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Abstract 

Zinc homeostasis is disrupted during the formation of breast tumours. Malignant tumours 

contain elevated levels of Zn (mean = 14.93 ± 11.05 µg/g) and isotopically light d66Zn values 

(mean = -0.40 ± 0.15 ‰) compared to histologically normal tissue adjacent to malignant tumours 

(pvalue = 3.4 x 10-5 and pvalue = 0.04, respectively), indicating that the processes that govern Zn 

accumulation in malignant tumours are fundamentally different from those that control 

homeostasis in healthy cells and benign tumour cells. No statistically significant difference in bulk 

serum Zn concentration or d66Zn value was observed between healthy controls and patients. 

Serum zinc concentrations have been reported to fall by between about 10 and 25% three 

hours postprandial (i.e. after eating). I investigated whether this well-documented effect is 

accompanied by a zinc isotopic shift, with implications for study design and sampling protocols. 

No postprandial change in stable Zn isotope composition (mean Δ66Zn180-minute – Baseline = 0.01 ± 

0.09‰, 2SD) was observed. I proposed that hemodilution and the rapid, efficient postprandial 

transfer of albumin-bound Zn from serum to the liver and pancreas is responsible for the lack of 

postprandial serum Zn isotopic response. These results indicate that studies examining solely the 

distribution of Zn isotopes in serum may obtain samples without considering timing of the most 

recent meal. However, future studies seeking to compare serum Zn concentrations with d66Zn 

values should draw blood samples in the morning after overnight fasting. 

With the goal of expanding the number and variety of geological and biological materials 

that can be precisely and accurately measured, I characterized the copper isotopic compositions of 

ten reference materials by multiple collector inductively coupled plasma mass spectrometry using 

a combined standard-sample bracketing and internal normalisation mass bias correction using a 

gallium internal standard. The reference materials measured in this thesis possess complex and 
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varied matrices with copper concentrations ranging from 1.2 µg g-1 to 497 µg g-1, and δ65Cu values 

ranging from -0.20‰ to 0.52‰ with an average expanded uncertainty of ± 0.07‰ (U, k = 2), 

covering much of the natural copper isotope variability observed in the environment. 

 



iv 

 

Co-Authorship 

The three manuscript chapters of this thesis (Chapters 2, 3, and 4) are in the process of 

preparation for journal publication, currently under review for publication, or have already been 

published.  

Chapter 2 entitled “Distribution of zinc isotopes in breast cancer tissues” is being prepared 

for submission to the journal Metallomics. The initial draft, measurements, and interpretations 

were undertaken by Kaj Vaughan Sullivan. The co-authors are Rebekah Moore, Imperial College 

London; Mark Rehkämper, Imperial College London; Matthew Leybourne, Queen’s University; 

Daniel Layton-Matthews, Queen’s University. Rebekah Moore assisted with sample preparation, 

measurement by MC-ICP-MS and troubleshooting, and data interpretation. Mark Rehkämper 

assisted with data interpretation and served in a supervisory role. Matthew Leybourne and Daniel 

Layton-Matthews served in supervisory roles. All four co-authors provided guidance and 

encouragement and reviewed all drafts of the manuscript.  

Chapter 3 entitled “Postprandial zinc isotope effect in human blood serum” was accepted by 

the journal Metallomics, in June 2020. The initial draft, measurements, and interpretations were 

undertaken by Kaj Vaughan Sullivan. The co-authors are Rebekah Moore, Imperial College 

London; Mark Rehkämper, Imperial College London; Matthew Leybourne, Queen’s University; 

Daniel Layton-Matthews, Queen’s University; John Puxty, Queen’s University and Providence 

Care Hospital; Kurt Kyser, Queen’s University. The research project was conceived and designed 

with Kurt Kyser. Rebekah Moore assisted with data interpretation. Mark Rehkämper assisted with 

data interpretation and served in a supervisory role. Kurt Kyser, Matthew Leybourne, and Daniel 

Layton-Matthews served in supervisory roles. Rebekah Moore, Mark Rehkämper, Matthew 

Leybourne, Daniel Layton-Matthews; John Puxty, All six co-authors provided guidance and 



v 

 

encouragement. Rebekah Moore, Mark Rehkämper, Matthew Leybourne, Daniel Layton-

Matthews, and John Puxty reviewed all drafts of the manuscript.  

Chapter 4 entitled “Copper isotopic analysis of geological and biological reference materials 

by MC-ICP-MS” was accepted by the journal Geostandards and Geoanalytical Research in 

January 2020 and published in May 2020. The initial draft, method development, measurements, 

and interpretations were undertaken by Kaj Vaughan Sullivan. The co-authors are Daniel Layton-

Matthews, Queen’s University; Matthew Leybourne, Queen’s University; James Kidder, Queen’s 

University; Zoltán Mester, Imperial National Research Council Canada; Lu Yang, National 

Research Council Canada. Lu Yang served in a supervisory role, assisted with sample preparation, 

measurement by MC-ICP-MS, and troubleshooting. Matthew Leybourne and Daniel Layton-

Matthews served in supervisory roles. All five co-authors provided guidance and encouragement 

and reviewed all drafts of the manuscript.  

 



vi 

 

Acknowledgements 

 

Dr. Kurt Kyser, thank you for hiring me to work in the Queen’s Facility for Isotope 

Research (QFIR) in October 2012 as a clueless second-year geology student and setting me on 

this amazing journey. You once told me that you found yourself on the path of studying 

geochemistry serendipitously and it would seem the same occurred to me.  I would not have 

found my passion for geochemistry without you. Your influence will stay with me in all the 

future work I do, like always putting application first, keeping the bigger picture in mind, and 

adages like “the tail can’t wag the dog”. You inspired me to begin my MSc with you and then 

PhD, and although we didn’t finish the journey together, you were the one who set me on this 

path, and for that, your mentoring, and our friendship, I am incredibly grateful.  

I would like to thank my co-supervisors, Dr. Matthew Leybourne and Dr. Daniel Layton-

Matthews, who stepped in to take over supervisory duties for my PhD in very uncertain and 

difficult times after Kurt’s passing. I appreciate the mentorship, your advice, and the many, many 

reference letters you wrote for me over the three years.  

Thank you, Dr. Stephen Brown and Dr. Brian Cummings for serving on my supervisory 

committee. Your constructive comments and feedback are greatly appreciated. Dr. John Puxty, 

thank you for being so receptive to working on an Alzheimer’s research project with a couple of 

geologists, Kurt and I, when we reached out to you back in 2015, and for serving on my 

supervisory committee. 

April Vuletich, thank you for your patience and willingness to share your knowledge so 

generously with me in the lab. The many skills you helped me gain and the friendship we 

developed made working in the IRMS lab incredibly enriching and rewarding for me.  



vii 

 

Kristen Gault, thank you for taking me under your wing during my first summer at QFIR 

and having me help with the marine whitings project. That was my first exposure to the research 

process, and in that experience, I learned to perform X-ray diffraction, scanning electron 

microscopy, PHREEQC, and C and O isotopic analysis. What an incredible introduction to the 

research world! 

Dr. Donald Chipley and Dr. Alexandre Voinot, thank you for your support and patience 

in the lab, and for teaching me so many of the skills that helped me complete my PhD. You both 

also were the first two people to critique me on my scientific writing and it helped greatly.   

Dr. Mark Rehkämper, thank you for being so receptive to the idea of taking me on for a 

few months at Imperial College London for the Hugh Morris Fellowship. I cold emailed you out 

of nowhere expressing interest, and am amazed when I look back and reflect on how much I’ve 

learned and benefitted from your mentorship. I was incredibly thankful to get a second 

opportunity to work with you after receiving the Mitacs Globalink Research Award, and am 

enjoying our current collaborations that are ongoing as a result of those trips, and the many 

future collaborations I hope we have in the future. Dr. Rebekah Moore, it has been a pleasure to 

work so closely over the past two years. You’ve helped me improve my skills in the lab and 

writing so much during this time and I am incredibly thankful for the friendship we’ve 

developed, as well. I look forward to us continuing to work together in the future! Thanks to Dr. 

Barry Coles of Imperial College London for his help with mass spectrometer operation, 

maintenance, and troubleshooting, and to Dr. Katharina Kreissig for getting me oriented in the 

lab upon my arrival to MAGIC. 

Dr. Lu Yang, thank you for all of the time and patience you gave me during my stay at 

National Research Council Canada. I thoroughly enjoyed working with and learning from you 



viii 

 

and appreciated all of our discussions that you always made yourself available for at a moment’s 

notice! I gained a greater sense of independence during this stay and I want to thank you for the 

space and confidence that you gave me to build this. Special thanks also go to Juan He and 

Kenny Nadeau for their help regarding instrumentation and troubleshooting. I would also like to 

thank Dr. Robert D. Vocke, Jr. from National Institute of Standards and Technology 

(Gaithersburg, MD, USA) for the courtesy of NIST SRM 976 isotopic standard of copper. 

Sue Roppel, thank you for the incredible experience you have provided me by, along with 

the Board of the Kimberley Foundation, selecting me for an inaugural Hugh C. Morris. 

Experiential Learning Fellowship. It’s difficult to put into words how much of an impact this has 

had on my graduate experience and development as a researcher. I was so glad we were able to 

meet for lunch when I visited Vancouver in January of this year and discussing plans for future 

Hugh Morris alumni. I can’t wait to see what the future holds for our growing group of fellows!  

Dr. Chizu Abe, thank you for devoting a week to introducing me to your research group 

at Osaka University. I enjoyed meeting everyone and found their presentations to be very 

interesting. I really appreciate you working so hard to ensure that alternative plans could be made 

to learn DFT with Dr. Minori Abe at Tokyo Metropolitan University after Dr. Toshiyuki Fujii 

fell ill. Lastly, thank you for introducing me to ����� on my last night in Osaka! That was 

a great meal and I liked the sake we enjoyed after. Minori, thank you your patience when 

teaching me about DFT and Gaussian. You and your research group made me feel so welcome 

during my stay and everyone was extremely helpful. One memory that really stands out is the 

afternoon/evening that we spent with “old” Fujii-sensei (Yasuhiko), Nomura-sensei, Ataru, and 

yourself. I learned so much that afternoon and enjoyed the evening at the Izakaya – the food, 

drink, and most importantly, the company, were great. Dr. Fujii, I was so sorry to hear that you 



ix 

 

fell ill and hope you soon achieve a full recovery. Thank you for being so receptive to me 

visiting you and enabling my whole experience in Japan to transpire. 

Dr. Brendon Gurd, thank you for allowing the use of your lab in the School of 

Kinesiology and Health Studies and allowing for the time of your graduate students to be 

allocated to training me on the use of the centrifuge and biological safety cabinet.  

Linda Galarneau, thank you for communicating back and forth with me to coordinate 

sample pickups from the hospital and for spending a couple mornings of work helping collect 

blood samples for the postprandial zinc study! I always enjoyed our chats and you were a 

pleasure to work with.  

Gillian Thiel, it’s difficult to say where I’d be right now had I not met you during my 

MSc. I can’t thank you enough for your encouragement and support, and ability to motivate me 

to push myself harder than I ever had at what became a pivotal moment of my PhD studies, and 

for being in general an incredible example of work ethic. Your editing abilities were invaluable 

to improving the quality of various scholarship applications and letters to researchers for my 

Hugh Morris Fellowship application, and I don’t think I would have been nearly as fortunate 

without your help! Lastly, I would like to thank my parents, Michael and Brenda, and sister, 

Maja, for your never-ending (much like what I’m sure it felt like my time in school would be) 

support throughout the lengthy journey that was my broader education and graduate career! 

Thank you for always being there for me to talk to.  

Financial support for this research was provided by the Kimberley Foundation, Queen 

Elizabeth Scholars, the International Association of Applied GeoChemistry, Mitacs, the 

Icelandic Canadian Club of Toronto, the Government of Ontario, QFIR, the McDonald Institute 

(Leybourne) and Queen’s University. 



x 

 

Table of Contents 

Abstract ...................................................................................................................................... ii 

Co-Authorship ........................................................................................................................... iv 

Acknowledgements ................................................................................................................... vi 

List of Figures ......................................................................................................................... xiii 

List of Tables ........................................................................................................................... xvi 

List of Abbreviations .............................................................................................................. xvii 

Chapter 1 Introduction ................................................................................................................ 1 

1.1 Introduction ....................................................................................................................... 1 

1.2 References ......................................................................................................................... 8 

Chapter 2 Distribution of zinc isotopes in breast cancer tissues ................................................. 14 

2.1 Abstract ........................................................................................................................... 14 

2.2 Introduction ..................................................................................................................... 15 

2.3 Methodology ................................................................................................................... 19 

2.3.1 Sample collection ...................................................................................................... 19 

2.3.2 Sample preparation ................................................................................................... 20 

2.3.3 Concentration measurements and isotopic analysis.................................................... 20 

2.3.4 Contamination and measurement reproducibility ....................................................... 21 

2.4 Results ............................................................................................................................ 22 

2.4.1 Distribution of Zn in NAT ........................................................................................ 22 

2.4.2 Distribution of Zn in benign and malignant tumours ................................................. 23 

2.4.3 Zn concentrations and isotopic compositions in serum .............................................. 24 

2.5 Discussion ....................................................................................................................... 25 

2.5.1 Distribution of Zn in NAT ........................................................................................ 25 

2.5.2 Distribution of Zn in benign and malignant tumours ................................................. 27 

2.5.3 Sample pairs ............................................................................................................. 28 

2.5.4 Tumour grade and gene/hormone statuses ................................................................. 29 

2.5.5 Zn concentrations and isotopic compositions in serum .............................................. 30 

2.5.6 Future work on metal dyshomeostasis in breast cancer tissues ................................... 31 

2.6 Conclusions ..................................................................................................................... 33 



xi 

 

2.7 References ....................................................................................................................... 34 

Chapter 3 Postprandial zinc stable isotope response in human blood serum............................... 52 

3.1 Abstract ........................................................................................................................... 52 

3.2 Introduction ..................................................................................................................... 53 

3.3 Experimental ................................................................................................................... 56 

3.3.1 Sample collection ...................................................................................................... 56 

3.3.2 Sample preparation ................................................................................................... 57 

3.3.3 Concentration measurements and isotopic analysis.................................................... 57 

3.3.4 Contamination and measurement reproducibility ....................................................... 59 

3.4 Results ............................................................................................................................ 59 

3.4.1 Quality control .......................................................................................................... 60 

3.4.2 Zinc concentrations ................................................................................................... 60 

3.4.3 Zinc isotopes ............................................................................................................. 61 

3.5 Discussion ....................................................................................................................... 62 

3.5.1 Postprandial serum Zn decrease ................................................................................ 62 

3.5.2 Zinc correlation with body mass index ...................................................................... 62 

3.5.3 Postprandial metabolism ........................................................................................... 64 

3.5.4 Modelling of postprandial d66Zn values for serum ..................................................... 65 

3.5.5 Outlook for studying Zn homeostasis in serum .......................................................... 67 

3.6 Conclusions ..................................................................................................................... 68 

3.7 References ....................................................................................................................... 69 

Chapter 4 Copper isotopic analysis in geological and biological reference materials by MC-ICP-

MS ........................................................................................................................................... 84 

4.1 Abstract ........................................................................................................................... 84 

4.2 Introduction ..................................................................................................................... 85 

4.3 Experimental ................................................................................................................... 88 

4.3.1 Instrumentation ......................................................................................................... 88 

4.3.2 Reagents and materials .............................................................................................. 89 

4.3.3 Geological and biological sample preparation and analysis ....................................... 91 

4.4 Results and discussion ..................................................................................................... 93 

4.4.1 Mass bias correction using C-SSBIN ........................................................................ 93 



xii 

 

4.4.2 Uncertainty estimation for δ65Cu ............................................................................... 95 

4.4.3 Copper isotopic analysis in the candidate isotopic reference material HICU-1 ........... 96 

4.4.4 Monitoring of in-house standards and reference material matrix doped with HICU-1 97 

4.4.5 Cu isotope amount ratio measurements of reference materials ................................... 98 

4.5 Conclusions ................................................................................................................... 103 

4.6 References ..................................................................................................................... 104 

Chapter 5 Conclusions ............................................................................................................ 118 

5.1 Overview....................................................................................................................... 118 

5.2 Key findings .................................................................................................................. 118 

5.2.1 Distribution of zinc isotopes in breast cancer tissues ............................................... 118 

5.2.2 Postprandial zinc isotope response in human blood serum ....................................... 120 

5.2.3 Copper Isotopic Analysis in Geological and Biological Reference Materials by MC-

ICP-MS ........................................................................................................................... 121 

5.3 Recommendations for future work ................................................................................. 122 

5.3.1 Zinc isotope applications ......................................................................................... 122 

5.3.2 Copper isotope applications .................................................................................... 123 

5.3.2.1 Breast cancer .................................................................................................... 123 

5.3.2.2 Wilson’s disease ............................................................................................... 125 

5.3.2.3 Alzheimer’s disease .......................................................................................... 126 

5.4 References ..................................................................................................................... 128 

Appendix A Distribution of zinc isotopes in breast cancer tissues ........................................... 131 

Appendix B Postprandial zinc stable isotope response in human blood serum ......................... 134 

Appendix C Copper isotopic analysis in geological and biological reference materials by MC-

ICP-MS .................................................................................................................................. 138 

 
 
 
  
 



xiii 

 

List of Figures 

 
Figure 2-1 Zinc concentrations in histologically normal tissue adjacent to malignant tumours, 

malignant tumours, histologically normal tissue adjacent to benign tumours, and benign tumours. 

The box represents the 25th-75th percentiles (with the median as a horizontal line) and the 

whiskers represent the range. Outliers are denoted outside of the range if they exceed a distance 

of 1.5 times the interquartile range below the 1st quartile or above the 3rd quartile. The threshold 

for significance was defined as p < 0.05 whereas the threshold for high significance was defined 

as p < 0.01. All other relationships displayed no statistical significance (p > 0.05). ................... 44 

Figure 2-2 d66Zn variations in in histologically normal tissue adjacent to malignant tumours, 

malignant tumours, histologically normal tissue adjacent to benign tumours, and benign tumours. 

The box represents the 25th-75th percentiles (with the median as a horizontal line) and the 

whiskers represent the range. Outliers are denoted outside of the range if they exceed a distance 

of 1.5 times the interquartile range below the 1st quartile or above the 3rd quartile. The threshold 

for significance was defined as p < 0.05 whereas the threshold for high significance was defined 

as p < 0.01. All other relationships displayed no statistical significance (p > 0.05). ................... 45 

Figure 2-3 Relationship between d66Zn and Zn concentration in histologically normal tissue 

adjacent to benign breast tumours, histologically normal tissue adjacent to malignant breast 

tumours, benign breast tumours, and malignant breast tumours. Error bars represent the 2SD of 

standards run alongside each sample. ........................................................................................ 46 

Figure 2-4 Zn variations in serum from healthy controls (HC), patients with benign breast 

tumours (BT), and patients with malignant breast tumours (MT). Data are from this study and 

Larner et al.47 The box represents the 25th-75th percentiles (with the median as a horizontal line) 

and the whiskers represent the range. Outliers are denoted outside of the range if they exceed a 

distance of 1.5 times the interquartile range below the 1st quartile or above the 3rd quartile. No 

statistically significant relationships were observed (p > 0.05). ................................................. 47 

Figure 2-5 Zn stable isotopic composition and concentration of malignant tumours with 

hormone/gene statuses: x-y-z = ER-PgR-Her2. Hormone/gene data from this study only. Tumour 

grade considered for all samples (including those from Larner et al.47). Error bars are 2SD of 

standards run alongside each sample. ........................................................................................ 48 



xiv 

 

Figure 2-6 d66Zn variations in serum from healthy control group participants (HC), patients with 

benign breast tumours (BT), and patients with malignant breast tumours (MT). Data are from this 

study and Larner et al.47 The box represents the 25th-75th percentiles (with the median as a 

horizontal line) and the whiskers the range. No statistically significant relationships were 

observed (p > 0.05). .................................................................................................................. 49 

Figure 2-7 Relationship between d66Zn and Zn concentration in serum from healthy control 

group participants (HC), patients with benign breast tumours (BT), and patients with malignant 

breast tumours (MT). Error bars represent the 2SD of bracketing standards run alongside each 

sample. ..................................................................................................................................... 50 

Figure 2-8 The predicted tumour growth required for diagnosis using natural Zn isotope 

fractionation. The modelled change in Zn isotope composition (Δ66Znmix) in serum mix due to 

the effect of tumour growth (40% (blue), 60% (black), 80% (red) solid lines) and Zn uptake 

efficiency (40% (blue), 60% (black), 80% (red) dashed lines). .................................................. 51 

Figure 3-1 Zinc concentrations over time expressed as a percentage variation of the fasting-state 

baseline Zn concentration measured before breakfast meal consumption. Values are means for 

eight subjects, with their 1SDs represented by vertical bars. Samples at time ‘0’ were taken from 

participants in an overnight fasting state and the remaining samples were taken at 90 and 180 

minutes after breakfast meal consumption................................................................................. 80 

Figure 3-2 ∆66Zn value over time expressed as the permille variation of the fasting-state baseline 

d66Zn value measured at time = 0 before breakfast meal consumption. Samples at time ‘0’ were 

taken in the morning from participants in an overnight fasting state and the remaining samples 

were taken 90 and 180 minutes after breakfast meal consumption. The error bar represents the 

mean between-run sample d66Zn reproducibility achieved in this study. .................................... 81 

Figure 3-3 Maximum measured postprandial serum Zn concentration decrease observed in 

participants as it relates to body mass index. Participant H with Crohn’s disease is an outlier and 

was excluded from Pearson’s correlation coefficient calculation. R2 = coefficient of 

determination; ρ = Pearson’s correlation coefficient where a value of 1 indicates a perfect 

positive linear correlation, 0 indicates no linear correlation, and -1 indicates a perfect negative 

linear correlation; p = p-value, where a value of ≤ 0.01 indicates significance at the 99% 

confidence interval. .................................................................................................................. 82 



xv 

 

Figure 3-4 The difference between the d66Zn values of serum albumin and a2-macroglobulin 

(Δ66ZnAlb–Mgl) vs. the change in d66Zn values of serum postprandially relative to fasting-state 

(Δ66Zn180-Min–BL). This figure illustrates that Δ66ZnAlb–Mgl must be larger than between ~0.80‰ at 

a serum albumin Zn fraction of 65% and ~1.85‰ at a serum albumin Zn fraction of 85% to shift 

the Zn isotopic composition of serum postprandially by greater than measurement reproducibility 

(± 0.07‰ 2SD). ........................................................................................................................ 83 

Figure 4-1 Elution profile of Cu anion exchange column chromatography method employed in 

this study. ............................................................................................................................... 116 

Figure 4-2 Visualization of reference material δ65Cu values. Error bars represent U, k = 2. ..... 117 

 

 

 



xvi 

 

List of Tables 

Table 2-1 Summary of standards, participant information, hormonal status, zinc concentrations 

and isotope compositions. For isotope compositions, n = number of analyses by MC-ICP-MS, m 

= number of separate aliquots prepared. FAD = fibroadenoma, IDCIS = invasive ductal 

carcinoma in-situ, IDC = invasive ductal carcinoma, NAT = histologically normal tissue adjacent 

to tumour, BT = benign tumour, MT = malignant tumour, ER = estrogen hormone receptor, PgR 

= progesterone hormone receptor, Her2 = human epidermal growth factor receptor 2. .............. 42 

Table 3-1 Composition of breakfast meal provided to participants ............................................ 78 

Table 3-2 Results for serum Zn concentrations and isotopic compositions (mean, 2SD) for 

samples from participants and reference materials .................................................................... 79 

Table 4-1 MC-ICP-MS operating conditions ........................................................................... 110 

Table 4-2 Composition of synthetic serum standards............................................................... 111 

Table 4-3 Column procedure using AG MP-1M Bio-Rad resin ............................................... 112 

Table 4-4 Results (mean, 2s) of Cu wire homogeneity test ...................................................... 113 

Table 4-5 Synthetic standards and reference materials matrix doped with HICU-1 (mean, U, k = 

2) ............................................................................................................................................ 114 

Table 4-6 Results (mean, U, k = 2) for reference materials ...................................................... 115 

 

 

 



xvii 

 

List of Abbreviations 

Alb Albumin 
APP Amyloid precursor protein 
Ar Argon 
ATP7B Adenosinetriphosphatase 
Aβ Amyloid beta 
BMI Body mass index 
C Carbon 
C-SSBIN Combined standard-sample bracketing and internal normalisation 
Ca Calcium 
CRM  Certified reference material 
Cu Copper 
Cys Cysteine 
DFT Density functional theory 
ECM Extracellular matrix 
ER Oestrogen receptor 
Fe Iron 
Ga Gallium 
H2O2 Hydrogen peroxide 
HCl Hydrochloric acid 
hCtr1 Human Cu transporter 
Her Human epidermal growth factor receptor 
His Histidine 
HNO3 Nitric acid 
IRMM Institute for Reference Materials and Measurements 
K  Potassium 
MC-ICP-MS Multiple collector inductively coupled plasma mass spectrometry 
Mg Magnesium 
Mgl a2-macroglobulin  
MMP Matrix metalloproteinase  
MT Metallothionein 
NAT Histologically normal tissue adjacent to tumour 
NAT Nitrogen 
NIST National Institute of Standards and Technology 
NMR Nuclear magnetic resonance 
NRC National Research Council Canada 
O Oxygen 
O2 Di-oxygen 
O2- Superoxide 
PgR Progesterone hormone receptor 



xviii 

 

R Ratio 
S Sulfur 
SD Standard deviation 
Ser Serum 
SOD Superoxide dismutase  
SRM Standard reference material 
SSB Standard-sample bracketing 
Std Standard 
STEAP 6-transmembrane epithelial antigen of prostate 
Ti Titanium 
TIMS Thermal ionization mass spectrometry 
WB Whole blood 
WD Wilson's disease 
ZIP Zinc importer protein 
Zn Zinc 
ZnT Zinc transporter protein 
  

 

 

 

 

 

 

 

 

 

 

 

 

 



1 

Chapter 1 

Introduction 

1.1 Introduction 

 

Mass spectrometry has traditionally been an excellent investigative tool for understanding 

physical and chemical processes that regulate the distribution of elements in the geosphere. 

