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Abstract 

Relative to healthy controls, lighter copper isotopic compositions have been observed in the serum of breast cancer and end-stage 
liver disease patients, raising the possibility that Cu isotope ratios could be used as a tracer for disease progression. Here, we assess 
the potential of natural Cu isotopic variations (expressed as δ65 Cu) as diagnostic tools for cancer progression and/or liver failure by 
performing a first-order analysis of Cu isotopic cycling in the human body. Using a box model, we simulate the kinetics of Cu mass 
transfer throughout significant reservoirs in the body, allowing isotopic fractionation to occur during Cu uptake/release from these 
reservoirs. With this model, we determine under which conditions the serum δ65 Cu values would reflect perturbation related to cancer 
growth and/or liver failure at a level resolvable with modern mass spectrometry. We find that tumor growth alone is unable to explain 

the light isotopic signature observed in serum. Instead, we find that metabolic changes to the liver function resulting in a ∼1 ‰ isotope 
fractionation during Cu uptake from the blood into the liver can readily explain the long-term serum isotopic shift of ∼0.2 ‰ observed 
in cancer patients. A similar fractionation ( ∼1.3 ‰ ) during Cu uptake into the liver also readily explains the −1.2 ‰ shift observed in 

the serum of cirrhosis patients with ascites, suggesting a potentially common driver of isotopic fractionation in both cases. Using this 
model, we then test hypotheses put forward by previous studies and begin to probe the mechanisms behind the measured isotopic 
compositions. 
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Graphical abstract 

Copper (Cu) isotopic compositions have been observed to be lighter in the serum of individuals with certain cancers and liver disease 
relative to those of healthy controls. We utilize box modeling of the human body to quantitatively assess the conditions under which 

serum copper isotopic ratios would reflect disease-related perturbations. Using several test cases, we provide recommendations on 

the potential for Cu isotope ratios to act as a diagnostic tool. 

 

 

 

 

 

 

 

 

emerging field, named isotope metallomics , 3 , 4 have since docu- 
mented significant isotopic variability in both healthy patients 
and patients with diseases affecting organs in which transition 
metals play a fundamental metabolic role (e.g. breast cancer/liver 
disease/Alzheimer’s for Cu, 5 –14 hereditary hemochromatosis for 
Fe, 15 , 16 breast cancer/Alzheimer’s for Zn, 13 , 17 , 18 osteoporosis for 
Ca). 19 –26 

Copper, in particular, has been the focus of sustained attention. 
Indeed, the average copper isotope composition ( 65 Cu/ 63 Cu ratio, 
hereafter expressed in permil notation as δ65 Cu) was found to be 
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Introduction 

Stable isotopes are formidable tracers of physico-chemical pro-
cesses involving mass transfer at all scales, capable of unraveling
the details of galactic chemical evolution, planetary differen-
tiation, human migrations, or mineral crystallization. 1 In the
late 1990s, the advent of the Multi-Collector Inductively Coupled
Plasma Mass Spectrometer (MC-ICP-MS) finally made possible
high-precision isotopic characterization of metabolically criti-
cal transition metals (e.g. Fe, Cu, and Zn) in blood, serum, and

other medically relevant samples. 2 Pioneering studies in this still- 
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Fig. 1 Serum copper isotopic compositions in the body. Existing mapping studies have shown consistently lower Cu isotopic compositions in the serum 

of breast cancer (top) and liver cirrhosis (bottom) patients relative to healthy controls. Breast cancer serum Cu isotopic values are replotted from 

Télouk et al . 5 Liver cirrhosis serum Cu isotopic values are from Costas-Rodríguez et al . 7 
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ignificantly lower in the serum of breast cancer patients relative
o healthy controls. 5 In hepatocellular carcinoma (HCC) patients,
ed blood cells have been shown to exhibit lower δ65 Cu values
elative to those of healthy patients, while cancer tissue displays
65 Cu values ∼0.5 ‰ higher than surrounding healthy tissue. 6 Fur-
hermore, end-stage liver disease patients have serum Cu iso-
opic compositions that span a larger range of values compared
o healthy controls, and are on average lower by ∼0.6 ‰ . 7 These
nitial results led to optimism that such signatures could be in-
roduced as a novel method of diagnosing or characterizing their
espective diseases (Fig. 1 ). 5 –7 In recent years, additional studies
ave revealed a more complex picture, where both the mecha-
isms behind these isotopic variations and their sensitivity as po-
ential biomarkers have been the subject of debate. 8 –12 , 14 For in-
tance, Bondanese et al . 8 have proposed that hypoxic tumor en-
ironments can explain the observed Cu isotopic fractionation in
CC, bringing to light the potential broader impacts of oxidative
tress in fractionation. Building on these results, Telouk et al . 14 

ave proposed that the bimodal nature of Cu isotopic shifts in the
erum of liver disease patients reflects a switch in resistance of
epatic tissues to oxidative stress, in turn leading to development
f HCC. These studies warrant exploration of the relative magni-
udes of impact that various factors can have on a patient’s serum
u isotope composition. 
In light of these findings, this study seeks to build a quantitative

ramework to assess the potential for Cu isotope ratios to act as a
iagnostic tool for disease onset and/or evolution and to probe the
echanisms behind the serum Cu isotope variations observed in
umans. To determine the feasibility of using Cu isotope ratios as
 biomarker, we must first ask the question, ‘what makes an ideal
edical diagnostic tool?’ It should satisfy the following general cri-
eria to act as a pragmatic, competitive option: 

(1) Samples may be collected with a simple procedure.
(2) Sample processing and measurement methods should be

consistent and efficient.
(3) Signatures must be resolvable by the instrument of choice,

and 
(4) Signatures should appear and respond rapidly to the onset

or evolution of the disease.

