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 5 

ABSTRACT 6 

Background: The bioavailable supply of copper to ruminants has long been problematic. 7 
Complexities in supply exist due to interactions with other dietary elements in the rumen, 8 
most notably with iron or molybdenum in combination with sulphur, which can result in 9 
copper binding preventing its absorption. The molybdenum-sulphur-copper interaction has 10 
been extensively studied over the years. However, very little is known about the iron-sulphur-11 
copper interaction, especially its mode of action in the gastrointestinal tract.  12 

Methods: In the present work digesta from the rumen and jejunum of sheep fed a high 13 
copper, sulphur and iron diet was analysed using X-ray absorption spectroscopy (XAS).  14 

Results: X-ray absorption fine structure (XAFS) and X-ray absorption near edge structure 15 
(XANES) indicated that all of the copper and iron had changed in bonding in the rumen and 16 
that the oxidation state of the elements had been reduced into a mix of Fe2+ & Fe3+ and Cu+ 17 
with some Cu0.  18 

Conclusion: The copper compounds were most likely to be thiol co-ordinated in line with 19 
Cu+ chemistry. Changes to the copper compounds took place in the jejunum, although thiols 20 
were still highly favoured the possible existence of a copper-iron-sulphur complex which also 21 
included oxygen and chloride was also observed. This possibly has some resemblance to the 22 
crystal structure of bornite. 23 
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INTRODUCTION 27 

Iron and copper are both essential trace minerals in ruminant nutrition. However, intakes of 28 
over 150 mg Fe/kg can have a significant reduction on copper status in ruminants impacting 29 
on health, welfare and production [1–4]. Ruminants frequently consume iron in excess of this 30 
from forages (especially autumn herbage), water (principally non-potable sources), and soil 31 
(mainly from compacted or acidic soils) [5–8]. All of which can have a marked inhibitory 32 
effect on copper uptake and utilisation [9]. This antagonistic effect is unique to ruminants and 33 
is absent in monogastric animals and pre-ruminal calves. This indicates the interaction is 34 
dependent on a functional rumen [1] and also appears related to the abundance of sulphur in 35 
the rumen [10–12]. Despite wide recognition and experimental evidence of the existence of 36 
an interaction between these dietary elements [1,9,10,12,13] the mode of interaction between 37 



copper, iron and sulphur has not yet been successfully elucidated. Very little is known about 38 
how these elements interact to inhibit copper availability [10].  39 

In theory, within the rumen, iron could react with sulphide forming iron-sulphide complexes. 40 
These complexes could then dissociate and exchange with copper in the lower pH of the 41 
abomasum forming insoluble copper sulphide; thus decreasing available copper [10,14,15] 42 
(Fig. 1). An alternative, more recent theory, is that iron sulphide could react with copper 43 
directly, forming a copper-iron-sulphide complex which is non-absorbable [10,16] (Fig. 1).  44 

 45 

Figure 1: Hypothetical routes for copper antagonism by iron and sulphide. Hypothetical route 46 
a (dashed line) shows iron and sulphide combining in the rumen to create insoluble iron 47 
sulphide which travels to the abomasum where the lower pH elicits dissociation and 48 
exchange for copper creating insoluble copper sulphide. Hypothetical route b (solid line) 49 
shows iron, copper and sulphide combining within the rumen to create an insoluble moiety. 50 

The complexity of copper interactions in the rumen have been previously reviewed [10], and 51 
are not limited to iron. However, the unique and complex nature of the rumen environment 52 
and its microbial population, which cannot be effectively replicated in in vitro studies, may 53 
be of paramount importance to the mode of action in the iron-sulphur-copper antagonism, and 54 
may have prevented the effective elucidation of the mode of action to date. The chemical 55 
properties which make copper essential to life, such as its ability to change oxidation state, 56 
are also those which make it vulnerable to interaction and binding. The present work aimed to 57 
use X-ray absorption spectroscopy (XAS), which has never been previously used on digestive 58 
samples of in vivo origin to determine the oxidation state of copper and iron in the digesta 59 
from two regions of the digestive tract; the rumen and jejunum, from sheep fed a high copper, 60 
sulphur and iron diet. The work further aimed to provide information on the local co-61 
ordination bonding of copper and iron in these digestive regions in an attempt progress 62 
understanding of the mode of the antagonism. 63 



