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The integration of analytical quality by design (AQbD) principles into analytical method development has revolutionized precision, robustness 

and regulatory compliance in the pharmaceutical and environmental sciences. This review explores the AQbD-driven optimization of 

magnetic nanoparticle (MNP) extraction coupled with high-performance liquid chromatography (HPLC) for enhanced analyte separation 

and quantification. The study outlines the systematic application of AQbD, including risk assessment, design of experiments (DoE) and 

control strategies, to optimize MNP extraction efficiency and chromatographic performance. Key aspects such as critical material attributes 

(CMAs), critical process parameters (CPPs) and critical quality attributes (CQAs) are identified to ensure method robustness and 

reproducibility. Furthermore, the article highlights the broad applicability of AQbD-based MNP-HPLC methods in pharmaceutical quality 

control, environmental monitoring and food safety analysis, especially after the advancement in magnetic nanoparticles application in 

different fields. Challenges associated with AQbD implementation in nanoparticle-based analytical techniques are also examined in 

pharmaceutical and environmental applications, alongside emerging trends such as computational modeling, artificial intelligence (AI)-

driven optimization which is the most impactful for MNP-HPLC and automated method development. This review presents basic 

information from the 2008 UpToDate on the use of magnetic nanoparticles, while the application of AQbD in this context is relatively 

recent, having become widespread primarily after 2020. 
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INTRODUCTION 

 Analytical method development is a fundamental aspect 

of pharmaceutical and environmental sciences, ensuring the 

accurate detection, quantification and characterization of anal-

ytes in complex matrices. The reliability and efficiency of an 

analytical method significantly impact regulatory compliance, 

product quality and safety assessments [1]. Traditional method 

development approaches have relied heavily on trial-and-error 

procedures, which are often time-consuming, resource-intensive 

and susceptible to variability [2]. These limitations have nece-

ssitated the adoption of a more structured, science-based 

framework–analytical quality by design (AQbD), which offers 

a systematic, risk-based approach to method development and 

validation [3]. AQbD enhances method robustness, reliability 

and regulatory acceptance by incorporating critical components 

such as risk assessment, design of experiments (DoE), multi-

variate optimization and continuous monitoring [3]. 

                                                           
This is an open access journal, and articles are distributed under the terms of the Attribution 4.0 International (CC BY 4.0) License. This 
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 Magnetic nanoparticles (MNPs) have emerged as power-

ful tools in modern analytical chemistry due to their unique 

physico-chemical properties, including superparamagnetic, high 

surface-to-volume ratio and ease of surface modification [4]. 

These properties make MNPs highly efficient in sample prep-

aration, separation and preconcentration of target analytes, 

offering distinct advantages over conventional extraction methods 

such as liquid-liquid extraction (LLE) and solid-phase extrac-

tion (SPE) [5]. The integration of MNPs with high perfor-

mance liquid chromatography (HPLC) has further enhanced 

analytical workflows, enabling highly sensitive and selective 

detection of trace-level contaminants in pharmaceuticals, 

environmental samples and food matrices [6,7]. 

 Despite the numerous advantages of MNP-assisted HPLC, 

several challenges remain, particularly concerning method 

reproducibility, robustness and standardization [8]. The vari-

ability in nanoparticle synthesis, functionalization and extraction 
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efficiency often impacts the consistency of analytical results 

[9]. To address these limitations, the AQbD framework prov-

ides a structured approach to optimize MNP-based extraction 

and HPLC methods by defining critical quality attributes (CQAs), 

critical material attributes (CMAs) and critical process para-

meters (CPPs) [10]. AQbD-based method development ensures 

the selection of optimal experimental conditions, enhances 

method robustness and improves the overall efficiency of the 

analytical process [3]. 

 The implementation of AQbD principles in MNP-HPLC 

workflows involves the systematic risk assessment, rigorous 

experimental design and multivariate optimization strategies. 

By applying design of experiments (DoE), response surface 

methodology (RSM) and multivariate analysis, researchers 

can fine-tune extraction efficiency, nanoparticle surface funct-

ionalization and chromatographic parameters to achieve maxi-

mum selectivity and sensitivity [3]. In addition, qualification 

of methods streamlined via quality by design (QbD) ensures 

compliance with the regulatory guidelines set by organizations 

like the International Council for Harmonization (ICH), the 

United States Food and Drug Administration (FDA) and the 

European Medicines Agency (EMA) [11]. 

 This review explores the integration of AQbD principles 

into MNP-based extraction and HPLC analysis, emphasizing 

the role of systematic risk assessment and experimental design 

in developing high-precision analytical methods. The discu-

ssion covers fundamental principles, validation strategies, key 

optimization parameters and emerging applications in pharm-

aceutical quality control, environmental monitoring and food 

safety. Furthermore, challenges in AQbD implementation and 

future perspectives on AI-driven method development are 

explored, highlighting the potential of computational mode-

lling, automation and machine learning in advancing AQbD-

based analytical science [12]. 

