosuspension was maintained
under optimized storage conditions to preserve its physico-
chemical integrity until subsequent characterization and
analytical testing.

2.8 Analysis of entrapment efficiency (%) and drug content
(%)

The drug entrapment efficiency (% EE) for SRC + RAP in
nanocarrier was determined by separating the free (unen-
trapped) drug from the supernatant by employing centrifuga-
tion (5810R, Eppendorf, Germany). The sample underwent
centrifugation at a speed of 5000 rpm for 1 hour for the sepa-
ration of the free drug. An aliquot of 10 pL of supernatant was
then diluted with 1 mL of ACN to obtain a suitable concentra-
tion within the analytical range. The resulting sample was
filtered to remove any residual particulates, and the resulting
concentrations of both drugs were estimated with the help of
the developed method.*®*® The % EE was calculated using eqn

(5).

% EE — total drug in LPHNPs — free drug in supernatent

total drug in LPHNPs

x 100
(5)

The drug content (% DC) and drug loading (% DL) were
estimated by first preparing the nanoparticle sample for anal-
ysis. Approximately 0.1 mL of the formulation was accurately
measured and mixed with 0.9 mL of ethanol to facilitate
complete disruption of the carrier system and ensure thorough
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dissolution of the encapsulated SRC and RAP, and then vor-
texed for 3 minutes to obtain a homogeneous solution and
promote efficient drug release from the matrix of LPHNPs, fol-
lowed by filtering through a syringe filter (0.22 pm) to eliminate
any residual particulates that might hinder the chromato-
graphic performance. The filtrate was analyzed using validated
method.* The % drug content and % drug loading were esti-
mated using the following eqn (6) and (7).>

amount of drug obtained
total amount of drug

% DC = x 100 (6)

o0
%pL= — 2 PC 00 (7)
total excipients

2.9 Invitro drug release

As previously reported,>**7° the dialysis membrane bag
method was used to determine the in vitro release (%) of SRC
and RAP from the nanocarrier. A 12 kilo Dalton dialysis
membrane was employed. Phosphate buffer solutions (PBS) at
pH 5.4 and 7.4 were employed as the dissolution media to
simulate the tumor microenvironment and normal physiolog-
ical conditions, respectively.”®”* The dialysis setup was main-
tained under continuous magnetic stirring at 100 rpm while the
temperature of the media was maintained at 37 + 2 °C. Sink
conditions were maintained by withdrawing 1 mL aliquots and
replacing with fresh media predetermined intervals (0, 0.25, 0.5,
1, 2, 4, 8, 12, 24, 48, and 72 h). The withdrawn samples were
subsequently analyzed for cumulative drug release profile using
developed RP-HPLC system (LC-2030C, Shimadzu, Japan).”

2.10 Evaluation of method greenness using green analytical
chemistry (GAC) principles

The environmental sustainability of the developed analytical
method was assessed using three complementary GAC tools,
namely the Analytical GREEnness Metric (AGREE), Complex
Modified Green Analytical Procedure Index (ComplexMoGAPI),
and Analytical GREEnness Metric for Sample Preparation
(AGREEprep). The AGREE tool was applied to assess the overall
greenness of the analytical method based on the twelve prin-
ciples of GAC, where each principle was scored and weighted
according to its relevance, generating an integrated greenness
score along with a visual pictogram representation. In parallel,
the AGREEprep tool was employed to specifically evaluate the
sustainability of the sample preparation procedure using ten
criteria related to sample preparation placement, use of
hazardous materials, waste generation, material sustainability,
sample economy, throughput, level of automation, energy
requirements, post-sample preparation configuration, and
operator safety. Additionally, the ComplexMoGAPI tool was
used to provide a holistic pictographic assessment of the entire
analytical workflow, including sample preparation, instrumen-
tation, reagents, occupational hazards, purification, and waste
generation. The greenness profiles generated by these tools
were interpreted through their respective numerical scores and
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color-coded visual outputs (green, yellow, and red zones) to
comprehensively assess the environmental impact and overall
sustainability of the developed analytical method.”*

2.11 Statistical analysis

Statistical analyses were performed using GraphPad Prism
(10.6.1, GraphPad Software, USA). Values expressed as mean +
SD (n = 3-15). To assess the significant differences among
groups, one-way ANOVA was carried out, followed by Dunnett's
test to compare each test group with the control. A p-value less
than 0.05 was considered to be statistically significant, with
each level of significance assigned by asterisks: *p < 0.05, **p <
0.01, ***p < 0.001, **p < 0.0001, while “ns” denoted results that
were not significant.

