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ABSTRACT 

Modern pharmaceutical analysis has undergone a significant transformation with the advent of vibrational chemical imaging 

(VCI) integrated with chemo metric techniques, enabling comprehensive, non-destructive, and high-resolution 

characterization of complex drug systems. VCI, employing spectroscopic modalities such as Fourier Transform Infrared 

(FTIR), Raman, and Near-Infrared (NIR) imaging, facilitates simultaneous acquisition of spatial and molecular information, 

thereby overcoming the limitations of conventional analytical methods. These techniques allow detailed visualization of 

active pharmaceutical ingredient (API) distribution, polymorphism, crystallinity, and drug–excipient interactions within 

pharmaceutical formulations. However, the large and complex datasets generated through hyperspectral imaging necessitate 

the use of chemo metric tools for efficient data processing and interpretation. Chemo metric methods, including principal 

component analysis (PCA), partial least squares (PLS), multivariate curve resolution (MCR), and machine learning 

approaches, play a crucial role in data pre-processing, pattern recognition, classification, and quantitative analysis. The 

integration of VCI and chemometrics has significantly enhanced pharmaceutical applications such as solid dosage form 

characterization, quality control, and process monitoring. Furthermore, these approaches align with regulatory frameworks 

such as Process Analytical Technology (PAT) and Quality by Design (QbD), supporting real-time monitoring and improved 

process understanding. Advances in imaging resolution, detector technologies, and data integration strategies have further 

strengthened the applicability of these techniques in pharmaceutical research and manufacturing. Despite challenges related 

to instrumentation cost, data complexity, and standardization, ongoing developments in automation and artificial 

intelligence are expected to drive wider adoption. Overall, VCI coupled with chemometric analysis represents a powerful 

and evolving analytical paradigm that supports the development of safe, effective, and high-quality pharmaceutical 

products. 
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INTRODUCTION 

Vibrational chemical imaging (VCI) is now 

recognized as an effective method of analysis in the 

pharmaceutical sciences, allowing the determination of 

spatial and chemical data of complex drug systems 

simultaneously  
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VCI is able to characterize pharmaceutical materials at 

the micro- and nanoscale by non-destructively using the 

vibrational spectroscopy methodologies, including 

infrared (IR) and Raman spectroscopy, with state-of-the-

art imaging capabilities. The method gives informative 

details of the molecular composition, distribution, and 

interactions of active pharmaceutical ingredients (APIs) 

and excipients in solid dosage forms, which are important 

compared to other analytical approaches which are 
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mainly devoid of spatial resolution. (Bakhrushina EO et 

al., 2025) Nowadays, the growing complexity of drug 

delivery systems, such as the multi-component systems 

and controlled-release matrices, as well as nanostructured 

drug delivery systems, has led to the need to use an 

increasingly complex analysis method like VCI. 

Nevertheless, the quantity of spectral information 

produced by these imaging modalities is a significant 

challenge in data interpretation and extraction of valuable 

information. Here is where the chemometrics, the use of 

mathematical and statistical techniques in chemical data, 

is important. The chemometric methods are used in 

preprocessing, modeling, and interpretation of huge 

multidimensional data to allow the proper qualitative and 

quantitative analysis of pharmaceutical systems ( 

Bakhrushina EO et al., 2022). Principal component 

analysis (PCA), partial least squares (PLS), cluster 

analysis, and multivariate curve resolution (MCR) are 

commonly used in order to improve the data quality, 

minimize noise, find patterns, and determine correlations 

between spectral characteristics and chemical properties. 