MATERIALS AND METHODS 64 

Animal experimental 65 

Three 9-10 month old Charollais x lambs (BW ~35 kg) were housed on inedible bedding 66 
(HempCore, Aubiose, Buckingham, UK) for a period of 5 days and fed a dried-grass only 67 
diet (0.8 kg/day, Graze-on, Northern Crop Driers, York, UK). After this acclimation period, 68 
the sheep were additionally fed a daily treatment creating a total elemental inclusion of; 500 69 
mg/kg DM iron (FeCl3·6H2O), 40 mg/kg DM copper (CuCl2·2H2O) and 4 g/kg DM sulphur 70 
(Na2SO4) from reagent grade sources mixed into 20 g of molasses (NAF, Monmouth, UK) for 71 
a period of 48 h prior to slaughter. Animal work was conducted under non-ASPA (AWERB 72 
Approval 000166) in line with ARRIVE guidelines. At slaughter, the digestive tract was 73 
carefully removed without puncturing. Then sectioned off using two cable ties to secure the 74 
junction and cut in between them to section the tract. Rumen and jejunum sections were snap-75 
frozen at the time of culling using an ethanol (>99%, VWR International Ltd, Lutterworth, 76 
UK) and solid carbon dioxide (Air Liquide, Stoke-on-Trent, UK) bath (-80 °C). The frozen 77 
sections were maintained at -20 °C once completely frozen and cut into smaller sections 78 
whilst still frozen using a band saw. The frozen digesta sections from the rumen and jejunum 79 
were then cut using a scalpel into blocks ~10 g ww and immediately returned to -20 °C prior 80 
to being subject to freeze-drying (Modulyo® M143, Edwards, Leicestershire, UK) until no 81 
further weight loss was recorded. Samples were released from vacuum using nitrogen 82 
(PRISM, Air products, Surrey, UK) and split into replicates. 83 

Determination of elemental concentration 84 

One replicate was subject to wet acid digestion and ICP-MS to confirm copper and iron 85 
concentration. From this replicate, approximately 0.1-0.2 g of freeze-dried digesta was 86 
weighed directly into a Teflon microwave digestion tube (HVT50, Anton Paar, St Albans, 87 
UK) and incubated for 1 h with 3 ml ≥69.0% HNO3 (TraceSELECT™, Honeywell Fluka™, 88 
Fisher Scientific, Loughborough, UK), 3 ml deionised water (Purite hp 160, Suez, Thame, 89 
UK. 17 MΩ cm), and 2 ml 30% H2O2 (Fisher Scientific, Loughborough, UK >99%), then 90 
digested for 45 minutes (10 min ramp to 140 ˚C, 20 min hold, then 15 min cooling at 55 ˚C) 91 
in a Multi-wave 3,000 microwave (Anton Paar, St Albans, UK), alongside blanks and 92 
reference material (1577c, Bovine Liver, National Institute of Standards and Technology, 93 
USA). Digested samples were transferred and then washed into universal tubes (Sarstedt Ltd., 94 
Leicester, UK) with 7 ml of deionised water (Purite hp 160, Suez, Thame, UK. 17 MΩ cm) 95 
and inverted to mix, prior to a 500 µl sample taken for ICP-MS (XSeriesII, Thermo Fisher 96 
Scientific, Waltham, USA). Samples and calibration standards were diluted (500 µl sample 97 
with 9.5 ml diluent) in a diluent containing 0.1% of a non-ionic surfactant (‘Triton X-100’ 98 
and ‘antifoam-B’; Sigma Aldrich, Dorset, UK), 2% methanol and 1% HNO3 (69.0% HNO3, 99 
TraceSELECT™, Honeywell Fluka™, Fisher Scientific, Loughborough, UK),  including the 100 
internal standards Ir (5 mg/l), Rh (10 mg/l), Ge (50 mg/l) and Sc (50 mg/l). The selection of 101 
diluent used for ICP-MS analysis was chosen to supress the fat and foam generated by 102 
proteins when plasma samples on the same ICP-MS run. All calibrations were in the range 0-103 
50 mg/l (Claritas-PPT grade CLMS-2 from Certiprep/Fisher Scientific, Loughborough, UK). 104 
Results were then calibrated to pre-diluted concentrations and adjusted for background using 105 
blank correction. 106 