3. Results and discussion

3.1 UV-visible spectral analysis for determination of
isosbestic point

The UV absorption spectra of SRC and RAP were recorded over
200-800 nm range to identify a suitable wavelength for simul-
taneous quantification. Overlay analysis of the spectra revealed
an isosbestic point at 267 nm, corresponding to the intersection
of the absorbance curves of both analytes, indicating equal
molar absorptivity (SI Fig. S1). The selection of the isosbestic
wavelength offers a key analytical advantage by enabling
simultaneous quantification of both drugs without the need for
wavelength switching or multi-wavelength detection, thereby
simplifying the analytical method and improving reproduc-
ibility. This approach is particularly beneficial for dual-drug
systems where spectral overlap may otherwise complicate
quantification. However, careful evaluation of the spectral
profiles indicates that the absorbance curve of rapamycin
exhibits a relatively steep slope in the vicinity of 267 nm. As
a result, small deviations in detector wavelength could poten-
tially lead to comparatively higher variability in RAP response.
This highlights an inherent trade-off associated with the use of
an isosbestic point, where analytical simplicity may come at the
expense of increased sensitivity to wavelength variation for one
of the analytes. Despite this consideration, the isosbestic
wavelength was retained due to its overall advantages in method
simplicity, consistency, and suitability for simultaneous esti-
mation. Furthermore, the use of a photodiode array (PDA)
detector with high wavelength accuracy and stability minimizes
the practical impact of such variations under controlled
analytical conditions. Alternatively, selection of a spectrally
flatter wavelength region could reduce sensitivity to wavelength
fluctuations; however, this may compromise detection sensi-
tivity or require more complex analytical strategies. Therefore,
the isosbestic point at 267 nm was considered an optimal
compromise between analytical robustness, sensitivity, and
operational simplicity. Nonetheless, wavelength robustness
remains an important consideration and may be further
explored in future method optimization studies.
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3.2 Analytical method development using AQbD framework

Based on the AQbD strategy outlined in Section 2.5, risk
assessment identified three critical method parameters (4: %
ACN, B: flow rate and C: injection volume), which were subse-
quently optimized through BBD. The resulting analytical design
space enabled simultaneous achievement of target retention
behaviour, peak response and resolution. Detailed risk priori-
tization and model optimization outcomes are discussed in
later sections.

3.3 Identification of CMPs through risk analysis

During RP-HPLC method development, the critical method
parameters that could potentially influence analytical perfor-
mance were carefully identified following the risk-based prin-
ciples described in ICH Q9 framework.®® A structured risk
analysis was performed for the independent variable (X,),
classifying the associated risk to each method response (Y,) as
low, medium, or high. The results of this evaluation are
depicted in SI Table S2. The risk assessment identified three
high-risk factors: A (% acetonitrile), B (flow rate), and C (injec-
tion volume)-due to their pronounced effect on chromato-
graphic responses. These factors significantly affected critical
analytical attributes, including ¢z of SRC (R;) and RAP (R,), peak
area of SRC (R;3) and RAP (R,), and resolution (Rs). Considering
their substantial impact on analytical performance, these
parameters were chosen as independent variables for subse-
quent optimization, and their corresponding experimental
levels is presented in SI Table S1.

3.4 Statistical optimization

A three-factor, three-level BBD generated an experimental
matrix comprising 15 runs. This design incorporated three
centre points to specifically assess the reproducibility and
inherent variability of the analytical procedure. Each of these 15
predicted run conditions was evaluated using reverse-phase
HPLC, and the obtained results were analyzed to identify ideal
chromatographic conditions. Table 2 depicts the results of each
trial and the effect of individual as well as interactive variables
on method performance. Considerable variation in the
responses across the experimental domain confirmed that the
selected factor ranges were appropriate for modelling and
optimization. The centre-point replicates exhibited minimal
variability, supporting good experimental reproducibility.
ANOVA demonstrated that the developed quadratic models
were statistically significant for all responses (p < 0.05), con-
firming that variations in chromatographic performance were
meaningfully driven by changes in factor levels. The models
exhibited high adjusted and predicted R*> values with close
agreement between them, indicating strong explanatory and
predictive capability (SI Table S3). Furthermore, adequate
precision values for R, to R; were 21.94, 22.24, 24.88, 25.17, and
20.09, respectively, exceeded the threshold value of 4 for all
responses, confirming adequate signal-to-noise ratio and model
discrimination. The results affirm the validity of the quadratic
polynomial model's suitability for optimizing the method. To

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Factor levels and their corresponding observed responses in BBD

Injection

Mobile phase Flow rate volume Retention time of Retention time of Peak area of Peak area of Resolution
Runs conc. (4), % (B), mL min™" (C), pL SRC (R;)%, min RAP (R,), min SRC (R;), AU RAP (R,)4, AU (Rs)*
1 20 1 10 3.76 £ 0.02 9.45 £ 0.05 5424 £ 37 19327 + 136 189 £ 0.1
2 30 0.8 10 4.10 £ 0.03 10.29 £ 0.06 5548 & 42 19756 + 187 20.6 £ 0.1
3 20 0.8 5 4.19 £ 0.03 10.54 £ 0.08 5248 £+ 37 18682 + 167 21.0 £ 0.1
4 20 1 10 3.80 &+ 0.02 9.48 £ 0.05 5464 £ 32 19461 + 176 19.1 £ 0.1
5 30 1 5 4.31 + 0.04 10.84 + 0.07 5067 £ 27 18058 + 193 21.6 + 0.1
6 10 1.2 10 3.12 £ 0.02 7.85 £ 0.04 5024 £ 41 17879 + 161 15.7 £ 0.1
7 20 1.2 5 3.50 £ 0.03 8.79 £ 0.05 4519 + 36 16 084 + 136 17.6 £ 0.1
8 30 1 15 4.16 £ 0.04 10.45 £ 0.07 6087 & 49 21686 £+ 203 20.8 £0.1
9 20 1.2 15 3.53 +0.03 8.88 £ 0.06 5693 + 40 20298 £ 219 17.7 £ 0.1
10 20 1 10 3.78 £ 0.03 9.47 £ 0.06 5447 £ 24 19383 + 184 19.4 £ 0.1
1 10 1 15 3.57 £ 0.03 8.98 + 0.05 5912 £ 37 21056 £ 221 179+ 0.1
12 30 1.2 10 3.98 £ 0.04 10.01 £ 0.08 4812 + 25 17155 + 157 19.9 £ 0.1
13 10 0.8 10 3.98 £ 0.04 10.01 £ 0.09 5492 + 38 19556 + 189 19.9 £ 0.1
14 10 1 5 3.61 £ 0.02 9.08 £ 0.07 4900 + 51 17469 + 127 18.1 £ 0.1
15 20 0.8 15 4.07 + 0.03 10.24 + 0.08 6193 £ 57 22037 £ 237 20.4 + 0.1