 Some reviews have discussed application of magnetic solid 

phase extraction combined with analytical methods in pharm-

aceutical fields [13] and other studied the use of AQbD in HPLC 

method, but until this time, there aren’t any review focused on 

using AQbD approach to use magnetic nanoparticles in extrac-

tion and HPLC method. PubMed, ResearchGate, Google 

scholar and National Institute of Health (NIH), provide the 

main information for this review from 2008 UpToDate in field 

of magnetic nanoparticles, optimization of HPLC method and 

analytical quality by design approach. 

AQbD-driven optimization for magnetic nanoparticle 

extraction 

 AQbD in magnetic nanoparticle extraction: Analytical 

quality by design (AQbD) is a systematic approach that ensures 

method robustness and reliability by defining quality attrib-

utes, identifying critical parameters and implementing risk-

based assessments [14]. The AQbD framework aligns with 

the regulatory guidelines and enhances method efficiency, 

reproducibility and robustness [11]. When applied to magnetic 

nanoparticle (MNP) extraction, AQbD provides a structured 

methodology for optimizing extraction efficiency, reducing 

variability and improving the selectivity in sample preparation 

workflows [3]. 

 Magnetic nanoparticles have become essential in solid-

phase extraction (SPE) and dispersive solid-phase extraction 

(DSPE) due to their rapid separation capabilities, tunable surface 

chemistry and high adsorption capacity [15]. The extraction 

efficiency of MNPs is significantly influenced by multiple 

factors, including pH, ionic strength, extraction time, nano-

particle size, surface functionalization and desorption conditions 

[8]. AQbD-driven optimization enables the identification and 

control of these factors, ensuring the development of an 

efficient and reproducible MNP-based extraction process. 

 Synthesis of MNPs: There are different ways to synth-

esis of MNPs viz. physical, chemical and biological methods. 

Mechanical milling, laser evaporation, wire explosion and 

gas-phase synthesis are the physical methods, which make the 

control of nanoparticles size easier, but have low scalability 

with high cost precipitation, coprecipitation, hydrothermal and 

sol-gel methods are included in chemical types of synthesis 

which are better in control of nanoparticles size with high 

scalability [16,17], although they have environmental hazard-

ousness with high cost [18,19]. In contrast with the biological 

methods, which are eco-friendly with low cost, but have diffi-

culty in control the shape and size of formed nanoparticles 

[20-22]. The integration of QbD principles into MNPs synth-

esis represents a paradigm shift from empirical optimization 

to systematic, risk-based development. Desired nanoparticle 

characteristics (e.g. size, magnetism and biocompatibility) can 

be defined [23]. 

 Analytical target profile (ATP) for MNP extraction: 

ICH Q14 implication for AQbD based MNPs extraction creates 

a robust framework of the process. The analytical target profile 

(ATP) defines the desired performance characteristics of the 

MNP-based extraction method, serving as the foundation for 

method optimization. The ATP outlines key attributes, including: 

high extraction efficiency (> 90%) for target analytes, mini-

mal matrix interferences to ensure selectivity, rapid separation 

time (< 5 min) using an external magnetic field, reproduci-

bility (RSD < 5%) across multiple extractions, compatibility 

with downstream HPLC analysis without interference from 

nanoparticle residues. By establishing a well-defined ATP, 

researchers can systematically design experiments to optimize 

MNP extraction while ensuring compliance with regulatory 

requirements [10]. 

 Identification of critical material attributes (CMAs) 

and critical process parameters (CPPs): In AQbD, critical 

material attributes (CMAs) and critical process parameters 

(CPPs) are essential for optimizing method performance [24]. 

Table-1 provides an overview of key CMAs and CPPs for the 

MNP extraction [25,26]. 

 Design of experiments (DoE) for optimization: According 

to ICH Q14, design of experiments (DoE) is a statistical appr-

oach used in AQbD to systematically evaluate the influence 

of multiple factors on MNP extraction efficiency [8]. A 23 

factorial design can be used for preliminary screening of key 

parameters (pH, extraction time and nanoparticle size). The 

response variable (extraction efficiency) is evaluated at high 

and low levels of each parameter to identify significant factors. 

The Box-Behnken design (BBD) or Central Composite Design 

(CCD) is commonly employed to assess interactions among 

CMAs and CPPs [12,34]. Table-2 summarizes common DOE 
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programs highlighting their specific goals, advantages and 

limitations, aiding in selecting the most suitable design based 

on experimental needs. Each design balances efficiency and 

complexity differently, with trade-offs in flexibility, run 

numbers and interpretation. 