Digesta preparation for XAS 107 

The second replicate was prepared for XAS analysis by grinding into a homogenous powder 108 
using a pestle and mortar and sieving to <120 µm in a nitrogen atmosphere. Ground samples 109 
were nitrogen flushed, capped and sealed in the nitrogen atmosphere until analysis. Powdered 110 
samples were prepared into aluminium sample holders (Diamond Light Source, Oxfordshire, 111 
UK) by careful placement onto a 7 mm square piece of polyamide film (25 µm thickness, 112 
DuPont, Stevenage, UK). Samples were compacted with a spatula in the centre to align with 113 
the sample holder window at a thickness of 0.5-0.8 mm and covered with a second square of 114 
polyamide film secured with silicone adhesive polyamide tape (Kapton®, DuPont, 115 
Stevenage, UK) to create a sealed compartment. The back was then screwed on to the sample 116 
holder. Standards comprising copper sulphate (CuSO4·5H2O, Acros Organics, New Jersey, 117 
USA. 99-102%), iron sulphate (Fe2(SO4)3·9H2O, VWR, Leicestershire, UK. >99%), bornite 118 
and chalcopyrite (Cu5FeS4 & CuFeS2 from crystalline ore. >95% purity, determined by XRD) 119 
were prepared into 13 mm diameter pellets using a pelleting press (Atlas 25T, Specac, Kent, 120 
UK). Pellets contained 120 mg of reference compound (calculated by formula weight) 121 
weighed and mixed into homogeneity with dried cellulose binder in an agate mortar. Standard 122 
pellets were analysed in transmission mode alongside a copper or iron foil (I20, Diamond 123 
Light Source, Oxfordshire, UK) which were placed in-line with the incident beam with the 124 
standards.  125 

XAS Analysis 126 

XAS data for the samples were collected in fluorescence mode at beamline I20-Scanning at 127 
the Diamond Light Source (Oxfordshire, UK). Samples were subject to the X-ray beam 128 
monochromated by Si (111) crystals. The XAS spectra were collected at the copper (8979 129 
eV) K-edge and iron K-edge (7112 eV).  Spectra were recorded in fluorescence mode using 130 
the 64-pixel Ge detector (Canberra, Oxfordshire, UK) at 90° to the incident beam. The 131 
incident and transmitted X-ray intensities were monitored using ionization chambers. During 132 
data collection, samples were maintained at a temperature of -196.15 ˚C using a LN2 cryostat 133 
(Oxford instruments, Abingdon, UK) to minimise the effects of radiation damage. For each 134 
sample, six to eight 30 min scans for copper K-edge data and six to eight 30 min scans for 135 
iron K-edge data were performed due to the dilute nature of the samples. The initial scans 136 
were carefully observed for indications of change due to radiation damage. Radiation damage 137 
of the sample was observed when a second scan was taken at the same point, therefore the 138 
beam position (beam size at sample point HxV = 400 x 300 µm) was adjusted by altering the 139 
scan position using the x and y axis between each scan of a distance exceeding 2 mm to 140 
ensure each new scan would be performed on undamaged sample. Whilst this design did not 141 
calculate how long it would take for the sample to become damaged there was good 142 
agreement between the scans and only scans that were identical apart from noise were 143 
merged into the final data set mitigating against the effects of damage. The K-range of the 144 
XAS spectra was limited to 10 Å due to the presence of a zinc absorption edge at 9659 eV, 145 
which distorted the XAS signal beyond this point.  146 