However, in the late 1990s, with the development of multiple collector inductively coupled plasma 

mass spectrometry (MC-ICP-MS), it became possible to measure non-traditional stable isotope 

ratios of elements like copper (Cu), iron (Fe), and zinc (Zn) in a variety of biological materials. 

This eventually opened a new frontier for isotope geochemists in the investigation of metal stable 

isotope distribution in the human body, and the processes that govern their allocation.1 Since then, 

investigators have sought to establish a reference range for stable Cu, Fe, and Zn isotopic 

compositions in the blood compartments of healthy subjects2–9 so as to understand changes 

observed in those suffering from diseases where metal dyshomeostasis is fundamental to disease 

pathogenesis.10–17 This includes breast cancer and Alzheimer’s disease (AD) in which the 

deregulation of Zn homeostasis is implicated in disease progression.18,19 

Zinc, consisting of five stable isotopes (64Zn, 66Zn, 67Zn, 68Zn, and 70Zn), is divalent (Zn2+), 

and the second most abundant metal in organisms after iron.20 Zinc is a component of 

approximately 3000 proteins21 and has many roles in the human body including in normal growth 

and development, immunity, cellular homeostasis, cell survival, and biochemical functions.20,22,23 

Zinc also catalyses reactions, stabilizes protein structures, and is a cofactor or component of more 

than 300 metalloenzymes.20,24 The Zn content of the human body ranges from 1.5 - 3 g with an 

absolute daily requirement of 2 - 3 mg Zn per day determined through loss from stool, urine, and 
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sweat.25 The recommended daily intake of an adult is approximately 10 mg,26 resulting in a 

turnover time in the body of 150 to 300 days.27 However, Zn is more labile in some compartments 

over others, with serum Zn having a turnover rate of over 150 times per day.28 Serum is the main 

transporter of nutrients to body tissues and it is the compartment through which all absorbed Zn 

passes. Two thirds of Zn in serum is loosely bound to albumin,29,30 whereas approximately one 

third is held in tighter bonds with α2-macroglobulin.31 Due to its short bulk turnover in serum, Zn 

could be a useful indicator of rapidly progressing cancers. The ability to detect cancers in the 

earliest stages of development is crucial for improving treatment outcomes for breast cancer 

patients. 

Zinc concentrations in serum have been extensively explored as biological markers of 

breast cancer, and have been found to be on average significantly decreased compared to 

controls.32 However, of the 12 studies analysed, six observed no statistically significant change, 

whereas one reported significantly increased Zn levels.32 As such, it was concluded that serum Zn 

concentrations have limited predictive value, in part due to being a particularly intracellular ion 

that is subject to circadian fluctuations.32 Zinc concentrations in serum have also had limited 

success as a biological marker of breast cancer because the direction and intensity of enrichment 

or depletion of a metal in a fluid or cellular compartment cannot be quantitatively predicted.15 

However, this limitation does not exist for isotopic tracers. Isotope fractionation between 

coexisting molecules can be quantitatively estimated by ab initio calculations33 and this property 

can be used to assign observed isotopic variability to well-constrained biological reactions.15 These 

calculations are most commonly performed using Density Functional Theory (DFT),34 a 

computational quantum mechanical model that can compute the ground-state orbital geometries 

and vibrational frequencies of metal molecules. With this information, the ratio β	of	the reduced 
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partition function of the isotopes of a molecule can be calculated.35 The isotopic fractionation 

between two coexisting species can be computed as ln βspecies	 2 – ln βspecies	 1, which is 

approximately equal to δ66Znspecies 2 - δ66Znspecies 1. This is a powerful tool for simulating the isotope 

fractionation in a wide variety of organic compounds, which would otherwise be impractical to 

obtain experimentally due to their large numbers. 

The relative isotope enrichment computed for metal isotopes in organic compounds like 

amino acids can be used to interpret isotope fractionation in proteins like metallothionein, a low 

molecular weight cysteine-rich protein, which are still beyond the capabilities of DFT. Higher 

mass isotopes tend to concentrate in phases with stronger chemical bonds with the lowest energy 

levels, and in general, the strength of the bond is expected to increase with ionization energy or 

electronegativity from sulfur (S) to nitrogen (N) to oxygen.36 Zinc binding with cysteine (Zn-S 

bonds) in metallothionein will be more concentrated in the light isotope, 64Zn, than in bonds with 

histidine (Zn-N bonds).15,33 Furthermore, Zn in metallothionein as a whole is relatively enriched 

in 64Zn due to being dominated by an amino acid composition of approximately 30% cysteine.37 

The potential of serum Zn isotopic compositions as a biological marker of breast cancer 

were first examined by the pilot study of Larner et al.38 Malignant breast tumours were found to 

be isotopically light (~0.4‰ lower) compared to adjacent histologically normal breast tissue and 

this was suggested to be due to the known upregulation of cysteine-rich metallothionein in breast 

cancer cells compared to normal cells.39,40 Metallothionein is responsible for buffering cytosolic 

Zn41 and is therefore crucial to avoiding apoptosis during hyperaccumulation. Despite the Zn 

isotope fractionation between malignant breast tumours and adjacent histologically normal breast 

tissue, no statistically significant difference in Zn isotope compositions was found between the 

serum of patients and controls.38 Larner et al.38 postulated that the light Zn isotope signature 
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observed for malignant breast cancer tumours implies the existence of a complementary 

isotopically heavy Zn pool in the body, to maintain the overall isotopic mass balance. This study 

further discusses the existence of a complementary isotopically heavy Zn pool and evaluates the 

suitability of Zn isotopic compositions in serum for differentiating breast cancer patients and 

presumed-healthy control group participants. Additionally, measurement of Zn isotopic 

compositions in benign breast tumours were performed for the first time to determine whether 64Zn 

enrichment is specific to malignant tumours or also observed in benign conditions. 

In addition to catalysing reactions, stabilizing protein structures, and being cofactor or 

component of more than 300 metalloenzymes,20,24 Zn plays a role in the digestive process. Plasma 

Zn concentrations fall up to 19% postprandially (i.e. after eating), depending on the size of 

meal,42,43 but gradually return to baseline values if no meals are consumed over the following 4 to 

5 hours.43 The physiological importance and mechanisms of this postprandial plasma Zn response 

are poorly understood, but there is evidence that plasma Zn is redistributed postprandially to the 

liver to supply Zn for hepatic fuel metabolism.42 Specifically, serum phosphorous concentrations 

are 10% below baseline values 90 minutes after a meal, indicating that serum Zn may be used by 

the liver postprandially to participate in phosphorylation reactions.44 Serum Zn may be 

redistributed to the pancreas to replenish as much as 4.8 mg of Zn that is secreted into the 

duodenum during digestion to aid with synthesis of pancreatic enzymes.45 To the best of our 

knowledge, postprandial Zn isotopic changes in human serum have thus far gone unconsidered in 

the sampling protocols of past studies.6,8,10,38,46 This thesis investigates whether a Zn isotope effect 

accompanies this well-documented plasma Zn concentration decrease in the hours after meal 

consumption to help ensure the best representative sample is taken from patients in future studies 

investigating the potential of Zn isotopes in serum as biological markers of diseases such as cancer 
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and Alzheimer’s. Studies investigating potential isotopic effects influenced by normal 

physiological processes are crucial for the advancement of the field of medical isotope 

metallomics.  

Unlike Zn, serum Cu concentrations47 and stable isotopic compositions48 do not appear 

subject to diurnal or postprandial variations. Logistical challenges are an important consideration 

when examining the potential of a medical test, and both the lack of diurnal or postprandial serum 

Cu isotopic variations, and the early success of Cu in studying metal homeostasis and serving as a 

diagnostic and prognostic marker, make it an attractive system of study for 

researchers.2,3,8,10,12,17,27,36,46,48 The lack of diurnal or postprandial variations for Cu means that 

blood samples can be taken during routine appointments and the schedules of patients need not be 

disrupted. It may be difficult for an unwell patient to arrive early in the morning in the overnight 

fasting state to provide a research blood sample that is not proven to be medically relevant at this 

point. The modest success of Cu isotopes may also be partially attributed to its greater specificity 

to biological processes because Cu 10 to 60 times less abundant in the body than zinc.49 Copper 

also has two oxidation states, Cu2+ and Cu+, and is involved in many reduction-oxidation (redox) 

reactions in the body, which can lead to greater isotopic variability than Zn (typically occurs in the 

divalent form, Zn2+). Copper redox interactions include the ferroxidase enzyme ceruloplasmin50 

(major Cu-carrying protein in blood that carries Cu in the oxidized state before being reduced by 

the 6-transmembrane epithelial antigen of prostate (STEAP) reductase for cellular importation by 

human Cu transporter51–54 (hCtr1)) and the intracellular enzyme superoxide dismutase (catalyses 

the disproportionation of superoxide (O2-) into hydrogen peroxide (H2O2) or di-oxygen (O2) to 

protect the cell from free radicals).55 Due to the lack of redox reactions involving Zn, the dominant 

causes of Zn isotope fractionation in the body are electron donors with strong electronegativity 
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and the coordination number of Zn in these bonds (greater enrichment of 66Zn in stronger four-

fold bonds than six-fold bonds).27,33 

Despite the promise of Cu isotope ratios for studying the disruption of metal homeostasis, 

very few reference materials have been characterised to facilitate this work. In order to advance 

the study of the distribution of Cu isotopes in new settings and environments, the accurate and 

precise determination of Cu isotopic compositions in matrix reference materials is of the utmost 

importance. Several commercially available biological reference materials have been characterised 

for Zn isotopic compositions and are available for use as matrix reference materials to measure 

alongside serum, hair, urine, healthy tissues, and tumours.56 However, Cu lacks this availability, 

with just serum and whole blood reference materials characterised for Cu isotopic compositions 

thus far.12,14,48,57,58 Commonly, isotope studies only run pure, single-element standards through 

column chemistry procedures alongside natural samples to validate the results of their 

measurements performed on samples with complex matrices. This single-element standard 

approach is insufficient to validate measurements of these new materials as producing expected 

Cu isotope amount ratios in pure, single-element standards only indicates high quality Cu yield 

and minimal blank contribution, and not quality of the separation from interfering elements. The 

measurement of matrix reference materials alongside samples is crucial for verifying that a 

chromatography procedure can sufficiently purify Cu from a given matrix. For example, a material 

containing high quantities of Cu with low amounts of interfering elements will have a much lower 

contaminant-to-Cu ratio than one containing low levels of Cu relative to sodium (Na). This is the 

case for serum, in which Na is typically 3000 times more concentrated than Cu.59 For example, if 

0.5 g of human serum were digested and put through a chromatography procedure that yielded 

100% of Cu and removed 99.9% of Na, 1.5 /g of Na would still remain with the eluted 0.5 /g of 
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Cu. This would give a Na/Cu value of 3, which is well within the range where the formation of 

23Na40Ar+ in the plasma could lead to a falsely lower 65Cu/63Cu values.60,61 Conversely, this would 

be less of an issue with a basalt such as BHVO-1, which despite containing much more Na per 

gram of material, has much lower Na/Cu values due to containing significantly higher amounts of 

Cu.62 With the goal of expanding the number and variety of available geological and biological 

materials, I have characterised the copper isotopic compositions of ten reference materials by MC-

ICP-MS using a combined standard-sample bracketing and internal normalisation mass bias 

correction using Ga as an internal standard.63  

 

In summary, this thesis has the following objectives: 

 

• Advance our understanding of Zn stable isotope fractionation in malignant breast tumours, benign 

breast tumours, histologically normal tissue adjacent to breast tumours, and serum; 

• Evaluate the potential of Zn stable isotope compositions in serum as a biological marker of breast 

cancer and make recommendations for future investigations; 

• Examine whether a Zn isotope effect accompanies a well-documented postprandial serum Zn 

concentration in the hours after meal consumption and determine whether a fasting period is 

required prior to the analysis of Zn stable isotope compositions in serum; and 

• Provide isotope geochemists with matrix reference materials that are thoroughly characterised for 

Cu isotopic compositions that will enable future research into Cu isotopic variations in human 

tissues and other materials.  

  

 The results of this research have furthered the understanding of metal stable isotope 

methods, fractionation mechanisms, and applications in the study of disease and normal 
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physiological processes, and provide isotope geochemists with a range of well-characterised 

matrix reference materials with which to validate their measurements and facilitate the 

investigation of new materials in future studies. 
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Chapter 2 

Distribution of zinc isotopes in breast cancer tissues 

Kaj Sullivan, Rebekah E. T. Moore, Kate Goddard, Charlotte Ion, Daniel Layton-Matthews, Matthew I. 

Leybourne, Charles Coombes, Fiona Larner, Mark Rehkämper 

 

2.1 Abstract 

 

The development of biological markers of breast cancer is crucial for early detection and 

the improvement of treatment outcomes. To understand the distribution of zinc (Zn) in the breast 

cancer system and assess the potential of serum Zn isotopic compositions as biological markers of 

breast cancer, Zn concentrations and isotopic compositions were determined by isotope dilution 

and a double-spike technique, respectively, using multiple collector inductively coupled plasma 

mass spectrometry MC-ICP-MS. The	 d66Zn (66Zn/64Zn ‰ deviation from the JMC-Lyon Zn 

standard) values were analysed with an external reproducibility of 0.08‰ (2SD). Zinc 

concentrations and isotopic compositions were determined in benign and malignant tumours and 

their adjacent histologically normal tissues, as well as serum from healthy individuals and patients. 

Zinc concentrations are elevated in histologically normal tissue adjacent to benign tumours 

compared to tissue adjacent to malignant tumours (mean = 7.85 ± 5.06 µg/g and 1.95 ± 1.38 µg/g, 

respectively; Wilcoxon-Mann-Whitney U-test, pvalue = 0.021), possibly reflecting either an 

increase in the presence of denser fibroglandular tissue as opposed to adipose tissue, or difficulty 

in differentiating benign tumours from their surrounding tissues. Benign tumours possess a distinct 

d66Zn composition intermediate to adjacent histologically normal tissue and malignant tumours, 

indicating that Zn homeostasis in benign tumours may be governed by processes present in both 
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healthy and cancerous cells. Malignant tumours contain elevated levels of Zn (mean = 14.93 ± 

11.05 µg/g) and isotopically light d66Zn values (mean = -0.40 ± 0.15‰) compared to histologically 

normal tissue adjacent to malignant tumours (pvalue = 3.4 x 10-5 and pvalue = 0.04, respectively), 

indicating that the processes that govern Zn accumulation in malignant tumours are fundamentally 

different from those that control homeostasis in healthy cells and benign tumour cells. No 

statistically significant difference in bulk serum Zn concentration or d66Zn value was observed 

between healthy controls and patients. 

 

2.2 Introduction 

 

Mass spectrometry has traditionally been an excellent investigative tool for understanding 

physical and chemical processes that regulate the distribution of elements in the geosphere. 

However, in the late 1990s, with the development of multiple collector inductively coupled plasma 

mass spectrometry (MC-ICP-MS) and anion exchange column chromatography procedures 

capable of sufficiently purifying low quantities of Cu and Zn from complex matrices prior to 

isotopic analysis that we have been able to resolve subtle changes in Cu and Zn isotope amount 

ratios in the environment.1 This advancement opened a new frontier for isotope geochemists in the 

investigation of metal stable isotope distribution in the human body, and the processes that govern 

their allocation.1 Since then, investigators have sought to establish a reference range for Cu and 

Zn isotopes in the blood compartments of healthy subjects2–6 so as to understand changes observed 

in those suffering from diseases where metal dyshomeostasis is fundamental to disease 

pathogenesis.7–14 This includes breast cancer, where the deregulation of Zn homeostasis is 

implicated in its progression.15,16 
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Zinc, consisting of five stable isotopes (64Zn, 66Zn, 67Zn, 68Zn, and 70Zn), is divalent (Zn2+), 

and the second most abundant transition metal in organisms after iron.17 Zinc is a component of 

approximately 3000 proteins18 and has many roles in the human body including in normal growth 

and development, immunity, cellular homeostasis, cell survival, and biochemical functions.17,19,20 

Zinc also catalyses reactions, stabilizes protein structures, and is a cofactor or component of more 

than 300 metalloenzymes.17,21 The Zn content of the human body ranges from 1.5 to 3 g with an 

absolute daily requirement of 2 mg to 3 mg determined through loss from stool, urine, and sweat.22 

The recommended daily intake of an adult is approximately 10 mg,23 resulting in a turnover time 

in the body of 150 to 300 days.24 Zinc is more labile in some compartments over others, with serum 

Zn having a turnover rate of over 150 times per day.25 Serum is the main transporter of nutrients 

to body tissues and it is the compartment through which all absorbed Zn passes. Two thirds of Zn 

in serum is loosely bound to albumin,26,27 whereas approximately one third is held in tighter bonds 

with α2-macroglobulin.28 In albumin, Zn is largely bound by histidine29 whereas in α2-

macroglobulin, Zn is likely bound to a thiol-ester.30 Due to its short bulk turnover in serum, Zn 

could be a useful indicator of rapidly progressing cancers. The ability to detect cancers in the 

earliest stages of development is crucial for improving treatment outcomes for breast cancer 

patients. 

The total cellular Zn concentration is in the several hundred micromolar range.31 Histidine-

rich Zn importer proteins (ZIP) and Zn transporter proteins (ZnT) facilitate Zn homeostasis in 

normal cells32 but Zn homeostasis breaks down in cancerous cells due to the increased expression 

of Zn importers (ZIP5, ZIP6 (LIV-1), ZIP7 HKE-4, ZIP8, and ZIP10), which produce an influx of 

Zn into the neoplastic cells.15,16 Also crucial to Zn homeostasis in normal cells (despite binding 

only a small portion of total cellular Zn - nano- to picomolar range) is metallothionein (MT), which 
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is responsible for buffering cytosolic Zn.31 In malignant breast cancer cells, ZnT2 and MT are also 

overexpressed, protecting them from zinc hyperaccumulation and preventing apoptosis by either 

removing zinc from the cell or redistributing it among cellular compartments.33,34 Once in the cell, 

Zn is distributed into different cellular organelles including the nucleus (30-40%), membranes 

(10%), and cytoplasm (>50%).35  

It is not known whether the malfunction of Zn transporters causes or is caused by 

carcinogenesis or tumourigenesis, or develops as a result of it.35 The trend towards ZIP 

upregulation in most cancers, except prostate cancer, may indicate the cell’s increased cellular Zn 

uptake requirement that occurs to meet the demands of increased rate of proliferation and 

metabolism.35 This excess Zn may also be used to induce Zn-dependent processes. For example, 

production of matrix metalloproteinases (MMPs),36 a family of Zn-dependent endopeptidases that 

are capable of digesting extracellular matrix (ECM) and basement membrane.37 ECM is a 

framework of proteins and proteoglycans secreted by stromal fibroblasts that gives structural 

support to cells and is important to cell adhesion, differentiation, proliferation, and migration.37 

Migration, invasion, metastasis, and angiogenesis are all dependent on the surrounding tumour 

microenvironment.38 MMPs are critical molecules in these processes because they degrade various 

cell adhesion molecules in ECM, thereby giving cancer cells access to new territories.38  

Other biological variables play an important role in Zn accumulation by breast cancer 

tumours. The primary female sex hormone, oestrogen, acts by binding and activating protein 

molecules called oestrogen receptors (ER).39 Although oestrogen is important for normal growth 

and development of the mammary gland, it also influences breast cancer progression.40 Tumour 

areas that are oestrogen receptor positive (ER+ve) contain mean Zn levels that are approximately 

80% higher than tumour areas that are oestrogen receptor negative (ER-ve).39 ZIP7 is also elevated 
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in ER+ve breast cancers and has an inverse relationship with human epidermal growth factor 

receptor (Her) status.15 However, despite the inverse relationship, no difference in Zn levels were 

found between these groups, indicating that other Zn transporters such as ZIP5, ZIP10, and ZIP14 

may be responsible for supplying Zn to tumour cells.15 Progesterone has also been observed to 

induce expression of ZIP6 (LIV-1).41 The progesterone receptor is an oestrogen-responsive gene 

used to assess ER status, and the assessment of ZIP6 (LIV-1) alone, or with positive ER status, 

has been demonstrated to represent an improved prognostic marker of relapse-free survival.42–44 

Zinc concentrations in serum have been extensively explored as biological markers of 

breast cancer, and were found to be on average significantly decreased compared to controls.45 

However, of the 12 studies analysed, six observed no statistically significant change, whereas one 

reported significantly increased Zn levels.45 As such, it was concluded that serum Zn 

concentrations have limited predictive value, in part due to being a particularly intracellular ion 

that is subject to circadian fluctuations.45 Zinc concentrations in serum may have also had limited 

success as a biological marker of breast cancer because the direction and intensity of enrichment 

or depletion of a metal in a fluid or cellular compartment cannot be quantitatively predicted.12 

However, this limitation does not exist for isotopic tracers. Isotope fractionation between 

coexisting molecules can be quantitatively estimated by ab initio calculations46 and this property 

can be used to assign observed isotopic variability to well-constrained biological reactions.12 

Higher mass isotopes tend to concentrate in phases with stronger chemical bonds with the lowest 

energy levels, and in general, the strength of the bond is expected to increase with ionization energy 

or electronegativity from sulfur to nitrogen to oxygen. For example, Zn binding with cysteine (Zn-

S bonds) in the anti-oxidant protein metallothionein (MT) will be more concentrated in the light 

isotope, 64Zn, than in bonds with histidine (Zn-N bonds).12,46  
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The results reported here corroborate preliminary findings published by Larner et al. 47 

through the analysis of additional histologically normal tissue adjacent to tumours (NAT), 

malignant tumours, and serum samples. A key finding of Larner et al.47 was that to preserve the 

mass balance in the system, the preferential sequestration of isotopically light Zn into breast cancer 

cells requires an isotopically heavy Zn pool to be present in the body as the remnant of the original 

Zn source. However, no statistically significant difference in Zn isotope compositions was found 

between the serum of patients and controls. The present study further discusses the existence of a 

complementary isotopically heavy Zn pool and evaluates the suitability of Zn isotopic 

compositions in serum for differentiating breast cancer patients and presumed-healthy control 

group participants. Additionally, for the first time, measurement of Zn isotopic compositions in 

benign breast tumours were performed to determine whether 64Zn enrichment is specific to 

malignant tumours or also observed in benign conditions.  

 

2.3 Methodology 

 

2.3.1 Sample collection 

 

This study received approval from the Tissue Management Committee of the Imperial 

College National Institute of Healthcare (NHS) Tissue Bank (Application Number: R15001-6A). 

Samples were taken from patients (serum, NAT, benign and malignant breast tumours) and age-

matched healthy volunteers (serum) at Charing Cross Hospital, Imperial College London, NHS 

Trust, London, UK. Tumour and NAT samples were taken during surgery using pre-cleaned 

ceramic knives and all samples (including serum) were stored in VWR® Metal-Free Centrifuge 

Tubes, Polypropylene, Sterile that were cleaned in 2 M HNO3 for two days before being rinsed 
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with 18.2 MW cm H2O and left to dry. NAT was excised from breast tissue at varying distances 

from tumours, depending on the availability in each case. 

 

2.3.2 Sample preparation 

 

Samples were prepared for the measurement of Zn concentration and isotopic compositions 

in Class 10 metal-free laminar flow hoods in the MAGIC Clean Room Laboratory at Imperial 

College, London. Quartz-distilled acids diluted in 18.2 MW cm H2O (Millipore) were used 

throughout sample preparation. Samples (0.02 - 0.30 g) were mixed with 5.2 ml 15 M HNO3 and 

2.8 ml 30% H2O2 in the afternoon and allowed to stand overnight before being microwave digested 

the following morning for 90 minutes, ramping up to a temperature of 210°C at a pressure of 1.72 

x 106 Pa.  