Point (1) is easily addressed, as much of the existing Cu isotope
ata primarily comes from serum samples, which are collected
hrough routine wellness check procedures. With regard to Point
2), chemical processing methods for high-yield Cu separation and
easurement from samples are well documented in the litera-

ure and may be applied. 2 , 27 –37 A current limitation, however, is
hat existing methods tend to require experienced users and are
ost commonly applied to small sample batches. Because many
f the methods were designed for applications in research, they
re currently not scalable to the needs of the medical field. As a
esult, they must be streamlined to focus on higher throughput
or efficiency before this point is fulfilled. Points (3) and (4) are
losely linked and are the focus of this study; given the difference
n median serum Cu isotopic composition of healthy individuals
elative to those with cancer or liver cirrhosis, the key is to deter-
ine how early the signature surpasses the instrument resolu-

ion threshold, and whether this shift occurs early enough in the
isease progression to be a useful diagnostic tool. At this writing,
he typical analytical uncertainty of δ65 Cu using state-of-the-art
ethods is approximately ±0.05 ‰ , so the smallest measurable
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Table 1. Cu distribution in organs of the human body 

Organ Mass of Cu used in Computation (mg) * 

Liver 10 
Blood 6 
Bones 40 
Muscle 23 
Brain 8 
Other 13 

* Cu mass distribution values are taken from Modern Nutrition in Health and 
Disease, 11 th ed. 41 
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deviation from a control is ∼0.1 ‰ . We will primarily focus on ex-
ploring the possibility of signature detection given the restrictions
of this current framework. In later sections, we also consider pos-
sible changes in these conclusions with future technological im-
provement. 

A challenge to any quantitative assessment of the potential
for Cu isotope ratios to act as tracers of disease is the limited
knowledge of the mechanisms driving Cu isotope fractionation in
the human body. Performing a first-order analysis of the system,
however, circumvents the need to account for all the individual
molecular mechanisms while still providing quantitative results
for interpretation. This method is well established and has been
used successfully by others in the metallomics field to better un-
derstand trace metal isotopic systems, such as zinc in the human
body. 38 Here, we thus quantitatively model the human body to ex-
plore some of the unanswered questions regarding trends seen in
previous Cu isotope studies, such as: 

(i) When can Cu isotopic fractionation due to tumor growth
alone in an otherwise healthy body create measurable
serum isotopic differences? 

(ii) When does complete liver failure (e.g. from HCC) cause
measurable Cu isotopic differences in serum? 

(iii) How may the isotopic fractionation of tissue affected by
metabolic changes linked to the progression of cancer or
liver disease (e.g. oxidative stress) be reflected in serum Cu
composition? 

Copper in the body 

Copper is an essential trace element and the third most abun-
dant transition metal in the human body, 39 where it exists in two
main oxidation states (Cu + and Cu 2 + ). It is versatile for perform-
ing biochemical redox reactions, acting as a useful cofactor in
many enzymes (e.g. ceruloplasmin, superoxide dismutase, and ly-
syl oxidase), though it simultaneously poses a risk for toxicity if
improperly regulated by the body. As such, Cu is almost always
bound to proteins or peptides, and ‘free’ or unbound copper is
uncommon. 40 

The total mass of Cu in the average healthy adult body is
∼100 mg. Distribution of this mass between its main reservoirs
(Table 1 ) have been well established through nutritional studies
(see review in Ref. 41 ). Copper enters the body through food con-
sumption, with the recommended Cu intake for a healthy adult
being ∼1 mg/day (i.e. ∼100 days residence time). 42 Absorption of
the nutrient occurs through the small intestine, where it binds to
albumin and macroglobulins in the blood to be carried to the liver.
The liver acts as the primary storage and regulatory compart-
ment. Hepatic cells synthesize ceruloplasmin (Cp, the primary Cu
protein carrier in the blood), and copper is bound to Cp or other
proteins while circulating the body for delivery to various organs.
Excess Cu is filtered out by the kidneys or released from the liver
into the gallbladder, after which Cu exits the body through urine
or fecal matter. 

Though elemental Cu is already well-established as an essen-
tial trace metal for humans, much less is known about its stable
isotopes and their behaviors in the body. A few select studies have
approached Cu fractionation on a molecular level with a combi-
nation of experiments and first-principles calculations to quantify
the fractionation of individual Cu-interacting proteins. 43 –45 Such
investigations are necessary steps toward achieving a mechanis-
tic understanding of the isotopic effects, but the rate of develop-
ment of these understandings is relatively slow for several rea-
sons. There are over 50 proteins in the human Cu proteome that
may contribute to net fractionation effects and would need to 
be characterized; 46 first principles calculations are time-intensive 
and computationally expensive, requiring a relatively specialized 
skillset, while in vitro experiments involving individual protein ex- 
pression, purification, and analyses are often difficult and time- 
consuming, depending on the stability and other chemical char- 
acteristics of the molecules in question. 

Considering these uncertainties, this study takes a macro- 
scopic approach to investigate Cu in cancer: Whole-body Cu be- 
havior is quantified using well-established values from nutritional 
literature, while assumptions about molecular-level relationships 
between Cu and cancer are non-essential and thus limited. 