Data analysis 147 



All XAS scans, transmission and fluorescence, were calibrated, aligned, background 148 
removed, rebinned and normalised using Athena v 0.9.25 (Ravel and Newville, 2005) 149 
generating X-ray absorption near edge structure (XANES) spectra. Where appropriate, scans 150 
were merged to reduce the signal to noise ratio at further Å. X-ray absorption fine structure 151 
(XAFS) spectra were extracted from µ(E) based on an estimate of the free-atom absorption. 152 
Data was extrapolated into K-space where the amplitude and phases were calculated using 153 
FEFF1 to fit χ(k) to a variation of non-linear least-squares curve fitting. Historically, this data 154 
type is difficult to evaluate in K-space thus, the data and the fit were transformed through 155 
Fourier transform to a radial structure function (R-space) for analysis. XAFS spectra were 156 
then peak fitted in R-space using IFFEFIT1 of Fourier transformed data analysed through 157 
Artemis v 0.9.25 (Ravel and Newville, 2005). Goodness of fit was determined where R 158 
values were <0.02 and Debye–Waller factors (σ2) were ~0.02. The likelihood of contributions 159 
and similarity to the standards was established through the use of principle component 160 
analysis (PCA) and linear combination fitting (LCF). Goodness of fit was determined where 161 
R values were <0.02. 162 

RESULTS 163 

XANES of the copper K-edge 164 

Analysis of XANES spectra from XAS data is an interpretive process. Results are 165 
extrapolated from the features of the spectra generated in comparison to previous work, 166 
crystallographic data and using fingerprinting techniques. The absorption energy (E0) of the 167 
rumen digesta indicates that the average oxidation state of copper in both the rumen and 168 
jejunum samples is likely to be between Cu0 and Cu+. The E0 for both rumen and jejunum 169 
samples lie very close to the E0 of metallic copper 8979.3 eV at 8980 and 8981 eV 170 
respectively (Fig. 2). This average oxidation is likely to represent some copper in its Cu+ 171 
oxidation state alongside the presence of a notable proportion of Cu0; elemental or metallic 172 
copper. The XANES spectra are identical for the pre-edge and edge regions between the 173 
rumen and jejunum samples when plotted in energy (eV) (Fig 2). The only difference is a 174 
slightly lower magnitude in the jejunum samples at the edge maxima alongside a slight 175 
shoulder at the crest at 8997 eV which is absent in the rumen samples (Fig. 2). However, the 176 
spectra differ greatly in the post edge region (8995-9374 eV) especially when the data is 177 
plotted in R and K space (Fig. 2). The spectra generated for both digesta samples is more 178 
consistent with copper in a three or four co-ordinated geometry, most likely in a tetrahedron. 179 
The features of elemental copper at 8981 and 9026 eV are absent and those at 8994 and 9004 180 
eV are largely diminished in the sample spectra. The absence of the edge feature at 8986 eV 181 
present on bornite and at 8983 eV on the liver sample suggest that the local co-ordination 182 
bonding may be similar but not identical to these compounds. From looking at the spectra it 183 
is evident that the copper has changed in bonding from its initial copper compound; divalent 184 
(Cu2+) copper chloride as evidenced by the energy shift away from Cu2+ and changes in the 185 
magnitude and spectra generated (Fig. 2). 186 

 
1 IFEFFIT: interactive EXAFS analysis and FEFF fitting. M. Newville, J. Synchrotron Rad. 8, pp 322--324 
(2001). 



 187 

Figure 2. Cu K-edge XANES spectra in energy (eV) for rumen and jejunum digesta samples 188 
versus XANES spectra from standards copper(2+) sulphate, chalcopyrite(Cu+), bornite(Cu+) and 189 
metallic (elemental) copper(Cu0) and data reported by Klaiphet et al., for copper(2+) chloride. 190 

