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1. Rationale for Undertaking the Research  
With the abolition of milk quotas in 2014 and the predicted increase in milk volume by 2020 (Food 
Harvest 2020), an urgent need existed for development of new innovative dairy based products for 
utilisation of the extra milk produced. Given that most of the markets are expanding outside of Ireland, 
new membrane and spray drying equipment was introduced for production of dairy powders to reach 
these foreign markets. To support the significant capital expenditure within the county, this project is 
targeted at understanding fundamental physico-chemical interactions underpinning the development of 
new ingredients for use in added-value dairy beverages. To address the need to produce stable 
ingredients for fortified dairy beverages for export, the aim was to target two areas, 1) development of 
protein concentrates more stable to mineral fortification for transport in liquid form and/or 2) 
knowledge to re-engineering of existing protein concentrates (e.g., infant formula. Milk protein 
concentrates MPC’s whole milk powder etc.) to increase solids and save energy, prior to drying. The 
research team identified protein – mineral interaction as a key determinant of stability in protein 
concentrates during processing and outlined a strategy to try to uncouple the influence of pH and ionic 
effect to build super concentrated protein systems. 
 
Concentration of protein, by removal of water, is a key component of any manufacturing process used in 
the development of dairy-based ingredients. One of the difficulties of concentration in dairy protein 
systems is the concomitant increase in mineral analytes (e.g. Calcium, Sodium, Magnesium, Iron and 
Zinc) as the solvent phase is reduced through evaporation or membrane separation. A consequence is a 
reduction in pH as the concentration of H+ ions increases. More complex phenomena include a shift in 
equilibrium between ionic (e.g., Ca and P) species between the colloidal and solvent phases. The 
rationale was to decouple the effects associated with pH, from ionic effect, i.e., interaction between 
proteins and minerals; competition between selective anions (e.g., phosphates and proteins) and 
cations such as calcium systems relevant to the dairy industry but particularly to the functional beverage 
sector such as infant formula manufacture.  
 

 

2. Research Approach  
The aim of this project was to engineer concentrated protein systems ‘super concentrates’ by 
manipulation of protein aggregation behaviour to control viscosity, increase processing efficiency and 
providing more opportunities for manufacture of sustainable dairy ingredients. The term ‘super-
concentrate’ is used in the current proposal to describe a protein system that has been concentrated, in 
a stable state, beyond a critical point at which colloidal stability would normally be compromised. The 
tasks are complementary, firstly purifying the proteins, followed by characterisation and finally 
concentration and pilot plant studies. Some advanced techniques were applied by University of 
Maynooth to characterise the chemical structure of whey proteins using differential scanning 
calorimetry. Researchers at Trinity College Dublin used state of the art NMR techniques to study the 
effect of β-lactoglobulin concentration (1 and 12% (w/w)) on structural rearrangements, pre- and post-

heat-treatment, using 1H−13C HSQC (1H−13C Heteronuclear Single Quantum Correlation) solution 
NMR spectral fingerprinting to determine the denaturation, aggregation and overall conformational 
changes in molecular structure. This technique was compared with chromatography, SDS-PAGE and 
fourier transform infrared (FTIR) spectroscopy. The team at Moorepark used a combination of 
methodologies including HPLC, electrophoresis, differential scanning calorimetry, separation techniques 
(membrane and ion exchange) and particle size (light and laser scattering) to characterise protein 
denaturation and aggregation. Techniques were adapted to determine the factors that affect the 
physical stability of whey proteins including pH, ionic strength and temperature. A number of studies 
were designed to test the effect of protein concentration on heat-Induced aggregation and subsequent 
functionality of whey proteins. A pilot-scale process was used to produce whey protein aggregates at 
different concentrations and their heat stability determined. Novel atomic force microscopy techniques 