 Risk assessment and mitigation strategies: Risk assess-

ment in AQbD involves the identification and mitigation of 

potential factors that may negatively impact extraction perf-

ormance. To mitigate these risks, robust nanoparticle synthesis 

protocols are employed to ensure reproducibility. Statistical 

modeling techniques, such as Response Surface Methodology 

(RSM), are used to model the relationship between input vari-

ables (e.g. temperature, reaction time) and output responses 

(e.g. extraction efficiency). Moreover, Principal Component 

Analysis (PCA), a dimensionality reduction tool that trans-

forms correlated variables into fewer uncorrelated principal 

components while retaining maximum data variance, is util-

ized to optimize conditions. Furthermore, real-time monitoring 

of process parameters helps prevent variability during synth-

esis. The first phase of risk analysis involves identifying and 

prioritizing potential risks, including instrument operation 

methods, reagent characteristics and cycle time crucial to 

establish a backup plan if the primary strategy collapses. Risk 

evaluation is the second phase of risk analysis with the Fish-

bone diagram may called the Ishikawa approach to categorize 

risk factors into high-risk, noise and experimental categories 

[40]. Semiquantitative tools for risk ranking include failure 

mode and effects analysis (FMEA/FMECA) (e.g. MNPs aggre-

gation during extraction), relative ranking and failure mode 

effects and criticality analysis. In ICH Q9, various kinds of 

tools for risk assessment are mentioned, including failure 

mode and effect analysis (FMEA), comparison matrix (CM), 

risk estimation matrix (REM), hazard operability analysis 

(HAZOP) and hazard analysis critical control points (HACCP), 

REM and FMEA are the methods most frequently used in 

product development. While, FMEA uses scoring on a scale 

of 1-10 for risk ranking based on severity, occurrence and 

detectability, REM uses different risk levels, i.e. low, medium 

and high-risk ratings depending on their severity and occur-

rence [41]. 

 Representation of optimization results: Method operable 

design range (MODR) is the design space in which the 

analytical method is expected to meet the defined quality 

target method profile (QTMP). It helps in identifying critical 

method variables and their optimal ranges, where a robust 

region for the critical method parameters could be obtained. 

MODR should always be broader than normal operating ranges 

(NOR) to ensure the robustness of the method [42]. For 

example, the 3D responses surfaces of some variables on the 

antioxidant activity (Fig. 1) [43]. 

 Experimental validation and robustness testing: After 

optimizing extraction conditions, method robustness and rep-

roducibility must be validated. Validation involves: Precision 

(RSD < 5%) across multiple extractions, linearity (R2 > 0.99) 

between analyte concentration and extraction efficiency, reco-

very studies (80-120%) for method accuracy, comparison with 

conventional extraction methods to demonstrate the AQbD-

driven improvements. 

 The AQbD-driven approach to MNP-based extraction 

offers a structured and efficient method development strategy. 

By defining the analytical target profile (ATP), optimizing 

CMAs and CPPs and utilizing DoE for systematic optimiza-

tion, this framework ensures robust, reproducible and regul-

atory compliant extraction methods. Future advancements in 

AI-driven optimization, machine learning and real-time moni-

toring will further enhance AQbD implementation, leading to 

TABLE-1 

CMAs AND CPPs FOR AQbD-DRIVEN MNP EXTRACTION 

Parameter Category impact on extraction efficacy Optimization strategy Ref. 

Nanoparticle size (nm) CMA Affects surface and adsorption  Control during synthesis [27] 

Surface functionalization CMA Enhances selectivity of analyte Use of coating agent (e.g. polymer or silica) [28] 

Ph of the extraction medium CPP Affect ionization of target analyte  Optimize pH using DOE [29] 

Ionic strength (mM) CPP Influences aggregation and dispersion Optimize salt concentration [30] 

Extraction time (min) CPP Determines efficiency of adsorption  Minimize (˂10 min) using RSM [31] 

Temperature (ºC) CPP Affect diffusion rate of analyte  Maintain at optimal (25-40) C˚ [32] 
kind of solvent  CPP Impacts analyte recovery and purity  Optimize for good choice solvent by DOE [33] 

 
TABLE-2 

LIST OF SOME COMMON DESIGN OF EXPERIMENTS (DoE) PROGRAMS 

Design Goal of applying Advantage Disadvantage Ref. 

Box-Behnken design Avoids extreme factor levels to 

optimize the process and 

model nonlinear relationships 

Proffered when the exact design point 

design points are within the design 

region 

Limited flexibility with 

categorical variables and 

suboptimal for ratability 

[35,36] 

Placket-Burman 

technique 

Identifying some factors from 

large variables 

Need a minimal number of runs for an 

extensive set of variables 

Cofounding of interactions 

and linearity assumption 

[34,37] 

Full factorial design Evaluating every single 

variable and interactions 

Deciding the primary and second any 

effects, while avoiding failure, efficient 

and more informative than one-factor-at-

a-time (OFATE) designs 

Trial runs depend on the 

number of variables, the 

analysis and interpretation of 

the results can be complex 

[38,39] 

Fractional factorial 

design 

Screening and optimization for 

factors 

fewer experimental runs are necessary, 

more feasible, economical and creative 

Sensitive and depend of the 

assumption and judgments of 

the experimenter 

[38,39] 
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improved analytical precision in pharmaceutical, environmental 

and food safety applications [12].  