Methods 

We aim to model and observe three main scenarios (see next Sec-
tion for details). In the first scenario, a tumor begins to grow in an
otherwise healthy body, participating in the uptake and release 
of Cu to aid its proliferation. Because tumor behavior differs de- 
pending on cancer type, location, and stage, our system has been 
defined as simulating early-stage breast cancer growth, forming a 
single tumor mass in the body. This specific system was selected 
for several reasons. First, modeling cancer allows us to make di-
rect comparisons between our results and those of the existing 
studies. 5 , 6 , 8 , 10 , 14 Second, breast cancer in its early stages does not 
directly or immediately affect the function of important Cu reser- 
voirs, in contrast, for instance, to hepatic cancer affecting the liver,
which is the major Cu regulator of the body. This allows us to dif-
ferentiate easily between the effects of the tumor vs. those of an-
other reservoir when we built the model. Third, drawing conclu- 
sions on whether isotopic signatures can be diagnostic tools de- 
pends on the behavior of early-stage cancer growth and whether it 
translates into a measurable signal; modeling metastatic behav- 
ior would be less useful for this purpose. In the second scenario,
liver-only fractionation is considered. This type of fractionation 
may represent several physical cases that could afflict this ma- 
jor reservoir including various stages of liver disease, from non- 
alcoholic fatty liver disease (NAFLD) to liver cirrhosis or even HCC.
Finally, the last scenario broadly simulates altered isotopic frac- 
tionation of originally healthy tissue, due to potential effects from 

metabolic responses to disease (e.g. oxidative stress), to explore 
the sensitivity of serum Cu isotopic composition as a possible 
prognostic marker. 

To examine the role of major elemental reservoirs in the body 
and the fluxes between them, we built a multi-box system. The 
components of interest are as follows: (1) a fixed copper influx
from daily food intake according to recommended health stan- 
dards, (2) the blood, which acts as a conduit through which Cu is
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Fig. 2 Box model of major Cu reservoirs in the human body. The six groups presented in the diagram represent the major reservoirs of interest 
participating in copper storage and transport, with the arrows representing the allowable Cu flows between them. First-order kinetic constants for 
fluxes in and out of each reservoir i , k i , are scaled based on compartmental models from existing nutritional studies. 47 , 48 
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ble to be transported throughout the body to other reservoirs, (3)
ealthy tissue, such as bone and muscle, which contain a large
roportion of the body’s copper but do not directly interact with
he cancerous tumor, (4) the tumor itself, (5) the liver, which acts
s the storage and regulatory compartment for Cu, and (6) the
allbladder, which we effectively treat as a waste accumulation
eservoir for any Cu outflux from the body. Our treatment of the
allbladder is due to the expectation that almost all Cu released
o the gallbladder from the liver is excreted via biliary incorpo-
ation into feces. 41 , 47 As such, the ‘gallbladder’ compartment is
ot considered in the analysis of diagnostic potential, as it is not
xpected to influence any of the other reservoirs. All Cu flows be-
ween reservoirs were treated as first-order reactions, the prece-
ent for which is established by existing nutritional studies. 47 , 48 

ith the exception of unidirectional nutrient flow from the food
o the blood and the liver to the gallbladder, all other flows were
llowed forward and back exchange to mimic realistic behavior of
he circulatory system (Fig. 2 ). 
Two systems of ordinary differential equations (ODEs) were es-

ablished to represent the elemental and isotopic mass balance
f Cu in the body, using the general forms shown in Equations 1
nd 2 , respectively, modified from Albarède (1996). 49 

dN i 

dt 
= −

∑ 

j � = i 
k i → j N i + 

∑ 

j � = i 
k j→ i N j , (1) 

dR i 
dt 

= R i 
∑ 

j � = i 
k i → j 

(
1 − D i → j 

) + 

∑ 

j � = i 
k j→ i 

(
D j→ i R j − R i 

) N j 

N i 
, (2) 

In these equations, i and j are distinct reservoirs/organs of the
ody, N i is the total mass of Cu in reservoir i , k i → j is the first order
inetic coefficient of mass transport from reservoir i to j. In Equa-
ion 2 , R i is the 65 Cu/ 63 Cu ratio in reservoir i and D i → j is the frac-
ionation factor of Cu transfer from reservoir i to j (i.e. the compo-
ition of the material extracted toward reservoir j divided by the
omposition of parent reservoir i ). Specifically, the explicit ODEs
or mass change in the blood, liver, tumor, and healthy tissue, re-
pectively are given in Equations 3 –6 below: 

dN blood 

dt 
= k 1 + k 3 N liver − k 2 N blood + k 5 N tumor − k 4 N blood 

+ k 8 N heal t hy − k 7 N blood , (3) 
t  
dN liver 

dt 
= k 2 N blood − k 3 N liver − k 6 N liver , (4)

dN tumor 

dt 
= k 4 N blood − k 5 N tumor , (5)

dN heal t hy 

dt 
= k 7 N blood − k 8 N heal t hy (6)

Similarly, the ODEs describing the change in isotopic composi-
ion of these reservoirs are given in Equations 7 –10 . In all cases,
he kinetic constants are numbered according to Fig. 2 . The frac-
ionation factors are numbered to represent the reservoirs in the
ame order as the kinetic constants (Table 2 ). 

dR blood 
dt 

= R blood ( k 2 ( 1 − D 2 ) + k 4 ( 1 − D 4 ) + k 7 ( 1 − D 7 ) ) 

+ 

k 1 
(
D 1 R food − R blood 

)
N blood 

+ k 3 ( D 3 R liver − R blood ) 
N liver 

N blood 

+ k 5 ( D 5 R tumor − R blood ) 
N tumor 

N blood 

+ k 8 
(
D 8 R heal t hy − R blood 

) N heal t hy 

N blood 
, (7)

dR liver 
dt 

= R liver ( k 3 ( 1 − D 3 ) + k 6 ( 1 − D 6 ) ) +k 2 ( D 2 R blood − R liver ) 
N blood 

N liver 
, 

(8)

dR tumor 

dt 
= R tumor ( k 5 ( 1 − D 5 ) ) + k 4 ( D 4 R blood − R tumor ) 

N blood 

N tumor 
, (9)

dR heal t hy 
dt 

= R heal t hy ( k 8 ( 1 − D 8 ) ) + k 7 
(
D 7 R blood − R heal t hy 

) N blood 

N heal t hy 

(10)