XAFS peak fitting to the copper K-edge 191 

The XAFS spectra from the rumen and jejunum samples differed greatly (Fig 3), indicating 192 
changes in copper bonding as digestion progresses. Analysis of the XAFS data plotted in K-193 
space demonstrated the signal to noise ratio present past 8 Å would negatively impact model 194 
fitting results beyond this point. K2 weighted XAFS data were peak fitted between 1-4.5 Å 195 
for the data. Beyond this point the peaks became less distinguishable.  196 

 197 

Figure 3. Normalised Fourier transformed copper K-edge data plotted in R-space for rumen 198 
and jejunum samples. 199 

 200 

The rumen Cu K-edge data initial distance for the first shell was consistent with sulphur, and 201 
fitted well with tetrahedral co-ordination, consistent with the XANES spectral observations. 202 
All other further paths fitted well with additional copper atoms as single scattering or as a 203 



double forward scattering pathway at 5 Å. The number of fits which were successfully fitted 204 
to Cu-Cu were unexpectedly high and showed some similarity to data from the metallic 205 
copper standard (Fig 4). The similarity of distance in shells at 2.2, 4.0 and 4.9 Å, although 206 
different in magnitude support the XAFS model for Cu-Cu bonds. Additionally, the closeness 207 
of E0 for both rumen and elemental copper suggests that elemental copper may be a 208 
contributing compound in the rumen digesta.  209 

 210 

 211 

Figure 4. Normalised Fourier transformed copper K-edge data plotted in R-space for rumen 212 
sample and metallic (elemental) copper standard. 213 

Table 1. XAFS peak fit n co-ordination number, interatomic distances R(Å) and Debeye-214 
Waller factors σ2(Å2) for best fit data for rumen copper K-edge. R-factor indicates goodness 215 
of fit (<0.02). 216 

    Co-ordination shell    

Sample Path n 𝑺𝟎
𝟐 R(Å) σ2(Å2) 𝑬𝟎 Reduced 

χ2 
R-factor 

Rumen Cu-S 4 0.9 2.096 0.184 (±0.023) 3.64 2735 0.019 

 Cu-Cu 6 - 2.553 0.008 (±0.0005) - - - 

 Cu-Cu 4 - 3.61 0.013 (±0.004) - - - 

 Cu-Cu 6 - 4.421 0.006 (±0.002) - - - 

 Cu-Cu-Cu-Cu 8 - 5.105 0.012 (±0.025) - - - 

 217 

The Cu K-edge data for the first shell of the jejunum sample was fitted with a single 218 
scattering oxygen pathway ~1.9 Å followed by three co-ordinated sulphur single scattering 219 
pathways at ~2.3 Å, consistent with the XANES observations of tetrahedrally co-ordinated 220 
copper. The further shells were less easily defined in this model and were best represented by 221 
a single scattering chlorine pathway at ~3 Å (n 2) followed by a double scattering pathway 222 
comprising sulphur and iron at ~4 Å (n 4), a further single scattering sulphur pathway at ~4.3 223 
Å (n 3) and lastly a single scattering iron pathway (n 1) at ~4.5 Å (Table 2). 224 



Table 2. XAFS peak fit n co-ordination number, interatomic distances R(Å) and Debeye-225 
Waller factors σ2(Å2) for best fit data for jejunum copper K-edge. R-factor indicates goodness 226 
of fit (<0.02). 227 