https://www.google.ie/search?hl=en&q=fourier+transform+infrared+(FTIR)+spectroscopy&spell=1&sa=X&ved=2ahUKEwi1-OStr6zpAhWQUcAKHUaUA9QQkeECKAB6BAgRECo
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were developed to visualise aggregates formed by heat-treatment of 1 and 12% (w/w) WPI at pH 6.7. 
Levels of native and aggregated protein were quantified in solutions of four different concentrations (1, 
4, 8 and 12% w/w) and compared with the physical parameters heat stability and viscosity. This 
information was compared with rheological and microstructural analysis of different protein systems at 
different concentrations under different ionic conditions and pH. The learnings from the extensive 

laboratory based tests were used to design pilot scale trials, whereby protein type (-lactalbumin and -
lactoglobulin), heat treatment, homogenisation, and concentration were varied. The ability of the 
protein to stabilise a model infant formula emulsions was evaluated by measuring particle size, protein 
aggregation and viscosity during concentration. These experiments were carried out both in parallel and 
sequentially amongst the research institutes, building on findings and ultimately facilitating the 
development of concentrated protein solutions.  

 

3. Research Achievements/Results  
The effect of calcium at different pHs on the colloidal stability of whey proteins was determined. Using a 
combination of electrophoresis and reverse phase HPLC, the size distribution of aggregates formed for 
both alpha lactalbumin and beta lactoglobulin were monitored simultaneously. Significant differences in 
the growth profiles of the different aggregates with increasing calcium concentration was shown. 
Increasing calcium led to increasing amounts of small aggregates (less than 1μm) formed. A number of 
physico-chemical parameters such as Tm, kD and RI using a combination of DSC and light scattering 
were determined, and used to assess the likelihood of aggregate formation at high protein 
concentrations.  

A number of calcium amino acid salts were prepared in the third period of the project and 
scaled up in the final period where they were assessed for their ability to inhibit aggregate formation in 
whey protein solutions. All calcium amino acid salts produced different aggregate profiles in heat-
treated whey protein solutions at high concentration, relative to addition of the same amount of 
calcium as calcium chloride salt. The addition of calcium as an amino acid salt may provide a convenient 
way to nutritionally enhance whey protein concentrates aggregation profiles and viscosity changes 
normally associated with increasing ionic strength.  

Experiments were successfully completed, which focus on the characterisation of aggregates 
created through the heat treatment of whey protein isolates (WPI) with different protein 
concentrations, i.e., (1, 4, 8 and 12% protein) at pH 6.7 (pH of milk; trials carried out in quadruplicate). 
The formation of these aggregates was successfully completed, however, additional work was carried 
out whereby small (generated from 8% concentrates) and large (generated from 1% solutions) 
aggregates were made and brought to the same concentration of 6% by either dialysis (to bring up the 
1% concentration) or dilution to bring down the 8%. The findings showed that the smaller whey 
aggregates, while at the same protein concentration, were more stable than the larger aggregates when 
subjected to heating at 120°C in the Oil bath. Differences in viscosity were also observed. Changes in 
structure (studied using NMR) are the driving force behind protein aggregation and why differences in 
particle size and turbidity are evident at differing protein concentrations. The study showed that 
differences in heat stability can be achieved through the pre-heat treatment of WPI at different protein 
concentrations. The findings can be utilised for improving processing characteristics of whey protein 
ingredients in multiple food applications. 

Pilot scale studies demonstrated that heating after homogenisation reduces stability during 
processing as evident by an increase in fat globule size in typical emulsion systems used in nutritional 
beverages. However, increasing the α-lactalbumin concentration from 12 to 48% of total protein 
prevented this from happening. The finding was verified by images of the fat globules observed using a 
confocal laser scanning microscopy. The emulsions containing the higher α-lactalbumin concentration 
had a lower viscosity when concentrated regardless of processing conditions used, i.e., heating before or 
after homogenisation. The use of α-lactalbumin in infant formula can therefore, in some instances, 
facilitate design of new processes while allowing greater concentration and improved throughput. The 
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findings demonstrate the complex interaction between the type of the protein ingredient used during 
formulation and the sequence of unit operations required to process of these formulae. 
 