To constrain the values of the kinetic constants (Table 2 ), a care-
ul examination of the sparse literature data was done. First, the
ietary intake of Cu for a healthy adult was set. Though the rec-
mmended daily intake value is ∼1 mg Cu, only ∼0.8 mg of it
s absorbed by the intestine and enters the circulatory system;
herefore, we use k 1 = 0.8 mg/day. 41 , 42 The other kinetic constants
ontrolling Cu flow between the blood and relevant organs/tissues
ere constrained by two conditions. First, Cu reservoirs must re-
urn to expected steady-state mass values after an imposed per-
urbation. The Cu inventory of organs/tissues in a healthy body is
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Table 2. Rate constants and fractionation factors for box model reservoirs 

Reservoir transfer, i → j Rate constants Steady state values 1 Fractionation factor Range of values considered 2 

Food → Blood k 1 0 .8 D 1 1 
Blood → Liver k 2 0 .3 D 2 1 −1.001 
Liver → Blood k 3 0 .11 D 3 0.999 −1 
Blood → Tumor k 4 0 .00 002 D 4 1 −1.003 
Tumor → Blood k 5 0 .00 001 D 5 1 
Liver → Gallbladder k 6 0 .081 D 6 1 −1.001 
Blood → Other Healthy Tissue k 7 0 .8 D 7 1 
Other Healthy Tissue → Blood k 8 0 .06 D 8 0.997 −1 

1 Steady state k values were approximated based on Cu half-life measurements in different organisms from Levenson & Janghorbani. 51 
2 Possible fractionation factors were based on ab initio calculations of copper ion binding to amino acids in aqueous solution from Fujii et al. 67 and Cadiou et al . 43 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3 Model response to mass and isotopic perturbation. (A) Cu masses 
of each reservoir were strongly perturbed from expected steady state 
values, simulating the case of an intravenous injection of Cu. The 
reservoirs return to expected steady state Cu masses over time to 
maintain homeostasis, demonstrating the robustness of the model. 
(B) All reservoirs were initialized to random δ65 Cu values and allowed to 
return to steady state. All reservoirs in the system converge to the 
isotopic composition of the food input ( δ65 Cu = 1 ‰ ) over time. Red and 
green dotted lines represent the expected short half-lives ( t 1/2 ) of plasma 
and liver, respectively, presented in Levenson & Janghorbani 51 and Scott 
& Turnlund. 52 These short half-lives represent the expected immediate 
behavior to a perturbation. The gray band represents the range of 
expected half-lives of long-term Cu turnover ( t 1/2, long ) in the reservoirs 
from Levenson & Janghorbani. 51 
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relatively well known, and this condition represents the home-
ostatic response of a healthy body to small fluctuations in Cu
(e.g. variations in diet). 41 , 50 Second, the rate at which reservoirs
responded to perturbations had to be consistent with the avail-
able experimental data. 47 Approximate values satisfying the con-
ditions for kinetic constants were drawn from existing nutritional
studies that utilized mice for compartmental modeling of short-
and long-term Cu turnover in the body. 47 , 51 The values were then
tuned in small increments to ensure the stability of the system,
such that it would respond to deviations or perturbations from
the expected mass of each reservoir to re-equilibrate it to healthy,
steady-state values (e.g. if the mass of Cu is suddenly raised to
8 mg in the blood due to a Cu-rich diet, the model would reflect
the body’s attempt to lower it back to the healthy expected value
of 6 mg). Figure 3 A demonstrates the response to perturbation of
Cu masses of each reservoir compared to steady state, and the
ability of the system to recover over time and maintain home-
ostasis, while Fig. 3 B demonstrates that the model’s short and long
turnover timescales closely match existing studies. 51 , 52 

The next condition to be established was tumor growth be-
havior. Different subtypes of breast cancer have differing growth
parameters, and approximate doubling times for primary breast
cancer range extremely widely—from a few months to over a
year. 53 , 54 Furthermore, because many factors determine the spa-
tial and temporal growth of tumors at different stages of its pro-
gression (e.g. diffusion-limitation of nutrients, allowable space in
the host, successful vascularization), the growth does not follow
a simple exponential curve over time, contrary to what would be
expected from uncontrolled cell division alone. Due to the vari-
able and uncertain nature of tumor growth, we decided to use
a linear growth model, which is one of several commonly used
models for cancer development. 55 , 56 This type of growth most ac-
curately characterizes tumor growth after the initial exponential
replication phase but prior to metastasis, which is a time frame of
interest for diagnostic purposes. The next step was to determine
the rate of Cu uptake by the tumor to fuel its growth. The average
amount of time a primary breast cancer tumor has been growing
prior to detection ranges from 1 to 4 years. 57 In 2010, at time of de-
tection, 67% of breast tumors were < 2.0 cm, with ∼27% of these
tumors falling in the 1–2 cm range, which is the upper bound for
what is generally considered a ‘smaller’ tumor. 58 Assuming a den-
sity of 1 g/cm 

3 for the cell, which is mainly composed of water, a
spherical tumor with 2 cm diameter would weigh ∼4.2 g. Mea-
surements of Cu concentration in breast tumors range from 2 to
10 μg/g (wet mass basis). 59 , 60 Therefore, a relatively fast-growing
tumor (2 cm diameter growth over 1 year) would need to uptake
and sequester ∼0.04 mg Cu/year. This rate was taken as a first-
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Table 3. Parameters in ‘Scenarios and Results’ section 

Serum δ65 Cu ( ‰ ) 

Literature reference Condition Median or mean Range 

Télouk et al . (2015) Healthy/Control ( n = 30) Median: −0.26 −0.80 to 0.05 
Breast cancer ( n = 86) Median: −0.52 −1.45 to 0.12 

Van Campenhout et al. (2019) Healthy/Control ( n = 22) Median: −0.13 (males), 
−0.26 (females) 

−0.49 to 0.05 (males), 
−0.46 to −0.08 (females) 

NAFL ( n = 10) Median: −0.87 −1.01 to −0.32 
Costas-Rodríguez et al . (2015) Healthy/Control ( n = 29) Mean: −0.29 −0.54 to −0.06 