 

2.3.3 Concentration measurements and isotopic analysis 

 

Zinc concentrations were measured by isotope dilution on a Nu Instruments Nu Plasma 

High Resolution MC-ICP-MS at low resolution with either an Aridus II (CETAC) or DSN-100 

Desolvation Nebuliser System (Nu Instruments Ltd.) sample introduction system fitted with a glass 

nebuliser that had a typical uptake rate of approximately 100 µl/min. Zinc concentration 

measurements were used to accurately double-spike samples prior to Zn purification by anion 

exchange column chromatography.48,49 Isotope measurements were performed as described 

previously.48,49 The Zn isotope reference material, IRMM-3702 Zn, was used to monitor changes 

in instrumental mass bias by standard-sample bracketing (SSB).48,49 All isotopic data for samples 
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are reported in d66Zn values notation, which denotes the parts per thousand (‰) change of 

66Zn/64Zn relative to the isotopic composition of the Zn reference material: 

 

δ11Zn	(‰) = [((11Zn/1:Zn);<=>?@/(11Zn/1:Zn)A@B@A@CD@) 	− 1] x 1000 (1) 

 

Initially, the d66Zn values were calculated relative to IRMM-3702 Zn, as this was analysed 

alongside the samples. Subsequently, these initial d66Zn values were adjusted so that all results are 

reported relative to the JMC-Lyon Zn isotope reference material using Equation 2:4,50–52 

 

δ66ZnJMC-Lyon = δ66ZnIRMM-3702 + 0.30‰.     (2) 

 

2.3.4 Contamination and measurement reproducibility 

 

Zinc blank contributions were monitored and remained below 1.5 ng or approximately 

0.8% of sample Zn. Matrix reference material BCR-639, human serum, was column-processed 

with serum samples whereas ERM-BB184, bovine muscle, was processed with tumour and tissue 

samples to ensure the inclusion of matrix-matched standards. The mean d66Zn values of BCR-639 

and ERM-BB184, relative to JMC-Lyon Zn were -2.78 ± 0.09‰ (2SD) and 0.07 ± 0.09‰ (2SD), 

respectively (Table 2-1). These results are consistent with previously reported results.47,50 Method 

reproducibility was also monitored by measuring both unprocessed and column-processed aliquots 

of an in-house Zn solution, London Zn, throughout measurement sessions and by measuring 

sample duplicates (Table 2-1). External reproducibility of multiple London Zn runs in a 

measurement session is ± 0.08‰ (2SD), which is comparable with previously obtained results.47,51 
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2.4 Results 

 

The Zn concentrations and isotopic compositions of 22 serum samples (3 control, 12 from 

patients with benign breast tumours, and 7 from patients with malignant breast tumours) and 37 

tissue samples (13 NAT, 14 benign breast tumours, 10 malignant breast tumours) were determined 

(Table 2-1). Cancer grade was determined and considered the: (i) structure of the tumour tissue; 

(ii) shape and size of the tumour cell nuclei; and (iii) number of dividing cells. Overall, cancer 

grade equates to how differentiated the tumour cells are in comparison to normal cells, whereby 

differentiation decreases with increasing cancer grade on a scale from 1, where cancer cells are 

difficult to distinguish from normal cells and grow slowly, to 3 where the cancer cells are easier 

to distinguish from normal cells and grow or spread more aggressively. Also reported are the status 

of human epidermal growth factor receptor 2 (Her2), and oestrogen and progesterone hormone 

receptors (ER and PgR) in breast cancer patients. In brief, Her2 proteins (produced by Her2 genes) 

are present in breast tissue and if these are overexpressed, they induce breast cells to divide 

uncontrollably. The Her2 status is a measure of whether the gene is overexpressed, where 0 and 1 

are negative, 2 is borderline and 3+ means overexpression. The ER and PgR status (scaled from 0 

to 8) indicate the likelihood that breast cancer cells will react to oestrogen and progesterone signals 

and grow in response. Knowledge of the respective gene/hormone status helps to ensure that breast 

cancer patients receive the most appropriate treatment.  

 

2.4.1 Distribution of Zn in NAT 
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Zinc concentrations in NAT measured in this study range from 1.24 to 14.0 µg/g, with a 

mean of 3.85 ± 3.97 µg/g (1SD; n = 13). With data from Larner et al.47 included, Zn concentrations 

range from 0.81 to 14.0 µg/g, with a mean of 3.42 ± 3.67 µg/g (n = 16). Considering Zn 

concentrations in histologically normal tissue adjacent to benign breast tumours and malignant 

tumours separately reveals differences in Zn concentration (Fig. 2-1). Histologically normal tissue 

adjacent to benign tumours ranges from 2.17 to 13.98 µg/g with a mean of 7.85 ± 5.06 µg/g 

whereas, histologically normal tissue adjacent to malignant breast tumours have a range of 1.24 to 

5.93 µg/g with a mean of 1.95 ± 1.38 µg/g. Although samples are limited in number, differences 

in Zn concentration between histologically normal tissue adjacent to benign and malignant 

tumours are statistically significant at better than 95% confidence (Wilcoxon-Mann-Whitney U-

test, pvalue = 0.021).  

The range of δ66Zn values for NAT in this study is -0.61 to 0.23‰, with a mean of -0.25 ± 

0.23‰ (1SD). With NAT data from Larner et al.47 included, the range remains unchanged, but the 

mean is -0.22 ± 0.21‰. When different types of NAT are examined separately, histologically 

normal tissue adjacent to benign tumours have a mean d66Zn value of -0.14 ± 0.15‰ (n = 4) 

whereas the mean for histologically normal tissue adjacent to malignant tumours is -0.25 ± 0.23‰ 

(n = 12) (Fig. 2-2). However, this difference is not statistically significant (Wilcoxon-Mann-

Whitney U-test, pvalue = 0.275).  

 

2.4.2 Distribution of Zn in benign and malignant tumours 

 

In benign breast tumours, Zn concentrations range from 1.45 to 66.8 µg/g, with a mean of 

17.2 ± 17.4 µg/g (n = 14). The range of d66Zn values in benign breast tumours is -0.58 to -0.06‰, 
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with a mean of -0.31 ± 0.16 ‰. In this study, Zn concentrations in malignant breast tumours range 

from 2.37 to 41.7 µg/g, with a mean of 18.5 ± 11.9 µg/g (n = 10). With malignant breast tumour 

data from Larner et al.47 included, the mean Zn concentration becomes 14.9 ± 11.0 µg/g (n = 15). 

In this study, the d66Zn range in malignant breast tumours is from -0.66 to -0.10‰, with a mean 

of -0.37 ± 0.15‰. With malignant breast tumour data from Larner et al.47 included, the mean 

becomes -0.40 ± 0.15‰. Benign and malignant breast tumour d66Zn values show a negligible 

correlation at the 95% confidence interval (pvalue > 0.05) with Zn concentrations (Fig. 2-3).  

 

2.4.3 Zn concentrations and isotopic compositions in serum 

 

Serum Zn concentrations measured in healthy participants in this study range from 878 to 

1388 ng/g, with a mean of 1030 ± 311 ng/g (n = 3). With data from Larner et al.47 included, serum 

Zn concentrations range from 719 to 1388 ng/g, with a mean of 921 ± 211 ng/g (n = 8). In patients 

with benign breast tumours, serum Zn concentrations range from 467 to 1079 ng/g, with a mean 

of 909 ± 170 ng/g (n = 12). In this study, serum Zn concentrations in breast cancer patients range 

from 653 to 1202 ng/g, with a mean of 801 ± 206 ng/g (n = 7), and with data from Larner et al.47 

included, the mean serum Zn concentration is 858 ± 82 ng/g (n = 12). These results agree with the 

finding that Zn concentrations in the serum of breast cancer patients are on average decreased 

compared to controls.45 However, in this study, these results are not statistically significant at the 

95% confidence interval (pvalue > 0.05) (Fig. 2-4). 

In this study, values in serum from healthy participants range from 0.26 to 0.35‰, with a 

mean of 0.31 ± 0.05‰ (n = 3). With data from Larner et al.47 included, the range becomes 0.26 to 

0.58‰, with a mean of 0.41 ± 0.11‰ (n = 8). The d66Zn values in serum from patients with benign 
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tumours range from 0.14 to 0.47‰, with a mean of 0.31 ± 0.10‰ (n = 12). In this study, d66Zn 

values in serum from healthy participants range from 0.05 to 0.51‰, with a mean of 0.37 ± 0.17‰ 

(n = 7). With data from Larner et al.47 included, the d66Zn range becomes -0.10 to 0.55‰, with a 

mean of 0.37 ± 0.21‰ (n = 12).  

 

2.5 Discussion 

 

2.5.1 Distribution of Zn in NAT 

 

Zinc concentration are elevated in histologically normal tissue adjacent to benign tumours 

compared to tissue adjacent to malignant tumours, but there is a lack of Zn isotopic fractionation 

between the two. There are several potential explanations for this observation. (1) Histologically 

normal tissue adjacent to benign tumours may contain greater proportions of fibroglandular tissue 

compared to healthy breast tissue, which is primarily composed of adipose tissue.53 Fibroglandular 

tissue is denser than adipose tissue and could be a source of elevated Zn in histologically normal 

tissue adjacent to benign tumours.53 (2) Physiological processes that lead to increased levels of Zn 

in tumours (benign or malignant), may have affected the composition of the healthy tissue margin 

around the lesions.54 The regions immediately surrounding tumours have many morphologic and 

phenotypic distinctions from non-tumour-bearing healthy tissue, including pH levels,55 allelic 

imbalance and telomere length,56 stromal behaviour,57 and transcriptomic and epigenetic 

aberrations.58 These phenotypic and genetic changes are apparent up to 1 cm away from tumour 

margins.59 (3) The margin around cancerous tumours is easier to define than the margin around 

benign tumours because cancer cell differentiation from normal cells tends to increase with tumour 
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grade. This could make it more difficult to obtain histologically normal tissue samples from 

women with benign breast disease. The partial addition of benign tumour material to histologically 

normal breast tissue samples would explain both the increased Zn concentration and lack of Zn 

isotope fractionation relative to histologically normal tissue adjacent to malignant tumours because 

benign tumours contain elevated levels of Zn and do not possess d66Zn values that are significantly 

different from histologically normal breast tissue (Fig. 2-2). 

It is possible that, in addition to differences in Zn distribution between histologically 

normal tissue adjacent to benign and malignant tumours, there exists further changes between these 

tissues and healthy breast tissue obtained from healthy individuals.54 Although our study did not 

investigate Zn concentrations and isotopic compositions in healthy breast tissue from healthy 

individuals and is therefore unable to corroborate the findings of Geraki et al.,54 the mean Zn 

concentrations measured in specimens retrieved from healthy individuals during breast-reduction 

surgery have been shown to be significantly lower (23%) than the mean concentrations of 

histologically normal tissue adjacent to malignant tumours.54 Here, we bring attention to the 

potential need for changes to healthy control sampling practices for tissue samples adjacent to both 

benign and malignant tumours. NAT is commonly used as a healthy control for cancer studies 

under the assumption that histological normalcy implies biological normalcy.59 However, this 

study and analyses performed by Aran et al.59 and Geraki et al.54 suggest that NAT presents a 

unique intermediate, pre-neoplastic state between healthy tissue and tumour composed of 

morphologically normal but molecularly altered cells.60 

Further studies characterizing differences in Zn level, isotopic compositions, and 

mechanisms that alter gene expression and tumour-adjacent stroma59 in NAT and healthy breast 

tissue are needed to gain a better understanding of the healthy condition. This may lead to novel 
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therapeutic strategies in the treatment of cancer as key differences are discovered between the 

tissues.59  

 

2.5.2 Distribution of Zn in benign and malignant tumours 

 

Malignant tumours contain elevated levels of Zn due to the increased expression of Zn 

importers (ZIP5, ZIP6, ZIP7, ZIP8, and ZIP10) into neoplastic cells.15,16 Our results demonstrate 

that benign tumours are also elevated in Zn, but not to statistically significant levels compared to 

histologically normal tissue adjacent to benign tumours (Fig. 2-1). Differences in d66Zn values 

between benign tumours and histologically normal tissue adjacent to benign tumours are also not 

significant (Fig. 2-2), whereas the difference in Zn concentration and d66Zn values between 

malignant tumours and histologically normal tissue adjacent to malignant tumours are highly 

significant and significant, respectively (Figs. 2-1, 2-2). Therefore, the net isotopic effect caused 

by increased ZIPs, ZnT2, and MT expression in breast cancer cells must be to produce an 

isotopically light zinc pool in breast cancer tumours.47 However, a suitable mechanism must be 

proposed to explain both benign and malignant breast tumours containing elevated levels of Zn 

relative to adjacent histologically normal tissue, but with benign tumours lacking a significant 

difference in d66Zn values compared adjacent histologically normal tissue. It is possible that ZIPs 

and ZnTs are overexpressed in benign tumour cells, as they are in malignant tumour cells, but MT 

levels remain normal or are not overexpressed to the same degree. This could lead to the increased 

accumulation of Zn in benign tumours without the accompanying isotopic shift observed in 

malignant tumours that has been attributed to preferential 64Zn binding by S ligands in cysteine-

rich MT47. Another potential difference could be the increased production of MMPs by cancer 
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cells. Under normal physiological conditions, MMP activity is precisely regulated in order to 

prevent tissue disruption, but in cancer cells the physiological balance is disrupted, making tumour 

cells capable of invading adjacent healthy tissue.61 In cancer tissue, MMP-1, -2, -8, -9, -10, -11, -

12, -13, -15, -19, -23, -24, -27, and -28 are strongly expressed compared to normal breast tissue.61 

These enzymes exhibit considerable diversity in their domain structures and protein substrate 

specificities,62 but Zn and cysteine residues are structural elements shared by all members of the 

MMP family.36 All members of the MMP gene family share the characteristic that they are 

synthesized in a latent, inactive form as a result of the formation of an intramolecular complex 

between the single cysteine residue in its pro-peptide domain and the essential Zn atom in the 

catalytic domain, a complex that blocks the active site.62 MMPs in malignant breast tumours are 

predominantly in their latent form63,64 but can become activated by the dissociation of the cysteine 

residue from the complex, referred to as the “cysteine-switch”.62 The core structure of a latent 

MMP is Zn(His)3(Cys)2+, but when activated, the core structure becomes Zn(His)3(H2O)2+ (ln b = 

3.43‰ and 3.83‰, respectively at 310 K, Δ66ZnActivated MMP – Latent MMP = 0.40‰).46  

ZIPs and ZnT2 are noted for their many N-rich histidine residues65 (Zn(His)(H2O)32+, ln b 

= 3.647‰ at 310 K)46, whereas S-rich MT is able to bind up to seven Zn ions with its 20 cysteine 

residues66 (Zn(Cys)(H2O)32+, ln b = 3.072‰ at 310 K).46 The enrichment of 64Zn in malignant 

breast tumours compared to healthy breast tissue can potentially be attributed to a combination 

MT overexpression due to the large difference in ln b values between histidine and cysteine in 

ZIPs and MT, respectively (Δ66ZnCys – His = -0.575‰) and MMP overproduction (Δ66ZnLatent MMP – 

His = -0.217‰).  

 

2.5.3 Sample pairs 
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NAT-tumour pairs from seven patients were analysed for Zn concentration and isotopic 

compositions. Tumours contain higher Zn concentrations than NAT in all cases, regardless of type. 

All three cases of benign tumours with pairs were enriched in 64Zn compared to their respective 

NAT. The relationship between Zn isotopic compositions in malignant tumours and NAT pairs is 

less clear, as there is no apparent Zn isotope fractionation  between malignant tumours and NAT 

(Fig. 2-5). Additional sample pairs are required to determine whether a relationship exists. In this 

study, the optimal method for elucidating trends from malignant breast tumour Zn isotopic data is 

by comparing its mean against those obtained for all histologically normal tissues adjacent to 

malignant tumours, including unpaired.  

 

2.5.4 Tumour grade and gene/hormone statuses 

 

Tumour grade data was available for all breast cancer patients from both studies.47 Data on 

Her2, ER, and PgR status was available for six patients with malignant breast tumours. Despite 

the limited number of available data points, they will be briefly considered as they may prove 

useful in the future (Fig. 2-5).  

Two patients were diagnosed with grade 1 breast cancer, six with grade 2, and five with 

grade 3. There is no apparent relationship between tumour grade and Zn concentration or isotopic 

composition. Further analysis of tumours of all grades is required to confirm or discount possible 

systematic changes in tumour Zn concentrations and isotopic compositions.  

The three samples with positive ER or PgR status have a mean d66Zn value of -0.39 ± 

0.04‰ whereas those with negative ER or PgR status possess a mean d66Zn value of -0.23 ± 
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0.12‰. No systematic trend is observed in Zn concentrations for patients with positive or negative 

ER or PgR status. Five out of six samples have negative Her2 status. As such, there is no apparent 

relationship between Her2 status and Zn concentration or isotopic data. There is insufficient data 

to make further insights with regard to the specifics of ER and PgR status dynamics, outside of 

general observations for those with positive or negative status.  

 

2.5.5 Zn concentrations and isotopic compositions in serum 

 

We report no statistically significant difference between bulk serum d66Zn values in healthy 

controls and breast cancer patients (Fig. 2-6). Further, no relationship is found between d66Zn 

values and Zn concentrations in the different groups (Fig. 2-7). However, d66Zn values in serum 

from breast cancer patients appear to have the greatest variability. The lack of a systematic 

relationship between Zn concentrations and d66Zn values for serum suggests that the main Zn-

binding proteins of serum may not be affected by the redistribution of Zn during breast cancer cell 

proliferation, and the composition of the serum Zn pool may be buffered by its large size (~3 mg 

total Zn in serum if the human body contains approximately 2.7 L of serum at 1100 ng/g Zn), such 

that small changes in Zn isotope distribution are not detectable. The serum Zn pool is highly 

dynamic with a rapid turnover rate (>150 times per day), and likely overwrites any changes caused 

by the sequestration of Zn by tumours. An additional possibility is that, like ubiquitous elements 

including C, H, O, N, and S, Zn may lack the specificity to particular biological processes required 

for use in studying metal dysregulation, compared to Fe and Cu.24  

Mixing calculations conducted by Larner et al.47 suggest that the isotopically heavy Zn 

pool expected for cancer patients is only analytically detectable if the Zn in this pool consists of 
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between 3 and 35% Zn that has interacted with cancerous cells with varying degrees of uptake 

efficiency. Mass balance calculations (see Appendix A) with parameters constrained by data from 

this work and Larner et al.47 reveal that with 80% uptake efficiency for Zn by cancer cells, a tumour 

weighing approximately 29 g would be required to form to produce an isotopic shift that exceeds 

analytical precision (0.08‰) (Fig. 2-8). With an uptake efficiency of 40%, the tumour size required 

for an isotopic shift above analytical precision rises to approximately 34 g. Lung cancer tumours 

have been shown to possess densities ranging from 0.236 to 1.010 g/cm3 (mean = 0.697 g/cm3).67 

If breast cancer tumour densities are comparable, at the lower end of tumour density it would 

require the formation of at least a 123 cm3 tumour to produce an isotopic shift greater than 

analytical precision. At the upper end of tumour density, it would require a 34 cm3 tumour to form. 

Tumour diameter was not available for all samples in this study, but the available data range from 

1.30 to 11.5 cm across at their widest point. Assuming tumours are spherical in shape, breast 

tumours collected in this study range in size from 1.15 (0.3 g) to 796 cm3 (804.0 g). However, the 

upper bound is very likely a large overestimate due to malignant tumours typically being 

irregularly shaped and tumours of this size being exceedingly rare.68 From the limited data 

available, no relationship is observed between tumour width and serum Zn isotopic composition. 

Future studies investigating the relationship between serum Zn isotopic compositions in serum and 

malignant breast tumours should compare tumour mass so that the effects of serum Zn 

sequestration by tumours can be investigated and variations in tumour shape and density can be 

disregarded.  

 

2.5.6 Future work on metal dyshomeostasis in breast cancer tissues 
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The promise shown by Cu isotopic compositions in serum as a biological marker of breast 

cancer12 may be partially attributed to its confirmed lack of diurnal isotopic variations69 and 

potentially greater specificity to biological processes due to being 10 to 60 times less abundant in 

the body than Zn.70 However, the mechanisms responsible for the relative enrichment of 

isotopically light Cu (63Cu) in the serum of breast cancer patients relative to healthy controls 

remain up for debate, with both Cu binding by upregulated MT47 in breast cancer cells and the 

oxidative chelation of Cu by cytosolic lactate12 proposed. The hypothesis that breast cancer cell 

MT upregulation is responsible for Cu isotope fractionation in malignant breast tumours is 

supported by the behaviour of Cu isotopes in breast tissue samples (albeit from one individual), 

with the d65Cu value in the tumour being isotopically lighter by -0.35‰ relative to adjacent 

histologically normal tissue.47 The hypothesis that the relative enrichment of isotopically light Cu 

(63Cu) in the serum of breast cancer patients relative to healthy controls is caused by the oxidative 

chelation of Cu by cytosolic lactate in breast cancer cells is supported by the theory that to preserve 

mass balance in the system, an isotopically heavy Cu pool is present in the body and the Cu isotope 

fractionation observed in the serum of breast cancer patients relative to healthy controls is a 

remnant of that original source.12 Lactate is a product of anaerobic glycolysis in cancer cells and 

the shift in serum d65Cu values in breast cancer patients relative to healthy controls fingerprints 

cytosolic Cu chelation by mono- and bidentate. As a general rule, Cu+ compounds are depleted in 

65Cu relative to Cu2+ compounds and Cu bound to hydroxyl ligands are enriched in 65Cu compared 

to N and S ligands.46 In lactate, Cu is both in the Cu2+ state and bound to a side hydroxyl, leading 

to a greater extent of 65Cu preference over 63Cu compared to Cu engaged in a cysteine bond 

(Δ65CuCu-Lactate – Cys > 1‰).12,46 This leaves Cu+ that has escaped chelation by lactate and is 

subsequently excreted into the bloodstream isotopically light, leading to lower d65Cu values in the 
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serum of breast cancer patients relative to healthy controls.12 Despite the two proposed 

mechanisms suggesting the preferential uptake of a different Cu isotope by breast cancer cells, 

both will play a role in determining the overall Cu isotope shift. Additional malignant breast 

tumour samples and histologically normal tissue adjacent to malignant tumour samples should be 

analysed for 65Cu values to gain a better understanding of the distribution of Cu isotopes in breast 

cancer tissues. This work will further our understanding of Cu homeostasis in breast cancer cells 

and should be supported by investigations to determine the key Cu binding site in breast cancer 

cell cytoplasm.  

 

2.6 Conclusions 

 

Zinc concentrations are elevated in histologically normal tissue adjacent to benign tumours 

compared to tissue adjacent to malignant tumours. This difference is statistically significant 

(Wilcoxon-Mann-Whitney U-test, pvalue = 0.021), indicating that in the case of tissue surrounding 

benign tumours, histological normalcy does not necessarily imply biological normalcy, and 

changes to control sampling protocols may be required. Malignant tumours contain elevated levels 

of Zn (pvalue = 0.000034) and possess isotopically light d66Zn values (pvalue = 0.04) compared to 

histologically normal tissue adjacent to malignant tumours. The enrichment of 64Zn in malignant 

breast tumours compared to healthy breast tissue can potentially be attributed to a combination 

MT overexpression and MMP overproduction due to both MT and MMPs being relatively enriched 

in the lighter isotope, 64Zn. Benign tumours are similarly elevated in Zn, but not to statistically 

significant levels compared to histologically normal tissue adjacent to benign tumours. Differences 

in Zn	isotopic	composition	between benign tumours and histologically normal tissue adjacent to 
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benign tumours are also not significant, but the d66Zn value of benign tumours is intermediate to 

adjacent histologically normal tissue and malignant tumours, potentially due to processes that may 

have led to increased Zn content, such as ZIP overexpression.  

No statistically significant difference between bulk serum d66Zn values in healthy controls 

and breast cancer patients was identified. Further, no relationship is found between d66Zn values 

and Zn concentrations in the different groups. However, d66Zn values in serum from breast cancer 

patients appear to have the greatest variability. The lack of a systematic relationship between Zn 

concentrations and d66Zn values for serum suggests that the main Zn-binding proteins of serum 

may not affected by the redistribution of Zn during breast cancer cell proliferation, and the 

composition of the serum Zn pool may be buffered by its large size. Additionally, the serum Zn 

pool is highly dynamic with a rapid turnover rate (>150 times per day), and is likely overwriting 

any changes caused by the sequestration of Zn by tumours. 
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Table 2-1 Summary of standards, participant information, hormonal status, zinc concentrations 
and isotope compositions. For isotope compositions, n = number of analyses by MC-ICP-MS, m 
= number of separate aliquots prepared. FAD = fibroadenoma, IDCIS = invasive ductal carcinoma 
in-situ, IDC = invasive ductal carcinoma, NAT = histologically normal tissue adjacent to tumour, 
BT = benign tumour, MT = malignant tumour, ER = estrogen hormone receptor, PgR = 
progesterone hormone receptor, Her2 = human epidermal growth factor receptor 2. 
 