“ Mean =+ SD; n = 3.

represent the impact of experimental factors on the critical
analytical attributes, a series of reduced quadratic models was
established (eqn (8)-(12)), which were derived based on statis-
tically significant regression coefficients.

Ry = +3.78 + 0.28254 — 0.2760B — 0.0340C + 0.1865A4B
— 0.0290A4C + 0.0385BC + 0.05224>
— 0.03738% + 0.0807C? (8)

Ry = +9.47 + 0.71024 — 0.6938B — 0.0855C + 0.46934B
—0.07284C + 0.0967BC + 0.1476 4>
—0.0774B% + 0.2191C? (9)

R; = +5444.89 + 23.424 — 303.82B + 518.93C — 66.974B
+1.814C + 57.00BC — 73.9247

— 152.028% + 120.68C? (10)

Ry = +19390.50 + 86.774 — 1076.91B + 1847.89C — 231.224B
+10.324C + 214.55BC — 256.024>

— 547.90B% + 432.65C? (11)

Rs =+19.12 + 1.414 — 1.38B — 0.1716C + 0.91554B
—0.12734C + 0.1920BC + 0.16624°
—0.2550B% + 0.3147C2 (12)

In addition to conventional statistical parameters, the
predictive performance of the developed models was rigorously
evaluated using model validation metrics, including Root Mean
Square Error (RMSE) and Predicted Residual Error Sum of
Squares (PRESS). The RMSE values were found to be low across
all responses, with values of 0.0675 and 0.1673 for the retention
times of SRC and RAP, respectively, while peak area responses
exhibited RMSE values of 80.98 (SRC) and 284.54 (RAP), and the
resolution model showed an RMSE of 0.3647. These low RMSE
values indicate high predictive accuracy and minimal deviation
between experimental and predicted responses. Consistently
low PRESS values further confirmed the strong predictive

© 2026 The Author(s). Published by the Royal Society of Chemistry

capability of the developed quadratic models. Model adequacy
was further validated through residual diagnostics and graph-
ical analysis (SI Fig. S3). The predicted versus actual plots
demonstrated a strong correlation between experimental and
predicted values (Fig. 1), while residuals versus predicted plots
showed random dispersion around zero without any discernible
pattern (SI Fig. S4), indicating the absence of systematic bias.
Additionally, normal probability plots of residuals exhibited
near-linear behaviour, confirming the normal distribution of
errors. Collectively, these statistical and graphical evaluations
substantiate the adequacy, robustness, and predictive reliability
of the developed models for analytical method optimization.

Statistical modelling via BBD yielded polynomial regression
equations that successfully mapped the influence of three
independent variables on the dependent responses. These
response variables were tz of SRC and RAP (R, and R,, respec-
tively), peak areas (R; and R,), and resolution (R;). The model for
R, (SRC ty) revealed that ACN percentage (A) had a positive effect
(with increased organic content prolonging retention time),
while flow rate (B) had a negative influence (higher flow rates
shortened ¢z due to reduced interaction time). A significant
positive AB interaction indicated a synergistic influence on
retention. A comparable pattern was evident for R, (RAP tg),
with increasing ACN concentration, prolonged retention, while
higher flow rates shortened it. Additionally, the quadratic
equations for A> and C” revealed a curve in the response surface,
highlighting the existence of an optimal zone for each variable.
With regard to peak area (R; for SRC and R, for RAP), they were
primarily influenced by flow rate and injection volume. RAP
demonstrated a particularly pronounced positive dependency
on injection volume, which suggests that detector response is
highly sensitive to volume variations. Both the model of peak
area also included significant quadratic terms, especially B> and
C?, indicating non-linear effects that further reinforced the need
for careful control of these parameters to maximize both signal
intensity as well as analytical sensitivity.
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Fig.1 Predicted vs. actual graphs for the responses (a) SRC retention time; (b) RAP retention time; (c) SRC peak area; (d) RAP peak area; and (e)

resolution.