VCI combined with chemo metric analysis has made 

great progress in the field of pharmaceutical research by 

facilitating the study of drug distribution, polymorphism, 

crystallinity and drug excipient compatibility, which are 

very important in ensuring efficacy, stability and safety 

of the product. Moreover, this combination method 

would conform to the principles of Process Analytical 

Technology (PAT) and Quality by Design (QbD) that 

aids in real-time manufacturing process monitoring and 

control. (A Gibbons L, et al., 2021) The emphasis on the 

use of advanced analytical methods in the process of 

establishing the product quality and enabling its 

consistency is generally gaining popularity among 

regulatory agencies, which further explain the topicality 

of VCI and chemometrics in the present-day 

pharmaceutical development. These advancements 

notwithstanding, issues like high cost of instrumentation, 

complexity of data and standardization of protocols still 

exist. However, the process of constant improvements in 

imaging resolution, data-integration, and machine 

learning-based chemometrics is likely to improve the 

relevance and strength of the vibrational chemical 

imaging. As a result, VCI in combination with 

chemometrics is an innovative device in pharmaceutical 

analysis, providing in-depth information, which helps in 

the development of drugs, quality regulation, and 

compliance with regulatory requirements in a dynamic 

pharmaceutical environment. (Kim EJ, et al., 2021) 

 

Instrumentation and Imaging Modalities in Chemical 

Imaging 
The technological base of vibrational chemical 

imaging (VCI) is instrumentation and imaging modalities 

because they allow the detailed spatial and molecular 

characterization of pharmaceutical systems. VCI is 

mainly based on spectroscopic methods which include 

Fourier Transform Infrared (FTIR) imaging and Raman 

imaging with each having its own merits depending on 

how it interacts with the molecular vibration. FTIR 

imaging employs the use of mid-infrared radiation to 

investigate fundamental vibrational modes which give it 

strong absorption signals and high chemical specificity, 

which is ideal in the analysis of organic compounds, 

functional groups and excipient matrices within solid 

dosage forms. (Yang S, et al., 2025) Current FTIR 

systems commonly have focal plane array (FPA) 

detectors, which allow simultaneous collection of 

thousands of spectra, and Chemical mapping at a high 

rate. Raman imaging on the other hand is a technique 

founded upon inelastic scattering of monochromatic 

light, usually a laser source, and provides excellent 

spatial resolution and little interference with water hence 

is of great benefit in the analysis of water systems, 

polymorphic forms, and crystalline structures. More 

sophisticated Raman modalities like confocal Raman 

microscopy also increase depth profiling and three-

dimensional imaging that can be used to visualize drugs 

distribution in complex formulations in more detail. 

Along with the traditional FTIR and Raman methods, 

newer modalities like Near infrared (NIR) chemical 

imaging and coherent Raman methods including 

Coherent Anti- Stokes Raman Scattering (CARS) and 

Stimulated Raman scattering (SRS) have been developed 

to broaden the scope of analysis of the VCI by offering 

higher speed of imaging and better sensitivity. These 

systems are normally coupled with high-performance 

optics, sensitive detectors and automated sample stages in 

order to achieve an accurate and reproducible data 

acquisition. (Xie J, Gowen A, et al., 2024)The 

instrumentation is determined by the type of sample, the 

spatial resolution that is needed, the depth of analysis, 

and sensitivity. In addition, recent developments in 

hyperspectral imaging have made it possible to record the 

complete spectral data at every pixel, producing large 

multidimensional data sets that not only record the spatial 

but also chemical diversity. These datasets together with 

a powerful set of chemometric methods give in-depth 

information on the composition and structure of 

pharmaceuticals. In general, the unceasing development 

of the instrumentation and imaging modalities has 

contributed greatly to the improvement of the capabilities 

of chemical imaging turning it into the inseparable part of 

pharmaceutical research, development of formulations 

and quality control.(ChitraRagupathy I, et al 2021) 

 

Overview of Chemo metric Methods in Spectral Data 

Analysis 
Chemometric techniques have a significant role 

in the analysis of spectral data produced by the 

vibrational chemical imaging (VCI), allowing the 

derivation of chemical and spatial information of a 
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complex and high-dimensional data. Spectral data 

collected by methods as FTIR, Raman, and NIR imaging 

usually has thousands of variables per sample, posing the 

problem of data redundancy, noise, and overlapping 

spectral components. Chemometrics is a combination of 

statistical, mathematical and computational analysis 

programs that is applied to overcome such challenges 

through converting raw spectral data to interpretable and 

actionable information. Principal component analysis 

(PCA) is one of the most popular chemometric methods 

that are unsupervised and tend to reduce the 

dimensionality of data and maintain the variance to help 

identify the patterns, cluster them, and identify the 

underlying tendencies in the pharmaceutical samples. 