Sample ID Description Sample Type n (m) ER-PgR-Her2 Zn (ng/g) δ66ZnJMC-Lyon (‰) 
London Zn Column unprocessed Pure Zn 7 (3)     0.13 ± 0.08 

 Column processed  7 (5)     0.13 ± 0.08 
ERM-BB184 Reference material Bovine muscle 3 (3)   147,822 0.07 ± 0.09 
BCR®-639 Reference material Human serum 3 (2)   2482 -2.78 ± 0.09 

294 Healthy individual Serum 1   878 0.26 ± 0.06 
305 Healthy individual Serum 1   1388 0.32 ± 0.04 
318 Healthy individual Serum 1   824 0.35 ± 0.04 
201 Benign breast disease Serum 1   467 0.47 ± 0.04 
202 Benign breast disease Serum 1   1079 0.36 ± 0.04 
203 Benign breast disease Serum 1   1076 0.32 ± 0.04 
204 Benign breast disease Serum 1   876 0.14 ± 0.05 
205 Benign breast disease Serum 1   951 0.30 ±0.04 
206 Benign breast disease Serum 1   1047 0.33 ± 0.04 
208 Benign breast disease Serum 1   1025 0.40 ± 0.04 
216 Benign breast disease Serum 1   876 0.41 ± 0.04 
277 Benign breast disease Serum 1   903 0.33 ± 0.05 
284 Benign breast disease Serum 1   748 0.19 ± 0.05 
287 Benign breast disease Serum 1   913 0.19 ± 0.04 
296 Benign breast disease Serum 1   946 0.31 ± 0.04 
211 Breast cancer Serum 1 0-0-0 1202 0.36 ± 0.04 
219 Breast cancer Serum 1 0-0-3+ 653 0.48 ± 0.04 
229 Breast cancer Serum 1 8-8-0 657 0.49 ± 0.04 
236 Breast cancer Serum 1 7-8-0 626 0.47 ± 0.05 
245 Breast cancer Serum 1 8-7-0 716 0.51 ± 0.04 
273 Breast cancer Serum 1 8-7-0 851 0.05 ± 0.06 
298 Breast cancer Serum 1 8-6-0 904 0.24 ± 0.04 
204 Benign breast disease NAT 1   9488 -0.23 ± 0.07 
254 Benign breast disease NAT 1   13,981 0.00 ± 0.06 
299 Benign breast disease NAT 1   2171 -0.31 ± 0.04 
300 Benign breast disease NAT 1   5747 -0.03 ± 0.11 
213 Breast cancer NAT 1 0-0-0 1236 -0.33 ± 0.07 
219 Breast cancer NAT 1 0-0-3+ 1371 -0.14 ± 0.04 
220 Breast cancer NAT 1 8-7-0 810 -0.61 ± 0.07 
224 Breast cancer NAT 1 0-0-0 1338 -0.26 ± 0.06 
224 Breast cancer NAT Duplicate 1 0-0-0 1308 -0.34 ± 0.07 
226 Breast cancer NAT 1 - 2655 -0.59 ± 0.09 
243 Breast cancer NAT 1 8-5-0 2581 0.23 ± 0.08 
244 Breast cancer NAT 1 8-8-0 1437 -0.38 ± 0.07 
253 Breast cancer NAT 1 - 1277 -0.18 ± 0.05 
255 Breast cancer NAT 1 - 5930 -0.32 ± 0.05 
202 Intracanalicular FAD BT 1  18,848 -0.39 ± 0.07 
204 FAD BT 1  9913 -0.27 ± 0.06 
206 Multiple FADs BT 1  3321 -0.13 ± 0.04 
216 Tubular adenoma BT 1  21,827 -0.50 ± 0.05 
218 FAD BT 1   31,655 -0.39 ± 0.05 
233 FAD BT 1   5228 -0.42 ± 0.05 

240 (1) Multiple FADs BT 1   9746 -0.50 ± 0.05 
241 FAD BT 1   31,319 -0.28 ± 0.02 
254 Multiple FADs BT 1   20,453 -0.09 ± 0.06 
263 Multiple FADs BT 1   1452 -0.27 ± 0.09 

274 A Multiple FADs BT 1   66,804 -0.58 ± 0.07 
282 FAD BT 1   6502 -0.06 ± 0.05 
283 FAD BT 1   5963 -0.32 ± 0.04 
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300 Phyllodes tumour BT 1   8082 -0.15 ± 0.06 
211 Grade 2 IDCIS MT 1 0-0-0 8442 -0.25 ± 0.07 
213 Grade 3 IDC MT 1 0-0-0 16,892 -0.33 ± 0.06 
219 Grade 2IDCIS MT 1 0-0-3+ 8834 -0.37 ± 0.07 
220 - MT 1 8-7-0 27,000 -0.66 ± 0.06 
224 Grade 3 IDC MT 1 0-0-0 2372 -0.10 ± 0.06 
226 Grade 1 IDC MT 1 - 41,682 -0.48 ± 0.05 
235 Grade 3 IDC  MT 1 0-2-0 13,214 -0.43 ± 0.05 
244 Grade 3 IDC MT 1 8-8-0 12,649 -0.36 ± 0.07 
253 IDCIS MT 2 - 27,060 -0.36 ± 0.04 
255 Grade 2 IDC MT 1 - 27,220 -0.34 ± 0.05 
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Figure 2-1 Zinc concentrations in histologically normal tissue adjacent to malignant tumours, 
malignant tumours, histologically normal tissue adjacent to benign tumours, and benign 
tumours. The box represents the 25th-75th percentiles (with the median as a horizontal line) 
and the whiskers represent the range. Outliers are denoted outside of the range if they exceed a 
distance of 1.5 times the interquartile range below the 1st quartile or above the 3rd quartile. The 
threshold for significance was defined as p < 0.05 whereas the threshold for high significance 
was defined as p < 0.01. All other relationships displayed no statistical significance (p > 0.05). 
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Figure 2-2 d66Zn variations in in histologically normal tissue adjacent to malignant tumours, 
malignant tumours, histologically normal tissue adjacent to benign tumours, and benign 
tumours. The box represents the 25th-75th percentiles (with the median as a horizontal line) 
and the whiskers represent the range. Outliers are denoted outside of the range if they exceed a 
distance of 1.5 times the interquartile range below the 1st quartile or above the 3rd quartile. The 
threshold for significance was defined as p < 0.05 whereas the threshold for high significance 
was defined as p < 0.01. All other relationships displayed no statistical significance (p > 0.05). 
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Figure 2-3 Relationship between d66Zn and Zn concentration in histologically normal tissue 
adjacent to benign breast tumours, histologically normal tissue adjacent to malignant breast 
tumours, benign breast tumours, and malignant breast tumours. Error bars represent the 2SD of 
standards run alongside each sample. 
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Figure 2-4 Zn variations in serum from healthy controls (HC), patients with benign breast 
tumours (BT), and patients with malignant breast tumours (MT). Data are from this study and 
Larner et al.47 The box represents the 25th-75th percentiles (with the median as a horizontal 
line) and the whiskers represent the range. Outliers are denoted outside of the range if they 
exceed a distance of 1.5 times the interquartile range below the 1st quartile or above the 3rd 
quartile. No statistically significant relationships were observed (p > 0.05). 
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Figure 2-5 Zn stable isotopic composition and concentration of malignant tumours with 
hormone/gene statuses: x-y-z = ER-PgR-Her2. Hormone/gene data from this study only. 
Tumour grade considered for all samples (including those from Larner et al.47). Error bars are 
2SD of standards run alongside each sample.  
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Figure 2-6 d66Zn variations in serum from healthy control group participants (HC), patients 
with benign breast tumours (BT), and patients with malignant breast tumours (MT). Data are 
from this study and Larner et al.47 The box represents the 25th-75th percentiles (with the 
median as a horizontal line) and the whiskers the range. No statistically significant relationships 
were observed (p > 0.05). 
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Figure 2-7 Relationship between d66Zn and Zn concentration in serum from healthy control 
group participants (HC), patients with benign breast tumours (BT), and patients with malignant 
breast tumours (MT). Error bars represent the 2SD of bracketing standards run alongside each 
sample. 
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Figure 2-8 The predicted tumour growth required for diagnosis using natural Zn isotope 
fractionation. The modelled change in Zn isotope composition (Δ66Znmix) in serum mix due to 
the effect of tumour growth (40% (blue), 60% (black), 80% (red) solid lines) and Zn uptake 
efficiency (40% (blue), 60% (black), 80% (red) dashed lines). 
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Chapter 3 

Postprandial zinc stable isotope response in human blood serum 

Kaj Sullivan, Rebekah E. T. Moore, Mark Rehkämper, Daniel Layton-Matthews, Matthew I. Leybourne, 

John Puxty, and T. Kurt Kyser 

 

3.1 Abstract 

 

In recent years, considerable advances have been made in the field of medical isotope 

metallomics, but numerous fundamental physiological processes remain to be investigated. Past 

studies report that blood serum Zn concentrations decrease by between about 10 and 25%, 

depending on the size of meal, approximately three hours postprandially (i.e. after eating), before 

returning to baseline values if no meals are consumed over the following four to five hours. Nine 

participants were recruited for this study to investigate whether this postprandial Zn concentration 

decrease is accompanied by a stable isotope response. A baseline serum sample was collected from 

participants in the morning after overnight fasting. A 576 kcal meal was then provided and 

additional serum samples were taken 90 and 180 minutes post-meal to coincide with the 

postprandial response. Serum Zn concentrations decreased postprandially by an average of 21 ± 

9% (1SD), but this was not accompanied by a change in stable Zn isotope composition (mean 

Δ66Zn180-minute – Baseline = 0.01 ± 0.09‰, 2SD). We propose that hemodilution and the rapid, efficient 

postprandial transfer of albumin-bound Zn from serum to the liver and pancreas is responsible for 

the lack of postprandial serum Zn isotopic response. These results indicate that studies examining 

solely the distribution of Zn isotopes in serum may obtain samples without considering timing of 
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the most recent meal. However, future studies seeking to compare serum Zn concentrations with 

d66Zn values should draw blood samples in the morning after overnight fasting. 

 

3.2 Introduction 

 
Zinc (Zn) has five stable isotopes (64Zn, 66Zn, 67Zn, 68Zn, and 70Zn), typically occurs in 

divalent form (Zn2+), and is the second most abundant transition metal in organisms after iron.1 

Zinc is a component of approximately 3000 proteins,2 a cofactor or component of more than 300 

metalloenzymes,1,3 and has many roles in the human body including in normal growth and 

development, immunity, cellular homeostasis, cell survival, and biochemical functions.1,4,5 The Zn 

content of the human body ranges from 1.5 to 3 g with the daily requirement of 2 to 3 mg Zn 

determined by loss via stool, urine, and sweat.6 The recommended daily adult intake of 

approximately 10 mg Zn significantly exceeds the daily requirement of 2 to 3 mg due to the limited 

bioavailability of Zn from foods6,7 and results in a turnover time in the body of 150 to 300 days.8 

However, Zn is more labile in some compartments than others, with serum Zn having a turnover 

rate of over 150 times per day.9 Serum is the main transporter of nutrients to body tissues and it is 

the compartment through which all absorbed Zn passes. Approximately 65 to 85% of Zn in serum 

is loosely bound to albumin,10–14 accounting for as much as 98% of the exchangeable fraction of 

Zn in serum.13 The majority of the remaining serum Zn is held tightly by a2-macroglobulin.15 

Only about 2% of circulating albumin molecules are bound to Zn16,17 and albumin effectively acts 

as an extracellular “Zn buffer” that controls the concentrations of “free” Zn2+ ions that are available 

to other serum proteins or for cellular uptake through membrane-bound Zn transporters.18 Blood 

plasma, a similar but distinct fluid is sometimes referred to and used interchangeably with serum,19 
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but it is important to note their differences. Both serum and plasma are devoid of blood cells, but 

plasma contains fibrinogens and coagulation proteins that serum lacks.19 Despite this, there is no 

significant difference in the Zn concentration of serum and plasma, and for the sake of simplicity, 

this paper will generally refer to “serum Zn” for both types of specimens.20 

With the development of multiple collector inductively coupled plasma mass spectrometry 

(MC-ICP-MS) and ion exchange chromatography procedures that can efficiently purify metals and 

metalloids with significant interferents from even complex sample matrices prior to isotopic 

analysis, isotope geochemists have been able to resolve subtle mass dependent changes in the 

isotope compositions of numerous elements in the environment.21 Subsequently, this paved the 

way for novel research that investigates the distribution of metal stable isotopes in the human body, 

and the processes that govern their allocation. Given its numerous biological roles, Zn has been a 

key element of interest in this context. For example, investigators have sought to establish 

reference ranges for Zn isotopic compositions in the blood compartments of healthy subjects22–26 

so as to understand changes observed in those suffering from conditions where metal 

dyshomeostasis is fundamental to disease pathogenesis.27–34 Sex, age, and time of blood draw must 

be considered when determining serum Zn concentrations to assess the Zn status of populations, 

whereas it appears dietary and supplemental Zn do not affect serum Zn concentrations.35 So far, 

age,36 diet,26 menopausal status,36 and cold stress-induced differences in basal metabolic rate36 

were shown to potentially influence the Zn isotopic compositions of blood compartments and must 

be taken into account. In contrast, sex does not appear to have an impact on the Zn isotopic status 

of blood compartments.22,37  

Despite advances in the field of medical isotope metallomics,8,38 fundamental questions 

remain unanswered that have implications for researchers concerned with blood sampling 
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protocols for such research. Depending on the element of interest and material being investigated, 

it may be necessary to consider or control for potential diurnal or postprandial effects, as is the 

case for assessing serum Zn concentrations.35 Serum Zn concentrations do not appear to deviate 

significantly from baseline values during fasting,39 whereas they fall by between about 10 and 25% 

postprandially (i.e. after eating), depending on the size of meal, with a subsequent gradual return 

to baseline values if no meals are consumed over the following four to five hours.39–44 The 

mechanism and physiological relevance of the postprandial serum Zn response are poorly 

understood, but there is evidence that serum Zn is redistributed postprandially to the liver to supply 

Zn for hepatic fuel metabolism.40 Specifically, serum phosphorous concentrations are 10% below 

baseline values 90 minutes after a meal, indicating that serum Zn may be used by the liver 

postprandially to participate in phosphorylation reactions.41 Serum Zn may also be redistributed to 

the pancreas to replenish as much as 4.8 mg of Zn that is secreted into the duodenum during 

digestion to aid with synthesis of pancreatic enzymes.45  

In contrast to the postprandial behaviour of serum Zn concentrations, no systematic diurnal 

or postprandial variations in serum copper (Cu) concentrations were observed.46,47 Additionally, 

as expected, there appear to be no diurnal variations in serum Cu isotope compositions.48 However, 

a Zn stable isotope response may accompany this postprandial serum Zn concentration decrease 

because metal stable isotope fractionation reflects the energies of bonding for specific biological 

pathways.49 Possible postprandial changes in the Zn stable isotope composition of blood serum are 

thus far unstudied and have, therefore, not been considered in sampling protocols.26,36,50,51 The 

current investigation addresses this lack of knowledge through the measurement of overnight-

fasting baseline, and 90- and 180-minute post-meal serum Zn concentrations and isotope 

compositions. These results will help further refine the optimal sampling protocols for Zn isotopic 
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analysis of serum. A fasting period prior to drawing blood in future studies investigating Zn isotope 

compositions of human blood serum may help resolve the subtle differences in isotopic 

composition that exist in this isotope system. The data will also help further our understanding of 

the nature of this postprandial Zn redistribution. 

 

3.3 Experimental 

 

3.3.1 Sample collection 

 

This study received approval from the Queen’s University Health Sciences & Affiliated 

Teaching Hospitals Research Ethics Board (TRAQ#: 6021543; Department Code: GEOSC-002-

17). Nine participants (four males, five females) were recruited to participate in this study. 

Participant E was unable to provide a 180-minute postprandial blood sample and was subsequently 

excluded from the study. Upon the receipt of informed consent, participants completed a survey 

regarding their sex, age, diet, and health status (Appendix B, Table S1). All participants were 

omnivores. Male participant ages ranged from 27 to 30 years with a mean of 28 ± 1.4 years (1SD), 

whereas female ages ranged from 22 to 65 years with a mean of 35 ± 20 years (1SD). One male 

participant (H) has Crohn’s disease that was diagnosed in 2002, and at the time of sampling had 

been in remission for four years with no inflammatory episodes. The participants arrived at 

Providence Care Hospital (Kingston, Ontario) at 7:30 a.m. in the fasting state (from 10 p.m. the 

night before). After height and weight were measured, a fasting-state blood sample was drawn into 

6ml BD Vacutainer Plastic Blood Collection Tubes for Trace Element Testing with Serum Clot 

Activator to serve as a baseline. Participants then consumed a meal consisting of whole-grain 
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bread, raspberry jam, butter, yogurt, and apple juice (Table 3-1). This 575.6 kcal meal provided 

80% of energy as carbohydrate, 14% as protein, and 6% as fat, and is similar to ‘BRKFT x 2’ 

provided in Lowe et al.39 (640.1 kcal). The participants were instructed not to eat anything further 

until the test was concluded; drinking water was permitted ad libitum. Additional blood samples 

were drawn 90 and 180 minutes after eating to coincide with the expected peak postprandial 

response (~180 minutes).39 After collection, each sample was gently inverted 180° and back ten 

times to mix the blood and clot activator before being transported to the Queen’s School of 

Kinesiology and Health Studies to undergo ten minutes of centrifugation at 1,300g. Serum was 

separated from the clot under a Biological Safety Cabinet in a Level 2 Biosafety Laboratory by 

pipetting and transferring to acid-cleaned 1.5 ml microfuge tubes.  

 

3.3.2 Sample preparation 

 

Between 0.22 and 1.1 g of serum was mixed with 2.8 ml of 15 M HNO3 and 0.25 ml of 

30% H2O2 (per 0.25 g of sample) under metal-free laminar flow hoods in the Clean Room 

Laboratory at the Queen’s Facility for Isotope Research and digested at 110°C overnight on a 

hotplate. Anion exchange column chromatography using Bio-Rad AG® MP-1M (100-200 mesh) 

resin was performed for the separation of Zn from the blood serum matrix in ISO Class 4 metal-

free laminar flow hoods in the MAGIC Clean Room Laboratory at Imperial College London.52 

Quartz-distilled acids diluted with ≥18.2 MW cm H2O (Millipore) were used throughout sample 

preparation. 

 

3.3.3 Concentration measurements and isotopic analysis 
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An initial determination of Zn concentration by isotope dilution was carried out for each 

sample to ensure that an appropriate sample aliquot was digested for isotopic analysis. These were 

mixed in optimal proportion with a 64Zn-67Zn double spike solution, to enable correction of isotope 

fractionation induced by separation chemistry and the measurement instruments. The subsequent 

coupled Zn isotope and concentration measurements with the double spike technique followed 

previously described techniques.52,53 They utilized a Nu Instruments Nu Plasma HR MC-ICP-MS 

at low resolution with either an Aridus II (CETAC) or DSN-100 desolvation system (Nu 

Instruments Ltd.) for sample introduction fitted with a glass nebuliser that had a typical uptake rate 

of approximately 100 µl min-1. Samples were run interspersed between and relative to analyses of 

isotopic reference material IRMM-3702 Zn, which was used to monitor and correct for within- 

and between-session changes in instrumental mass bias.52,53 After raw data was collected, 

instrumental mass bias and any interferences with Ni or Ba were corrected for offline using an 

iterative procedure and the double spike technique.  

As variations in the ratio (R) 66Zn/64Zn are small, isotopic data are reported in d66Zn 

notation, which denotes the parts per thousand (‰) change in the 66Zn/64Zn ratio of the sample 

relative to a standard (Std; Equation 1).  

 

IJJKLMNO	(‰) = P	
QMRSTUV
JJ JW⁄

QMNO
JJ/JW − YZ ⋅ Y,]]]  (3) 

 

The d66Zn values were originally determined relative to IRMM-3702 Zn (d66ZnIRMM) but 

were then recalculated so that all results are reported relative to the JMC-Lyon Zn isotope 

reference material (d66ZnJMC) using Equation 2.54 
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δ11Zn^_` = abc
ddeCfghh	
i,jjj

+ 1l ⋅ bm
ddeCfghhnohp	

i,jjj
+ 1l − 1q ⋅ 1,000  (2)   

              

The value of 0.30‰, was used for D66ZnIRMM–JMC, based on results obtained in the 

interlaboratory calibration of the new Zn isotope reference material AA-ETH Zn (D66ZnAA–JMC = 

–0.28‰ and D66ZnAA–IRMM = 0.02‰).54 

 

3.3.4 Contamination and measurement reproducibility 

 

Zinc blank contributions were monitored and remained below 0.55 ng or approximately 

1.1% of sample Zn. The reference material, BCR®-639 Human Serum, was processed through the 

same procedure as serum samples to ensure the inclusion of a matrix reference material, allowing 

for the monitoring of the efficacy of the entire procedure in producing accurate and reproducible 

results. Accuracy and reproducibility were also monitored by measuring both column-processed 

and unprocessed aliquots of an in-house Zn standard solution, London Zn, throughout 

measurement sessions, and by measuring sample duplicates. London Zn measured throughout this 

study had a d66Zn value of 0.19 ± 0.08‰ (2SD, n = 30), which is comparable with previously 

reported values.46,53 The mean d66Zn value obtained for three separate digestions of BCR®-639 

Human Serum is -3.27 ± 0.23‰ (2SD, n = 15), which is comparable with previously reported 

values.46,50 

 

3.4 Results 
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3.4.1 Quality control 

 

Zinc blank contributions were monitored and remained below 0.55 ng or less than 1.1% of sample 

Zn. The reference material, BCR®-639 Human Serum, was processed through the same procedure as serum 

samples to ensure the inclusion of a matrix-matched reference material, allowing for the monitoring of the 

efficacy of the entire procedure in producing accurate and reproducible results. Accuracy and 

reproducibility were also monitored by measuring both column-processed and unprocessed aliquots of an 

in-house Zn standard solution, London Zn, throughout measurement sessions, and by measuring sample 

duplicates. These measurements yielded mean d66Zn values of 0.11 ± 0.08‰ (2SD, n = 30) for London Zn 

and –2.97 ± 0.23‰ (2SD, n = 15) for BCR®-639, in good agreement with previously reported results.50,52,54 

A mean between-run sample d66Zn reproducibility of ±0.07‰ (2SD) was achieved in this study and is 

hereafter referred to as ‘measurement reproducibility’. 

 

3.4.2 Zinc concentrations 

 

Zinc concentrations were determined in three serum samples (baseline fasting-state, 90 minutes 

post-meal, 180 minutes post-meal) taken from each of eight participants (Table 3-2). Baseline serum Zn 

concentrations measured in the overnight fasting state range from 655 to 1006 ng g-1 (mean = 877 ± 116 ng 

g-1, 1SD, n = 8). Zinc concentrations in samples taken 90 minutes after consumption of the breakfast meal 

range from 562 to 831 ng g-1 (mean = 741 ± 79.8 ng g-1, 1SD, n = 8). Zinc concentrations in samples taken 

180 minutes after the consumption of the breakfast meal ranged from 575 to 819 ng g-1 (mean = 691 ± 106 

ng g-1, 1SD, n = 8). The 90-minute postprandial Zn concentrations are between 79.2 and 93.9% relative to 

baseline values (mean = 84.8 ± 4.8%, 1SD, n = 8), whereas the 180-minute postprandial Zn concentrations 

are between 66.3 and 90.7% relative to the baseline (mean = 79.1 ± 8.9%, 1SD, n = 8) (Fig. 3-1).  
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The change in the mass of Zn present in serum after consumption of the breakfast meal (Appendix 

B, Table S2) was estimated by calculation of (1) blood volume from height and weight using Nadler’s 

Formula;55 (2) serum volume from (1) based on male and female packed cell volumes of 0.46 and 0.42, 

respectively;56 (3) serum mass using a density of 1.02385 g ml-1;57 (4) the postprandial change in serum Zn 

concentrations after breakfast meal consumption; and (5) postprandial change in serum Zn mass after 

breakfast meal consumption by combining the results of (3) and (4). These calculations reveal that the total 

serum Zn mass was reduced postprandially by as little as 171 µg and as much as 682 µg relative to 

individual baseline values over the study period, excluding participant H. For participant H with Crohn’s 

disease, the total serum Zn mass was 622 µg lower than baseline 90 minutes after eating and 935 µg lower 

than baseline 180 minutes post-meal. 