Liver Cirrhosis ( n = 25) Mean: −0.78 −1.44 to −0.04 
Télouk et al . (2022) Healthy/Control ( n = 105) Median: −0.11 −0.63 to 0.28 

HCC ( n = 98) Median: −0.51 −1.71 to 0.07 
Lauwens et al . (2016) ESLD, pre-LTx ( n = 32) Median: −0.74 −1.45 to −0.40 

ESLD, 3 months post-LTx ( n = 32) Median: −0.55 −1.54 to −0.18 
ESLD, 9 months post-LTx ( n = 17) Median: −0.45 −1.27 to −0.09 

Costas-Rodríguez et al . (2019) Sham-operated mice, 4 weeks post-operation Mean: −0.67 nr 
CBDL mice, 4 weeks post-operation Mean: −1.14 nr 

All experimental studies referenced in this section reported δ65 Cu values using the international Cu isotopic standard NIST SRM 976. nr, not reported; NAFL, 
non-alcoholic fatty liver; HCC, hepatocellular carcinoma; ESLD, end stage liver disease; LTx, liver transplantation; CBDL, common bile duct ligation. 
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Fig. 4 Effects of tumor-only Cu isotope fractionation as a function of 
time. (A) The composition of each reservoir is arbitrarily set to 0 per mil 
at the start of the simulation. At time equal 0 days, the tumor is 
introduced and allowed to grow. An isotopic fractionation is associated 
with Cu uptake in the tumor, i.e . the fractionation factor D 4 , was varied 
(see label on each curve), while all other reservoir interactions 
maintained a fractionation factor of 1. Cu isotope ratios are expressed 
as deviation relative to t = 0, just before perturbation, i.e . �65 Cu = 

δ65 Cu(t) −δ65 Cu(0). (b) The relative masses of Cu in each reservoir are 
plotted on a log scale. Cu mass in the tumor is orders of magnitude less 
than that of any other organ, resulting in its negligible contribution to 
the serum Cu isotopic composition, despite its ongoing exchange with 
the blood. 
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rder estimate for the slope of the linear growth curve and used
o calibrate k 4 ( = 0.00002 day −1 ). This growth rate reflects the most
ptimistic scenarios for detection of a small tumor, i.e. the faster
he tumor grows, the quicker it sequesters Cu and may be detected
y isotopic measurements. Changing this growth rate by one order
f magnitude (higher or lower) also did not impact our conclusions
see next section). 
For each scenario tested, the box model was initialized with

teady-state values of Cu in each reservoir: 6 mg in the blood,
0 mg in the liver, and 84 mg in healthy tissue (Table 1 ). The frac-
ionation factors were all set to D i → j = 1, indicating no fractiona-
ion between any of the reservoirs. At t = 0, the system was per-
urbed by the introduction of tumor growth, and a fractionation
actor was applied to the reservoir of interest. A range of fraction-
tion factors (Table 2 ) were considered for each scenario described
elow. 

cenarios and results 

e present a suite of computational test scenarios that
raws from several studies and their experimental observations.
ll experimental studies referenced in this section reported δ65 Cu
alues using the international Cu isotopic standard NIST SRM 976.
elta notation is used as follows: 

δ65 Cu i = 

(
R i 

R N I ST SRM 976 
− 1 

)
× 1000 , (11) 

�65 C u i ( t ) = δ65 C u i ( t ) − δ65 C u i ( 0 ) , (12) 

or any given reservoir i at time t . Table 3 provides a summary of
ertinent observations from the studies referenced in this section.

umor-only fractionation: To assess whether the Cu isotope com-
osition of the blood and organs can be affected by the tumor
rowth, we considered a scenario where a tumor appears in a
ody at steady state, and an isotopic fractionation is associated
ith Cu uptake/release into the tumor. As can be seen in Fig. 4 ,
hile the tumor composition directly reflects each of the applied
ractionation factors, the blood, liver, and healthy tissue compo-
itions are virtually unchanged, remaining at 0 ‰ for each of the
ases. Sensitivity tests were performed on the tumor growth fac-
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tor to gauge stability of the system under different scenarios, ex-
ploring a range of k 4 values spanning two orders of magnitude
(0.00002 −0.002 day −1 ). Even at the maximum tumor growth rate
tested with a 3 ‰ fractionation into the tumor, the drop in serum
isotopic composition was < 0.05 ‰ . This is because the absolute
amount of Cu sequestered by the tumor is negligible compared
to the body’s Cu budget (mass of Cu in tumor is 0.012% of total
body Cu, Fig. 4 B). The same limitation applies in the case where
the Cu isotopic fractionation is associated with Cu release from
the tumor. Thus, while the tumor composition is strongly frac-
tionated from that of the blood (and by construction, the organs
as well), the �65 Cu of the blood and other reservoirs due to the tu-
mor are also negligible ( −0.0005 ‰ ). Given the expected precision
of ∼0.1–0.2 ‰ referenced in this study, the differences in isotopic
compositions of the blood due to tumor growth alone would be
unresolvable. 

Telouk et al. 5 proposed that serum copper of cancer patients
may become isotopically lighter compared to controls due to the
Warburg effect: the increased usage of anaerobic glycolysis in can-
cer cells that can lead to higher concentrations of l -lactate in
the cytosol. This lactate can bind to free Cu 2 + , with the chela-
tion reaction having a strong preference for 65 Cu over 63 Cu. Based
on ab initio calculations, the equilibrium Cu isotope composi-
tion of Cu(II)( l -lact)( d -lact) is expected to be ∼3 ‰ heavier than
that of Cu(I)(Cys)(H 2 O) 4 2 + , which is representative of the Cu bind-
ing motif of ATP7A, one of the primary cellular transmembrane
transporters of Cu. This results in isotopically heavy Cu being se-
questered in the cytosol of cancer cells with lactate while 63 Cu is
preferentially shuttled out to the bloodstream by ATP7A. While
the chemistry of this hypothesis is promising, this scenario is
equivalent to a Cu isotope fractionation associated solely with
the tumor, as only the Cu taken up and/or released by the tumor
will be isotopically fractionated. As shown in Fig. 4 , such scenar-
ios have a negligible impact on the blood Cu isotopic composition
because of the overall negligible amount of Cu channeled through
the tumor over time. Therefore, the Warburg effect, which applies
primarily to the cancer mass, would be insufficient to explain the
observed ∼ 0.4 ‰ δ65 Cu offset in the serum of cancer patients vs.
healthy patients. 