For resolution (Rs) between SRC and RAP, the model
captured equal contributions from all dependent variables. The
significant AB interaction emphasized the critical role of ACN
concentration and flow rate interplay in achieving optimal
separation. The presence of strong quadratic effects (4%, B*, C?)
pointed to a well-defined optimum zone within the design
space, affirming the utility of BBD in identifying and fine-tuning

26534 | RSC Adv, 2026, 16, 26526-26545

method conditions. By utilizing the developed polynomial
models, three-dimensional (3D) response surface plots (Fig. 2)
and perturbation plots (Fig. 3) were developed, which visually
represented the relationships between variables and responses.
These graphs were instrumental in defining the MODR, thus
establishing the robustness and reproducibility of the devel-
oped method.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Response surface graphs (3D) illustrating the influence of independent variables on responses (labelled R; through Rs). These responses
include: (a) SRC retention time; (b) RAP retention time; (c) SRC peak area; (d) RAP peak area; and (e) resolution.

Statistical analysis of the models demonstrated their high
predictive power, as evidenced by low p-values, significant F-
values, and high coefficients of determination (R?), all of which
validate the derived regression equations. These combined
outcomes showcase the effective use of the AQbD approach for
developing an analytical method for co-quantification of SRC
and RAP, particularly within the context of complex
nanocarrier-based formulations.

© 2026 The Author(s). Published by the Royal Society of Chemistry

3.4.1 Desirability and identification of optimum method
condition. Using the AQbD framework, the chromatographic
conditions were optimized employing desirability. The optimi-
zation criteria were defined such that retention times of SRC
and RAP were minimized within the experimental range to
ensure rapid analysis, while peak areas and resolution were
maximized to achieve high sensitivity and efficient separation.
The bounds for each response were selected based on the
observed minimum and maximum values obtained from
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Fig. 3 Schematic illustration of perturbation graphs demonstrating the effect of independent factors on selected responses (labelled R; through
Rs). These responses include: (a) SRC retention time; (b) RAP retention time; (c) SRC peak area; (d) RAP peak area; and (e) resolution. Curves
correspond to variation in A: ACN concentration, B: flow rate, and C: injection volume. The x-axis denotes deviation from the reference point in
coded units, where —1, 0, and +1 correspond to the actual values of 10%, 20%, and 30% ACN; flow rates of 0.8, 1.0, and 1.2 mL min~%; and 5, 10,

and 15 pl injection volume, respectively.

experimental runs. Equal weights and importance were
assigned to all responses, ensuring that no single parameter
disproportionately influenced the optimization outcome. The
desirability ramp functions were applied accordingly to convert
each response into an individual desirability scale prior to
calculating the composite desirability (SI Table S4).

The desirability score, calculated as a single metric inte-
grating all responses, reached a peak score of 0.977 (Fig. 4). This
near-unity result indicates an optimal balance among the CQAs,
confirming the suitability and robustness of the final condi-
tions. It is important to note that while baseline

26536 | RSC Adv, 2026, 16, 26526-26545

chromatographic separation typically requires a resolution (R;)
value of approximately 2, the optimized method yielded
a significantly higher resolution (~19). In the present study,
resolution was treated as a maximization objective to ensure
complete and reliable separation of the two structurally distinct
and hydrophobic analytes within a complex nanocarrier matrix.
Considering the potential presence of formulation excipients,
degradation products, or matrix-related interferences, a higher
resolution was deemed advantageous to enhance method
selectivity, peak purity, and analytical robustness. Although
a target-based optimization strategy (e.g., Rs = 8-10) could

© 2026 The Author(s). Published by the Royal Society of Chemistry
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potentially reduce analysis time or solvent consumption, the
selected chromatographic conditions resulted in a total run
time of 18 minutes, which was considered acceptable in view of
the improved separation efficiency and reliability of the
method. The increased resolution provides an additional safety
margin against co-elution, particularly important for routine
analysis of complex formulations. Therefore, open-ended
maximization of resolution was preferred to prioritize robust-
ness and method reliability over marginal gains in analysis
time. Nevertheless, adopting a target-based resolution criterion
may be explored in future studies to further optimize run time
and enhance the green analytical profile of the method. Based
on the optimized desirability function, the optimum chro-
matographic conditions were determined as follows. A 150 mm
X 4.6 mm, 5 um, 120 A Agilent XDB-C18 column was pre-
selected based on its established suitability for reversed-phase
separation of hydrophobic compounds and was used as the
stationary phase throughout the study. The choice of column
was not included as a variable within the AQbD optimization,
which focused on CMPs such as concentration of mobile phase,
flow rate, and injection volume. Simultaneous quantification of
SRC and RAP without co-elution was achieved using an isocratic
mobile phase comprising ACN and 0.1% FA in water (20 : 80, v/
v), which provided optimal peak symmetry, resolution, and
reproducibility, with a 1 mL min™" of flow rate (for balanced
throughput and resolution), and a 10 pL injection volume (for
adequate sensitivity). The temperature of the column oven was
kept at 25 °C to ensure temperature consistency, minimizing
variability in retention times.
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The reliability of the optimized method was validated by
carrying out six replicate analyses (n = 6) under these condi-
tions. Experimental response values were compared to the
predictions from the regression models. In all cases, the relative
error between predicted and actual responses was found to be
<10%, confirming the accuracy, precision, and predictive
strength of the model. This minimal deviation indicates that
the developed model accurately depicts the analytical system
and ensures consistent and reproducible performance across
repeated runs (Table 3). The chromatogram, presented in Fig. 5,
features symmetric, well-separated peaks for both saracatinib
and rapamycin. This high-quality separation confirms that the
optimized method is fit-for-purpose for routine analysis. The
chromatographic separation of SRC and RAP on a Ci18
stationary phase can be rationalized based on their physico-
chemical properties, including polarity, lipophilicity, and ioni-
zation behaviour. SRC exhibits moderate lipophilicity (log P ~
3-4) and contains ionizable functional groups with reported pK,
values that allow partial protonation under acidic conditions. In
the present study, the mobile phase consisted of 0.1% FA,
resulting in a low pH environment where SRC exists predomi-
nantly in its protonated and relatively more polar form. This
reduces its interaction with the non-polar C18 stationary phase,
leading to earlier elution (g = 3.8 min). In contrast, RAP is
a highly lipophilic macrolide compound with a significantly
higher logP (~4.5-5.5) and lacks strongly ionizable groups
within the studied pH range. As a result, RAP remains largely
non-ionized and exhibits stronger hydrophobic interactions
with the C18 stationary phase, resulting in prolonged retention