The important effect of pH, protein concentration and ionic strength on whey protein systems was 
demonstrated and provides key information for those manufacturing whey protein ingredients. The 
findings suggest that while increasing temperature results in increased protein denaturation and 
aggregate formation, along with changes to the secondary structure of the protein, changes to the 
molecular structure as determined by NMR, were not as extensive as expected, when compared to the 
native globular structure. This would suggest that although the β-lactoglobulin molecules were heat-
modified, the resulting aggregates contained “native-like” molecules.  
 

 

4. Impact of the Research 

4(a) Summary of Research Outcomes 

 

(i)  Collaborative links developed during this research 
 
The project was the first collaboration between the research teams at Teagasc and chemistry 
department at Maynooth. The interaction facilitated excellent cross fertilisation of ideas, methodologies 
and led to new thinking in relation to understanding denaturation / aggregation of whey proteins during 
concentration, cumulating in a number of joint scientific publications. A second collaboration between 
researchers at Teagasc, Maynooth and the group of Kenneth Mok at Trinity College successfully studied 

the aggregation behaviour of -lactoglobulin at a molecular level using sophisticated 2D-NMR spectral 
fingerprinting. The collaboration between the three institutes has led to new scientific understanding of 

mechanisms behind aggregation of -lactoglobulin in concentrated systems and this work is submitted 
for publication.  The research led to collaborative links with three Irish based and two international 
companies. Aoife buggy who was the Teagasc PHD on the project has taken up a permeant role with a 
major international infant formula company. 
 

(ii)  Outcomes where new products, technologies and processes were developed 

and/or adopted  
 
The work resulted in new insights into the structural and colloidal stability of protein concentrates, 
through application of advanced chemistry techniques and new approaches such as use of amino acid 
calcium salts in protein concentrates. The techniques used in the applied chemistry field were adapted 
to Dairy protein applications, such as manufacture of protein ingredients through membrane processing. 
The ingredients studied were whey protein based and targeted for use in infant formula. The 

fundamental understanding of the interaction of minerals with the whey proteins -lactoglobulin and -
lactalbumin, and their role in aggregate formation during concentration was realised. This led to a new 
understanding of the impact of thermal processing on dairy proteins, and new approaches for sequential 
heating / homogenisation processes. This has led to new recommendations on formulation and 
processing to a number of dairy / infant formula processors, contributing to process optimisation and re-
design.   
 

(iii) Outcomes with economic potential  
 
The project led to a collaboration with commercial clients for confidential troubleshooting focused 
projects. Solutions were provided which led to protection of product supply and market and economic 
security. The core study that contributed to these interactions was the role of protein aggregation and 
contribution to viscosity.  The methodologies used in these experiments were adapted for use in the 
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industry projects, delivering solutions for incorporation into their research / operations activities. The 
project has provided important methodologies and approaches for use in the dairy and infant formula 
sector. It provides new opportunities for improvement in stability and efficiency during manufacture of 
concentrated protein ingredient and beverage systems.  The research has further economic benefit as 
the findings can be applied to both the ingredients used and finished nutritional beverage (e.g., infant 
formula) products.  
 

(iv) Outcomes with national/ policy/social/environmental potential 
 
Both students on the project have successfully completed their PhD thesis, contributing two highly 
trained scientists to the workforce. Aoife Buggy has gone on to work abroad in the Dairy / Nutritional 
beverage industry, becoming a highly skilled scientist with a strong dairy chemistry / processing 
background. The research supports a sector that provides significant employment with a high level of 
social impact in rural areas. The findings have direct potential to increase manufacturing efficiency / 
energy consumption in a production plant, contributing to a more sustainable manufacturing 
environment.    

 

4 (b)  Summary of Research Outputs 

 

(i) Peer-reviewed publications, International Journal/Book chapters. 