(Vosough M, et al. 2024) Also, the partial least squares 

(PLS) regression is being widely used as the quantitative 

analysis method that enables serious correlations between 

the spectral data and concentration, or physicochemical 

characteristics of the analyte. Cluster analysis methods, 

such as hierarchical cluster analysis (HCA) and k-means 

clustering are used to cluster similar spectra and map 

heterogeneity of space in formulations. Moreover, 

multivariate curve resolution (MCR) offers the capability 

of breaking down complicated spectral mixtures of 

complex spectral mixtures into pure component spectra 

and concentration profiles without prior understanding of 

the system, thus finding particular application in multi-

component pharmaceutical formulations. (Elhamdaoui O, 

et al., 2020) Linear discriminant analysis (LDA) and 

support vector machines (SVM), are some of the 

supervised methods of classification that are useful in 

predictive modeling and allow to categorize correctly 

polymorphic form, counterfeit drugs, and quality 

attributes. Chemometric models are frequently combined 

with data preprocessing methods such as baseline 

correction, normalization, smoothing and derivative 

transformations to enhance the quality of signal and 

improve model performance. Chemometrics can be 

further applied to data reduction, model validation, 

outlier detection and optimization of analytical processes. 

As machine learning and artificial intelligence emerged, 

chemometric methods have further developed to be able 

to work with high-scale hyperspectral data, which can be 

manually used to make decisions in other pharmaceutical 

processes in real-time. In general, chemometric 

techniques cannot be ignored to achieve the maximum 

potential of spectral data in VCI, which offers greater 

accuracy, efficiency, and reliability in the analysis of 

pharmaceuticals, quality control, and drug development. 

(Islam MN et al., 2022) 

 

Preprocessing Techniques for Spectral Data 

Enhancement 
The preprocessing method is a vital procedure 

of vibrational chemical imaging (VCI) and spectral data 

analysis because they improve the quality of the data and 

guarantee the accurate interpretation of complicated 

pharmaceutical data. Raw spectral data that have been 

collected using methods like FTIR, Raman and NIR 

imaging tend to exhibit noise, baseline effects, scattering 

or instrumental variations that may blur valuable 

chemical data, and invalidate further chemometric 

analysis. Various preprocessing techniques are also used 

in order to mitigate these issues, by removing distortions 

and normalizing spectral profiles. Baseline correction this 

operation is typically employed to remove background 

differences due to instrument drift or fluorescence and 

enhance the clarity and accuracy of the peaks. (Matveeva 

I, et al., 2022) Techniques like Savitzky-Golay filtering 

are used to minimize random noise, and still maintain 

significant spectral characteristics of data to improve 

signal-to-noise ratio without doing much to distort the 

shape of the peaks. Normalization techniques such as the 

use of vectors and area normalization are employed to 

correct sample thickness, concentration or conditions of 

measurements, so that there is comparability among 

spectra. Derivative spectroscopy and especially first and 

second derivatives are very common to tree the 

overlapping lines and enhance spectral resolution which 

leads to better identification of the chemical components. 

(Zhu Q, Liu Q, et al., 2025) Multiplicative scatter 

correction (MSC) and standard normal variate (SNV) are 

scatter correction methods that are used to eliminate the 

impacts of light scattering and variations in particle size 

that are of particular concern in solid dosage forms and 

heterogeneous samples. Further, spectral truncation and 

wavelength choice aid the elimination of irrelevant or 

noisy areas and the analysis is condensed to informative 

spectral areas. Preprocessing is also important in 

improving the performance of chemometric models by 

minimizing the dimension of data and also removal of 

redundant information. (Khadem H, et al., 2024)  The 

preprocessing steps should be chosen and ordered with 

great care since improper use will result in the loss of 

important information or addition of artifacts. Also in the 

recent years, automated and adaptive preprocessing 

algorithms have been created which are commonly 

combined with machine learning models to simplify data 

processing and increase reproducibility. All in all, 

preprocessing methods are essential in converting raw 

spectral data into quality datasets, and thus making 

possible the correct analysis of qualitative and 

quantitative analysis in drug development, such as 

formulation development, quality assurance and 

monitoring process. (Chen Z, et al. 2024) 