 

3.4.3 Zinc isotopes 

  

 Zinc isotope compositions were determined for three serum samples (baseline fasting-state, 

90 minutes post-meal, 180 minutes post-meal) taken from each of the eight participants (Table 3-

2). Baseline serum d66Zn values measured for the overnight fasting state range from 0.38 to 0.67‰ 

(mean d 66ZnBL = 0.54 ± 0.10‰, 1SD, n = 8). Serum d 66Zn values in samples taken 90 minutes 

after consumption of the breakfast meal range from 0.40 to 0.66‰ (mean d 66Zn90-Min = 0.56 ± 

0.09‰, 1SD, n = 8), whereas serum d 66Zn values in samples taken 180 minutes after eating range 

from 0.39 to 0.71‰ (mean d 66Zn180-Min = 0.55 ± 0.11‰, 1SD, n = 8). The 90-minute postprandial 

serum Δ66Zn value is between –0.02 and 0.05‰ relative to baseline (mean Δ66Zn90-Min–BL = 0.02 ± 

0.05‰ 2SD, n = 8), whereas the 180-minute postprandial serum Δ66Zn value is between -0.04 and 

0.12‰ relative to baseline (mean Δ66Zn180-Min–BL = 0.01 ± 0.09‰, 2SD, n = 8). This suggests that 

if a change in postprandial serum Zn isotopic composition is present, it is too small to be detectable 
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given the measurement reproducibility of ±0.07‰ (Fig. 3-2). Only for one participant (D) was a 

change in the 180-minute postprandial serum Δ66Zn value recorded that exceeds the measurement 

reproducibility with Δ66Zn180-Min–BL = 0.11‰ (Table 3-2). With the exclusion of participant D, the 

180-minute postprandial serum Δ66Zn values range between -0.04 and 0.02‰ relative to baseline 

with a mean Δ66Zn180-Min–BL value of –0.01 ± 0.03‰ 2SD (n = 7), significantly reducing the 

postprandial variability of Δ66Zn180-Min–BL. 

 

3.5 Discussion 

 

3.5.1  Postprandial serum Zn decrease 

 

 The quantification of the absolute rate and magnitude of the serum Zn decline was beyond 

the scope of this work. However, the observed serum Zn concentration decrease of between about 

10 and 30% three hours after eating is in agreement with results of past studies reporting a similar 

number of subjects and meal sizes in the study of postprandial serum Zn homeostasis.39–44 The 

same meal was provided to each participant so differences in the magnitude of the postprandial 

response may be explained by differences in individual basal metabolic rates.58 Together, the data 

confirm that, in addition to sex and age,35 time of blood draw must be controlled for assessments 

of the Zn status of populations. 

 

3.5.2  Zinc correlation with body mass index 
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 The co-variation between the maximum measured postprandial serum Zn concentration 

decrease of each participant and their body mass index (BMI) was assessed using Pearson’s 

Correlation Coefficient (ρ). Results for participant H with Crohn’s disease were excluded from the 

statistical analysis as an outlier. A strong negative correlation was found, ρ(5) = -0.93, p < 0.01 

(Fig. 3-3). The finding that a greater percentage decrease of postprandial serum Zn concentrations 

occurs in participants with lower BMIs was not unexpected as all participants consumed the same 

breakfast meal. Participants with a higher BMI have increased caloric intake requirements to 

maintain weight, so the same sized meal will require a higher proportion of serum Zn be reallocated 

to aid with processes such as digestive enzyme synthesis than for a participant with a lower BMI. 

 Participant H was diagnosed with Crohn’s disease in 2002 and at the time of sampling had 

been in remission for four years, with no inflammatory episodes. Participant H had a baseline Zn 

level that was similar to that of the other three healthy male subjects, but experienced the largest 

postprandial decrease in serum Zn concentration observed in this study, with a reduction from 968 

to 642 ng g-1. This represents a 33.7% decrease, which is well above the study average of 20.9%. 

The participant cites dietary and activity adjustments as playing a role in the four-year disease 

remission. A possible explanation for this large postprandial serum Zn decrease could be painless 

hyperamylasemia or hyperlipasemia.59 One previous study found elevated levels of amylase and 

lipase, two digestive enzymes synthesized in the pancreas to aid with the breakdown of 

carbohydrates and fats, respectively, in the serum of 15.8% of Crohn’s disease patients.59 The 

activity of amylase, lipase, and other pancreatic enzymes are correlated with increased serum Zn 

levels in animal studies.60,61 Given this, it is conceivable that digestive enzyme overproduction 

from hyperamylasemia and hyperlipasemia may lead to a greater-than-normal postprandial serum 

Zn decrease.  
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3.5.3  Postprandial metabolism 

 

 Given the decrease in postprandial serum Zn concentration, it is interesting that no change 

in serum d66Zn value is associated with this decline. Isotope tracer studies have been used to 

develop mathematical models of postprandial serum Zn kinetics62–66 and showed that a minimum 

of two exponential terms were required to fit the postprandial serum 70Zn decay, with the first pool 

composed of primarily serum Zn (pool a) and the second pool suggested to be predominantly 

located in the liver (pool b).39,65 The pattern of disappearance of the isotope from serum indicate 

the number, size, and turnover rates of the metabolic Zn pools. The Zn turnover rate of pool (a) 

increased by nearly 10% after meals in comparison with fasting. Of the total amount of Zn flowing 

out of pool (a), 93% went into pool (b), with the remaining 7% transported to other pools. Whilst 

erythrocyte Zn exchanges rapidly with serum Zn,62 there is no evidence that erythrocyte uptake of 

Zn accounts for the postprandial decline in serum Zn concentrations.67  

 As the liver is the primary site of postprandial, non-lipid nutrient metabolism, it has been 

proposed that serum Zn is redistributed postprandially to the liver to supply Zn for hepatic fuel 

metabolism.65 In a previous study, serum phosphorous concentrations were observed to be 10% 

below baseline values 90 min after a meal.68 Based on this, the authors concluded that serum Zn 

may be sequestered by the liver postprandially to participate in phosphorylation reactions. In 

addition, the postprandial decline in serum Zn may be due to Zn uptake by the pancreas to facilitate 

the synthesis of pancreatic digestive enzymes that are released into the duodenum.39,42,45 The most 

important stimulation of pancreatic enzyme secretion occurs during the intestinal phase of 

digestion and continues throughout the course of gastric emptying.39 The stimulation of the 
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pancreas to secrete enzymes is controlled by the hormones secretin and cholecystokinin, which are 

released from duodenal cells when duodenal pH declines below 5.0. Gastric contents reach a pH 

of 3.5 approximately 60 minutes after the ingestion of a meal and this coincides with the 

postprandial decrease in serum Zn. Over the pH range of 0 to 3, the release of secretin is directly 

proportional to the amount of acid entering the duodenum. Therefore, the larger the meal, the 

greater the amount of enzyme synthesis required, and in turn more secretin is released.39 This is 

further supported by the previously reported absence of a postprandial serum Zn decrease for an 

individual with pancreatitis.42 Thus, the postprandial fall in serum Zn concentration may be due to 

uptake and utilization of Zn by both the liver and pancreas,39 but this requires further investigation 

in additional pancreatitis patients.  

 The hematocrit, or the ratio of the volume of red blood cells to the total volume of blood, 

has been reported to decrease postprandially by an average of 6%.69 It was previously hypothesized 

that the decreased hematocrit level may be associated with hemodilution that occurred after 

ingestion of foods and fluids.70 As dilution has no impact on isotope compositions, it is conceivable 

that the lack of a postprandial Zn isotope response is in part, due to hemodilution. However, an 

additional mechanism is required to explain why the bulk of the postprandial serum Zn 

concentration decrease occurs without a change in d66Zn. 

 

3.5.4  Modelling of postprandial d66Zn values for serum 

 

 Most likely, the postprandial decrease in serum Zn concentrations primarily reflects 

reallocation of Zn weakly bound to albumin from the serum to the liver and pancreas. It is 

conceivable that this reallocation of Zn occurs without isotope selectivity, possibly because the Zn 
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transfer is a rapid and/or a nearly quantitative process. The isotopic consequences of such a process 

can be evaluated with a mixing equation, based on the assumption that the Zn present in serum is 

bound primarily to albumin and a2-macroglobulin, whereby these two Zn pools likely record 

different Zn isotope composition due to the distinct bonding environments. 

 In such a simplified two component system, the serum d66ZnSer is defined by the isotope 

composition and mass balance of Zn bound to albumin (Alb) and a2-macroglobulin (Mgl):  

 

d 66ZnSer = d 66ZnAlb x FAlb + d 66ZnMgl (1 – FAlb)   (3) 

 

where FAlb is the molar fraction of total serum Zn that is loosely bound to albumin.  

For the modelling, it was determined that when FAlb is varied from 65 to 85%,10–14 a 20% 

decrease of the serum Zn concentration is achieved when between 23.5 and 30.8% of albumin-

bound Zn is removed from serum. It was then explored how large the isotope fractionation between 

Zn bound to albumin and a2-macroglobulin (Δ66ZnAlb–Mgl) must be until the postprandial decrease 

of serum Zn content from loss of albumin-bound Zn generates a serum d66ZnSer response that 

exceeds the measurement reproducibility of ±0.07‰. With these boundary conditions, the model 

indicates that the isotope fractionation between serum Zn bound to albumin and a2-macroglobulin, 

Δ66ZnAlb–Mgl, must exceed 0.80 to 1.87‰ for serum Zn album fractions of 65 to 85%, to generate 

an analytically significant postprandial d66ZnSer response (Fig. 3-4). 

 In the context of the available literature on Zn isotope variations in biological and abiotic 

systems, an inferred fractionation of Δ66ZnAlb–Mgl, ≥0.80‰ is notably large. This conclusion is 

supported by a wealth of literature data, which suggests that natural Zn isotope variations are 

typically rather moderate, especially when compared to those shown by similar elements, such as 
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Fe and Cd. For example, the total natural d66Zn variability observed for terrestrial surface and 

marine reservoirs as well as the human body does not exceed 2‰. In the latter case, the most 

extreme Zn isotope compositions are found in bones (0.77‰),71 and the liver (–1.05‰).72 

However, within blood, the variability is more limited. The mean d66Zn values of serum,50,51 

erythrocytes,22,25,26,72–75 and whole blood22,26,36 are approximately 0.45‰. Previously,37 it was 

proposed that Zn bound to albumin, where it is presumably complexed by the amine groups of 

histidine,76 would be isotopically heavier with higher 66Zn/64Zn than Zn bound to a2-

macroglobulin, where it is most likely complexed through the thiol groups of cysteine.77 This 

suggestion is supported by ab initio calculations, which predict that Zn-histidine complexes have 

d66Zn values which exceed those of Zn-cysteine compounds by about 0.6‰ (at 37°C).78 A different 

fractionation is expected, however, when these amino acids act as part of complex proteins, which 

often feature several structurally different binding sites for the same metal. For example, ab initio 

modelling also suggests that Zn-histidine complexes feature a d66Zn that exceeds the value of Zn 

bound to cysteine-rich metallothionein, but only by about 0.2‰ (at 37°C).78 Considering this 

evidence, it is unlikely that Δ66ZnAlb–Mgl exceeds 0.80‰. If correct, this conclusion indicates that 

the observed lack of a postprandial serum Zn isotope response is a natural and expected 

consequence of the limited with-in serum Zn isotope fractionation. 

 

3.5.5  Outlook for studying Zn homeostasis in serum  

 

Zinc stable isotopes in blood and blood serum have shown potential utility in monitoring 

longitudinal changes during the recovery of patients who have undergone bariatric surgery to achieve 

weight loss.51 The changes in Zn isotopic composition after bariatric surgery are not accompanied by 
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changes in Zn concentration, making isotopic compositions potentially more sensitive to physiological 

changes than concentrations, thereby providing added value and supporting the case for further research in 

this context.51 However, the lack of serum Zn concentration change following bariatric surgery is not 

uniform across other surgeries as there are well-documented decreases in serum Zn concentrations after 

severe surgical interventions.79–82 Serum Zn is mostly redistributed to the liver in the hours following 

surgery,83 but Zn is also integrally involved in all stages of wound healing, including matrix remodelling 

and scar formation, which can persist for months to years.84 The variation of both serum Zn concentrations 

and isotope ratios due to homeostatic alterations may provide greater insights into the role of Zn in wound 

healing and enhance the monitoring of post-surgery recovery. Such studies comparing serum Zn levels with 

d66Zn values should obtain blood samples in the morning after overnight fasting so that serum Zn levels are 

comparable between participants. However, postprandial changes in serum d66Zn values are generally 

absent or small, so future investigations examining solely the distribution of Zn isotopes in serum may draw 

blood samples without considering timing of the most recent meal.  

 

3.6 Conclusions 

 

 The 90-minute postprandial Zn concentration was 84.8 ± 4.8% 1SD (n = 8) relative to 

baseline, whereas the 180-minute postprandial Zn concentration was 79.1 ± 8.9% 1SD (n = 8) 

relative to baseline, representing a serum Zn concentration decrease of just over 20% three hours 

after the consumption of the breakfast meal. This is in agreement with previously reported 

results.39–43 All 90-minute postprandial serum d66Zn values were identical, within measurement 

reproducibility, to the baseline results (mean Δ66Zn90-Min – BL = 0.02 ± 0.05‰ 2SD, n = 8), and with 

one exception this statement is also correct for the 180-minute postprandial serum d66Zn values 

(mean Δ66Zn180-Min – BL = 0.01 ± 0.09‰ 2SD, n = 8). Given the magnitude of the postprandial serum 
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Zn concentration decrease, it is notable that no change in serum d66Zn value is associated with this 

decline. We propose hemodilution and the rapid, efficient postprandial transfer of Zn bound to 

serum albumin to the liver and pancreas to participate in phosphorylation reactions and the 

synthesis of digestive enzymes, respectively, to explain the lack of postprandial serum Zn isotopic 

response. The proposed mechanism is supported with modelling that suggests that the difference 

between the d66Zn values of serum albumin and a2-macroglobulin (Δ66ZnAlb – Mgl) must be larger 

than between 0.80‰ at a serum albumin Zn fraction of 65% and 1.87‰ at a serum albumin Zn 

fraction of 85% to shift the Zn isotopic composition of serum postprandially by greater than 

measurement reproducibility (± 0.07‰ 2SD). A difference this great is unlikely due to the limited 

natural variability of Zn isotopic compositions. 

 Going forward, studies comparing serum Zn levels with d66Zn values should obtain blood 

samples in the morning after overnight fasting so that serum Zn levels are comparable between 

participants. However, postprandial changes in serum d66Zn values are generally absent or small, 

so future investigations examining solely the distribution of Zn isotopes in serum may draw blood 

samples without considering timing of the most recent meal.  
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Table 3-1 Composition of breakfast meal provided to participants   
Food item Amount (g) Energy (kcal) Carbohydrate (g) Protein (g) Fat (g) 
12-grain bread 76 200 34 8 3 
Butter 4.5 125.6 0 0 3.5 
Raspberry jam 10 70 18 0 0 
Apple juice 200 90 23 0 0 
Cherry yogurt 100 90 14 8 0 
Total 390.5 575.6 89 16 6.5 
Sullivan, Kaj, et al. "Postprandial zinc stable isotope response in human blood 
serum." Metallomics 12.9 (2020): 1380-1388. 
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 Table 3-2 Results for serum Zn concentrations and isotopic compositions (mean, 2SD) for samples from participants and reference 
materials 
Identifier Sex Age Description n (m) Zn (ng g-1) d66ZnJMC (‰) Δ66ZnPostprandial - BL (‰) 

A M 27 Fasting-state baseline 3 (1) 950 0.60 ± 0.04  

   90 minutes post-meal 3 (1) 801 0.61 ± 0.01 0.01 

   180 minutes post-meal 3 (1) 862 0.60 ± 0.12 0.00 

   Mean 9 (3)  0.60 ± 0.07  

B F 65 Fasting-state baseline 6 (2) 838 0.46 ± 0.08  

   90 minutes post-meal 3 (1) 742 0.49 ± 0.05 0.03 

   180 minutes post-meal 3 (1) 584 0.46 ± 0.06 -0.01 

   Mean 12 (4)  0.47 ± 0.07  

C F 23 Fasting-state baseline 3 (1) 655 0.53 ± 0.04  

   90 minutes post-meal 3 (1) 562 0.58 ± 0.04 0.05 

   180 minutes post-meal 3 (1) 575 0.54 ± 0.12 0.02 

   Mean 9 (3)  0.55 ± 0.08   

D F 22 Fasting-state baseline 3 (1) 864 0.59 ± 0.07  

   90 minutes post-meal 1 (1) 734 0.60 ± 0.05* 0.00 

   180 minutes post-meal 5 (2) 669 0.71 ± 0.01 0.11 

   Mean 9 (4)  0.66 ± 0.12  

F F 29 Fasting-state baseline 3 (1) 786 0.67 ± 0.06  

   90 minutes post-meal 3 (1) 738 0.65 ± 0.05 -0.02 

   180 minutes post-meal 3 (1) 637 0.66 ± 0.06 -0.01 

   Mean 9 (3)  0.66 ± 0.05  

G M 28 Fasting-state baseline 3 (1) 1006 0.38 ± 0.08  

   90 minutes post-meal 3 (1) 831 0.40 ± 0.06 0.01 

   180 minutes post-meal 3 (1) 738 0.39 ± 0.05 0.00 

   Mean 9 (3)  0.39 ± 0.06  

H M 30 Fasting-state baseline 3 (1) 968 0.62 ± 0.11  

   90 minutes post-meal 3 (1) 768 0.66 ± 0.08 0.04 

   180 minutes post-meal 4 (1) 642 0.60 ± 0.01 -0.02 

   Mean 10 (3)  0.62 ± 0.08  

I M 27 Fasting-state baseline 3 (1) 946 0.48 ± 0.01  

   90 minutes post-meal 3 (1) 749 0.52 ± 0.03 0.04 

   180 minutes post-meal 3 (1) 819 0.44 ± 0.06 -0.04 

   Mean 9 (3)  0.48 ± 0.08  

London Zn   Column-unprocessed 16 (4) - 0.09 ± 0.05  

   Column-processed 14 (5) - 0.12 ± 0.09  

   Mean 30 (9)  0.11 ± 0.08  

BCR-639   Reference material 15 (3) 2296 -2.97 ± 0.23  

 m = number of separate aliquots prepared, n = total number of Zn isotope ratio measurements performed on each material by MC-
ICP-MS, * 2SD of bracketing standards run alongside sample (in all other cases, 2SD is calculated from repeated measurement of 
individual samples). Mean d66Zn values and 2SD calculated from all measurements performed on samples from each individual 
participant, and column processed and unprocessed London Zn. Sex is denoted as M for males and F for females. Δ66ZnPostprandial – BL 

represents the difference between d66Zn values determined in serum samples taken 90 and 180 minutes post-meal relative to baseline. 
 
Sullivan, Kaj, et al. "Postprandial zinc stable isotope response in human blood serum." Metallomics 12.9 (2020): 1380-1388. 
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Figure 3-1 Zinc concentrations over time expressed as a percentage variation of the fasting-
state baseline Zn concentration measured before breakfast meal consumption. Values are 
means for eight subjects, with their 1SDs represented by vertical bars. Samples at time ‘0’ were 
taken from participants in an overnight fasting state and the remaining samples were taken at 
90 and 180 minutes after breakfast meal consumption.  
Sullivan, Kaj, et al. "Postprandial zinc stable isotope response in human blood 
serum." Metallomics 12.9 (2020): 1380-1388. 
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 Figure 3-2 ∆66Zn value over time expressed as the permille variation of the fasting-state 
baseline d66Zn value measured at time = 0 before breakfast meal consumption. Samples at time 
‘0’ were taken in the morning from participants in an overnight fasting state and the remaining 
samples were taken 90 and 180 minutes after breakfast meal consumption. The error bar 
represents the mean between-run sample d66Zn reproducibility achieved in this study 
Sullivan, Kaj, et al. "Postprandial zinc stable isotope response in human blood 
serum." Metallomics 12.9 (2020): 1380-1388. 
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Figure 3-3 Maximum measured postprandial serum Zn concentration decrease observed in 
participants as it relates to body mass index. Participant H with Crohn’s disease is an outlier 
and was excluded from Pearson’s correlation coefficient calculation. R2 = coefficient of 
determination; ρ = Pearson’s correlation coefficient where a value of 1 indicates a perfect 
positive linear correlation, 0 indicates no linear correlation, and -1 indicates a perfect 
negative linear correlation; p = p-value, where a value of ≤ 0.01 indicates significance at the 
99% confidence interval. 
Sullivan, Kaj, et al. "Postprandial zinc stable isotope response in human blood 
serum." Metallomics 12.9 (2020): 1380-1388. 
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Figure 3-4 The difference between the d66Zn values of serum albumin and a2-
macroglobulin (Δ66ZnAlb–Mgl) vs. the change in d66Zn values of serum postprandially 
relative to fasting-state (Δ66Zn180-Min–BL). This figure illustrates that Δ66ZnAlb–Mgl must be 
larger than between ~0.80‰ at a serum albumin Zn fraction of 65% and ~1.85‰ at a serum 
albumin Zn fraction of 85% to shift the Zn isotopic composition of serum postprandially 
by greater than measurement reproducibility (± 0.07‰ 2SD). 
Sullivan, Kaj, et al. "Postprandial zinc stable isotope response in human blood 
serum." Metallomics 12.9 (2020): 1380-1388. 
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Chapter 4 

Copper isotopic analysis in geological and biological reference materials by 

MC-ICP-MS 

Kaj Sullivan, Daniel Layton-Matthews, Matthew Leybourne, James Kidder, Zoltán Mester, and 

Lu Yang 

 

4.1 Abstract 

 

The characterization of relative copper isotope ratios (δ65Cu) helps constrain a variety of 

geochemical processes occurring in the geosphere, biosphere, and hydrosphere. The accurate and 

precise determination of δ65Cu in matrix reference materials is crucial in the effort to validate 

measurement methods and study the distribution of copper isotopes in new settings and 

environments. With the goal of expanding the number and variety of available geological and 

biological materials, we have characterized the δ65Cu values of ten reference materials by MC-

ICP-MS using a combined standard-sample bracketing and internal normalisation mass bias 

correction using Ga as an internal standard. SGR-1b (Green River shale), DOLT-5 (dogfish liver), 

DORM-4 (fish protein), TORT-3 (lobster hepatopancreas), MESS-4 (marine sediment), PACS-3 

(marine sediment) have for the first time been characterized for δ65Cu. Additionally, four reference 

materials (with published δ65Cu values) have been characterized, comprising BHVO-1 (Hawaiian 

basalt), BIR-1 (Icelandic basalt), W-2a (diabase), and Seronorm™ Trace Elements Serum L-1 

(human serum). The reference materials measured in this study possess complex and varied 

matrices with copper concentrations ranging from 1.2 µg g-1 to 497 µg g-1, and δ65Cu values 
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ranging from -0.20‰ to 0.52‰ with an average expanded uncertainty of ± 0.07‰ (U, k = 2), 

covering much of the natural copper isotope variability observed in the environment.  

 

4.2 Introduction 

 

The transition metal element copper (Cu) consists of two stable isotopes, 65Cu and 63Cu, 

and is an important element for studying reduction-oxidation (redox) interactions and metal 

cycling in the geosphere, hydrosphere, and biosphere.1 It is also an essential trace element for the 

functioning organs and metabolic processes in plants2 and animals.3 Copper takes part in important 

redox reactions in the environment, shifting between two oxidation states, Cu+ and Cu2+, allowing 

it to act as both an electron donor and acceptor. As an essential trace element in most aerobic 

organisms, Cu is a useful tool for studying biological processes with their short turnover rates and 

specific functional roles in biology.4,5 Copper isotope amount ratio measurements were first 

performed in the 1950s and 1960s, using thermal ionization mass Spectrometry (TIMS), but there 

was difficulty achieving reproducible data of sufficient precision not to completely obscure natural 

isotopic variations.6–8 It was only with the development of MC-ICP-MS and anion exchange 

column chromatography procedures capable of sufficiently purifying low quantities of Cu from 

complex matrices prior to isotopic analysis that we have been able to resolve subtle changes in Cu 

isotope amount ratios in the environment.9 

Most recently, the measurement of relative Cu isotope ratios (δ65Cu) in the human body by 

MC-ICP-MS has gained increased interest, and research suggests Cu isotopes have potential uses 

in monitoring age,10 sex,11–13 diet,11,13 disease pathologies,14–21 and other biological processes.13,22–

25 Of the investigated human biological materials, serum is the most extensively studied, being 
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chemically stable, inexpensive, and minimally invasive to obtain. Copper in serum has a rapid 

turnover rate of 6 weeks,26,27 making it optimal for monitoring rapidly progressing disease 

pathologies. This makes it the most convenient material to work with as any relationships 

discovered with pathologies could be routinely monitored with minimal discomfort to the patients. 