 
• Brodkorb, A., Croguennec, T., Bouhallab, S., & Kehoe, J. J. (2016). Heat-Induced Denaturation, 

Aggregation and Gelation of Whey Proteins. In P. L. H. McSweeney & J. A. O'Mahony (Eds.), 
Advanced Dairy Chemistry (Vol. Volume 1B: Proteins: Applied Aspects, pp. 155-178): Springer 
New York. 

 

• Buggy, A.K., McManus, J.J., Brodkorb, A. et al. Stabilising effect of α-lactalbumin on 
concentrated infant milk formula emulsions heat treated pre- or post-homogenisation. (2017). 
Dairy Sci. & Technol. 96, 845–859 https://doi.org/10.1007/s13594-016-0306-1 
 

• Buggy, A.K, McManus .J.J, Brodkorb, A, Hogan S.A, Fenelon, M.A. (2018). Pilot-scale formation of 
whey protein aggregates determine the stability of heat-treated whey protein solutions-Effect 
of pH and protein concentration. J Dairy Sci. Dec;101(12):10819-10830. doi: 10.3168/jds.2017-
14177. Epub 2018 Sep 20. 

 

• Fenelon, M, A., Rita M. Hickey, Aoife K. Buggy, Noel A. Mc Carthy & Eoin G. Murphy –  Book 
Chapter 13, Whey Proteins in Infant Formula. Whey Proteins : From Milk to Medicine. (2018)  

 

• Buggy, Aoife K., Kim, Ji Yoon, Fenelon, Mark A. J. Mc Manus, Jennifer Mok, K.H., Brodkorb,  
André (submitted 2020). The effect of β-lactoglobulin concentration on denaturation and 
aggregation studied by 2D-NMR spectral fingerprinting.  

 

• Jacobs, M. R., Grace, M., Blumlein, A. & McManus, J. J. (2019). “Differential Scanning 
Calorimetry to Quantify Heat-Induced Aggregation in Concentrated Protein Solutions”. In: 
McManus, J. J. (ed.) Protein Self-Assembly: Methods and Protocols. New York, NY: Springer New 
York. 

 

 

 

https://doi.org/10.1007/s13594-016-0306-1
https://www.ncbi.nlm.nih.gov/pubmed/?term=Buggy%20AK%5BAuthor%5D&cauthor=true&cauthor_uid=30243639
https://www.ncbi.nlm.nih.gov/pubmed/?term=McManus%20JJ%5BAuthor%5D&cauthor=true&cauthor_uid=30243639
https://www.ncbi.nlm.nih.gov/pubmed/?term=Brodkorb%20A%5BAuthor%5D&cauthor=true&cauthor_uid=30243639
https://www.ncbi.nlm.nih.gov/pubmed/?term=Hogan%20SA%5BAuthor%5D&cauthor=true&cauthor_uid=30243639
https://www.ncbi.nlm.nih.gov/pubmed/?term=Fenelon%20MA%5BAuthor%5D&cauthor=true&cauthor_uid=30243639
https://www.ncbi.nlm.nih.gov/pubmed/30243639
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(ii) Popular non-scientific publications and abstracts including those presented 

at conferences  

 
• Aoife Buggy (Teagasc). Influence of Whey Protein Concentration on the Functionality of 

Aggregates Formed During Heating 43rd Annual Food Conference - UCD, Dublin . 10/12/14 

• Aoife Buggy (Teagasc). Orla presentation- Decoupling pH and ionic effect on protein super-

concentrates. Presentation to scientific staff and Post Grad Members - Maynooth University 29 

Sept 14 

• Aoife Buggy (Teagasc). Effect of concentration on heat-induced formation of whey protein 

aggregates. 7th International Food Structure and Rheology Conference - Zurich 08 July 15 

• Mark Fenelon (Teagasc) Invited Oral Presentation. Invited Speaker at Alpha Summit hosted by 

Davisco, Jerome, Idaho, US. Title: Infant Formula Processing. 4-5 August 2015 

• Aoife Buggy (Teagasc). Influence of α-lactalbumin concentration on Stability of Infant Formula 

Emulsions Heat-Treated pre- or post-homogenisation IDF Dairy Products Concentration and 

Drying Conference –Dublin. 11 April 16 

• Aoife Buggy (Teagasc). Oral presentation- Decoupling pH and ionic effect on protein super-

concentrates Presentation to scientific staff and Post Grad Members - Maynooth University. 

