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Process Analytical Technology (PAT)

Basis for the fulfillment of “Quality by Design” (QbD)

Processing: focus on product quality

From post-manufacturing controls to integration of quality into processes

Main objective: compliance with quality standards

Joseph M. Juran: “…quality can be designed…”

Application of QbD in manufacture:
1. Identification of critical quality parameters
2. Process design
3. Control interventions
4. Validation and record-keeping
5. Continuous monitoring



Basic principles of PAT



Basic principles of PAT

“Systems for analysis and control of manufacturing processes based on real-time process 
monitoring of critical quality parameters and performance attributes of raw materials and in-
process products, to assure acceptable end-product quality at the completion of the process”

Ways of monitoring
Connection to 
final quality

Systematic framework



Basic principles of PAT

Important differences among industries

Key points in industrial applications:
✓ Interpretation of PAT among distinct production units

✓ Analytical equipment and data processing

✓ Deviation from initial objective: real-time quality assurance via a holistic and 
systematic approach

Transition from Process Analytical Chemistry (PAC) to PAT: understanding 
of the chemical, physical and biological parameters



Application of PAT in the food industry

F. van den Berg et al. (2013)*:                                                                                                                  
“PAT represents a silent revolution in industrial quality control in food processing”

Strict regulatory requirements in safety, quality and traceability issues

Important limitations and challenges:
✓ Food products: complex and multifactorial systems

✓ Food systems: extensive “natural” variability (biological)

Incompetency of “traditional” technologies (based on off-line laboratory measurements)

*https://doi.org/10.1016/j.tifs.2012.04.007



Goal: end-product quality assurance in an efficient, traceable and environmentally 
responsible manner

Development of novel sampling methods/analytical tools allowing for timely 
measurements of critical parameters

https://gmpua.com/

Application of PAT in the food industry



Benefits of PAT in the food industry

Improved utilization and control of raw materials

Reduction of the variability in end-product quality

Reduction/elimination of food loss

Reduction of the duration of process cycles

Time efficiency

Cost reduction

Ongoing knowledge update

Process and product innovation

Assisting HACCP strategies



Van den Berg et al., 2013; https://doi.org/10.1016/j.tifs.2012.04.007

Application of PAT in the food industry



Nychas et al., 2016; http://dx.doi.org/10.1016/j.cofs.2016.06.005   

“Traditional” food industry processes…



Nychas et al., 2016; http://dx.doi.org/10.1016/j.cofs.2016.06.005   

Proposed food industry processes…



Application of PAT in the food industry

Basic components of PAT application:
✓ Understanding of critical quality parameters of products

✓ Understanding of process dynamics in relation to sampling

✓ Analytical instruments for in-line/on-line measurements

✓ Massive flows of process (multivariate) data

Tools for PAT application:
(I) Process monitoring using spectroscopy-based methods

(II) Statistical analysis of multivariate data

(III) Information/data management and ongoing improvement



PAT application tools

(I) Non-invasive analytical technologies based on spectroscopy and/or image analysis  



http://www.myfoodsniffer.com/ https://tellspec.com/

https://phasmafood.eu/

PAT application tools

(I) Non-invasive analytical technologies based on spectroscopy and/or image analysis  



(II) Multivariate statistics and data mining  

PAT application tools



(III) Information/data management and ongoing improvement   

PAT application tools



PAT concept applications in foods

Food risk matrix*

*Spink and Moyer, 2011; https://doi.org/10.1111/j.1750-3841.2011.02417.x 

✓ Microbiological quality
✓ Milk coagulation
✓ Cheese ripening
✓ Emulsification
✓ Physicochemical parameters
✓ Food additives
✓ Antioxidants





PAT concept applications in foods

Food risk matrix

Spink and Moyer, 2011; https://doi.org/10.1111/j.1750-3841.2011.02417.x 

✓ Biological hazards
✓ Chemical hazards
✓ Environmental contaminants



https://doi.org/10.3390/s22072800



PAT concept applications in foods

Food risk matrix

Spink and Moyer, 2011; https://doi.org/10.1111/j.1750-3841.2011.02417.x 

✓ EMA (detection of adulterants)
✓ Misbranding (authentication)





https://doi.org/10.1038/s41598-020-68156-2



DiTECT
Digital TEChnologies as an enabler for a conTinuous
transformation of food safety management systems 

(EU-CHINA project 861915)
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DiTECT



DiTECT



Assessing microbiological quality of chicken burgers using spectroscopy-based sensors

Fengou et al., 17th Annual Conference of the Metabolomics Society. Metabolomics (online), June 2021



Assessment of the microbiological quality of beef using spectral data

Zegna et al., 9th Conference of MIKROBIOKOSMOS, Athens, Greece, 16-18 December 2021

FTIR MSI



Multispectral imaging for estimating the microbiological quality of chicken fillets stored 
under different packaging conditions

Tsekos et al., IAFP’s European Symposium on Food Safety 2022, P2-30

Performance metrics of the PLS-R models correlating total 
mesophilic microbial populations based on MSI data



PAT concept applications in food quality assessment and adulteration detection

P1-22 - Estimation of the Microbiological Status of Chicken Burgers through Fourier 
Transform Infrared Spectroscopy (FT-IR)

P1-23 - Fourier-Transform Infrared Spectroscopy Coupled with Support Vector 
Machine Analysis for Chicken Liver Spoilage and Safety Assessment

T4-05 - Detection of Adulteration in Raw and Cooked Beef Using Multispectral 
Imaging

T6-04 - Volatilomics in Tandem with Machine Learning for the Quality Assessment 
of Chicken Meat



Actual application of PAT in the food industry

Scientific literature: considerable potential

Actual industrial-scale applications: limited

Sensors: substitutes of off-line analytical procedures

Gap between potential and actual applications 

Knowledge dissemination and close cooperation between 
researchers and food industry stakeholders

Grassi and Alamprese, 2018; https://doi.org/10.1016/j.cofs.2017.12.008



Outlook…

Enrichment of current scientific knowledge: further development and improvement 
of non-invasive analytical technologies and sensors

Better understanding of the PAT concept by regulatory authorities and stakeholders

Extension of the PAT framework to food protection issues beyond quality           
(safety, authenticity, adulteration)

Significant contribution of MEMS and IT in the provision of integrated approaches 
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