Table 3 Checkpoint analysis of critical chromatographic responses under optimized conditions

Chromatographic responses Predicted value

Observed value Relative error Desirability

Retention time of SRC (min)* 3.78 £ 0.07
Retention time of RAP (min)* 9.47 £ 0.17
Peak area of SRC (AU)* 5450 + 81
Peak area of RAP (AU)* 19409 + 285
Resolution” 19.1 + 0.4

“ Values are presented as mean + SD; n = 3.

© 2026 The Author(s). Published by the Royal Society of Chemistry

3.79 £ 0.02 0.1 0.977
9.46 + 0.03 0.1
5441 £ 94 9
19303 + 258 106
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Fig. 5 RP-HPLC chromatogram demonstrating simultaneous separation of SRC and RAP in a standard solution (500 pg mL~* each), having

retention times of 3.787 minutes for SRC and 9.462 minutes for RAP.

(trk = 9.4 min). Thus, the observed separation is primarily
governed by differences in hydrophobicity and ionization
behaviour, with SRC eluting earlier due to increased polarity
under acidic conditions, while RAP shows delayed elution due
to its strong lipophilic character. This physicochemical
distinction enables effective resolution between the two analy-
tes under the optimized chromatographic conditions.

3.5 Validation of RP-HPLC method

The developed method's validation was performed in accor-
dance to the International Council for Harmonisation Q2(R2)
framework,** ensuring that all critical performance character-
istics met established regulatory standards. A detailed overview
of validation results is depicted in Table 4.

Table 4 A detailed overview of validation parameters

3.5.1 Linearity. Linearity of the RP-HPLC method for SRC
and RAP was assessed using six standard concentration levels,
each injected in triplicate, ranging from the limit of detection to
140% of 500 pg mL ™" (ie., target concentration). Curves were
generated by plotting drug concentration against the corre-
sponding peak area, thereby establishing the proportional
correlation between concentration of analyte and response of
the detector across the specified range. The method demon-
strated excellent linearity, with 7* of 0.9999 for SRC and 1.000
for RAP, reflecting a strong concentration-response relation-
ship. The regression equations obtained from the calibration
curves were found to be y = 7709.9x — 11 831 for SRC and y =
116 17x + 37 014 for RAP (SI Fig. S2). These results confirm the

Sr. no. Parameters Saracatinib (SRC)” Rapamycin (RAP)*
1 Retention time (tg) 3.79 £ 0.02 9.46 + 0.03
2 Peak area 3.84 x 10° + 1.0 x 10* 5.94 x 10° + 2.3 x 10*
3 Theoretical plates (N) 28460 + 130 77 630 £ 360
4 Tailing factor (T) 1.36 + 0.02 1.80 £ 0.03
5 Capacity factor (k') 1.43
6 Resolution 189+ 0.1
7 Linearity equation y =7709.9x — 11831 y=11617x + 37014
8 R 0.9999 1
9 Accuracy (% recovery)
80% 98.9 £ 0.6 100.2 £ 0.5
100% 100.3 £ 0.3 99.9 + 0.1
120% 99.9 £ 0.2 100.4 + 0.2
10 Precision (% relative standard deviation)
Intra-day precision (ug mL™")
100 0.4 0.7
300 0.4 0.4
500 0.3 0.4
Inter-day precision (ug mL ™)
100 0.7 0.8
300 0.4 0.5
500 0.3 0.4
11 LOD (ug mL™) 1.33 0.68
12 LOQ (ug mL ™) 4.0 2.04

“ Mean =+ SD; n = 3.
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linear nature of the method and its suitability for simulta-
neously estimating both drugs within the desired range.

3.5.2 Accuracy. Method accuracy was assessed by per-
forming recovery studies conducted at 80%, 100%, and 120% of
the target concentration. Known quantities of standard drugs
were spiked into the pre-analyzed sample matrix and measured
in triplicate. The recorded percentage recoveries-99.86 to
100.26% for SRC, and 99.87 to 100.36% for RAP (Table 4)-
demonstrate the accuracy of the developed method. The mean
recoveries ranged between 98% and 102% were within the
acceptable range. The strong agreement between experimental
results and theoretical values confirms the accuracy of the
method and its reliability for quantifying both drugs
simultaneously.