Performance evaluation and analytical validation 

 Analytical validation in AQbD: Analytical validation is 

a crucial step in analytical quality by design (AQbD)-driven 

method development, ensuring that the method is accurate, 

precise, robust and suitable for its intended application [11]. 

The validation process establishes the method’s reliability and 

reproducibility by assessing key performance parameters such 

as specificity, linearity, accuracy, precision, limit of detection 

(LOD), limit of quantification (LOQ), robustness and system 

suitability. In context of MNP extraction coupled with HPLC, 

validation confirms that the optimized method effectively 

isolates and quantifies target analytes with minimal interfer-

ence. The AQbD framework ensures that validation parameters 

are statistically optimized and aligned with regulatory standards 

[13]. 

 Validation parameters and performance criteria: The 

International Council for Harmonization (ICH) guidelines 

(ICH Q2(R1)) define several key validation parameters for anal-

ytical methods [11]. Table-3 summarizes the performance 

criteria for each parameter in the context of MNP-based HPLC 

analysis. 

 Specificity and selectivity evaluation: Specificity is 

evaluated by analyzing blank samples, spiked samples and real 

samples to determine whether the method can selectively detect 

the target analyte without interference from excipients, degra-

dation products or nanoparticle residues. A chromatogram com-

parison is performed for blank sample (without analyte or 

MNPs), analyte standard solution (pure compound), spiked 

sample with MNPs (analyte extracted using magnetic nano-

particles) [11]. 

 Linearity and calibration curve assessment: Linearity 

is determined by preparing six concentration levels of the 

analyte and measuring the HPLC peak area response for each 

 

Fig. 1. The 3D responses surfaces of (a) extraction time and microwave power, (b) solid to solvent ratio and microwave power and (c) solid 

to solvent ratio and extraction time on the antioxidant activity [Ref. 45] 

 

TABLE-3 

ANALYTICAL VALIDATION PARAMETERS AND PERFORMANCE CRITERIA 

Parameter Definition Acceptance criteria 

Specificity  Distinguish analyte from interface  No interferences observed 

Linearity  Proportional response to analyte concentration Correlation ˃ 99% 

Accuracy Agreement with true value Recovery (80-120)% 

Precision Reproducibility RSD ˂ 5 

Limit of detection 

(LOD) 

Limit of the lowest analyte concentration at 

which detection is feasible 

Signal to noise ratio (S/N) ratio = 3/1 

(In instrumental techniques, the noise is often measured from the 

baseline of a blank sample or chromatogram) 

This means that the signal from the analyte needs to be at least 3 times 

(LOD) stronger than the background noise for reliable detection [44] 

Limit of quantitation 

(LOQ) 

Limit of lowest concentration at which the 

analyte can not only be reliably detected but at 

witch some predefined goals for bias and 

imprecision are met. The LOQ may be 

equivalent to the LOD or it could be at a much 

higher concentration. 

S/N ratio = 10/1 

This means that the signal from the analyte needs to be at least 10 times 

(LOQ) stronger than the background noise for reliable 

quantification [44] 

Robustness Stability under small variation 

 

No significant change in results 

With potential of reusability of MNPs for many cycles without reducing 

the efficiency (e.g. extraction efficiency did not drop more than 15% 

after 5 cycles [45] 

System suitability Ensures proper HPLC function Meet predefined criteria 
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concentration. A straight-line relationship confirms linearity, 

with the correlation coefficient greater than 99% indicating 

strong proportionality [11]. 

 Accuracy and recovery studies: Accuracy is evaluated 

through recovery studies, in which a known quantity of analyte 

is added to the sample matrix and subsequently extracted using 

MNPs. The amount of analyte recovered is then compared to 

the known added amount to calculate the percentage recovery. 

Since matrix components can influence both the detection and 

quantification of the analyte, assessing recovery in the actual 

sample matrix is essential. Accuracy is considered acceptable 

when the recovery percentage falls within the range of 80% to 

120% of true value, reflecting the method’s reliability despite 

potential matrix effects [11]. 

 Precision and reproducibility: Precision is assessed by 

analyzing six replicate samples under identical conditions to 

ensure consistency. The variability among these replicates is 

quantified by calculating the relative standard deviation (RSD). 

Precision is considered acceptable when the RSD is less than 

5%, indicating reliable reproducibility of the method [13]. 