 

Multivariate Analysis for Pharmaceutical 

Applications 
Multivariate analysis is of primary interest in 

pharmaceutical use because it can be used to interpret 

multivariate high-dimensional data provided by 

vibrational chemical imaging and alternative analysis 
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methods. Pharmaceutical systems are multicomponent in 

nature and are known to have active pharmaceutical 

ingredients, excipients, impurities and degradation 

products, which tend to generate overlapping spectral 

signals which cannot be separated using the univariate 

methods. The multivariate methods offer the tools with 

high power to examine such data viewing several 

variables at the same time and thus discovering more 

obscured patterns, correlations, and hidden structure of 

the data. (Pokhrel DR et al., 2023) Principal component 

analysis (PCA) is a popular exploratory object reduction 

method when identifying clustering, outliers in a batch of 

medications to enable quick evaluation of changes in 

batch to batch variability, and product stability. To 

analyse quantitative data, partial least squares (PLS) 

regression is widely used to create calibration models that 

predict the changes in concentration of drug components 

by relying on spectral data, which is useful in testing 

content uniformity and developing dissolution profiles 

(Wang J, et al., 2021). The use of linear discriminant 

analysis (LDA), soft independent modeling of class 

analogy (SIMCA), and support vector machines (SVM) 

on the samples are used to classify, differentiate between 

various polymorphic forms, and detect counterfeit or 

substandard drugs. Multivariate curve resolution (MCR) 

also allows better data interpretation of complex mixtures 

breaking them down into spectrums due to pure 

components and concentration profiles, even when no 

prior information is known. The methods are especially 

useful in the analysis of the distribution of drugs, 

excipient interactions, and heterogeneity in solid dosage 

forms. Also, Process Analytical Technology (PAT) 

systems incorporate multivariate techniques, which allow 

real-time monitoring and control of pharmaceutical 

manufacturers. (Dorabiala O, et al. 2024)  They assist the 

Quality by Design (QbD) concepts through the provision 

of risk assessment, optimization of the processes, and 

creation of strong design space. Techniques Model 

validation models, such as cross-validation, and external 

validation are used to make sure models of multivariates 

are reliable and predictive in a regulatory setting. As 

machine learning and artificial intelligence have been 

integrated, multivariate analysis has also evolved to work 

with great volumes of data and automate the process of 

decision-making. In general, the multivariate analysis is 

used as a pillar of the contemporary pharmaceutical 

research and quality assurance that offers greater 

accuracy, efficiency, and insight into the complex drug 

systems.( Teng G, Wang Q, et al. 2021) 

 

Application in Solid Dosage Form Characterization 
Vibrational chemical imaging (VCI) coupled 