3.5.3 Precision of the analytical method. The precision of
the optimized method was systematically evaluated by assess-
ing repeatability, intraday precision, and interday precision to
ensure the consistency and reproducible nature of the obtained
results. Repeatability of the analytical method was evaluated by
analyzing six replicate analyses of the same samples at
a concentration of 500 ug mL ™", and the results are presented in
Table 5. The % RSD values for peak area were below 2% for both
analytes, indicating acceptable repeatability of the method.
Interday and intraday precision studies were assessed at three
distinct concentrations, and the resulting data are depicted in
Table 4. Across all evaluated conditions, the % RSD remained
below 2% confirm that the developed method produces repro-
ducible results for simultaneously estimating SRC and RAP.

View Article Online

RSC Advances

Table 5 Repeatability of the developed RP-HPLC method (n = 6)

Parameter SRC RAP
Mean peak area 3.84 x 10° 5.94 x 10°
SD 1.0 x 10* 2.3 x 10*
% RSD 0.3% 0.4%

3.5.4 Specificity of the analytical method. The specificity of
the developed RP-HPLC method was evaluated based on the
ability to distinctly resolve SRC and RAP without interference
under the optimized chromatographic conditions. The chro-
matograms obtained for blank and formulation demonstrated
well-resolved, symmetric peaks with no observable co-elution at
the respective retention times (Fig. 6). The high resolution
achieved between the analytes (R, > 18) further confirms effec-
tive separation and absence of peak overlap. In addition, peak
characteristics and spectral consistency (as evidenced by the
chromatographic separation and peak characteristics observed
under optimized conditions) support that the detected peaks
correspond exclusively to the analytes of interest without
interference from potential co-eluting components. Although
placebo or blank formulation interference studies were not
explicitly performed, the chromatographic behaviour and peak
characteristics indicate that the method possesses adequate
specificity for simultaneous estimation of SRC and RAP.

3.5.5 LOD and LOQ. The LOD and LOQ for both SRC and
RAP were determined to evaluate the sensitivity of the method.

300 -
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<
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0
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Fig. 6 Representative specificity chromatograms of (top) blank/placebo LPHNP matrix showing absence of interfering or co-eluting excipient
peaks, and (bottom) drug-loaded LPHNPs demonstrating well-resolved, selective peaks of SRC (3.96 min) and RAP (9.46 min).
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Table 6 Solution stability of SRC and RAP (n = 3)

Time (h) SRC (peak area; AU) RAP (peak area; AU)
0 3.97 x 10° 5.99 x 10°

12 3.92 x 10° 5.94 x 10°

24 3.88 x 10° 5.90 x 10°

48 3.83 x 10° 5.87 x 10°

72 3.83 x 10° 5.85 x 10°

Mean peak area 3.89 x 10° 5.91 x 10°

SD 6.2 x 10* 5.8 x 10*

% RSD 1.6 0.9

The values for LOD and LOQ for SRC and RAP were computed
using eqn (3) and (4). The values for LOD were 1.33 pg mL ™" for
SRC and 0.68 pg mL ™" for RAP, and the LOQ values were 4.00 pg
mL~" for SRC and 2.04 pug mL ™" for RAP, indicating that the
developed HPLC method is sufficiently sensitive for detecting
and quantifying both drugs at low concentrations.

3.5.6 Solution stability. The solution stability study was
performed over 72 hours under refrigerated storage conditions,
and the results are depicted in Table 6. Solutions were main-
tained in tightly closed jars and examined at 0, 12, 24, 48, and 72
hours. No notable changes in peak area or ¢z were observed
during the study period, and the % RSD for SRC and RAP was
found to be less than 2%, indicating stability of the solutions
over 72 hours under the specified conditions.

3.5.7 Robustness. The robustness of the developed method
was assessed by individually varying key chromatographic
conditions, such as flow rate (£0.1 mL min "), column oven
temperature (+2 °C), and FA concentration in the mobile phase
(£0.1%), while maintaining all other conditions unchanged.
The effects of these variations on ¢z and peak area of both SRC
and RAP were systematically assessed. The % RSD values for
peak areas under all modified conditions were found to be
below 2%, indicating that the developed method is robust and
efficiently produces consistent and reliable results despite
minor operational fluctuations (SI Table S5). Although wave-
length variation was not experimentally included as a robust-
ness parameter, its potential impact was critically considered
based on the spectral characteristics of the analytes. In partic-
ular, the relatively steep absorbance profile of RAP near the
selected isosbestic wavelength (267 nm) may increase sensitivity

to minor wavelength deviations. However, the use of
a
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a photodiode array detector with high wavelength accuracy and
stability minimizes such variations under normal operating
conditions. This aspect has been discussed to provide
a comprehensive understanding of method robustness.

3.5.8 System suitability. System suitability parameters were
evaluated under optimized chromatographic parameters, and
the results are summarized in Table 4. The method demon-
strated acceptable theoretical plate count, tailing factor, and
resolution, indicating that the system performance was
adequate for reliable analysis.