Copper isotopes in groundwaters are also now being explored as potential vectors of covered 

mineral deposits, 28–32 and a means of tracking its biological cycling in past and present oceans 

using seawater and leachable fractions of marine sediments,33,34 Copper isotopes may also be used 

to trace high-temperature magmatic processes35 and study mantle metasomatism and partial 

melting in distinct silicate reservoirs on Earth.36 

Direct comparison of Cu isotope amount ratios in samples with NIST SRM 976 is 

becoming increasingly difficult due to its limited availability. For this reason, NIST SRM 976 was 

calibrated against ERM®-AE633 and ERM®-AE647 that are certified for isotope amount ratios 

(Moeller et al. 2012). While ERM®-AE647 is still commercially available, ERM®-AE633 has been 

discontinued. Thus, new Cu isotopic reference materials calibrated against NIST SRM 976 must 

be continually developed to enable the interlaboratory comparison of results. Recently, the NIST 

SRM 3114 Cu standard solution was investigated as a candidate Cu isotopic reference material, 

but disagreeing results within reported uncertainties were obtained by two research groups with 

Hou et al. (2016) reporting a δ65Cu value of 0.18 ± 0.04‰ (2SD, n = 5), and Baconnais et al. 

(2019) reporting a δ65Cu value of -0.06 ± 0.02‰ (2SD, n = 44). This study will examine the 

isotopic homogeneity of a purified Cu wire (99.999% Cu), henceforth referred to as ‘HICU-1’, a 

candidate Cu isotopic CRM produced at National Research Council Canada (NRC, Ottawa, 

Canada), and determine its Cu isotope amount ratio relative to NIST SRM 976 and ERM-AE647, 

respectively.  
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The ability to perform high precision measurements of Cu isotope amount ratios in 

geological and biological materials is reliant on both the capability of quantitatively separating Cu 

from complex matrices enriched in elements like sodium (Na) and titanium (Ti) that form 

prominent polyatomic interferences in the plasma of MC-ICP-MS instruments, and correcting for 

instrumental mass bias, due to the preferential transmission of higher mass isotopes to 

detectors.37,38 This study further adapts methods developed by Maréchal et al. (1999) and Hou et 

al. (2016) to purify Cu from matrix elements using the Bio-Rad AG® MP-1M (100-200 mesh) 

resin. A combined standard-sample bracketing (SSB) and internal normalisation (C-SSBIN) mass 

bias correction using Ga as an internal standard was selected to correct for instrumental mass bias 

after successful implementation first by Hou et al. (2016) and by Lauwens et al. (2018), as it 

provides a better measurement uncertainty.39 Other calibrants such as a Zn9 or Ni40 can be used.  

The determination of Cu isotope amount ratios in matrix reference materials is crucial in 

the effort to validate measurements performed on new samples. Commonly, isotope studies only 

run pure, single-element standards through column chemistry procedures alongside samples to 

validate the results of their measurements performed on samples with complex matrices. This is 

insufficient to validate measurements of these new materials as producing expected Cu isotope 

amount ratios in pure, single-element standards only indicates high quality Cu yield and minimal 

blank contribution, and not quality of the separation from interfering elements. The measurement 

of matrix reference materials alongside samples is crucial for verifying that a chromatography 

procedure can sufficiently purify Cu from a given matrix. For example, a material containing high 

quantities of Cu with low amounts of interfering elements will have a much lower contaminant-

to-Cu ratio than one containing low levels of Cu relative to Na. This is the case for serum, in which 

Na is typically 3000 times more concentrated than Cu.41 For example, if 0.5 g of human serum 
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were digested and put through a chromatography procedure that yielded 100% of Cu and removed 

99.9% of Na, 1.5 /g of Na would still remain with the eluted 0.5 /g of Cu. This would give a 

Na/Cu ratio of 3, which is well within the range where the formation of 23Na40Ar+ in the plasma 

could lead to a falsely lower 65Cu/63Cu.35,42 Conversely, this would be less of an issue with a basalt 

such as BHVO-1 which despite containing much more Na per gram of material, has much lower 

Na/Cu ratio due to containing significantly higher amounts of Cu.43  

With the goal of expanding the number and variety of available geological and biological 

materials with which the isotope geochemistry community can validate their Cu isotopic analysis, 

we have determined δ65Cu of six commercially available, previously uncharacterized materials, 

comprising DOLT-5 (dogfish liver), DORM-4 (fish protein), TORT-3 (lobster hepatopancreas), 

MESS-4 (marine sediment), PACS-3 (marine sediment), SGR-1b (shale). We also report 

measurements for two basalts (BHVO-1, BIR-1), diabase (W-2a), and human serum (Seronorm™ 

Trace Elements Serum L-1).  

 

4.3 Experimental 

 

4.3.1 Instrumentation 

 

Copper isotope amount ratio measurements were performed on a Thermo Scientific 

Neptune Plus MC-ICP-MS at National Research Council Canada (NRC). The MC-ICP-MS is 

equipped with nine Faraday cups, a quartz dual cyclonic spray chamber and a PFA self-aspirating 

nebulizer (Elemental Scientific, Omaha, NE, USA) with ~50 µL min–1 sample uptake rate. All Cu 

isotope amount ratio measurements were performed at low resolution mode. The instrument was 
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tuned to obtain flat-top square peaks with high and stable signals. The gain calibration of the 

Faraday cups was performed weekly and typical operating conditions are presented in Table 4-1. 

In addition, a virtual amplifier function was activated (through software control) during the ratio 

measurements to eliminate any bias in gain calibration. A Thermo Scientific Element XR High-

Resolution ICP-MS was used for semi-quantitative analysis of Cu yields and calibration of the Cu 

anion exchange column chromatography method. 

 

4.3.2 Reagents and materials 

 

Reagent-grade hydrochloric (HCl) and nitric acids (HNO3) were prepared by sub-boiling 

distillation using a DST-1000 acid purification system (Savillex®). High-purity dionized water 

(18 MΩ cm) was prepared from a Milli-Q water system (Millipore Corporation). All samples were 

handled in Savillex® containers that were cleaned in 2 M HNO3 and deionized water prior to use. 

Hydrogen peroxide (H2O2) was purchased from Seastar Chemicals Inc.  

Copper chromatography was performed using the AG MP-1M Bio-Rad®, 100-200 mesh 

resin in Eichrom Technologies Inc. columns (Part No: AC-141-AL) with a resin bed length of 1.6 

cm, column internal diameter of 0.64 cm, and resin bed volume of 0.5 ml.  

The production of isotopic Certified Reference Materials (CRM) is one of NRC’s 

important activities and the Cu isotopic CRM project was initiated in Feb. 2017. A large quantity 

of 2000 units of the candidate copper isotopic CRM, HICU-1, was produced from a high purity 

2.4 mm diameter copper wire (99.999% Cu), which was cut in 22 mm length and bottled in argon-

filled glass bottles in Mar. 2017. Each unit contains about 0.9 g of copper wire. The HICU-1 was 

used as a bracketing standard in this study. The surface of each was cleaned by rinsing with 5% 



90 

 

v/v nitric acid (HNO3) before being dissolved in a few millilitres of concentrated HNO3 under mild 

heating and then diluted to 100 g with deionized water. An aliquot of each piece was further diluted 

in 30 g of 2% v/v HNO3, creating twelve ~100 /g g-1 Cu solutions. A Cu stock solution (HICU-1) 

was created by combining 2 g of solution from each of the twelve Cu solutions. An aliquot of this 

solution was then diluted in 30 g of 2% v/v HNO3 to create a 100 /g g-1 Cu mixture of all twelve 

bottles with which to compare the homogeneity of each original piece of Cu wire.  

Gallium metal isotopic reference material, NIST SRM 994, with certified value of 

69Ga/71Ga = 1.50676 ± 0.00039 (95% confidence interval uncertainty),44 was purchased from 

National Institute of Standards and Technology (Gaithersburg MD). A 1500 µg g-1 stock solution 

of SRM 994 was prepared by quantitative dissolution of Ga in warm concentrated nitric acid and 

then diluted with deionized water. NIST SRM 994 Ga was added to the purified copper solutions 

and bracketing standard to correct mass bias using C-SSBIN. A 3200 µg g-1 stock solution of NIST 

SRM 976 Cu isotopic material was prepared in 5% HNO3 (v/v), a 1300 µg g-1 Cu standard solution 

was prepared by dilution of ERM®-AE647 (obtained from Institute for Reference Materials and 

Measurements (IRMM), Geel, Belgium), in 2% HNO3 (v/v).  

Geological reference materials BIR-1, BHVO-1, SGR-1b, and W-2a were purchased from 

the United States Geological Survey (USGS), and Seronorm™ Trace Elements Serum L-1 (lot 

1309438) was purchased from SERO AS (Billingstad, Norway). The remaining reference 

materials DOLT-5, DORM-4, TORT-3, MESS-4, and PACS-3 were produced at NRC. Two 

bottles of each NRC reference materials, possessing different lot numbers, were analyzed to 

examine their isotopic homogeneity and subsequent suitability as an isotopic reference material. 

From each bottle, two to three aliquots were digested, and Cu isotopic analysis performed.  
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Two synthetic serum standards of different Cu concentrations (9.9 /g g-1 and 0.6 /g g-1) 

were prepared gravimetrically from 99.99% to 99.9999% purity calcium (Ca), iron (Fe), 

magnesium (Mg), potassium (K), Na, and zinc (Zn) single element standards (SPEX CertiPrep®) 

and Cu from HICU-1 (Table 4-2). These high-Na, complex matrix synthetic standards were used 

to monitor the quality of separation during isotopic analysis by MC-ICP-MS.  

 

4.3.3 Geological and biological sample preparation and analysis 

 

All samples were prepared in a class-100 clean room laboratory at NRC under laminar flow 

hoods with HEPA-filtered air. Geological samples (~0.25 g) were mixed with 7.5 ml of 

concentrated HNO3 and 1 ml of concentrated HF, whereas biological samples (~0.25 g – 0.50 g) 

were mixed with 8 ml of concentrated HNO3 and 0.5 ml of 30% H2O2 and allowed to stand for two 

hours before being microwave digested for 55 minutes, ramping up to a temperature of 210°C. 

After digestion, the contents of the microwave tubes were poured into Savillex® containers and 

evaporated to dryness on a hotplate at 160°C. Samples were then re-dissolved in varying volumes 

of 7.6 M HCl to ensure that 1 ml of solution (load volume) was within less than 6% of the 

theoretical exchange capacity of the AG MP-1M resin 45. Prior to performing anion exchange 

column chromatography, a volume of 30% H2O2 was added to each sample to ensure it made up 

0.03% of the solution, keeping Cu in the oxidized state.  

Copper was purified from matrix elements using the AG MP-1M resin and a methodology 

modified after Maréchal et al. (1999), who used 7 M HCl, and Hou et al. (2016) who used 8.5 M 

HCl to load samples onto columns. In this study, the most efficient separation from major matrix 

elements (Ca, K, Mg, Na, Ti) was achieved using 7.6 M HCl to load samples. Columns were filled 
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with 0.5 ml of resin and then cleaned by filling each column to capacity (including the upper 

reservoir) sequentially with 2 M HNO3, 2 M HCl, and then deionized water prior to conditioning 

with 2 ml of 7.6 M HCl + 0.03% H2O2. Samples were loaded onto columns in 1 ml 7.6 M HCl + 

0.03% v/v H2O2 and matrix elements removed with a subsequent 2 ml of 7.6 M HCl + 0.03% v/v 

H2O2 before Cu was eluted and collected by passing another 15 ml of 7.6 M HCl + 0.03% v/v H2O2 

through columns. The majority of matrix elements (e.g. Na, Mg, K, Ca, Ti) were eluted in the first 

3 ml but Fe and Zn were retained on the column throughout the separation procedure. Reference 

materials were processed through the chromatography procedure twice with the exception of 

Seronorm™ Trace Elements Serum L-1, which was processed three times due to the high Na/Cu 

ratio naturally found in human serum. The full chromatography procedure is summarized in Table 

4-3 and the Cu elution profile is visualized in Fig. 4-1.  

Copper yield was estimated using two methods. Semi-quantitatively, Cu yield was 

estimated to be greater than 99% based on elution data (Fig. 4-1), and quantitatively, Cu yield was 

determined to be 100.9 ± 2.3% (1SD, n = 3) by comparing the Cu intensities of column-processed 

and unprocessed samples by Element XR High-Resolution ICP-MS. Total procedure blank Cu 

contributions were no greater than 1.3 ng and represented less than 0.5% of Cu loaded onto 

columns for all reference materials. 

Titanium and Na are the primary matrix elements that can generate polyatomic 

interferences with 23Na40Ar+, 23Na216O1H, 23Na218O1H+, 47Ti16O+, 46Ti16O1H +, 49Ti16O+, 48Ti16O1H 

+ on 63Cu and 65Cu and cause matrix effects.42 Titanium and Na signals were monitored by ICP-

MS to determine Ti/Cu and Na/Cu ratios and ensure they remained within acceptable levels. The 

Ti/Cu ratio ranged from 0.003 to 0.011 in high-Ti BIR-1 and BHVO, with an average of 0.007, 

well below the range where significant polyatomic interferences occurs on 63Cu and 65Cu.35,42 The 
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Na/Cu ratio ranged from 0.011 to 0.110 with an average of 0.045, also well below the range where 

significant polyatomic interferences begin to show on 63Cu and 65Cu.35,42 

After undergoing chemical separation, purified Cu solutions were evaporated to dryness at 

160°C and refluxed twice in 50 /l of concentrated HNO3 to remove chloride ions and convert them 

to the nitrate form for isotopic analysis.9 Samples were diluted in 2% v/v HNO3 such that Cu 

concentrations in samples and the bracketing standard were matched to within 10%, and then 

doped with NIST SRM 994 such that Ga concentrations in samples and the bracketing standard 

were also matched to within 10% to ensure accurate isotope amount ratio measurements.35,39 

Samples and the bracketing standard were typically matched at 2 /g g-1 Ga and Cu isotope 

measurements were performed at Cu concentrations ranging from 0.25 /g g-1 to 4 /g g-1, 

depending on the amount of Cu in each reference material. Note that intensities measured in a 2% 

HNO3 for all isotopes of interest were subtracted from intensities measured in all bracketing 

standards and samples. Lauwens et al. (2018) reported 36Ar16O21H+ and 40Ar15N16O+ polyatomic 

interferences on 69Ga+ and 71Ga+ isotopes in much lower concentrations of Ga (< 20 ng g-1). But, 

no significant polyatomic interferences of 36Ar16O21H+ and 40Ar15N16O+ on 69Ga+ and 71Ga+ 

isotopes, respectively, were observed in the testing samples containing 2 /g g-1 Ga in this study, 

as only 0.00036 V and 0.00023 V were measured in the 2% HNO3 (which were subtracted from 

all testing samples), compared to 34.44 V and 24.33 V in the testing solutions.  

 

4.4 Results and discussion 

 

4.4.1 Mass bias correction using C-SSBIN 
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Combined standard-sample bracketing (SSB) and internal normalisation (C-SSBIN) using 

NIST SRM 994 Ga as an internal standard model was used to correct for instrumental mass bias 

of Cu after Hou et al. (2016). Sample measurements were bracketed with measurements of HICU-

1, and a 65Cu/63Cu ratio of 0.44561 (stu`vwi
1x/1y ) was used to calculate the Cu mass bias factor (f Cu) 

between it and the 65Cu/63Cu ratio measured (ztu`vwi
1x/1y ) in each HICU-1 bracketing standard with 

mxx being the atomic mass of each isotope of interest (Eqn. 1). This mass bias correction factor 

and the measured 71Ga/69Ga ratio (ztu`vwi
{i∕1} ) was used to calculate the mass bias corrected isotope 

amount ratios of 71Ga/69Ga in each bracketing standard (stu`vwi
{i/1} ) using Russell’s law (Eqn. 2).46,47 

The average of the mass bias corrected 71Ga/69Ga isotope amount ratios in the bracketing standards 

and the 71Ga/69Ga isotope amount ratio measured in the sample (z;<=>?@
{i/1} ) were then used to 

calculate the Ga mass bias correction factor (f Ga, Eqn. 3), which along with the 65Cu/63Cu isotope 

amount ratio measured in the sample (z;<=>?@
1x∕1y ), was used to calculate the mass bias corrected 

65Cu/63Cu isotope amount ratio in the sample (s;<=>?@
1x/1y , Eqn. 4).  
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The parts per thousand or permille (‰) variation in the mass bias corrected 65Cu/63Cu 

isotope amount ratios of the samples relative to the HICU-1 standard are expressed in delta (δ) 
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notation and were calculated using Equation 5 with a stu`vwi
1x/1y  value of 0.44561. HICU-1 was 

determined against NIST SRM 976 Cu using C-SSBIN to correct for mass bias and a δ65Cu value 

of -0.04 ± 0.03‰ (U, k = 2) was determined (Table 4-6). All data was subsequently recalculated 

and reported relative to NIST SRM 976 (Eqn. 6).  

HJöõúùRSTUV	ûù.		†°¢£wY 	= P	
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i,jjj
+ 1l ⋅ b¨

dÖ≠ÆÇfpÉnÑ	¥Ø.		µgh	åãd	
i,jjj

+ 1l − 1q (9) 

 

It should be noted that the true isotope amount ratios of Cu in HICU-1 (stu`vwi
1x/1y ) and Ga 

in NIST SRM 994 are not required for this correction because the Ga internal standard serves as 

an isotopic fractionation correction proxy.39 The value obtained for the Ga isotope amount ratio 

may be biased due to the limitations of the isotopic fractionation correction model (e.g. fCu = fGa), 

but this is mostly negated in the second step of the calibration from Ga à Cu.39 The main 

advantage of the C-SSBIN as compared to SSB is that irregular changes in the instrumental 

isotopic fractionation during the measurement sequence are corrected for Yang et al. (2018) since 

the internal standard is added to both the bracketing standard and sample, and is measured in both 

solutions. As a result, C-SSBIN produces better measurement precision in general.  

 

4.4.2 Uncertainty estimation for δ65Cu 
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The combined uncertainty associated with the reported δ65Cu was estimated in accordance with 

JCGM 2008 ‘Guide to the Expression of Uncertainty in Measurement’, using the following law of 

propagation of uncertainty:  
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where y = f(x1, x2, . . ., xN). ∂f/ ∂xi are partial derivatives, u(xi) is the standard uncertainty associated 

with the input xi, and u(xi, xj) is the estimated covariance associated with xi and xj. For a simplicity, 

the Equation (8) can be used to calculate the uncertainty of δ65Cu, since Equation (5) can be 

simplified to δ65Cu = z;<=>?@
1x/1y /z;≈∆

1x/1y 	− 	1. Detailed information and an example of the calculation 

of u(δ65Cu) are provided in online supporting information Appendix C.  
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4.4.3 Copper isotopic analysis in the candidate isotopic reference material HICU-1 

 

The results of the Cu isotopic analysis of the twelve individual Cu wire pieces compared 

to the mixture of Cu solutions (HICU-1) are summarized in Table 4-4. Using SSB, a δ65CuHICU-1 

value of -0.02 ± 0.17‰ (U, k = 2) was determined, whereas with C-SSBIN, the δ65CuHICU-1 value 

was -0.01 ± 0.04‰ (U, k = 2). It is evident that the uncertainty of measurements was improved 

~4-fold using C-SSBIN compared to SSB alone, demonstrating its superiority. The δ65CuHICU-1 
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value of the Cu wire pieces is within the uncertainty of measurements of the candidate HICU-1 

reference material, demonstrating sufficient homogeneity and the suitability of this material as a 

Cu isotopic reference material.  

Subsequent experiments were performed, and a δ65Cu value of -0.25 ± 0.05‰ (U, k = 2) 

was obtained in HICU-1 relative to ERM®-AE647, whereas a δ65Cu value of -0.04 ± 0.03‰ (U, k 

= 2) was found in HICU-1 relative to NIST SRM976. As stated in the ERM®-AE647 certificate 

(2013), its Cu isotope amount ratio was calibrated with NIST SRM 976, and Moeller et al. (2012) 

reported a value of -0.21±0.05‰ (U, k = 2) for SRM 976 relative to the ERM®-AE647, however, 

this is in disagreement with the mean δ65Cu value ((0.44563/0.44560-1)	∙1000 = 0.067‰) 

calculated from the certified values in SRM976 (R65/63 = 1/R63/65 = 1/2.2440 = 0.44563, NIST Cu 

certificate 1994) and ERM®-AE647 (R65/63 = 0.44560, IRMM Cu certificate, 2013), respectively.  

Thus in this study, NIST SRM976 was measured against ERM®-AE647, and a δ65Cu value of -

0.21 ± 0.06‰ (U, k = 2) was obtained, in excellent agreement with the result reported by Moeller 

et al. (2012).  

 

4.4.4 Monitoring of in-house standards and reference material matrix doped with HICU-1 

 

Synthetic serum standards doped with HICU-1 and a HICU-1 single-element standard were 

processed alongside samples through the entire anion exchange column chromatography 

procedure to monitor the efficacy of the separation method. The synthetic serum standards and 

single-element standard were prepared with HICU-1, meaning that when measured against the 

HICU-1 bracketing standard during C-SSBIN, they should return δ65CuHICU-1 values of 0‰, with 

any variation being accounted for by measurement uncertainty. The results of this monitoring 
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returned δ65CuHICU-1 values of synthetic serum standards and pure HICU-1 from -0.02 ± 0.08‰ 

(U, k = 2) to 0.00 ± 0.05‰ (U, k = 2) throughout the study period (Table 4-5). As a further means 

of validating results, elements removed in the first 3 ml of the chromatography procedure (Figure 

1) were collected from several reference materials after both the first and second passes through 

columns and combined. This matrix solution contained all elements except Cu, which was eluted 

in the subsequent 15 ml of 7.6 M HCl, and Fe and Zn, which remained on the column throughout 

Cu elution. This Cu-free solution of matrix elements was then doped with HICU-1 to replace 

sample Cu with the same mass of Cu that would have been in the original processed aliquot of 

sample and then dried down and processed through the entire two-pass chromatography procedure 

before isotopic analysis. As with the synthetic serum standards and pure HICU-1 standard, 

reference material matrix doped with HICU-1 should produce δ65CuHICU-1 values of 0‰ within 

uncertainty of measurements. If any original Cu or matrix/interference elements remain after 

reprocessing, they would impart a portion of the δ65Cu value from the original sample on HICU-

1 and cause matrix/interference effects, respectively. DOLT-5, DORM-4, TORT-3, and BIR-1 

underwent this novel validation method and despite the differences in the matrices and original 

δ65Cu values, δ65CuHICU-1 values of -0.02 ± 0.08‰ (U, k = 2) to 0.02 ± 0.06‰ (U, k = 2) (Table 4-

5) were measured. For example, DORM-4 has a δ65CuHICU-1 value of 0.57 ± 0.07‰ (U, k = 2 in 

Table 4-6), but DORM-4 matrix doped with HICU-1 Cu and re-processed through the 

chromatography procedure produced a δ65CuHICU-1 value of 0.02 ± 0.06‰ (U, k = 2 in Table 4-5). 

These results further confirm that the proposed method is accurate within measurement 

uncertainties reported. 

 

4.4.5 Cu isotope amount ratio measurements of reference materials  
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The reference materials measured in this study possess complex and varied matrices with 

Cu concentrations ranging from 1.2 µg g-1 to 497 µg g-1, and the δ65CuSRM976 values range from -

0.20‰ to 0.52‰ (Fig. 4-2, Table 4-6), covering much of the natural Cu isotope variability 

observed in the environment. 