with chemometric analysis has turned into a vital 

instrument in the characterization of solid dosage forms 

where it offers detailed spatial and molecular data that is 

paramount in guaranteeing the quality, efficacy and 

stability of the product. Tablets and capsules are solid 

dosage forms that are multicomponent complex systems 

that contain active pharmaceutical ingredients (APIs) and 

various excipients, and their homogeneous distribution 

and favorable interaction are required to achieve 

consistent therapeutic performance. The conventional 

methods of analysis tend to give bulk data and not to 

show spatial heterogeneity; VCI can be used to generate 

non-destructive high-resolution maps of chemical 

constituents in the dosage form. Such techniques as FTIR 

and Raman imaging can be used to visualize API 

distribution, determine excipient domains, and identify 

agglomeration or segregation problems that can influence 

drug release and bioavailability. Chemometric analyses 

are additional means through which such analyses are 

improved by allowing a classification, quantification and 

pattern identification on large spectral data sets, to ensure 

a valid evaluation of the homogeneity of content and the 

homogeneity of blends. (Kucharska-Ambrożej K, et al., 

2021) VCI is also commonly used to determine coating 

integrity and coating thickness in modified-release 

preparations, in which uniform coating is essential in 

drug-release control. Furthermore, the method also helps 

in isolating some flaws like cracks, voids or 

inconsistencies in layers that may affect the functionality 

of the products. VCI in sustained-release systems In 

sustained-release systems using matrices, VCI can be 

used to understand the spatial distribution of the 

polymers and APIs, which is used to explain the process 

of drug release and improve the design of the 

formulations. Other important benefits are the capability 

of tracking the changes in solid dosage forms during 

stability investigations, given that VCI has the capacity 

of detecting the early indication of degradation, phase 

separation or recrystallization (Beke ÁK, Gyürkés M, et 

al.,2021). Moreover, linking VCI and Process Analytical 

Technology (PAT) allows to monitor the manufacturing 

process because of blending, granulation, and 

compression in real-time to maintain the quality of the 

product. This strategy will be in line with both regulatory 

requirements of Quality by Design (QbD), which 

promotes sound process development and validation. In 

general, Vibrational chemical imaging in solid dosage 

form characterization provides a multifaceted, non-

invasive analytical platform which promotes the 

knowledge of formulation structure development, 

provides better quality control and contributes to the 

creation of more efficient and dependable pharmaceutical 

products. 

 

Polymorphism and Crystallinity Analysis Using 

Vibrational Imaging 
Crystallinity and polymorphism are very 

important properties in pharmaceutical development 

since they play very relevant roles in determining 

solubility, stability, bioavailability and overall 
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therapeutic actions of the active pharmaceutical 

ingredients (APIs). One aspect that has come out as a 

potent instrument in the characterization and spatial 

localization of various polymorphic forms and different 

crystalline states in pharmaceutical systems is vibrational 

chemical imaging (VCI), especially Fourier Transform 

Infrared (FTIR), and Raman imaging. These methods 

take advantage of small differences in molecular 

vibrations due to differences in crystal lattice structure, 

and allow the discrimination of polymorphs that could 

otherwise be indistinguishable using more traditional 

approaches to evaluation. Specifically, Raman imaging is 

readily sensitive to crystal structure and is commonly 

employed in the detection of polymorphic transitions, 

whereas FTIR imaging is complementary information on 

the interaction of functional groups and the pattern of 

hydrogen bonding. VCI enables visualization of the 

distribution of polymorph in solid dosage forms so that 

heterogeneity is revealed and it can influence drug 

dissolution and stability. The interpretation of complex 

spectral data is usually done through chemometric 

techniques, including principal component analysis 

(PCA), multivariate curve resolution (MCR) and cluster 

analysis to allow the different crystalline forms to be 

discriminated and quantified. VCI is also used in 

estimating the extent of crystallinity as well as the 

existence of amorphous space in formulations, besides 

polymorphism. Amorphous form of a drug may have 

greater solubility and a lower physical stability than the 

crystalline form of a drug and it is thus necessary to 

measure crystallinity when formulating and storing a 

drug.(Bunaciu AA, et al., 2024) Vibrational imaging is 

able to detect amorphous-crystalline transitions which are 

possible under stress conditions like humidity, 

temperature, or mechanical processing. Moreover, the 

method assists in situ monitoring of crystalization 

reactions, and it gives information regarding the 

processes of nucleation and growth. The information can 

be useful in streamlining manufacturing and maintaining 

uniformity in the quality of its products. VCI is further 

expanded by the incorporation of both Process Analytical 

Technology (PAT) and Quality by Design (QbD) 

frameworks making it even more useful regarding 

regulatory compliance and quality assurance. 