3.6 Drug entrapment efficiency and loading analysis of
optimized LPHNPs

The encapsulation efficiency values of 79.65 £+ 1.12% (SRC) and
85.28 + 1.26% (RAP), the results strongly suggest the effective
incorporation of these two hydrophobic agents into the matrix
of LPHNP. High % EE also suggests minimal loss of drug during
the process of formulation and indicates a strong interaction
between the drug and the hybrid matrix, likely due to the
amphiphilic nature that favours encapsulation. The drug
content (% DC) values were found to be consistent with the
entrapment efficiency ie. 78.96 + 1.05% (SRC) and 84.84 +
1.35% (RAP), indicating minimal drug loss during formulation
and processing. The % DL of the optimized SRC and RAP-
LPHNPs was determined to be 8.04 + 0.78% and 9.36 +
0.98%, respectively. These values reflect the effective drug
entrapment per unit weight of the LPHNPs and suggest efficient
utilization of the carrier material. The high drug loading
increases the therapeutic payload, offering a promising strategy
for reducing dosage volume and improving patient compliance
in cancer therapy.

3.7 Invitro release of LPHNPs

As depicted in Fig. 7, the optimized LPHNP formulation
provided a biphasic release profile of SRC and RAP over 72
hours. The system demonstrated a rapid initial release, with
over 50% of the total drug load released within the first 8 hours.
This burst effect can be due to the immediate diffusion or
desorption of drug molecules that were weakly associated with
or adsorbed onto the nanoparticle surface rather than being
fully entrapped within the matrix. Following this, a sustained
and controlled release phase was observed, characterized by
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% 100 P p (b)
©
2
2 80
(=2
g 60
“>’
2 40
o}
S
£ 20
=
(8]
X 0-+ T T T T T 1
0 12 24 36 48 60 72

Time (Hrs)

% cumulative drug release of SRC (a), and RAP (b) at two different pH levels (5.4 and 7.4). Values are depicted as mean + SD, n = 3.
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Fig. 8 Greenness evaluation of the developed analytical method using complementary GAC assessment tools: (a) AGREE based on the twelve
GAC principles; (b) AGREEprep based on ten sustainability criteria; and (c) ComplexMoGAPI.

a gradual diffusion of the remaining drug. Importantly, the
drug release study was conducted at two different pH levels—
pH 5.4 (tumor microenvironment) and pH 7.4 (physiological
pH)—to evaluate the responsiveness of the formulation. Over
the 72 hour study, the release of SRC and RAP was significantly
higher at pH 5.4 (approximately 90%) in comparison to pH 7.4
(only about 45%). This enhanced release in acidic conditions is
linked to the destabilization of the polymer-lipid matrix in the
slightly acidic tumor environment, which consequently accel-
erates drug diffusion. The resultant pH-responsive biphasic
release is a highly desired characteristic for cancer treatment, as
it ensures targeted delivery at the tumor site while preventing
off-target leakage during systemic transport.

3.8 Greenness assessment

The greenness and sustainability of the developed analytical
method were comprehensively assessed using three comple-
mentary GAC assessment tools, namely the AGREE, AGREE-
prep, and the ComplexMoGAPL”>777%3 Ag illustrated in the
AGREE pictogram (Fig. 8a), the developed method achieved an
overall greenness score of 0.68, indicating moderate-to-good
environmental performance and substantial alignment with
GAC principles. The central score is supported by the peripheral
segment analysis, where most criteria exhibited favourable
green ratings, particularly those related to direct analysis,

minimal sample handling, automation, derivatization avoid-
ance, and operator safety. However, some limitations were
observed in principles related to waste generation, use of
renewable reagents, and multi-analyte capability, represented
by yellow-to-red segments, which moderately lowered the over-
all score. These findings suggest that while the method
demonstrates good sustainability characteristics, certain
aspects still offer room for further greening.

To specifically assess the environmental sustainability of the
sample preparation procedure, AGREEprep was employed
(Fig. 8b), yielding an overall score of 0.63, further indicating
moderate green performance for the extraction and preparation
workflow. In the AGREEprep assessment, the weights assigned
to each criterion were determined based on their relative
importance in promoting the use of safer reagents and mate-
rials, minimizing hazardous inputs, and encouraging the
generation of benign wastes, in accordance with green analyt-
ical chemistry priorities. The AGREEprep radial diagram
showed particularly strong performance in sample consump-
tion, energy consumption, and operator safety (green zones),
whereas hazardous material usage and waste generation were
identified as comparatively weaker criteria (yellow/orange
zones). Despite these moderate penalties, the sample prepara-
tion protocol maintained efficient resource utilization, low
energy demand, and minimal operational risk, supporting the
sustainability of this stage of the analytical process.