DOLT-5, DORM-4, and TORT-3 are intended for use in the calibration of procedures and 

the development of methods for the determination of trace and matrix constituents in marine fauna 

and materials of similar matrix. For the first time, these materials were analyzed for the δ65Cu. The 

Cu isotopic homogeneity of two separate bottles for each material was examined with three 0.25 

g aliquots digested from each for a total of 6 aliquots analyzed from each material. These materials 

were found to possess δ65CuSRM976 values ranging from -0.02 to 0.54‰, with 65Cu enrichment 

increasing from DOLT-5 (dogfish liver) with a δ65CuSRM976 value of -0.02‰ to TORT-3 (lobster 

hepatopancreas) with a δ65CuSRM976 value of 0.36‰ to DORM-4 (fish protein) with a δ65CuSRM976 

value of 0.52‰. Cadmium (Cd), Zinc (Zn), and lead (Pb) isotope amount ratios have been used to 

distinguish between natural and anthropogenic sources and fingerprint sources of metal 

contamination in bivalves off the coasts of France, western Canada, and the United States.48,49 

Copper abundances in bivalve mussels from the United States, Hong Kong, Canada, Turkey, Italy, 

and Chile range from 1.4 to 744 µg g-1,50 which is similar to the Cu concentrations found in DOLT-

5, DORM-4, and TORT-3, making them suitable candidates for being measured alongside bivalve 

mussels being analyzed for δ65Cu values. The characterization of these marine fauna reference 

materials with varying Cu abundances as isotopic standards may enable Cu isotopes to be used in 

conjunction with Cd, Zn, and Pb isotopes for the definitive fingerprinting of pollution sources and 

distinguishing of natural and anthropogenic metal sources.  
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Wilson’s disease (WD) is an inherited Cu metabolism disorder that leads to excess Cu 

accumulation in the liver. The Cu concentration in liver biopsies is currently used as one of the 

parameters to diagnose WD, but a combination of clinical and biochemical tests are required to 

diagnose WD and exclude other diseases.51 A comprehensive study found liver biopsy Cu 

concentrations in ‘healthy’, non-WD subjects ranged from 12.5 /g g-1 to 80.8 /g g-1 with an 

average of 34.9 /g g-1, whereas WD patients had liver Cu concentrations that went as high as 5000 

/g g-1.51 Given the invasive nature of the surgery, gaining additional diagnostic information from 

liver biopsy samples should be a priority to justify the procedure. Copper concentrations alone are 

insufficient for a WD diagnosis, but it is possible that a	δ65Cu could complement this data by 

tracing the functional deficiency of Cu-transporting adenosinetriphosphatase, ATP7B, that is 

highly active in hepatocytes and leads to the gradual accumulation of Cu in the liver.52,53 The 

combination of Cu concentration and isotopic data may provide greater sensitivity and specificity 

in the diagnosis of WD, and the validity of these measurements could be ensured through the 

analysis of high-Cu DOLT-5 and TORT-3 alongside liver biopsy samples. 

MESS-4 and PACS-3 are primarily intended for use in the calibration of procedures and 

development of methods for the determination of trace and matrix constituents in marine sediments 

and materials with similar matrices. For the first time, we have determined the δ65Cu of NRC 

marine sediment certified reference materials MESS-4 and PACS-3. Two bottles of each material 

were used in this study and three 0.25 g aliquots (following the recommendation of the certification 

report) were digested from both MESS-4 bottles whereas three were digested from the first bottle 

of PACS-3 and two from the second. MESS-4 was found to have a δ65CuSRM976 value of -0.09 ± 

0.07‰ (U, k = 2) whereas PACS-3 was found to have a δ65CuSRM976 value of -0.10 ± 0.09‰ (U, 

k.= 2). Older reference materials, MESS-3 and PACS-2, were analyzed in a recent paper54 and 
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found to possess slightly different δ65CuSRM976 values of 0.03 ± 0.10‰ (2SD, n = 9) and 0.05 ± 

0.06‰ (2SD, n = 3), respectively. This might be due to the difference in the production of 

reference materials in different time. It is interesting that both marine sediment reference materials 

were found to possess similar δ65CuSRM976 despite MESS-4 being taken from the Beaufort Sea and 

PACS-3 being taken from the harbour Esquimalt off the southern tip of Vancouver Island in British 

Columbia, Canada. However, this is unsurprising given the similar origin of the island arcs that 

eventually became the accreted terranes that comprise the rocks of both British Columbia and 

Alaska and eroded to form these marine sediments.  

The Hawaiian basalt reference material, BHVO-1, was selected because to our knowledge, 

its δ65CuSRM976 value is reported in just one study.55 In that study, a δ65CuSRM976 value of -0.23 ± 

0.14‰ (2SD) was determined, which is approximately 0.33‰ lighter than that reported for the 

later BHVO-2 and the average precision of the measurements of silicate reference materials during 

the study was ± 0.25‰ (1SD). We report a δ65CuSRM976 value of -0.01 ± 0.08‰ (U, k = 2)  in three 

separate digests of BHVO-1, bringing its δ65CuSRM976 more in-line with a weighted average of 

results previously reported for BHVO-2 (δ65CuSRM976 = 0.10‰, n = 49)35,42,45,56,57 and values 

typically observed in basalts. Despite the ~0.10‰ difference between our measurements and the 

BHVO-2 weighted average, Sossi et al. (2015) reported a BHVO-2 δ65CuSRM976 value of 0.01 

±0.04‰ (2SD, n = 12), which is within the uncertainty of our measurements.  

The Icelandic basalt reference material, BIR-1, is commercially available and widely 

reported in Cu isotopic studies.35,45,56,58 Here, we report a δ65CuSRM976value of -0.01 ± 0.08‰ (U, 

k = 2) in three separate digests of BIR-1, which is in agreement with the weighted average BIR-1 

δ65CuSRM976 value reported in past studies (0.00‰, n = 44). The agreement between our BIR-1 

results and past published results supports the validity of the results reported in this study for 
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BHVO-1 due to their highly similar matrix and geologic origin. The diabase, W-2a, is 

commercially available and has been reported in one past study published by Liu et al. (2014). 

Here, we report a δ65CuSRM976 value of 0.04 ± 0.09‰ (U, k = 2) in three separate digests of W-2a, 

which is within the uncertainty of the reported W-2a δ65CuSRM976 value (0.11‰, n = 12). 

For the first time, we report a δ65CuSRM976 value for the Green River shale reference 

material, SGR-1b, of 0.29 ± 0.09‰ (U, k = 2). To our knowledge, this is the first reporting of 

δ65Cu values for a commercially available shale reference material, and its measurement will 

provide researchers investigating the redox processes and metallic cycling in shales with a matrix-

matched standard to support the accuracy and validity of their measurements. Of a sampling of 

four studies that investigated Cu isotopic fractionation in shales,28,59–61 just one reported the 

measurement of Cu reference materials alongside their samples.60 However, these reference 

materials are igneous rocks, which possess a different matrix from shales. Basalts and other 

igneous rocks tend to contain greater concentrations of most elements, including Na, Ti, Ca, and 

Fe, but SGR-1b contains over 3 and 66 times more K than BHVO-1 and BIR-1, respectively, which 

chromatography procedures may not be calibrated to completely remove from samples, potentially 

causing matrix effects.  

Seronorm™ Trace Elements Serum L-1 has been measured for δ65Cu in four previous 

studies16,17,62,63 and bottles with at least three different lot numbers were used (unreported in 

Costas-Rodriguez et al. (2015)). A weighted average δ65CuSRM976 value of -0.19 ± 0.05‰ (2SD, n 

= 33) was obtained in the two most recent publications using Seronorm™ as a reference 

material.62,63 A study published the year before (Lauwens et al. 2016) reported a δ65CuSRM976 value 

of -0.24 ± 0.14‰ (2SD), which is also within the uncertainty. However, the measurements 

performed by Costas-Rodriguez et al. (2015) are outliers with reported δ65CuSRM976 values of -0.09 
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± 0.05‰ (2SD) and -0.04 ± 0.05‰ (2SD) over an unknown number of measurements on a bottle 

of undeclared lot number. Our result of -0.20 ± 0.06‰ (U, k = 2) is in agreement with those 

reported in the three Lauwens et al. studies but additional bottles of different lot numbers should 

be analyzed by different research groups to determine its suitability as the first serum Cu isotopic 

reference material.  

 

4.5 Conclusions 

 

The robust characterization of δ65Cu values in a wide variety of geological and biological 

reference materials is a crucial step in the effort to study the processes that govern Cu distribution 

in new media and environments. Six reference materials comprising DOLT-5 (dogfish liver), 

DORM-4 (fish protein), TORT-3 (lobster hepatopancreas), MESS-4 (marine sediment), PACS-3 

(marine sediment), and SGR-1b (Green River shale) have for the first time been characterized for 

δ65Cu. Additionally, four reference materials with published δ65Cu values have been measured, 

comprising BHVO-1 (Hawaiian basalt), BIR-1 (Icelandic basalt), W-2a (diabase), and 

Seronorm™ Trace Elements Serum L-1 (human serum).  

The determination of δ65Cu values was achieved using the C-SSBIN mass bias correction 

model with Ga as an internal standard after Hou et al. (2016) and validated by (1) monitoring 

Ti/Cu and Na/Cu ratios of column-processed materials to ensure contaminant levels remained 

negligible, (2) determining Cu yield and separation quality using quantitative and semi-

quantitative methods, (3) consistently achieving procedural blank Cu contributions that were 

negligible (< 0.5%) relative to the amount of Cu processed in all study materials, (4) preparing and 

processing two synthetic standards doped with HICU-1 Cu through the chromatography procedure 
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and consistently producing δ65Cu values of 0‰ relative to bracketing standard HICU-1, (5) doping 

matrix elements collected during Cu chromatography with HICU-1 Cu and re-processing doped 

materials through the chromatography procedure to verify that δ65Cu values of 0‰ were produced 

when bracketed with HICU-1, and (6) measuring similar δ65Cu values in previously characterized 

reference materials using our methodologies. We recommend the reference materials characterized 

by this study to be analyzed alongside samples with similar matrices in future Cu isotopic studies 

and expect them to help researchers investigating biological processes in marine fauna, high-Cu 

tissues, and serum, high temperature geological processes in igneous rocks, anthropogenic 

processes in marine sediments, and redox processes and metallic cycling in shale.  
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Table 4-1 MC-ICP-MS operating conditions 
  Instrument settings 
Forward power 1250 
Plasma gas flow rate 16 Ar/min 
Auxiliary gas flow rate 1 L Ar/min 
Carrier gas flow rate 1.006 L Ar/min 
Sampler cone orifice (Ni) 1.1 mm 
Skimmer cone orifice (H, Ni) 0.8 mm 

Lens settings 

Focus: -674 V; X-deflection: 1.07 V; Y-deflection: 
1.60 V; Shape: 177 V; Rot quad 1: 0 V; Source 
offset: 24; Focus quad 1: -19.89 V; Focus offset: 50 
V 

  Data acquisition parameters 

Faraday cup configuration L3 (63Cu), L2 (65Cu), C (67Zn), H2 (69Ga), H3 
(71Ga) 

Zoom optics Focus quad: 0 V; Dispersion quad: 0 V 

Sensitivity 1µg g-1 Cu = 8.5 V (63Cu); 1 µg g-1 Ga = 18 V 
(69Ga) 

Blank signal (2% HNO3) 0.008V 63Cu; 0.007 V 69Ga  
Signal integration time 2.097 s 
No. of integrations, blocks, 
cycles/block 1, 5, 10 

  
Sullivan, Kaj, et al. "Copper Isotopic Analysis in Geological and Biological Reference 
Materials by MC-ICP-MS." Geostandards and Geoanalytical Research 44.2 (2020): 349-
362. 
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Table 4-2 Composition of synthetic serum standards  
Element Low Cu synthetic serum (µg g-1) High Cu synthetic serum (µg g-1) 
Fe 0.5 0.5 
Cu 0.6 9.9 
Zn 0.5 0.5 
Na 1479.3 1548.7 
K  88.8 92.6 
Mg 11.1 11 
Ca 44.5 47.5 
   
Sullivan, Kaj, et al. "Copper Isotopic Analysis in Geological and Biological 
Reference Materials by MC-ICP-MS." Geostandards and Geoanalytical 
Research 44.2 (2020): 349-362. 
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Table 4-3 Column procedure using AG MP-1M Bio-Rad resin  
Separation steps Reagent  Volume (ml) 
Cleaning 1 2 M HNO3 To capacity (about 4 ml) 
Cleaning 2 2 M HCl To capacity (about 4 ml) 
Cleaning 3 MQ H2O To capacity (about 4 ml) 
Conditioning 7.6 M HCl + 0.03% H2O2 2 
Sample load 7.6 M HCl + 0.03% H2O2 1 
Matrix elution 7.6 M HCl + 0.03% H2O2 2 
Cu elution 7.6 M HCl + 0.03% H2O2 15 
   
Sullivan, Kaj, et al. "Copper Isotopic Analysis in Geological and 
Biological Reference Materials by MC-ICP-MS." Geostandards and 
Geoanalytical Research 44.2 (2020): 349-362. 
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Table 4-4 Results (mean, 2s) of Cu wire homogeneity test 

Material n SSB δ65CuHICU-1 (‰) C-SSBIN δ65CuHICU-1 (‰) 

Cu-1 5 -0.01 ± 0.10 -0.01 ± 0.01 
Cu-2 5 -0.01 ± 0.05 -0.01 ± 0.01 
Cu-3 5 0.01 ± 0.06 -0.01 ± 0.01 
Cu-4 5 0.01 ± 0.04 -0.01 ± 0.01 
Cu-5 5 0.01 ± 0.09 0.00 ± 0.00 
Cu-6 5 0.02 ± 0.14 -0.01 ± 0.01 
Cu-7 5 -0.01 ± 0.03 -0.01 ± 0.01 
Cu-8 5 -0.02 ± 0.03 -0.01 ± 0.01 
Cu-9 5 -0.16 ± 0.22 -0.01 ± 0.01 
Cu-10 5 -0.10 ± 0.06 -0.01 ± 0.01 
Cu-11 5 0.06 ± 0.26 -0.02 ± 0.02 
Cu-12 5 -0.02 ± 0.29 -0.01 ± 0.01 
Mean  -0.02 -0.01 
2SD  0.12 0.01 
U, k = 2  0.17 0.04 
 
n = total number of Cu isotope ratio measurements performed on 
each dissolved pure Cu wire piece by MC-ICP-MS 
 
Sullivan, Kaj, et al. "Copper Isotopic Analysis in Geological and 
Biological Reference Materials by MC-ICP-MS." Geostandards 
and Geoanalytical Research 44.2 (2020): 349-362. 
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Table 4-5 Synthetic standards and reference materials matrix doped with HICU-1 (mean, U, k = 2)  
Material n (l) δ65CuHICU-1 (‰) [Doped with HICU-1] 

Low Cu synthetic serum (0.6 µg Cu) 19 (7) -0.02 ± 0.08 (0.05)a 

High Cu synthetic serum (9.9 µg Cu) 13 (4) -0.02 ± 0.07 (0.06) 

HICU-1 (10 µg Cu) 11 (3) 0.00 ± 0.05 (0.03) 

DOLT-5 Cu-doped matrix (3.1 µg Cu) 8 (3) -0.01 ± 0.03 (0.02) 

DORM-4 Cu-doped matrix (1.6 µg Cu) 9 (3) 0.02 ± 0.06 (0.04) 

TORT-3 Cu-doped matrix (30.9 µg Cu) 3 (1) 0.02 ± 0.05 (0.03) 

BIR-1 Cu-doped matrix (3.0 µg Cu) 3 (1) -0.02 ± 0.06 (0.04) 

l = number of reference material aliquots digested and processed through chromatography 
procedure, n = total number of Cu isotope ratio measurements performed on each material by MC-
ICP-MS, a () values in parenthesis are 2s  
 
Sullivan, Kaj, et al. "Copper Isotopic Analysis in Geological and Biological Reference Materials 
by MC-ICP-MS." Geostandards and Geoanalytical Research 44.2 (2020): 349-362. 
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Table 4-6 Results (mean, U, k = 2) for reference materials 

Material Type Cu ( µg g-1) n (l) δ65CuHICU-1 (‰) δ65CuSRM 976 (‰) Reporteda Source 

HICU-1 Copper wire  18  -0.04 ± 0.03 (0.02)c  
DOLT-5 Dogfish liver 35 23 (6) 0.02 ± 0.07 (0.04)c -0.02 ± 0.08 (0.04)  
DORM-4 Fish protein 15.7 17 (6) 0.57 ± 0.07 (0.05) 0.52 ± 0.08 (0.05)  

 

TORT-3 Lobster 
hepatopancreas 497 18 (6) 0.41 ± 0.04 (0.03) 0.36 ± 0.05 (0.03)  

 
MESS-4 Marine sediment 32.9 21 (6) -0.05 ± 0.06 (0.04) -0.09 ± 0.07 (0.04)  

PACS-3 Marine sediment 326 15 (5) -0.05 ± 0.08  (0.05) -0.10 ± 0.09 (0.05)  

BHVO-1 Hawaiian basalt 136 9 (3) 0.04 ± 0.07 (0.05) -0.01 ± 0.08 (0.05) -0.23 ± 0.14 (n = 3) Makishima (2014) 
BIR-1 Icelandic basalt 120 9 (3) 0.04 ± 0.07 (0.04) -0.01 ± 0.08 (0.04) -0.01 ± 0.04 (n = 5)* Liu et al. (2014) 
      -0.02 ± 0.10 (n = 31) Li et al. (2009) 
      0.00 ± 0.03 (n = 2) Sossi et al. (2015) 
      0.08 ± 0.07 (n = 6) Moeller et al. (2012) 
W-2a Diabase 110 11 (3) 0.09 ± 0.08 (0.06)  0.04 ± 0.09 (0.06) 0.11 ± 0.02 (m = 2)* Liu et al. (2014) 
SGR-1b Green River Shale 53.3 11 (3) 0.34 ± 0.08 (0.06) 0.29 ± 0.09 (0.06)   

Seronormb Human serum 1.2 5 (2) -0.15 ± 0.05 (0.03) -0.20 ± 0.06 (0.03) -0.20 ± 0.04 (m = 3)* Lauwens et al. (2018) 

      -0.19 ± 0.05 (m = 4)* Lauwens et al. (2017) 

      -0.24 ± 0.14 (m = 4)* Lauwens et al. (2016) 

      
-0.07 ± 0.07 (m = 2)* Costas-Rodriguez et al. 

(2015) 
 
a The previously reported Cu isotopic compositions were calculated relative to NIST SRM 976 (mean, 2s), b Seronorm™ Trace Elements Serum L-1, l = 
number of reference material aliquots digested and passed through column chemistry, n = total number of Cu isotope ratio measurements performed on 
each reference material by MC-ICP-MS, ()c values in parenthesis are 2s, * mean δ65Cu ± 2s of average after m isolation and measurement sessions. 
 
Sullivan, Kaj, et al. "Copper Isotopic Analysis in Geological and Biological Reference Materials by MC-ICP-MS." Geostandards and Geoanalytical 
Research 44.2 (2020): 349-362. 
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Figure 4-1 Elution profile of Cu anion exchange column chromatography method 
employed in this study. 
Sullivan, Kaj, et al. "Copper Isotopic Analysis in Geological and Biological Reference 
Materials by MC-ICP-MS." Geostandards and Geoanalytical Research 44.2 (2020): 
349-362. 
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Figure 4-2 Visualization of reference material δ65Cu values. Error bars represent U, k 
= 2. 
Sullivan, Kaj, et al. "Copper Isotopic Analysis in Geological and Biological Reference 
Materials by MC-ICP-MS." Geostandards and Geoanalytical Research 44.2 (2020): 
349-362. 
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Chapter 5 

Conclusions 

5.1 Overview 

 

The objectives of this thesis were to: (1) advance our understanding of Zn stable isotope 

fractionation in malignant breast tumours, benign breast tumours, histologically normal tissue 

adjacent to breast tumours, and serum; (2) evaluate the potential of Zn stable isotope compositions 

in serum as a biological marker of breast cancer and make recommendations for future 

investigations; (3) examine whether a Zn isotope effect accompanies a well-documented 

postprandial serum Zn concentration in the hours after meal consumption and determine whether 

a fasting period is required prior to the analysis of Zn stable isotope compositions in serum; and 

(4) provide isotope geochemists with matrix reference materials that are thoroughly characterised 

for Cu isotopic compositions that will facilitate future research into Cu isotopic variations in 

human tissues and other materials. In addition to the majority of research objectives outlined in 

this thesis being achieved, several recommendations for future work were identified during this 

research or resulted from this research. The key findings of this research and recommendations for 

future research are outlined below.  

 

5.2 Key findings 

 

5.2.1 Distribution of zinc isotopes in breast cancer tissues 
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Zinc concentrations are elevated in histologically normal tissue adjacent to benign tumours 

compared to tissue adjacent to malignant tumours. This difference is statistically significant 

(Wilcoxon-Mann-Whitney U-test, pvalue = 0.021), indicating that in the case of tissue surrounding 

benign tumours, histological normalcy does not necessarily imply biological normalcy, and 

changes to control sampling protocols may be required. Malignant tumours contain elevated levels 

of Zn (pvalue = 0.000034) and possess isotopically light d66Zn values (pvalue = 0.04) compared to 

histologically normal tissue adjacent to malignant tumours. The enrichment of 64Zn in malignant 

breast tumours compared to healthy breast tissue can potentially be attributed to a combination 

MT overexpression and MMP overproduction due to both MT and MMPs being relatively enriched 

in the lighter isotope, 64Zn. Benign tumours are similarly elevated in Zn, but not to statistically 

significant levels compared to histologically normal tissue adjacent to benign tumours. Differences 

in Zn	isotopic	composition	between benign tumours and histologically normal tissue adjacent to 

benign tumours are also not significant, but the d66Zn value of benign tumours is intermediate to 

adjacent histologically normal tissue and malignant tumours, potentially due to processes that may 

have led to increased Zn content, such as ZIP overexpression.  

No statistically significant difference between bulk serum d66Zn values in healthy controls and 

breast cancer patients was identified. Further, no relationship is found between d66Zn values and Zn 

concentrations in the different groups. However, d66Zn values in serum from breast cancer patients appear 

to have the greatest variability. The lack of a systematic relationship between Zn concentrations and d66Zn 

values for serum suggests that the main Zn-binding proteins of serum may not affected by the redistribution 

of Zn during breast cancer cell proliferation, and the composition of the serum Zn pool may be buffered by 

its large size. Additionally, the serum Zn pool is highly dynamic with a rapid turnover rate (>150 times per 

day), and is likely overwriting any changes caused by the sequestration of Zn by tumours. 
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5.2.2 Postprandial zinc isotope response in human blood serum 

 

The 90-minute postprandial Zn concentration was 84.8 ± 4.8% 1SD (n = 8) relative to baseline, 

whereas the 180-minute postprandial Zn concentration was 79.1 ± 8.9% 1SD (n = 8) relative to baseline, 

representing a serum Zn concentration decrease of just over 20% three hours after the consumption of the 

breakfast meal. This is in agreement with previously reported results.1–5 All 90-minute postprandial serum 

d66Zn values were identical, within measurement reproducibility, to the baseline results (mean Δ66Zn90-Min – 

BL = 0.02 ± 0.05‰ 2SD, n = 8), and with one exception this statement is also correct for the 180-minute 

postprandial serum d66Zn values (mean Δ66Zn180-Min – BL = 0.01 ± 0.09‰ 2SD, n = 8). Given the magnitude 

of the postprandial serum Zn concentration decrease, it is notable that no change in serum d66Zn value is 

associated with this decline. We propose hemodilution and the rapid, efficient postprandial transfer of Zn 

bound to serum albumin to the liver and pancreas to participate in phosphorylation reactions and the 

synthesis of digestive enzymes, respectively, to explain the lack of postprandial serum Zn isotopic response. 

The proposed mechanism is supported with modelling that suggests that the difference between the d66Zn 

values of serum albumin and a2-macroglobulin (Δ66ZnAlb – Mgl) must be larger than between 0.80‰ at a 

serum albumin Zn fraction of 65% and 1.87‰ at a serum albumin Zn fraction of 85% to shift the Zn isotopic 

composition of serum postprandially by greater than measurement reproducibility (± 0.08‰ 2SD). A 

difference this great is unlikely due to the limited natural variability of Zn isotopic compositions. 

Going forward, studies comparing serum Zn levels with d66Zn values should obtain blood samples 

in the morning after overnight fasting so that serum Zn levels are comparable between participants. 

However, postprandial changes in serum d66Zn values are generally absent or small, so future investigations 

examining solely the distribution of Zn isotopes in serum may draw blood samples without considering 

timing of the most recent meal.   
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5.2.3 Copper Isotopic Analysis in Geological and Biological Reference Materials by MC-ICP-MS 

 

The robust characterization of d65Cu values in a wide variety of geological and biological 

reference materials is a crucial step in the effort to study the processes that govern Cu distribution 

in new media and environments. Six reference materials comprising DOLT-5 (dogfish liver), 

DORM-4 (fish protein), TORT-3 (lobster hepatopancreas), MESS-4 (marine sediment), PACS-3 

(marine sediment), and SGR-1b (Green River shale) have for the first time been characterized for 

d65Cu. Additionally, four reference materials with published d65Cu values have been measured, 

comprising BHVO-1 (Hawaiian basalt), BIR-1 (Icelandic basalt), W-2a (diabase), and 

Seronorm™ Trace Elements Serum L-1 (human serum).  