Comprehensively, the vibrational chemical imaging will 

provide a non-destructive and high sensitivity method of 

analysis of polymorphism and crystallinity, which will 

help in the formation of stable, effective, and high-quality 

pharmaceutical products. (Thapa Magar K, et al., 2024) 

 

Drug–Excipient Compatibility and Interaction 

Studies 
The pharmaceutical formulation development 

necessitates the drug pharmaceutical interaction and the 

drug-excipient compatibility studies to be carried out 

because these studies have a direct impact on the 

stability, efficacy, and safety of the end dosage form. 

Vibrational chemical imaging (VCI) and Fourier 

Transform Infrared (FTIR) especially Raman imaging is 

an attractive, non-destructive system that is able to study 

the molecular-scale interactions of active pharmaceutical 

ingredients (APIs) and excipients in complex 

formulations. Such methods permit to observe slight 

alterations of vibrational spectra that occur as a result of 

chemical interactions, hydrogen bonding, ionic 

interactions, and van der Waals forces that can modify 

the physicochemical properties of the drug. FTIR 

spectroscopy is particularly valuable in revealing how 

functional groups interrelate and change in their 

characteristic absorption bands whereas Raman imaging 

can also be used to provide high spatial resolution in 

mapping the distribution of interacting components in the 

dosage matrix. ABA combination with chemometric 

techniques, including principal component analysis 

(PCA), multivariate curve resolution (MCR), and cluster 

analysis, can improve the analysis of multifaceted 

spectral data, and it is possible to distinguish between 

reviewable and incompatible systems. By using the 

methods, VCI is able to detect incompatibilities like 

degradation reactions or formations of new chemical 

entities or phase separation which could interfere with 

product stability. Moreover, the method aids in 

evaluating the excipient functionality e.g. how it 

influences the drug release, solubility or stabilizes the 

amorphous forms. (Martínez LM, et al., 2022) VCI can 

be used to visualize the distribution of API and excipients 

and the areas of potential interaction, which can be used 

to investigate the homogeneity of formulations and 

microstructural organization. This is of special concern in 

multi-component systems where local interactions can 

result into variability of drug action. In addition, VCI 

facilitates rapid stability tests in that early-stage 

interactions during stressful conditions like temperature 

and humidity are identified, thus assisting in projecting 

stability over time. VCI is used in compatibility studies 

that comply with regulatory requirements in Quality by 

Design (QbD), which has ensured that the attributes of 

materials are well understood and how they influence the 

quality of the product. Altogether, a combination of 

vibrational chemical imaging and chemo metric analysis 

represent a broad-range and sensitive methodology of 

assessing drug-excipient interactions, which eventually 

can be used to create stable and robust pharmaceutical 

formulations.  

 

Quality Control and Regulatory Perspectives 
Quality control and regulatory perspectives play 

a crucial role in the adoption of vibrational chemical 

imaging (VCI) and chemo metric techniques within the 

pharmaceutical industry, as they ensure that analytical 

methods meet stringent standards for accuracy, 

reliability, and compliance. VCI, encompassing 
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techniques such as FTIR, Raman, and NIR imaging, 

provides non-destructive, high-resolution chemical and 

spatial information that is highly valuable for assessing 

critical quality attributes (CQAs) of pharmaceutical 

products, including content uniformity, polymorphic 

form, crystallinity, and drug–excipient interactions. From 

a quality control standpoint, these techniques enable 

rapid and comprehensive analysis of finished dosage 

forms and raw materials, facilitating early detection of 

defects, impurities, and inconsistencies that may affect 

product performance. (Acebedo-Martínez FJ, et al., 

2021)  The integration of chemo metric models further 

enhances quality control by enabling robust quantitative 

and qualitative analysis, supporting batch release testing 

and ensuring reproducibility across manufacturing 

processes. Regulatory agencies such as the U.S. Food and 

Drug Administration, European Medicines Agency, and 

International Council for Harmonisation emphasize the 

importance of advanced analytical technologies under 

frameworks such as Process Analytical Technology 

(PAT) and Quality by Design (QbD), which promote 

real-time monitoring, process understanding, and risk-

based quality management. VCI aligns well with these 

regulatory initiatives by enabling in-line or at-line 

monitoring of manufacturing processes, such as blending, 

granulation, and coating, thereby reducing reliance on 

end-product testing and minimizing batch failures. 