Table 7 Assessment of green analytical chemistry of RP-HPLC method using the AGREE approach, presenting individual principle scores, with

equal weights to all components

Sl no. Principle/criterion Score
1 Use of direct analytical techniques to minimize or eliminate additional sample preparation steps 0.85
2 Emphasis on reducing both sample volume and overall sample quantity 1.0
3 Preference for in situ measurements wherever feasible 0.66
4 Integration of analytical operations to enhance energy efficiency and reduce reagent consumption 1.0
5 Recommendation of automated and miniaturized analytical techniques 1.0
6 Recommendation of automated and miniaturized analytical techniques 1.0
7 Avoidance of excessive waste generation and implementation of appropriate waste disposal practices 0
8 Preference for simultaneous multi-parameter or multi-analyte analysis over sequent single-analyte methods 0.38
9 Recommendation to minimize overall energy consumption 0.5
10 Preference for reagents derived from renewable resources 0
11 Replacement of hazardous reagents with eco-friendly alternatives 1.0
12 Adoption of protective measures to enhance safety of operator 0.8
Average greenness score 0.68

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 8 Assessment of green analytical chemistry of RP-HPLC method using the AGREEprep approach, presenting individual principle scores

SL no. AGREEprep criterion Score Weight
1 Positioning of sample preparation step 0.66 1
2 Use of hazardous chemicals/materials 0.33 5
3 Sustainability, renewability, and reuse potential of materials 0.50 4
4 Waste production generated during sample preparation 0.15 5
5 Sample size economy 1.00 4
6 Sample processing throughput 0.64 2
7 Degree of integration and automation 0.50 1
8 Energy requirements during preparation 1.00 4
9 Analytical configuration after sample preparation 0.50 2
10 Safety considerations for the operator 1.00 5
Average score 0.63

Further holistic assessment using ComplexMoGAPI (Fig. 8c)
provided a broader pictographic evaluation of the complete
analytical workflow, including sample preparation, instrumen-
tation, reagents, and waste management. The method attained
a ComplexMoGAPI score of 81, with a predominance of green
fields and only limited yellow/red zones in the pictogram. This
high ComplexMoGAPI score confirms a favourable ecological
profile, particularly with respect to high analytical yield,
simplified work-up, low energy consumption, and minimal
occupational hazards, while indicating only minor opportuni-
ties for improvement.

Taken together, the combined results from AGREE (0.68),
AGREEprep (0.63), and ComplexMoGAPI (81) demonstrate that
the developed method possesses moderate-to-high environ-
mental compatibility, with especially strong performance in
operational safety, energy efficiency, and procedural simplifi-
cation, though some improvement in waste minimization and
reagent sustainability remains possible. The use of these three
complementary tools strengthens the reliability of the green-
ness assessment and confirms the developed method as
a sustainable and environmentally conscious approach for
pharmaceutical analysis. Detailed greenness assessment
parameters are presented in Tables 7 and 8.

4. Conclusions

A novel, robust, and environmentally conscious RP-HPLC
method was developed successfully for the simultaneous
quantification of saracatinib and rapamycin using an AQbD-
guided framework, wherein BBD enabled systematic optimiza-
tion of CMPs and establishment of a reliable analytical design
space. The optimized chromatographic parameters provided
efficient separation of both analytes with excellent resolution,
while maintaining a strong balance between analytical perfor-
mance, robustness, and practical applicability for complex
nanocarrier systems. Validation in accordance with Interna-
tional Council for Harmonization Q2(R2) guidelines confirmed
the method to be precise, accurate, sensitive, specific, and
reproducible, with all performance characteristics meeting
regulatory acceptance criteria and supporting its suitability for
routine qualitative and quantitative analysis. Statistical model-
ling further reinforced the predictive capability and reliability of
the method, while greenness assessments using AGREE,

26542 | RSC Adv, 2026, 16, 26526-26545

AGREEprep, and ComplexMoGAPI demonstrated favourable
environmental compatibility, highlighting the improved
sustainability of the developed analytical procedure.

Beyond its application in formulation characterization, the
present work contributes to analytical chemistry innovation by
advancing beyond conventional empirical multi-analyte
methods through integration of AQbD-driven design-space
development, multivariate robustness optimization, and
sustainability-oriented method evaluation within a unified
lifecycle-based analytical platform. The establishment of
a MODR, combined with high-resolution simultaneous analysis
of two structurally distinct hydrophobic agents in a complex
nanocarrier matrix, underscores the broader analytical rele-
vance of the method. These features position the proposed
approach not merely as a routine formulation assay, but as an
innovative analytical strategy for complex combination
nanomedicines.

The developed method was further demonstrated to be
suitable for critical formulation applications, including drug
entrapment and in vitro release studies, supporting its utility in
advanced nanocarrier-based drug delivery research and phar-
maceutical quality control. Nevertheless, although the method
showed excellent performance for standard solutions and
laboratory-prepared LPHNP formulations, its applicability to
complex biological matrices such as plasma or tissues was
beyond the scope of the present study. Future translation
toward pharmacokinetic or bioanalytical applications will
require additional validation addressing matrix effects, extrac-
tion recovery, endogenous interference, and analyte stability in
accordance with regulatory bioanalytical guidelines. Optimiza-
tion of appropriate sample preparation strategies, including
protein precipitation or solid-phase extraction, would also be
necessary for such applications. Overall, the proposed method
represents a sustainable, regulatory-compliant, and analytically
innovative platform with relevance extending beyond formula-
tion analytics to broader pharmaceutical analysis, offering
a valuable contribution toward modern, green, and quality-
centric analytical science.
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