The determination of d65Cu values was achieved using the C-SSBIN mass bias correction 

model with Ga as an internal standard after Hou et al. (2016) and validated by: (1) monitoring 

Ti/Cu and Na/Cu values of column-processed materials to ensure contaminant levels remained 

negligible; (2) determining Cu yield and separation quality using quantitative and semi-

quantitative methods; (3) consistently achieving procedural blank Cu contributions that were 

negligible (< 0.5 %) relative to the amount of Cu processed in all study materials; (4) preparing 

and processing two synthetic standards doped with HICU-1 Cu through the chromatography 

procedure and consistently producing d65Cu values of 0‰ relative to bracketing standard HICU-

1; (5) doping matrix elements collected during Cu chromatography with HICU-1 Cu and re-

processing doped materials through the chromatography procedure to verify that d65Cu values of 

0‰ were produced when bracketed with HICU-1; and (6) measuring similar δ65Cu values in 

previously characterized reference materials using our methodologies. I recommend that the 
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reference materials characterised in this work be analysed alongside samples with similar matrices 

in future Cu isotopic studies. This will help facilitate and ensure the efficacy of research 

investigating biological processes in marine fauna, high Cu tissues and serum, high temperature 

geological processes in igneous rocks, anthropogenic processes in marine sediments, and redox 

processes and metallic cycling in shale.  

Reference materials characterized in this study should be analyzed alongside samples with 

similar matrices in future Cu isotopic studies and expect them to help researchers investigating 

biological processes in marine fauna, high-Cu tissues, and serum, high temperature geological 

processes in igneous rocks, anthropogenic processes in marine sediments, and redox processes and 

metallic cycling in shale.  

 

5.3 Recommendations for future work 

 

5.3.1 Zinc isotope applications 

 

This work corroborates past findings7 that indicate Zn isotopes in serum possess limited potential 

as a biological marker of breast cancer. The rapid turnover rate of Zn in serum8 suggests that further 

application of Zn isotopes in serum for monitoring the development and progression of disease may be 

difficult as any changes resulting from the formation of a pathology in which Zn homeostasis is disrupted 

may quickly be overwritten. For this reason, Zn isotopes may be more suited to enhancing our 

understanding of Zn homeostasis in primary Zn pools, such as bones and tissues, or within disease 

pathologies, such as tumours. However, despite the negative outlook for Zn as a biological marker of 

disease, Zn isotopes may have utility in monitoring longitudinal changes during the recovery of patients 
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who have undergone bariatric surgery to achieve weight loss.9 Roux-en-Y gastric bypass surgery causes the 

main absorption site of food to be bypassed and may disrupt the homeostasis of essential metals through 

reduced food intake and changes to gut microbiota.  This is reflected in the difference between Zn isotopic 

compositions of serum and whole blood (Δ66ZnSer – WB), which increased by approximately 0.10‰ twelve 

months after surgery.9 This change in Zn isotopic composition after bariatric surgery is not accompanied 

by changes in Zn concentration, making isotopic compositions more sensitive to physiological changes than 

element content, thereby providing added value and supporting the case for further research in this context.9 

However, the lack of serum Zn concentration change following bariatric surgery is not uniform across other 

surgeries as there are well-documented decreases in serum Zn concentrations after severe surgical 

interventions.11–14 Serum Zn is mostly redistributed to the liver in the hours following surgery,15 but Zn is 

also integrally involved in all stages of wound healing, including matrix remodeling and scar formation, 

which can persist for months to years.16 The variation of both serum Zn concentrations and isotope ratios 

due to homeostatic alterations may provide greater insights into the role of Zn in wound healing and enhance 

the monitoring of post-surgery recovery. Such studies comparing serum Zn levels with d66Zn values should 

obtain blood samples in the morning after overnight fasting so that serum Zn levels are comparable between 

participants. However, postprandial changes in serum d66Zn values are generally absent or small, so future 

investigations examining solely the distribution of Zn isotopes in serum may draw blood samples without 

considering timing of the most recent meal.   

 

5.3.2 Copper isotope applications 

 

5.3.2.1 Breast cancer 
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The promise shown by Cu isotopic compositions in serum as a biological marker of breast cancer17 

may be partially attributed to its greater specificity to biological processes due to being 10 to 60 times less 

abundant in the body than Zn.18 Copper also takes part in important redox reactions in the environment, 

shifting between two oxidation states, Cu+ and Cu2+, with Cu2+ compounds tending to be isotopically heavier 

than Cu+ compounds. With Zn predominantly existing in the 2+ state, fractionation of Zn isotopes is 

dominated by ligand coordination, rather than redox processes. For this reason, fractionation of Cu isotopes 

tends to be more intense than fractionation of Zn isotopes. Further making Cu an attractive target for 

medical isotope metallomics studies is the apparent lack systematic diurnal or postprandial variations in 

serum Cu concentrations19,20 and isotopic compositions.21  

The mechanisms responsible for the relative enrichment of isotopically light Cu (63Cu) in the serum 

of breast cancer patients relative to healthy controls remain up for debate, with both Cu binding by 

upregulated MT7 in breast cancer cells and the oxidative chelation of Cu by cytosolic lactate17 proposed. 

The hypothesis that breast cancer cell MT upregulation is responsible for Cu isotope fractionation in 

malignant breast tumours is supported by the behaviour of Cu isotopes in breast tissue samples (albeit from 

one individual), with the d65Cu value in the tumour being isotopically lighter by -0.35‰ relative to adjacent 

histologically normal tissue.7 The hypothesis that the relative enrichment of isotopically light Cu (63Cu) in 

the serum of breast cancer patients relative to healthy controls is caused by the oxidative chelation of Cu 

by cytosolic lactate in breast cancer cells is supported by the theory that to preserve mass balance in the 

system, an isotopically heavy Cu pool is present in the body and the Cu isotope fractionation observed in 

the serum of breast cancer patients relative to healthy controls is a remnant of that original source.17 Lactate 

is a product of anaerobic glycolysis in cancer cells and the shift in serum d65Cu values in breast cancer 

patients relative to healthy controls fingerprints cytosolic Cu chelation by mono- and bidentate. As a general 

rule, Cu+ compounds are depleted in 65Cu relative to Cu2+ compounds and Cu bound to hydroxyl ligands 

are enriched in 65Cu compared to N and S ligands. In lactate, Cu is both in the Cu2+ state and bound to a 

side hydroxyl, leading to a great extent of 65Cu preference over 63Cu compared to Cu engaged in a cysteine 
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bond (Δ65CuCu-Lactate – Cys > 1‰).17,22 This leaves Cu+ that has escaped chelation by lactate and is subsequently 

excreted into the bloodstream isotopically light, leading to lower d65Cu values in the serum of breast cancer 

patients relative to healthy controls.17 Despite the two proposed mechanisms suggesting the preferential 

uptake of a different Cu isotope by breast cancer cells, both will play a role in determining the overall Cu 

isotope shift. Additional malignant breast tumour samples and histologically normal tissue adjacent to 

malignant tumour samples should be analysed for 65Cu values to gain a better understanding of the 

distribution of Cu isotopes in breast cancer tissues. This work will further our understanding of Cu 

homeostasis in breast cancer cells and should be supported by investigations to determine the key Cu 

binding site in breast cancer cell cytoplasm.  

 

5.3.2.2 Wilson’s disease 

 

Wilson’s disease (WD) is an inherited Cu metabolism disorder that leads to excess Cu 

accumulation in the liver. The Cu concentration in liver biopsies is currently used as one of the 

parameters to diagnose WD, but a combination of clinical and biochemical tests are required to 

diagnose WD and exclude other diseases.23 A comprehensive study found liver biopsy Cu 

concentrations in ‘healthy’, non-WD subjects ranged from 12.5 -g g-1 to 80.8 -g g-1 with an 

average of 34.9 -g g-1, whereas WD patients had liver Cu concentrations that went as high as 5000 

-g g-1.23 Given the invasive nature of the surgery, gaining additional diagnostic information from 

liver biopsy samples should be a priority to justify the procedure. Copper concentrations alone are 

insufficient for a WD diagnosis, but it is possible that a	δ65Cu could complement this data by 

tracing the functional deficiency of Cu-transporting adenosinetriphosphatase, ATP7B, that is 

highly active in hepatocytes and leads to the gradual accumulation of Cu in the liver.24,25 The 
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combination of Cu concentration and isotopic data may provide greater sensitivity and specificity 

in the diagnosis of WD, and the validity of these measurements could be ensured through the 

analysis of high-Cu DOLT-5 and TORT-3 alongside liver biopsy samples. 

 

5.3.2.3 Alzheimer’s disease 

 

Alzheimer’s disease is pathologically characterized by the formation of amyloid plaques and 

neurofibrillary tangles, and clinically characterized by symptoms such as the impairment of cognitive and 

functional abilities.26 Alzheimer’s disease is similar to Parkinson’s disease in that patients only show 

definite clinical signs once 50-60% of the pigmented neurons in the substantia nigra pars compacta (input 

to the basal ganglia circuit of the brain) are lost, and in patients that are just beginning to show the earliest 

clinical symptoms of dementia, 50% of the neurons in the entorhinal cortex (fundamental in memory 

processing) have already been lost.27 Due to the distinction between clinical (observable symptoms) and 

pathological (cause of symptoms) dimensions of AD, finding biological markers of the disease is a 

significant challenge.27  

Past studies have examined the concentration of metal ions in serum of AD patients with 

inconclusive results. One study has reported elevated Cu concentrations in AD patients compared to a 

control group,28 whereas another reported no differences.29 One limitation of using markers solely based on 

metal abundances is that the direction and intensity of enrichment or depletion of a metal in a fluid or 

cellular compartment cannot be quantitatively predicted.17 As a result, inorganic tracers in medicine have 

so far experienced only modest success.17 However, such a limitation does not exist for isotopic tracers: 

isotope fractionation between coexisting molecules can usually be quantitatively predicted by ab initio 

calculations,22 and this property can be used to assign observed isotopic variability to well-constrained 

biological reactions.17  
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In a study of the natural copper stable isotopic compositions of superoxide dismutase 

(SOD) and metallothionein (MT) from post-mortem human frontal cortices, SOD is enriched in 

the heavier 65Cu relative to metallothionein in specimen pairs, with the isotopic compositions being 

independent of Cu content.30 This finding corroborates evidence from ab initio calculations22 that 

Cu bound to N ligands (SOD) in protein Cu binding sites will be enriched in 65Cu, whereas S 

ligands (MT) will preferentially bind 63Cu in vivo. Higher mass isotopes tend to concentrate in 

phases with stronger chemical bonds, and in general, the strength of the bond is expected to 

increase with ionization energy or electronegativity from sulfur (S) to nitrogen (N) to oxygen (O). 

This in turn has implications for understanding isotopic distributions within different components 

in the body and the dominant ligands in different tissues.30 Differences in Cu isotope distributions 

between SOD and MT were seen between samples from Alzheimer’s disease patients and healthy 

controls, when normalised for sex.30  

Amyloid plaques are primarily composed of the amyloid beta (Aβ) peptide which is formed when 

the membrane-bound amyloid precursor protein (APP) is cleaved into Aβ peptides.26,31 The interaction of 

the transition metal Cu with Aβ peptides suggests that metal dyshomeostasis may be fundamentally 

involved in the pathogenesis of AD.31 Elevated concentrations of Cu have been reported within amyloid 

plaques in the brains of AD patient’s due to the direct binding of these elements by Aβ to which Cu has a 

high affinity for bonding.31–33 Solution state nuclear magnetic resonance (NMR) has implicated three 

histidine residues in the binding of Cu2+ in Aβ.34 Thus, Cu binding with histidine in Aβ will cause amyloid 

plaques to become relatively enriched in the higher mass isotope, 65Cu. However, it has also been shown 

that Aβ has a binding site that favours Cu+, which would work to the opposite effect and enrich Aβ in 

63Cu.32,35 Due to the challenge of modelling metal isotope fractionation in molecules larger than amino 

acids, experimental work was required to determine whether investigations of Cu isotopic compositions 

should be performed on human subjects.  



 

128 

 

Experimental work undertaken to help answer these questions found that in wild-type mice, bulk 

brains are ~1‰ isotopically heavier than serum, and the Cu isotopic composition of serum was ~0.4‰ 

different between males and females.35 The Cu isotopic composition of the brains and serum were 

correlated, implying Cu transport between these two reservoirs, in particular a transfer of Cu+ from the brain 

to the serum.35 Notably, Cu isotopic compositions in the serum of the 12-month old Alzheimer’s model 

AAPswe/PSEN1de9 transgenic mice tends to be ~0.3‰ isotopically lighter than serum from wild-type 

mice.35 Therefore, it appears that in the case of Cu binding in amyloid plaques, Cu binding to histidine 

residues may be the dominant control on isotope fractionation over the Aβ binding site that favours Cu+. 

Taken together, this suggests that Cu stable isotopic composition of serum may have the potential to be 

used as detection tools for the formation of amyloid plaques in the brain. 
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Appendix A 

Distribution of zinc isotopes in breast cancer tissues 

 

Mixing calculations were used to estimate Zn isotope fractionation in serum resulting from 

tumour growth. The isotope composition of a pool, which is formed by mixing of two separate 

reservoirs (denoted as A and B), is defined by:  

d66ZnC = (d66ZnA x FA) + (d66ZnB x FB) (S1)  

where C denotes the mixture of the two pools, d66Zn is the isotopic composition of the reservoirs, 

and FX stands for the molar fraction of Zn in reservoir A or B.  

As FA + FB = 1, equation S1 can be simplified to: 

 

d66ZnC = (d66ZnA x FA) + (d66ZnB x (1– FA)) (S2)  

A change or fractionation in isotopic composition is reported relative to the starting 

composition by:  

Δ66Zn = d66ZnC – d66ZnA (S3)  

Equations S1 and S2 can be rearranged to determine the isotopic composition that results for 

a reservoir, if some fraction of Zn with a distinct isotope composition is sequestered from this pool. 

In our case, Zn is taken up by the tumour from the blood (d66Znin), sequestered within the tumour 

(d66Znseq), and the tumour also expels residual ‘tumour-derived’ Zn (d66Znout):  
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d66Znout = (d66Znin – (d66Znseq x Fseq)) / (1–Fseq) (S4)  

Once released, tumour-derived Zn (with d66Znout) is subsequently mixed with the Zn already 

present in the reservoir to which it is expelled (serum, d66Znres). The isotopic composition of the 

resulting mixture d66Znmix can be determined by applying equation S1:  

d66Znserum = (d66Znout x Fout) + (d66Znres x Fres) (S5)  

The addition of tumour-derived Zn thus produces a change in isotope composition for this 

reservoir, denoted Δ66Znmix: 

Δ66Znserum = d66Znmix – d66Znres (S6)  

Detection of tumour-derived Zn in this pool then requires that the change in isotopic 

composition Δ66Znmix, exceeds the precision of the analytical method. In our case, this analytical 

threshold is conservatively estimated to be ±0.08‰.  

A plot of Δ66Znserum relative to Fout can be used to determine the minimum value of Fout that is 

required, such that the expelled ‘tumour-derived’ Zn may be detected in the diagnostic pool. In 

our case, the mass balance of the system is only poorly constrained. Therefore, we calculate 

Δ66Znserum (using equations S4 to S6) by considering a reasonable range of values for (i) the fraction 

of Zn sequestered by the tumour, Fseq (equation S4) and (ii) the initial isotope composition d66Znres 

of the diagnostic pool (d66Znres) and tumour (d66Znseq) (equations S5, S6). The tumour mass 

required to produce an isotopic shift above the analytical threshold of ± 0.08‰ was calculated with 

the following assumptions: (i) human serum contains 2562.5 µg of Zn, (ii) the Zn leftover after 

uptake was mixed back into serum with an isotopic composition of d66Znout (equation S4), (iii) 
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serum is a finite reservoir with no Zn inputs or turnover, and tumour formation is the only output, 

(iv) tumour formation was instantaneous. In detail, the d66Zn in serum from healthy controls and 

sequestered in malignant tumours is constrained by our analytical results (Table 2-1, main text) 

and mean values of +0.41‰ and –0.38‰, respectively, were used for the modelling. The molar 

fraction of Zn sequestered by the tumour (Fseq) was assumed to be between 40 and 80%. Combined, 

these assumptions culminate to create a liberal model that represents a scenario with the optimal 

conditions for a Zn isotopic effect to be observed. Depending on the combination of these factors, 

about 3 to 18% of the Zn in the diagnostic pool must be tumour-derived Zn to enable detection, 

and would result from the formation of a tumour of approximately 29 to 34 g in mass. 
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Appendix B 

Postprandial zinc stable isotope response in human blood serum 

 

Participant survey       Assigned identifier:_____ 
 
Postprandial zinc isotope response in human blood serum 
 
Please circle or highlight the answer that pertains most to you.  
 
1. Are you: 

a. Male  b. Female  
 
2. What is your age? _____  
 
3. Do you consider yourself a(n): 
a. Omnivore b. Vegetarian    c. Vegan   d. Other 
 
If you chose “other”, please elaborate: ____________________________________________ 
 
4. What types of meat do you typically consume (circle all that apply): 
a. Beef  b. Poultry c. Pork  d. Fish  e. Seafood  f) Other 
 
5. How many times a week do you typically consume poultry, pork, and red meat: 
a. Less than once a week b. 1-2 times  c. 3-4 times   
d. 5-6 times  e. Once a day f. More than once a day g. never  
 
6. How many times a week do you typically consume fish: 
a. Less than once a week b. 1-2 times c. 3-4 times   
d. 5-6 times e. Once a day f. More than once a day  g. never 
 
7. How many servings of fruits and vegetables do you consume in a typical day: 
a. <1  b. 1-2  c. 3-4  d. 5-6  e. 7-8   f. >8 
 
8. How many times a week do you typically consume fast food: 
a. Less than once a week b. 1-2 times c. 3-4 times   
d. 5-6 times e. Once a day  f. More than once a day  
 
9. How many times a week do you consume sweets (candy, ice cream, chocolate, etc): 
a. Less than once a week  b. 1-2 times  c. 3-4 times   
d. 5-6 times   e. Once a day   f. More than once a day  
 
10. How many times a week do you typically consume carbohydrates (bread, pasta, rice, etc): 
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a. Less than once a week  b. 1-2 times  c. 3-4 times   
d. 5-6 times  e. Once a day   f. More than once a day  
 
11. Have you made any major dietary changes recently? 
a. No   b. Within the past year?   c. Within the past couple months? 
d. Within the past couple weeks? 
 
If you answered b, c or d, please specify roughly when and what the changes were: 
___________________________________________________________________________ 
 
12. Are you currently taking digestive enzymes? 
a. No 
b. Yes → If yes & willing, please elaborate:______________________________________ 
 
13. Do (have) you suffer(ed) from any diseases of the liver? 
a. No  
b. Yes → If yes & willing, please elaborate:______________________________________ 
 
14. Are you currently taking vitamin-mineral supplements? 
a. No 
b. Yes → If yes & willing, please elaborate:______________________________________ 
 
15. Do you suffer from pancreatitis? 
a. No 
b. Yes → If yes & willing, please elaborate:______________________________________ 
 
16. Do you suffer from diabetes? 
a. No 
b. Yes → If yes & willing, please elaborate:______________________________________ 
 
17. Do you suffer from Crohn’s disease? 
a. No 
b. Yes → If yes & willing, please elaborate:______________________________________ 
 
18. Do you suffer from a digestive disorder? 
a. No 
b. Yes → If yes & willing, please elaborate:______________________________________ 
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Table S2 Biological parameters for eight participants including postprandial serum Zn concentration and mass change 90 and 180 
minutes after breakfast meal consumption 

Identifier Age Sex Height (cm) Weight (kg) BMI Vblood (ml)a Vserum (ml)b mserum (g)c ΔZn90-min (µg)d  ΔZn180-min (µg)d 

A 27 M 180.5 83.5 25.6 5458 2947 3018 506  267 

B 65 F 156.6 42.1 17.2 2939 1705 1746 199  445 

C 23 F 160.5 67.5 26.2 3882 2252 2305 243  184 

D 22 F 160.0 61.3 23.9 3664 2125 2176 319  424 

F 29 F 170.5 74.5 25.6 4406 2555 2616 171  391 

G 28 M 171.5 63.3 21.5 4499 2429 2487 484  665 

H 30 M 179.0 76.6 23.9 5182 2798 2865 622  935 

I 27 M 186.5 86.4 24.8 5774 3118 3192 682  404 
a Blood volume calculated from height and weight using Nadler's Formula,55 b whole body serum volume calculated from packed cell volumes of 0.46 for 
males and 0.42 for females,56 c total serum mass calculated using serum density of 1.02385 g ml-1,57 d postprandial change in total serum Zn mass after 
breakfast meal consumption. 
 
Sullivan, Kaj, et al. "Postprandial zinc stable isotope response in human blood serum." Metallomics 12.9 (2020): 1380-1388. 
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Appendix C 

Copper isotopic analysis in geological and biological reference materials by 

MC-ICP-MS 

Uncertainty estimation for d65Cu.  

 

The combined uncertainty associated with the reported d65Cu can be estimated in 

accordance with JCGM 100:2008 “Guide to the Expression of Uncertainty in Measurement”, 

using the following law of propagation of uncertainty:  

 

./(1) = ∑ 4
56

578
9:

;<= ∙ 	./(?;) + 2 ∙ ∑ ∑ 4
56

578
9 ∙:

C<;D= E
56

57F
G:H=

;<= ∙ .I?;, ?CK		                                  

(S1) 

where y = f(x1, x2, … , xN). ¶f/¶xi are partial derivatives, u(xi) is the standard uncertainty 

associated with the input xi, and u(xi, xj) is the estimated covariance associated with xi and xj. 

 

The d65Cu is obtained with the following equation:  

 

L65Cu = M
N
sample

65/63

N
std

65/63 − 1Y                                                                                                                   (S2) 

 

Equation S2 can be simplified to Eqn S3 for both SSB and C-SSBIN models.  For SSB mass bias 

correction model, where Z =
N
std

65/63

[
std

65/63  and \
sample

65/63
= Z ∙ ]

sample

65/63 .  
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The K and \
std

65/63 are canceled out, therefore, L65Cu = M
[
sample

65/63

[
std

65/63 − 1Y	                                         (S3) 

 

By applying the Eqn S1 to Eqn S3, we have following equations:  

 

^L65Cu
^]
sample

65/63
=

1

]
std

65/63
 

 

^L65Cu
^]
std

65/63
= −

]
sample

65/63

(]
std

65/63
)/

 

 

Since ]
sample

65/63  and ]
std

65/63 is not correlated.  Thus,  

 

./(L65Cu) = E
=

[
std

65/63G

/

∙ 	./ 4]
sample

65/63
9 + M−

[
sample

65/63

([
std

65/63
)_
Y

/

∙ 	./I]
std

65/63
K                                         (S4) 

 

where u(r) is standard uncertainty for the measured ratio, which can be estimated by using the 

standard deviation calculated from replicate measurements.  Clearly, since the delta value is a 

relative term, uncertainties for certain contributors such as mass bias correction factor or certified 

analyte isotope amount ratio in the bracketing standard, are cancelled out. This is one advantage 

by reporting isotope amount ratio in delta value, without the needs of true analyte isotope amount 

ratio and its uncertainty in the bracketing standard. However, if the absolute isotope amount ratio 

is of interest, uncertainties from the mass bias correction factor and the true (certified) analyte 

isotope amount ratio in the bracketing standard should be included.  
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As detailed elsewhere (Yang et al., 2018), there are two ways to implement the C-SSBIN 

model, one is the use of the true analyte isotope amount ratio in the bracketing standard to 

calibrate the isotope amount ratio of the internal standard, which then is used to calibrate the 

analtye isotope amount ratio in the sample, all based on Russell law. The second approach is to 

use Russell law with internal standard to calibrate analyte isotope amount ratio in the bracketing 

standard and the sample first.  Then obtained isotope amount ratios are corrected again (SSB 

correction) by use the true analyte isotope amount ratio in the bracketing standard.  The first 

approach (which is used in this study) for a simplified calculation of final combined uncertainty 

is illustrated below: 
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Substitute equations S5-S8 to S2: 
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Since ]̀ abtda ≈ ]̀ cvweg
tda ,  
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L65Cu = M
[
sample

65/63

[
std

65/63 − 1Y (S13) 

 

For an example to calculate the uncertainty of δ65CuHICU-1 for the sample SGR-1b. An average 

value of 0.445768 was obtained for the Cu isotope amount ratio in SGR-1b and a standard 

deviation of 0.000013 (as the standard uncertainty of the Cu isotope amount ratio in SGR-1b) was 

calculated from the replicate measurements. Similarly, the Cu isotope amount ratio and its standard 

uncertainty for HICU-1 were estimated to be 0.445613 and 0.000013, respectively. Based on Eqn 

S4, the combined uncertainty of δ65CuHICU-1 for sample SGR-1b can be obtained: 

 

./(L65Cu) = E
1

0.445613
G

/

∙ 	0.000013/ + E−
0.445768

(0.445613)/
G

/

∙ 	0.000013/ 

 

.(L65Cu) = 0.00004 = 	0.04‰ 

 

Therefore, the expanded uncertainty is U = 0.08‰ (k = 2) for the sample SGR-1b, as shown in 

Table 4-6, main text. Additional potential sources of uncertainty include instrument drift and mass 

bias, column-related fractionation during recovery of target element, minor contamination, and 

uncertainty of the bracketing standard. 

 