Liver-only fractionation: Considering the negligible effect the tu-
mor alone has on the �65 Cu of other reservoirs, the question
remains of which reservoirs are sufficiently large to induce a
measurable change in serum δ65 Cu. Because the liver is the pri-
mary regulator of copper and a fairly large reservoir (10% of
the body’s Cu budget), its dysregulation would be expected to
have a noticeable effect on copper throughout the rest of the
body. Some studies have investigated the effects of liver dis-
ease on serum δ65 Cu values at different stages, from NAFLD to
HCC. 6 , 7 , 9 , 12 , 14 Van Campenhout et al . 12 found significantly ( > 0.5 ‰ )
lower serum δ65 Cu value in NAFLD patients relative to healthy
controls. Costas-Rodríguez et al . 7 also observed a much lighter
Cu isotope composition in the serum of patients with cirrhosis,
which represents a worsening of NAFLD. More recently, Telouk
et al . 14 showed that patients with further progression to HCC
also demonstrated a ∼0.5 ‰ drop in serum δ65 Cu values rela-
tive to healthy controls. The consistent signature seen among
these studies was used to guide the formulation of this sce-
nario. There are two bounding cases by which Cu fractionation
by the liver may result in isotopically lighter serum. The liver may
preferentially uptake 65 Cu from the blood (Fig. 5 A ) or preferen-
tially release 63 Cu into the blood (Fig. 5 B). In stark contrast to
tumor-only fractionation patterns, a fractionation of 1 ‰ in either
scenario can change the composition of the blood, tumor, and 
other healthy tissues at a readily measurable level ( > 0.5 ‰ ). This
result demonstrates the order-of-magnitude of difference be- 
tween organ-driven and tumor-driven fractionation. Intermediate 
cases in between these two extremes (e.g. the liver preferentially 
taking heavy Cu from the blood but also preferentially releasing 
heavy Cu back into the blood) would simply result in a dampening
effect on the isotopic fractionations seen in Fig. 5 . The agreement
between the experimental observations and our computational 
results further supports ideas presented in the aforementioned 
works that the observed serum Cu composition is due to liver
disease. Our model also aligns with observations from Lauwens 
et al., 9 which demonstrated that measurable changes in liver Cu 
isotopic fractionation (following liver-transplant) are reflected in 
serum composition over the timescale of 3–9 months, consis- 
tent with the largest changes occurring within ∼200 days in the 
model. 

After seeing this repeated trend of light serum Cu isotopic com- 
position in liver disease patients compared to healthy controls,
Costas-Rodriguez et al. 11 sought to determine more specifically the 
mechanism behind these results. Comparing mice populations 
that underwent sham operations vs. common bile duct ligation 
(CBDL), they observed that the overall Cu isotopic composition of 
the entire mouse body became ∼0.6 ‰ lighter 1 month post-CBDL.
They hypothesized that typical excretion from the liver to the bile 
is isotopically light, but the CBDL-operated mice were unable to 
preferentially release 63 Cu, resulting in its accumulation in the 
body. Figure 6 tests this hypothesis by comparing the difference 
in Cu isotopic composition ( �65 Cu) of reservoirs from a sham- 
operated mouse relative to a CBDL-operated mouse. The results of 
the model appear to match the measurements from Ref. 43 very
well, with the liver becoming 1 ‰ lighter and the other reservoirs
nearly 0.6 ‰ lighter. Once again, this scenario reinforces the idea 
that liver-only fractionation can create resolvable compositional 
changes in other reservoirs. 