    Co-ordination shell    

Sample Path n 𝑺𝟎
𝟐 R(Å) σ2(Å2) 𝑬𝟎 Reduced 

χ2 
R-factor 

Jejunum Cu-O 1 1.05 1.899 0.012 (±0.011) 6.06 1707 0.019 

 Cu-S 3 - 2.318 0.013 (±0.005) - - - 

 Cu-Cl 2 - 2.914 0.008 (±0.002) - - - 

 Cu-S-Fe 4 - 4.102 0.0002 (±0.012) - - - 

 Cu-S 3 - 4.371 0.023 (±0.024) - - - 

 Cu-Fe 1 - 4.510 0.006 (±0.007) - - - 

Principle component analysis (PCA) and linear combination fitting (LCF) models were used 228 
to test the similarity of the data to the standards. The rumen data confirmed the XAFS 229 
observations that contributions by metallic copper was very likely, and some similarity to 230 
bornite was indicated (R 0.007). The jejunum data had similar observations with the most 231 
resemblance to bornite and a possible contribution at a lower inclusion for elemental copper 232 
(R 0.002). 233 

 234 

XANES of the Iron K-edge 235 

The E0 obtained from the iron K-edge in the rumen and jejunum digesta indicates that the 236 
average oxidation state of iron is likely to be a mixture of Fe2+ and Fe3+ as edges for these 237 
samples were at 7124.7 and 7125.2 eV respectively. Close comparison of the E0 and XANES 238 
spectra indicates that the rumen samples contain a higher proportion of iron as Fe2+ than 239 
those in the jejunum. The spectra for the rumen and jejunum samples are very similar when 240 
plotted in energy (eV) (Fig. 5). The E0 values are very close and the spectral shapes share the 241 
same edge features at 7115 eV. The two spectra are differentiated by slight difference in peak 242 
magnitude at ~7117 eV and a lower magnitude at the edge maxima in the rumen sample 243 
consistent with a higher proportion of Fe2+ (Fig. 5). Iron in the digestive samples differs 244 
greatly in XANES spectra and E0 value from the fed compound; iron(3+) chloride, indicating 245 
complete speciation from the initial compound. The iron appears to resemble the XANES 246 
spectra from iron(3+) sulphate most closely. Both samples and iron(3+) sulphate appear similar 247 
in binding energy and spectral shape. Although, the sulphate has a peak of higher magnitude 248 
at the edge maxima and the pre-edge features of the samples at ~7115 eV are more 249 
pronounced. The spectra share very little commonality with those of chalcopyrite and bornite. 250 
There is also some resemblance in XANES spectra to Fe2+ sulphide. Which could suggest a 251 
mixture of iron(3+) sulphate and iron(2+) sulphide. Although, the spectra differ sufficiently that 252 
this cannot be an exact match, it is consistent with the measured oxidation states of the 253 
digestive samples and both the pre-edge features and edge maxima occur at similar energies 254 
(Fig. 5). 255 

 256 



 257 

Figure 5: Fe K-edge XANES spectra in energy (eV) for rumen and jejunum digesta samples 258 
versus XANES spectra from standards iron(3+) sulphate, chalcopyrite(Fe3+) and bornite(Fe2+) and 259 
data reported by He et al., for iron(3+) chloride and data reported by Fittschen et al., for 260 
iron(2+)  sulphide. 261 

 262 

XAFS peak fitting of the iron K-edge 263 

The XAFS spectra for both rumen and jejunum samples at the iron K-edge look superficially 264 
different but appear to have similarity with respect to their peak distance (Fig 6). There is 265 
similarity in peak distance at 1.5, 2.3, 2.8, 3.4 and 4.4 Å with a similar magnitude at 3.4 Å 266 
too. Suggesting that the contributing atoms may be similar but with slightly different bond 267 
lengths and co-ordination numbers.  268 

 269 



Figure 6. Normalised Fourier transformed iron K-edge data plotted in R-space for rumen and 270 
jejunum samples. 271 