Furthermore, regulatory acceptance of chemo metric 

models requires rigorous validation, including assessment 

of accuracy, precision, specificity, robustness, and model 

predictability, often following guidelines such as ICH Q2 

(R1) for analytical method validation. Data integrity and 

traceability are also critical considerations, necessitating 

proper documentation, calibration, and standardization of 

imaging systems and data processing workflows. Despite 

its advantages, challenges such as high instrumentation 

costs, lack of standardized protocols, and the need for 

skilled expertise can limit widespread implementation. 

However, ongoing advancements in automation, software 

integration, and regulatory harmonization are expected to 

facilitate broader adoption. Overall, the incorporation of 

VCI and chemometrics into pharmaceutical quality 

control frameworks enhances analytical capability, 

supports regulatory compliance, and contributes to the 

consistent production of safe, effective, and high-quality 

pharmaceutical products. 

 

Table 1: Comparison of Vibrational Imaging Techniques 

Technique 
 

Principle 
 

Advantages 
 

Limitations 
 

Pharmaceutical 

Applications 

FTIR Imaging 

 

Absorption of IR 

radiation by 

molecular vibrations 

High chemical specificity, 

fast acquisition (FPA 

detectors) 

Limited spatial 

resolution, water 

interference 

API distribution, 

excipient mapping 

 

Raman Imaging 

 

Inelastic scattering 

of monochromatic 

light 

High spatial resolution, 

minimal water interference 

Fluorescence 

interference, slower 

acquisition 

Polymorphism, 

crystallinity, drug 

mapping 

NIR Imaging 

 

Overtone and 

combination 

vibrations 

Rapid analysis, deep 

penetration 

 

Lower specificity 

compared to 

IR/Raman 

Process monitoring, 

PAT applications 

 

CARS/SRS 

 

Coherent Raman 

scattering 

techniques 

High sensitivity, rapid 

imaging 

Expensive 

instrumentation 

Real-time imaging, 

biological systems 

 

Tables 2: Pharmaceutical Applications of VCI and Chemometrics 

Application Area Role of VCI Role of Chemometrics Outcome 

Solid Dosage Forms 

 

Spatial mapping of 

API/excipients 

Quantitative modeling 

 

Improved content 

uniformity 

Polymorphism Analysis 

 

Identification of crystal 

forms 

Pattern recognition (PCA, 

MCR) 

Stability and bioavailability 

control 

Drug–Excipient 

Interaction 

Detection of molecular 

interactions 

Classification and clustering 

 

Enhanced formulation 

stability 

Quality Control Non-destructive testing Predictive modeling (PLS) Batch consistency 

Process Analytical 

Technology (PAT) 

Real-time monitoring 

 

Data integration and 

automation 

 

Process optimization 

 

Drug Delivery Systems 

 

Visualization of drug 

distribution 

Multivariate analysis 

 

Controlled drug release 
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Figure1: Overview of Chemometric Methods in Spectral Data Analysis 
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Figure 2: Quality Control and Regulatory Perspectives 

 

Advances in Imaging Resolution and Data Integration 

Techniques 
Recent developments in imaging resolution and 

methods to integrate data have greatly increased the 

possibilities of vibrational chemical imaging (VCI) in 

pharmaceutical research and studies to allow a more 

detailed and overall description of complex drug systems. 

Optical components, detector sensitivity and laser 

technologies have been improved by great steps and 

results in significant advances in spatial and spectral 

resolution, and now chemical heterogeneity can be 

visualized at micro- scale and even nanoscale. Several 

methods have been applied to image at high-resolution 

above the diffraction limit, including near-field 

techniques like tip-enhanced Raman spectroscopy 

(TERS), and confocal Raman microscopy, which is used 

to study the distribution of drugs, polymorphic domains, 

and interactions at the interfaces in formulations in 

detail.(Atre P, et al., 2025) Equally, the development of 

focal plane array (FPA) sensors in FTIR imaging have 

enhanced high spectral fidelity of data and high rates of 

achievement due to their capability to obtain high-

throughput data of pharmaceutical samples. Parallel to 

this, multimodal imaging techniques have been found to 
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be an effective means of defeating the weaknesses of 