Alteration of healthy tissue metabolism/fractionation: A handful 
of studies investigated the mechanistic cause of serum Cu iso- 
topic changes from liver disease and determined that oxidative 
stress is likely the primary contributing factor to the observed 
changes, with HepG2 cells under oxidative stress conditions ex- 
hibiting δ65 Cu values up to 2 ‰ heavier relative to those in nor-
moxic environments. 8 , 10 If otherwise healthy cells are undergo- 
ing oxidative stress or inflammation due to any disease, includ- 
ing cancers or NAFLD/cirrhosis, a significant proportion of the to- 
tal body mass could start to exhibit altered metabolism, which 
may be reflected in the serum � 65 Cu value at different stages 
of the disease progression, and to different degrees. This scenario 
broadly explores the physical phenomenon of the body undergo- 
ing increasing amounts of oxidative stress for any reason (e.g. in
response to cancer) by calculating what proportion of cells would 
need to be responding to oxidative stress to affect the blood iso-
topic compositions. To do so, the original healthy tissue reservoir is 
now divided into two: one representing healthy cells undergoing 
aerobic cellular respiration and the other representing formerly 
healthy cells metabolizing under oxidative stress conditions.
Figure 7 demonstrates that greater than ∼10% mass of originally 
healthy tissue would have to be affected with a fractionation fac- 
tor of + 3 ‰ in order for the blood to undergo a > 0.2 ‰ drop in
� 65 Cu, which is a fairly large proportion of the body. If this is
indeed the primary method by which the serum isotopic compo- 
sition becomes lighter, only an extremely large or metastasized 
tumor could probably subject the body to such levels of oxidative 
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Fig. 5 Effects of liver-only Cu isotope fractionation as a function of time. The composition of each reservoir is arbitrarily set to 0 per mil at the start of 
the simulation. At t = 0 days, the tumor is introduced and allowed to grow. Cu isotope ratios are expressed as deviation relative to t = 0, just before 
perturbation, i.e . �65 Cu = δ65 Cu(t) −δ65 Cu(0). (A) An isotopic fractionation associated with Cu uptake from the blood to the liver, i.e . fractionation factor 
D 2 , was set to 1.001, while all other reservoir interactions maintained a fractionation factor of 1. (B) An isotopic fractionation associated with Cu release 
from the liver to the blood, i.e . fractionation factor D 3 , was set to 0.999, while all other reservoir interactions maintained a fractionation factor of 1. 
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tress to produce a detectable signature. At that point, it would
ery likely have already caused other serious symptoms to alert
he patient to illness, and this type of isotopic analysis would not
e required for detection and diagnosis. Notice that the result
f this scenario is effectively an exacerbated case of the tumor-
nly fractionation: the blood composition recovers to its original
tate over time in this scenario. This contrasts with the liver-only
ractionation scenario, where the blood Cu isotope composition
eaches a new steady state, different from its starting composi-
ion. This is because, in the liver-only fractionation scenario, the
iver composition is not only affected by forward and backward ex-
hange with the blood, but it is also siphoned away by the gallblad-
er. As a result, 65 Cu is continuously preferentially removed from
he circulatory system, and the blood cannot recover back to its
riginal composition. In contrast, when healthy tissue is affected
nd undergoes altered fractionation, the long-term effects on the
lood are dampened by the continual back-exchange between the
ffected tissue and the blood. In short, any case in which a reser-
oir uptakes copper with a fractionation factor but subsequently
lso releases said composition back into the bloodstream will cre-
te this dampening effect, ultimately resulting in the recovery of
he blood back to its original (pre-perturbation) composition. Such
cenarios cannot explain long terms changes on the blood Cu iso-
ope compositions. 
iscussion 

arly studies raised interest in the idea that the offset in the serum
u isotope composition of cancer patients could be used as a po-
entially powerful prognostic or diagnostic tool. 5 –7 In agreement
ith more recent studies, 7 , 8 , 10 –12 , 14 our results point to a more
omplex picture. We find the simple proposal that Cu isotope ra-
ios exclusively track tumor growth/evolution is not tenable. In-
eed, the model demonstrates that the growth of a tumor in an
therwise healthy body cannot create a measurable ( > 0.1 ‰ ) drop
n blood Cu isotopic composition when any reasonable fractiona-
ion factor is imposed on the tumor (Fig. 4 ). 
Unlike the tumor, with its small size and Cu inventory, we

nd that a significantly larger reservoir can alter the blood
omposition. Exploration of the liver-only fractionation case
hows that the imposition of a fractionation factor reflecting
 + 1 ‰ change in δ65 Cu uptake from the blood into the liver could
uccessfully generate a corresponding −1 ‰ change in � 65 Cu of
he blood, which would certainly be measurable (Fig. 5 ). This type
f alteration in liver fractionation could describe the physical sce-
ario of liver disease, considering that liver failure is also a com-
on effect in mid- to late-stage cancer patients. This idea is sup-
orted by several recent experimental studies, which found that
iver disease of varying stages can result in a significant (0.5 ‰ or
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Fig. 6 Effects of bile duct ligation in mice. Cu isotopic compositions of 
the reservoirs of the sham-operated mouse ( δ65 Cu sham 

) are compared to 
Cu isotopic compositions of the reservoirs of the common bile duct 
ligation (CBDL)-operated mouse ( δ65 Cu CBDL ), with �65 Cu = 

δ65 Cu CBDL −δ65 Cu sham 

. Bile duct ligation prevents release of 63 Cu from the 
liver to the bile relative to its regular healthy process, resulting in a 
decrease in the δ65 Cu of the liver. A fractionation factor of D 6 = 1.001 was 
used to describe this physical scenario, in accordance with the observed 
drop in liver isotopic composition from Costas-Rodriguez et al . 11 
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more) decrease in their serum isotopic compositions relative to
healthy controls (Fig. 1 ). 7 , 9 , 12 , 14 Considering oxidative stress as an-
other possible source of isotopic fractionation on a large scale, we
find that > 10 ‰ of originally healthy tissue would have to impart
a Cu isotopic fractionation of ∼+ 1 ‰ during Cu uptake into the
tissues to create a measurable effect in the blood (Fig. 7 ). Further
patient studies will be needed to monitor the isotopic variability
induced by controls such as patient age or the degree of cancer
progression, as well as clarify the specificity of these signatures. 

For reasons previously discussed, our current calculations uti-
lize a model of linear tumor growth. The integration of this model
already provides clear results that can be directly compared to
existing studies. However, in acknowledgment that different can-
cer types and subtypes exhibit different growth behaviors, other
models warrant future exploration, such as exponential growth. 55

Though our calculations do not explicitly implement an exponen-
tial growth model, the tuning of the tumor growth rate, k 4 , to be
orders of magnitudes larger (100x) than the expected rate provides
a reasonably similar comparison to exponential growth behavior.
Even in this scenario, tumor growth alone still failed to create a
measurable Cu isotopic composition change in the blood, indi-
cating the low dependency of our findings to the tumor growth
behavior. 