 Detection and quantification limits (LOD and LOQ): 

LOD and LOQ are determined using the signal-to-noise (S/N) 

ratio method. The LOD is the lowest concentration where the 

signal is three times the noise level, while the LOQ is where 

the signal is ten times the noise level. A low LOD ensures the 

method can detect trace levels of analyte, while a low LOQ 

ensures accurate quantification at minimal concentrations. 

 S/N ratio is different from matrix to another. The matrix 

itself can contribute to the overall background noise in the 

measurement. This can make it harder to distinguish the anal-

yte signal from the background, further reducing the S/N 

ratio. In biological samples, the component of proteins can 

affect on analyte signals. Also, the organic and inorganic 

compound in soils could affect the analysis. It is important 

when analyzing drugs similarly to take into consideration the 

drug formulation and metabolites, which may reduce the sensi-

tivity of the analytical methods or led to inaccurate quantifi-

cation of analyte. In early 1990s, can be described as the 

difference between the mass spectrometric response for an 

analyte in standard solution and the response for the same 

analyte in a biological matrix, such as plasma. Matrix effects 

result from co-eluting matrix components that affect the ioni-

zation of the target analyte, resulting either in ion suppre-

ssion or in some cases, ion enhancement. Matrix effects can 

be highly variable and can be difficult to control or predict. 

An alternative approach to increasing S/N is to improve the 

quality of chromatography purification. This decreases matrix 

effects and makes possible the use of comparatively less exp-

ensive single quadrupole instruments while still achieving 

high analytical performance [46]. Techniques used to combat 

MEs while recovering analytes, particularly in the analysis of 

complex matrices such as biological samples (e.g., tissues, 

biofluids), food samples and environmental samples (inclu-

ding air, water, plants and soil), include dilute-and-shoot, 

quick, easy, cheap, effective, rugged and safe (QuEChERS), 

liquid-liquid extraction (LLE), solid-phase extraction (SPE) 

and solid-phase microextraction (SPME), to name a few [47].  

 In 2011, Niina et al. [48] have investigated the effect of 

matrix within direct analysis of benzodiazepines and opioids 

from urine with desorption electrospray ionization-mass spec-

trometry (DESI-MS) and desorption atmospheric pressure 

photoionization-mass spectrometry (DAPPI-MS) the decrease 

in sensitivity due to the urine matrix was higher with DESI 

(typically 20-160-fold) than with DAPPI (typically 2-15-fold). 

 Robustness and system suitability testing: Robustness 

is tested by introducing small variations in method conditions 

(pH, extraction time, mobile phase composition) and anal-

yzing their effect on method performance [12]. A method is 

considered robust if minor variations do not significantly impact 

results. 

 System suitability parameters: System suitability tests 

(SST) are performed by analyzing a standard solution before 

sample analysis to ensure HPLC performance meets pre-

defined criteria. Key SST parameters include: retention time 

consistency, peak area stability and resolution between peaks. 

 The performance evaluation and analytical validation of 

the AQbD-driven MNP-HPLC method confirm its reliability, 

sensitivity and robustness. The validated method meets regu-

latory standards by demonstrating high specificity, accuracy, 

precision and reproducibility, ensuring suitability for pharma-

ceutical and environmental applications. The AQbD approach 

ensures method adaptability for future enhancements inclu-

ding automated optimizations and AI-driven real-time adjust-

ments [13]. 

Life cycle management and control strategies 

 Method operable design region (MODR): It defines a 

multidimensional space where method parameters can vary 

without impacting performance, ensuring robustness for com-

plex MNP matrices [47]. 

 AQbD-driven optimization for HPLC analysis: The 

physico-chemical properties of analyte play important role in 

method development and optimization to achieve the ATP of 

HPLC like theoretical plates of more than 2000, retention time 

of no more than 5 min, tailing factor of less than 2, resolution 

between two peaks is more than 5 and %RSD of analyte peaks 

area in standard chromatogram must be more than 2% [49]. 

 The application of the AQbD approach in HPLC method 

development offers a significant advantage by reducing the 

number of experiments needed to achieve more reliable results, 

thereby saving time and resources during the development 

stage [50]. Furthermore, using MNPs for extraction prior to 

HPLC analysis provides further benefits, particularly in prot-

ecting the HPLC column. Since the analyte is eluted from the 

MNPs directly using the mobile phase before injection, the 

influence of matrix components is minimized, reducing poten-

tial column contamination compared to other extraction methods 

[51]. 