single techniques. FTIR, Raman, and NIR imaging 

techniques. when used together in a complementary 

fashion, the researchers are likely to gain a more 

comprehensive view of chemical composition and 

structural organization. Data fusion methods such as low 

and mid-level and high level fusion allow integration of 

data sets of various sources to increase accuracy and 

strength of analysis. In addition, the integration of the 

state-of-the-art chemometric and machine learning 

algorithms has transformed the data analysis and made it 

possible to extract features, classify them, and predict 

with large hyperspectral datasets automatically. Deep 

learning and artificial intelligence-related solutions are 

becoming more and more used in the detection of 

complex patterns and enhance decision-making in 

pharmaceutical quality control and process monitoring. 

Large-scale imaging datasets have also been efficiently 

handled using cloud-based computing and high-

performance data processing platforms, and have 

enhanced computational efficiency and reproducibility. 

Such technologies are useful in real-time monitoring and 

control of Process Analytical Technology (PAT) 

frameworks, in line with the principles of Quality by 

Design (QbD). Although these developments have been 

made, there are still challenges on the standardization of 

data, its interoperability and approval of integrated 

models. However, continuous development of imaging 

resolution and data integration is likely to increase the 

scope of VCI application to become a pillar of 

technology in the contemporary pharmaceutical analysis 

and production. 

 

CONCLUSION 
This synergistic approach of high-order 

spectroscopic imaging, including FTIR, Raman, and NIR 

imaging with strong multivariate data analysis has made 

it possible to gain unprecedented understanding on the 

spatial distribution of, the molecular interaction, and the 

physicochemical properties of pharmaceutical 

formulations. These methods overcome significant 

limitations to traditional methods of analysis, in 

particular, the impossibility to solve the chemical 

heterogeneity and spectral overlap in multicomponent 

systems. With the help of chemometric tools, big and 

complicated hyperspectral data can be successfully 

handled to permit proper qualitative and quantitative data 

analysis, pattern identification, and predictive modeling. 

It has found particular application in pharmaceutical uses, 

in particular in the characterization of solid dosage forms, 

the determination of polymorphism and crystallinity, in 

drug-excipient compatibility research, and in quality 

control. Also, the fact that VCI and chemometrics were 

aligned with regulatory approaches like Process 

Analytical Technology (PAT) and Quality by Design 

(QbD) highlights their significance in the contemporary 

pharmaceutical production, which allows real-time 

monitoring, better understanding of the processes, and 

increased product consistency. Implementation of these 

technologies will favor the transition of conventional 

end-product evaluation to a more initiative outlook 

towards quality assurance using a scientific approach. 

Imaging resolution, detector technologies, and data 

integration techniques, such as machine learning and 

artificial intelligence, have further increased the 

capabilities of VCI as they can analyze data in high 

throughput and make decisions automatically. Such 

innovations not only enhance efficiency in terms of 

analysis, but also help in production of stronger and more 

credible pharmaceutical products. In spite of these 

benefits, there are some weaknesses such as financial 

instrumentation, special knowledge is required and data 

standardization and regulatory acceptance of intricate 

chemometric formulations. To overcome these issues, the 

interdisciplinary cooperation, technological 

advancement, and the development of the standardized 

protocols and the strategies to implement the validation 

will be needed. In the future, it can be expected that the 

future of pharmaceutical analysis will be more and more 

shaped by integrated analytical platforms, which 

integrate advanced imaging, data science, and real-time 

process monitoring. The further development of VCI and 

chemometric methods will be critical in the sustainability 

of personalized medicine, continuous production, and a 

next-generation drug delivery system. These newer 

analytical methods in the end offer a paradigm shift in 

pharmaceutical sciences by allowing one to gain a deeper 

insight to the drugs taken by the patients, so as to provide 

safe, effective and quality medicines to their patients all 

over the globe. 
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