26 Sept 16 

• Aoife Buggy (Teagasc). Effect of α-lactalbumin concentration on the stability of infant milk 

formula under differing process condition. Annual Walsh Fellowship Seminar. 10 Oct 16 

• Aoife Buggy (Teagasc). Effect of Concentration on Denaturation and Aggregation of β-

lactoglobulin Studied by NMR. Society of Dairy Technology Conference, Cork, Ireland.  11 - 

13th April 2017 

• Mark Fenelon presented at the American Dairy Science Association (ADSA) conference, 

Pittsburg, US. Invited speaker Presentation entitled ‘Impact of Protein Aggregation on In-process 

and Finished Product Stability of Infant Formula’. 25-28th June 2017 

• Aoife Buggy (Teagasc). Effect of whey protein concentration on denaturation, aggregation and 

particle formation. International Whey Conference. Chicago, U.S.A. 17 - 20th September, 2017 

• Brodkorb, A., Sandeep K. Kanniganti, Aoife Buggy, Seamus A. O’Mahony, Ken H. Mok, Ji Y. Kim 

and Mark A. Fenelon Oral presentation at the 10th NIZO Dairy Conference, 01- 03 October 2017, 

Papendal, The Netherlands “Stability of whey protein isolate during lab and pilot scale heat 

treatment 

(iii) National Report 
• Aoife Buggy, Mark Fenelon, Andre Brodkorb. Thermal stability of whey protein concentrates. 

TResearch: Winter 2016 (Teagasc Magazine) 
 

• Aoife Buggy, Mark Fenelon, Andre Brodkorb Infant formula: α-lactalbumin concentration and its 
effect on stability during processing. TResearch: Spring 2017 (Teagasc Magazine) 
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(iv) Workshops/seminars at which results were presented  

 
• S Min, (Maynooth). Published in / Presented at:  2013 China-Ireland Biomedical Workshop, 

Yingje Exchange Centre, Peking University, Beijing, China. HAMLET and related alternatively-
folded proteins with novel functions. 6-7 Dec 2013 

 
• Aoife Buggy (Teagasc). Stabilising effect of α – lactalbumin on concentrated IMF emulsions made     

     pre and post heat treatment. Presentation to scientific staff and Post Grad Members - Maynooth  
     University. 28 Oct 15 

 
 

(v)  Intellectual Property applications/licences/patents 
 
Any techniques or findings transferred to industry clients are incorporated into larger projects which 
govern the IP. The knowledge transfer is primarily in the form of know-how as many of the projects are 
commercially sensitive, involving background IP from the collaborating Industry partner. The 
contribution to troubleshooting work for the dairy / infant formula sector was significant; the work was 
carried out on products / processes owned by the client and hence no IP was generated in this instance. 
The project team are continuing to use the knowledge generated by the current project (protein 
aggregation and viscosity development during concentration) for new research projects and will 
carefully monitor experimental design and deliverables for potential IP into the future. In the case of 
where knowledge has been transferred to virtual centres such as the EI funded, Industry led dairy 
processing technology centre and / or the Science Foundation Ireland (SFI) funded Vistamilk Centre, IP is 
managed through a steering committee and agreed contracts between the research providing 
organisations and the Industry partners. 
  

(vi) Other 

 
• Teagasc Technology Update - Decoupling pH and Ionic Effect in Protein Super-Concentrates. Oct 

2018. Mark Fenelon, Andre Brodkorb and Jennifer MacManus.  
 

5. Scientists trained by Project 

 

Total Number of PhD theses:       2 
 
Aoife Buggy’s PhD thesis was awarded by: University College Maynooth Supervisors Dr. Mark Fenelon 
(Teagasc), Prof. Jennifer McManus (Maynooth), Dr. Andre Brodkorb (Teagasc). Submitted and awarded 
2018. 
 