Selection of chromatographic conditions 

 Selection of column: It depends on several parameters 

like hydrophobicity, steric activity, ion-exchange, silanolol 

activity, carbon load and hydrogen bonding. In addition, column 

bed dimensions, particle size, surface area and pore size, bon-

ding type, base material, particle shape and end-capping need 

to be considered while choosing a column for separation of 

assay, impurities and degradation products [52]. 
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 Selection of chromatographic mode: The selection of 

isocratic or gradient mode depends on the number of active 

components to be resolved. An initial gradient run is performed 

to conclude the choice of isocratic or gradient and the ratio 

between total gradient time and the difference in first and last 

gradient time components are observed. Isocratic elution app-

ears more preferable when the sample occupies less than 10% 

of the separation space off the standard gradient scouting run. 

Samples occupying more than 40% of the separation space 

certainly require gradient elution. However, for samples occup-

ying between 10 and 40% of the separation space, either elution 

technique could be used but the only pragmatic reasons to avoid 

gradient elution is that gradient elution instrumentation is not 

available or the gradient baseline limits trace analysis [53]. 

Optimization of mobile phase:  

 Selection of solvents (methanol, acetonitrile, tetrahydro-

furan): Choice between methanol and acetonitrile may depend 

on the analyte’s solubility and buffer used. THF is the least 

polar among three solvents, responsible for large changes in 

selectivity and compatible with low wavelength detection. 

Mobile phase optimization procedures are normally based on 

the solvent selectivity triangle, Solvents that are located far 

away from each other in this triangle have the largest differ-

ences in these properties and, hence, greater differences in 

selectivity will be found when using them in the mobile phase. 

Considering miscibility, ease of use, availability and reason-

able boiling point as well. The best organic solvent choices 

for reversed-phase HPLC are acetonitrile, methanol and tetra-

hydrofuran [54]. 

 Column temperature: The column temperature has un-

predictable effects on selectivity. Employing high tempera-

ture will reduce viscosity and back pressure. It may help to 

operate at high flow rates or to use longer columns smaller 

particle sizes, reduce elution time and improve method repro-

ducibility. The target temperature 30-40 ºC range is good for 

reproducibility [55]. 

 Challenges in the application of AQbD-driven MNPs 

extraction coupled with HPLC: The integration of AQbD 

principles in MNP-assisted HPLC has significantly improved 

method robustness, selectivity and reproducibility. However, 

despite these advantages, the application of AQbD-driven 

MNP extraction presents several technical and regulatory chall-

enges in various fields, including pharmaceutical analysis. 

This section explores the key obstacles encountered in the 

practical implementation of AQbD-driven MNP-based HPLC 

methods, focusing on method optimization, regulatory comp-

liance, sample complexity, instrumentation constraints and 

future improvements. Addressing these challenges is essential 

to ensure the widespread adoption and sustainability of 

AQbD in modern analytical workflows [56]. Extraction using 

magnetic nanoparticles (MSPE) is a highly efficient and eco-

friendly method for paraben extraction. This technique uses 

functionalized magnetic nanoparticles as adsorbents to selec-

tively extract methylparaben (MP) and propylparaben (PP) 

from complex matrices through external magnetic separation. 

Surface modifications such as surfactant functionalization or 

polymer coatings enhance the selectivity and binding capa-

city of MNPs. Table-4 provides the key benefits of function-

alized MNPs like high selectivity, fast separation, reusability 

and low solvent use alongside challenges like complex funct-

ionalization, agglomeration and high initial costs. Optimizing 

MNP performance requires balancing these factors. 

Challenges in pharmaceutical applications 

 Complexity of pharmaceutical matrices: Pharmaceu-

tical samples, such as drug formulations and biological fluids, 

contain complex matrices that interfere with the extraction pro-

cess. The main challenges include matrix effects influencing 

MNP binding efficiency, variability in drug formulations aff-

ecting extraction reproducibility, possible adsorption of inter-

fering substances onto MNP surfaces [14]. To mitigate these 

challenges, extensive design of experiments (DoE) studies are 

required to optimize surface modifications of MNPs to the 

enhance selectivity. 

 Regulatory and validation challenges: Regulatory bodies 

such as the USFDA and ICH Q14 guidelines, require rigor-

ous validation of AQbD-based methods. Common hurdles 

include defining critical quality attributes (CQAs) in compli-

ance with regulatory expectations, addressing method robust-

ness and stability over time [24]. 

 Standardization of AQbD method implementation: The 

absence of standardized AQbD guidelines for MNP-assisted 

HPLC complicates method transferability between laborat-

ories. This limitation affects the global harmonization of 

analytical procedures, reproducibility of results in inter-labor-

atory studies, scalability of AQbD-based methods for large-scale 

pharmaceutical applications [67]. Table-5 outlines key chall-

enges in MNP analysis and suggests targeted solutions inclu-

ding surface coating, early regulatory integration, strict quality 

control and collaborative regulatory efforts to enhance relia-

bility and method transferability. 