Ultimately, this study sought to utilize box modeling to quan-
titatively assess the potential for natural Cu isotopic variations
in serum to act as a diagnostic tool for breast cancer and liver
cirrhosis. Through modeling, we were able to determine whether
Cu isotopic compositions satisfy criteria (3) and (4) set forth
for a competitive medical diagnostic tool. Criterion (3) required
that the drop in Cu isotopic composition of the patient serum
must be resolvable by current MC-ICP-MS capabilities, which was
determined to be largely dependent on the size of the reservoir
causing the fractionation. With tumor-only fractionation, the
serum composition is not sufficiently modified by the growth of
the tumor due to its small size and Cu content relative to other
reservoirs in the body. In contrast, isotopic fractionation associ- 
ated with a larger reservoir, such as the liver or a large proportion
( > 10%) of healthy tissue undergoing severe oxidative stress, may 
cause an isotopic shift in the serum composition of the patient 
compared to healthy controls. Yet, only in the liver fractionation 
scenario does the serum composition shift permanently to a new 

steady-state value that is lower than initial controls. In contrast,
some percentage of healthy tissue with altered metabolic behav- 
ior affects the serum temporarily under homeostatic conditions.
Criteria (4) required that signatures develop relatively early in 
the disease, which we see to be true if the fractionating reservoir
is sufficiently large. When a fractionation factor is imposed 
on a specific reservoir, the change in isotopic composition of 
other reservoirs is reflected quickly, typically on the timescale of 
months. 9 However, given the nature of the conditions used in the 
box modeling, i.e. that the body attempts to return to steady state
Cu distributions if functioning properly, the results presented 
above may not be fully relevant to a patient who is seriously
ill and unable to maintain homeostasis as expected. Although 
these parameters may be changed in future studies to explore 
other possible response timescales, we consider the estimates 
presented above as conservative since the inability of the body to 
return to steady state would only lead to shorter timescales for 
the expression and detection of isotopic signatures. 

Concluding remarks 

While much remains to be learned on the exact mechanisms driv-
ing Cu isotope fractionations during the evolution of cancer and 
other diseases, consideration of first-order box-model scenarios 
allowed us to show that the lower δ65 Cu observed in the serum of
breast cancer patients is not a result of tumor growth itself. In-
stead, these signatures are much more likely due to isotopic frac- 
tionation developing during organ failure (e.g. liver failure) or in 
association with synergistic effects in otherwise healthy tissue,
and may be used instead in pursuit of prognosis or diagnosis of
liver-related diseases or cancers. 61 

The future of mass spectrometry technology will undoubtedly 
yield even higher resolution measurements of isotopes, decreas- 
ing the analytical uncertainty by up to several folds relative to cur-
rently achieved values. Hypothetically, it would not be unreason- 
able to expect resolving power to routinely reach 0.02 ‰ or better
in the next decade. Given this possibility, re-evaluation of Points (3) 
and (4) regarding ideal diagnostic tools would be warranted. Point 
(3), pertaining to the resolvability of the signals, would be met even
more easily, and the detection of changes due to any given disease
would occur earlier in its progression, improving upon Point (4) as 
well. However, with this better precision comes the need to face 
the inherent difficulties associated with discerning meaningful 
signals from biological noise. Specifically, the precision of the 
measurement may exceed our understanding of the causes of 
variations within the system. In the case of copper, many studies
have evaluated natural variations of serum δ65 Cu in healthy indi- 
viduals and shown that they can fall within a large range (from ap-
proximately −0.6 to + 0.2 ‰ ). Studies dedicated to understanding
the exact drivers of isotope ratio variability for a given individual
over time, as well as variability between different demographics,
would have to be conducted to enable meaningful interpretations 
of these results with improved measurement precision. 

As more kinetic and isotopic data become available, models like 
the one we described above may be improved and refined. In par-
ticular, one additional criterion of a diagnostic tool that should 
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Fig. 7 Isotopic fractionation effects of Cu chelation by lactate. A designated proportion of healthy tissue is affected by oxidative stress (‘affected 
healthy tissue’) and begins to undergo anaerobic glycolysis: (A) 5%, (B) 10%, and (C) 20%. Cu isotope ratios are expressed as deviation relative to t = 0, 
just before perturbation, i.e . �65 Cu = δ65 Cu(t) −δ65 Cu(0). A fractionation factor of 0.997 is used to describe the expected Cu chelation effect resulting 
from lactate production due to glycolysis, based on ab initio calculations from Telouk et al . 5 
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e explored as more clinical studies are performed is the unique-
ess of the signature, i.e. whether the appearance of the signature
an be directly connected to cancer, or whether other diseases
e.g . liver cirrhosis, Wilson’s disease) 62 may also produce an identi-
al result. Considering our observations that oxidative stress may
enerate similar signatures, it would be worthwhile to explore
erum Cu isotopic compositions found in other diseases strongly
inked to oxidative stress, such as cardiovascular (e.g. atheroscle-
osis) and neurological (e.g . Parkinson’s, Alzheimer’s) diseases. 63 

nfortunately, due to the scarcity of serum isotopic data across
he numerous other possible diseases at this writing, it is currently
mpossible to tell whether the drop in serum Cu isotopic compo-
ition in cancer patients is sufficiently distinctive. Finally, future
onsiderations should include the effects of chemotherapeutic
reatment on the liver. Given that cancer literature has widely doc-
mented the stress and imbalance imposed on liver metabolism
n response to chemotherapy, 64 –66 it would be valuable to under-
tand whether chemotherapy may act as a confounding factor for
he prognosis potential of Cu isotope ratios. Specifically, liver in-
ury due to chemotherapy may alter serum Cu isotopic compo-
ition, adding to or potentially masking the signature from the
riginal disease. 
Most diagnostic tools work in conjunction with each other to

elp deduce the disease presented (e.g. masses detected on CT
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scans are confirmed by immunostaining of tissue biopsies), and
it seems δ65 Cu is no exception. To date, observations have shown
that serum Cu isotope ratios may act as good non-specific mark-
ers; at a minimum, it could be used as an initial filter in rou-
tine medical examinations to signal a need for more targeted
tests that can then narrow down possible disease candidates. As
the field looks toward potential medical applications of Cu iso-
tope ratios, it will certainly be worthwhile to explore their use as
part of a suite of diagnostic tools, including other isotope ratios
(e.g. Zn, 61 S 6 ) or molecular markers. 
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