Mark Grace’s PhD thesis was awarded by: University College Maynooth Supervisors Prof. Jennifer 
McManus (Maynooth). Title: Physical characterisation and stability of purified whey proteins in the 
presence of novel calcium salts. Awarded 2020.  
 

Total Number of Masters theses:       N/A 
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6. Permanent Researchers  

Institution Name Number of Permanent staff 

contributing to project  

Total Time contribution 

(person years) 

Teagasc 3                    1.148 

TCD 2                    1.600 

NUIM 1                    0.500 

Total 6                    3.248 

 

7. Researchers Funded by DAFM 

Type of Researcher Number Total Time contribution 

(person years) 

Post Doctorates/Contract 

Researchers 

  

PhD students 3 7.854 

Masters students   

Temporary researchers   

Other   

Total 3 7.854 

 

 

8. Involvement in Agri Food Graduate Development Programme 

Name of Postgraduate / contract 

researcher 

Names and Dates of modules attended 

Aoife Buggy  
 
Aoife Buggy  
 
Aoife Buggy  
  
 

Career development for agri-food sector - 
December 2014  
Statistics for agri-food research - December 
2016  
Next generation food formulation - March 2017 

 

 

9. Project Expenditure 

 

Total expenditure of the project:  €402,195 

   

 

Total Award by DAFM:  €401,700 

             

 

Other sources of funding including benefit in kind and/or  

cash contribution(specify)                                                € 
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Breakdown of Total Expenditure 

 

10. Leveraging 
The project was successful in leveraging additional expertise at both Teagasc and Trinity 
College, through engagement with research staff with relevant knowledge and capacity to 
contribute, e.g., Kim, Ji Yoon at Trinity and Sean Hogan at Teagasc. The project also contributed 
to design of Pillar 3 project 1 in the EI funded Industry led Dairy Products Technology Centre 
(DPTC), i.e., leveraging additional funding to continue the research and technology transfer to 
Industry. Note: Aoife Buggy who was the PHD student on the current project was recruited as 
the research officer in Pillar 3 project 1 in DPTC, facilitating direct transfer of methodologies 
from the current project, while engaging subject matter experts from industry. In addition, the 
findings on the aggregation behaviour of whey proteins during concentration were used to 
develop tasks for industry and new FIRM projects, securing additional funding. 
 

11. Future Strategies  
The project concepts and methodologies have already been used as the basis for new experiments and 
studies in the DPTC and as part of commercial research projects. Further elements of the work on the 
role of minerals, protein aggregation and viscosity development in beverage applications have been 
incorporated into projects within the new SFI funded Vistamilk centre. The experimental design for one 
of the research focus areas in the proposed DPTC2 programme incorporates methodologies and 
concepts for protein aggregation in milk from the current project. These include techniques used for 
determining the effect of seasonality on milk composition and ensuing implications for product 
functionality. This area of research has become a priority for the dairy / infant formula sector and the 
findings and techniques from the current project will be continually utilised in this space in future 
projects.  The team have already used the findings in troubleshooting applications with four industry 
partners, some in conjunction with the DPTC. It is intended to continue to disseminate the knowledge 
associated with these findings throughout the industry for troubleshooting, process efficiency and new 
product / process development.   

 

Category 
Name 

Teagasc 

Name 

 TCD 

Name 

 NUIM 

Name 

Institution 4 
Total 

Contract staff      

Temporary staff      

Post doctorates      

Post graduates 88,000  83,826  171,826 

Consumables 45,984 25,852 44,922  116,758 

Travel and 

subsistence 
9,360 3,057 8,380  20,797 

Sub total 143,344 28,909 137,128  309,381 

Durable 

equipment 
     

Other      

Overheads 43,003 8,673 41,138  92,814 

Total 186,347 37,582 178,266  402,195 