 

TABLE-4 

COMPARATIVE EVALUATION OF THE ADVANTAGES AND LIMITATIONS OF FUNCTIONALIZED MAGNETIC NANOPARTICLES 

Pros Cons 

High selectivity: Functionalized surfaces allow specific interaction 

with MP and PP molecules [60]. In AQbD approach, the kind of coating 

material is CPP to achieve the best selectivity (ATP) [10] 

Functionalization complexity: Chemical process required to modify 

MNP surface requires precise control and expertise [64] 

Rapid separation: External magnetic fields simplify the separation 

process, reduces extraction time [61] 

Particle agglomeration: MNPs may cluster, reduce effective surface 

area and adsorption efficiency [65]  

Reusability: Modified MNPs show high stability and can be reused 

multiple times [62] 

Cost of functionalization: While operational cost is low, initial cost 

for functionalized MNP synthesis is high [66] 

Low solvent usage: MSPE minimizes organic solvents usage, follows 

green chemistry principles [63] 
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Challenges in environmental applications 

 Sample heterogeneity in environmental matrices: The 

environmental samples such as water, soil, and food products 

often exhibit high heterogeneity, which can significantly infl-

uence the extraction performance of MNPs. The variability 

in contaminant distribution, along with the presence of comp-

eting ions, can reduce extraction efficiency by interfering with 

analyte binding. Moreover, complex interactions between 

MNPs and organic matter present in these matrices may fur-

ther hinder adsorption and recovery, posing key challenges to 

achieving consistent and reliable extraction results. A study on 

pesticide detection in agricultural runoff found that MNP-

HPLC had a 15% lower recovery rate in soil samples comp-

ared to aqueous matrices, highlighting the need for optimized 

extraction conditions [12]. 

 Sensitivity limitations in trace contaminant detection: 

While AQbD enhances method robustness, trace-level detec-

tion of heavy metals, endocrine disruptors and pharmaceu-

ticals in wastewater remains a challenge due to insufficient 

MNP surface area for ultra-trace analyte binding, interference 

from background environmental noise, limited selectivity of 

functionalized MNPs for multi-analyte detection [72]. To 

address these challenges, computational modeling can be emp-

loyed to better understand the interactions between MNPs 

and matrix components, thereby guiding the refinement of MNP 

functionalization strategies for enhanced selectivity and extr-

action efficiency. 

 Instrumentation and cost barriers: Despite the advan-

tages of AQbD-driven MNP-HPLC methods, high costs and 

technical expertise are required for specialized HPLC instru-

mentation with magnetic separation capabilities, development 

of tailored MNPs with optimized properties, integration of 

real-time monitoring for AQbD process control [49]. A cost-

benefit analysis comparing conventional HPLC with MNP-

based AQbD-HPLC revealed that the initial setup cost is 40% 

higher, though long-term operational savings offset this expense 

over time. Table-6 addresses the analytical challenges and 

broadens the applicability of nanoparticle-based methods. 

 Future perspectives in AQbD-driven MNP extraction 

and HPLC analysis: Future perspectives in this field focus 

on automated AQbD-driven optimization, AI-assisted predic-

tive modeling and the use of real-time monitoring systems for 

robust extraction efficiency and quality control [31]. Machine 

learning and AI-driven models are transforming AQbD-based 

method optimization by predicting ideal experimental condi-

tions before laboratory testing. These models analyze previous 

experimental data and identify the most influential factors, 

reducing the number of required experiments [12]. By integr-

ating AI with DoE and RSM, researchers can optimize MNP 

extraction processes and HPLC analysis faster and with greater 

accuracy. 

 Asahi et al. [75] reviewed machine learning (ML) appro-

aches within the various staged of nanomedicine development 

from nanoparticle synthesis and characterization to perform-

ance prediction and disease diagnosis. ML for example, was 

used to predict the heat generation of MNPs with different 

magnetic properties under varying conditions [70]. Recently, 

Dawoud et al. [76] explored the integration of AI with QbD 

principles in the formulation of lecithin/chitosan nanoparticles 

for delivering a poorly water-soluble drug in carcinoma treat-

ment. Silymarin is employed as a model drug due to its poten-

tial efficacy in liver cancer. A design framework was devel-

oped, yielding an optimized formulation with a lecithin-to-

chitosan molar ratio of 18.33:1 and 39.25 mg of silymarin. 

AI demonstrated strong predictive accuracy for the drug’s 

release rate. The optimized formulation enhanced the cyto-

toxic effect of silymarin [76]. 

 AI models examine and screen historical data as pre-

extraction process to determine the optimal solvent type, con-

centration and temperature for a specific plant waste, microbe, 

enzyme and target molecule. During the extraction, AI models 

can handle enormous amounts of data and assist in real-time 

monitoring and process control. Sensors continuously monitor 

critical parameters like pressure, temperature and solvent flow 

rate. AI can help to interpret extraction data and assist in deci-

sion making for additional processing, purification and quality 

TABLE-5 

KEY CHALLENGES IN PHARMACEUTICAL APPLICATIONS OF AQbD-DRIVEN MNP EXTRACTION COUPLED WITH HPLC 

Challenge Impact on analysis Potential solution Ref. 

Matrix interference Reduced extraction selectivity 

and accuracy 

Coated surface MNPs  [68] 

Regulatory compliance Increased validation burden Early integration of regulatory frameworks (risk assessment) [69] 

Batch variability in MNPs Inconsistent recovery rates Strict QC manufacturing control (DOE which minimizes trial 

and error) 

[70] 

Lack of standard AQbD guidelines Difficult method transferability Collaborative regulatory efforts [71] 

 

 

TABLE-6 

CHALLENGES IN ENVIRONMENTAL APPLICATIONS OF AQbD-DRIVEN MNP EXTRACTION COUPLED WITH HPLC 

Challenge Impact on analysis Potential solutions Ref. 

Sample heterogeneity Lower recovery rates Matrix-matched calibration standards [73] 

Trace contaminant sensitivity Reduced detection capability Enhanced MNP surface functionalization (correct kind of 

bonds between MNPs and the analyte) 

[72] 

Background interference Increased noise in chromatographic Improved sample cleanup methods (coated nanoparticles to 

increase selectivity of the specific analyte) 

[72] 

High instrumentation costs Limited adoption in resource-limited 

setting 

Development of cost-effective alternatives computational 

tools to predict the interactions) 

[74] 
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control processes at the final phase of bioactive molecule 

recovery, providing data-driven decision support and proce-

ssing [77].  

 Nezhadali et al. [78] developed a UV-Vis spectrophoto-

metric method for the determination of fluoxetine in pharm-

aceutical formulations and human serum samples using a 

SPE approach based on molecularly imprinted polymers 

(MIPs). To optimize the extraction conditions, they employed 

a Plackett-Burman Design (PBD) consisting of 12 randomized 

experiments to evaluate the influence of various factors, 

including sorbent amount, initiator concentration, monomer-

to-template ratio, shaking speed, extraction time, wash buffer 

pH, and polymerization time. Following the screening step, 

optimization was further refined using a combination of Central 

Composite Design (CCD), Artificial Neural Networks (ANN) 

and Genetic Algorithms (GA). The study demonstrated that 

integrating these statistical and computational tools provides 

a powerful approach for predicting optimal conditions and 

achieving global optimization without experimental limita-

tions [78]. 

 Taking into consideration of the preclinical safety 

evaluation of biotechnology-derived pharmaceuticals (ICH 

S6) guidelines recommended ensuring a rapid regulatory 

process and that product information includes criteria for 

selection of cell lines, culture media, assay reagents and how 

interferences with each are eliminated. The EMA has appro-

ved 3D cultures that mimic the biological environment. The 

standard for the assessment of in vitro cytotoxicity of medical 

devices has developed a screening method to assess the safety 

of nanoparticles in 3D cultures and provide guidance on the 

selection of cell lines in the biological evaluation of medical 

devices [79]. 

 Application of MNP for extraction coupled with HPLC 

methods: Farajzadeh et al. [80] have studied Fe3O4@SiO2@ 

C18 efficiency of cardiovascular drugs extraction from human 

plasma coupled with HPLC-PDA. LOD was 0.05-0.07 g/mL 

and recovery were 31-49%. Similarly, Abughrin et al. [81] 

employed magnetic nanoparticles coated with stearic acid, 

coupled with HPLC-DAD, for the extraction and determina-

tion of UV filters in cosmetic samples. The developed method 

exhibited satisfactory recovery values ranging from 81.2% to 

112%, demonstrating its efficiency and reliability for trace 

analysis in complex cosmetic matrices. Recently, Yang et al. 

[82] have used Fe3O4@mTiO2 nanoparticles for lipid removal 

in blood samples prior to HPLC-MS analysis of drugs and the 

recovery was 79.5-99.9%. 

Conclusion 

 The integration of Analytical Quality by Design (AQbD) 

with magnetic nanoparticle (MNP)-assisted extraction and 

high-performance liquid chromatography (HPLC) analysis 

represents a transformative strategy to enhance analytical 

method robustness, efficiency and reproducibility. By applying 

AQbD principles such as risk assessment, design of experi-

ments (DoE) and identification of critical quality attributes 

(CQAs) researchers can systematically develop high-precision 

extraction and analytical protocols with optimized perfor-

mance parameters. This review has demonstrated that the 

AQbD-driven approach further strengthens method develop-

ment by enabling systematic parameter optimization, predi-

ctive modeling and effective risk mitigation. These advance-

ments facilitate streamlined regulatory compliance with ICH, 

FDA and USP guidelines, thereby making AQbD-based meth-

odologies increasingly attractive for applications in pharma-

ceutical quality control, environmental monitoring and food 

safety analysis. 
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