The data were both fitted with single scattering oxygen at 1.2 Å (n 3) to fit the initial peak. 272 
The XANES spectra for these samples are indicative of tetrahedral, trigonal bi-pyramidal or 273 
square pyramidal. Although, increasing the co-ordination to 4 or 5 in these samples reduced 274 
the quality of the fit to the initial peak. The next peaks created good fits with single scattering 275 
sulphur atoms. The atoms varied in their radial distance and co-ordination number to allow 276 
the peak distance and magnitude to be plotted. After 3 Å the sample spectra shares the most 277 
similarity, notwithstanding magnitude in some peaks. These peaks were fitted with an 278 
oxygen-sulphur obtuse triangle scattering pathway, a single scattering sulphur pathway and 279 
an obtuse triangle sulphur-iron scattering pathway respectively, using differing co-ordination 280 
to replicate magnitude (Table 3). 281 

Table 3. XAFS peak fit n co-ordination number, interatomic distances R(Å) and Debeye-282 
Waller factors σ2(Å2) for best fit data for rumen and jejunum iron K-edge. R-factor indicates 283 
goodness of fit (<0.02). 284 

    Co-ordination shell    

Sample Path n 𝑺𝟎
𝟐 R(Å) σ2(Å2) 𝑬𝟎 Reduced 

χ2 
R-factor 

Rumen Fe-O 3 0.9 1.997 0.006 (±0.002) 1.86 2423 0.01 

 Fe-S 1 - 2.444 0.000 (±0.001) - - - 

 Fe-S 2 - 2.636 0.006 (±0.003) - - - 

 Fe-O-S 2 - 3.351 0.001  (±0.007) - - - 

 Fe-S 8 - 4.043 0.029 (±0.001) - - - 

 Fe-S-Fe 8 - 4.776 0.001 (±0.003) - - - 

Jejunum Fe-O 3 1.15 1.997 0.007 (±0.003) -1.01 743 0.01 

 Fe-S 1 - 2.444 0.009 (±0.005) - - - 

 Fe-S 4 - 2.636 0.051 (±0.023) - - - 

 Fe-O-S 4 - 3.351 0.005  (±0.003) - - - 

 Fe-S 8 - 4.043 0.04 (±0.011) - - - 

 Fe-S-Fe 4 - 4.776 0.046 (±0.106) - - - 

PCA and LCF were conducted on the rumen and jejunum data sets. The results indicated that 285 
contributions from iron sulphate were the most likely, with some similarity to bornite, 286 
although the model could not fully describe the data set (R 0.019 and R 0.012 respectively). 287 

 288 

DISCUSSION 289 

The XAS data provided evidence that copper present in both digestive regions, especially in 290 
the rumen, had a high likelihood of being present as Cu+ with some contribution from Cu0. 291 
The transition from Cu2+ into Cu+ can be explained through the low redox potential (defined 292 
as <100 mV, but often negative) of the rumen [19,20]. This environment is sufficient to 293 
promote the reduction of Cu2+ into Cu+ using a similar mechanism to the intracellular 294 



environment; which is known to create an environment more conducive to Cu+ than Cu2+ 295 
[21,22] through the maintenance of a cytoplasmic redox potential between -240 and -290 mV 296 
[23]. At -350 mV [19], the rumen, although extracellular, creates a strong reducing 297 
environment able to promote the spontaneous reduction of dietary Cu2+ into Cu+ in a similar 298 
way. Thermodynamically, the spontaneous reduction of Cu2+ into Cu+ is supported where the 299 
concentration of Cu+ is lowered through complexation with the abundant rumen ligands; 300 
consequently lowering the ratio of Cu+:Cu2+. Subsequently, Cu2+ is reduced to Cu+ to re-301 
establish the original ratio valid at the redox potential [24].  302 

Interestingly, the oxidation state of rumen copper was surprisingly close to metallic copper, 303 
only 1 eV above the Cu0 E0. Photo-reduction can occur in samples where the beam causes 304 
radiation damage to the sample reducing the E0 [25]. In this experiment the sample position 305 
was moved to a distance at least twice the beamline width between each scan to ensure a new 306 
area was scanned each time and only identical scans were merged to minimise this effect. 307 
Whilst these steps were taken to minimise any beam damage, the scope for photoreduction 308 
could not be quantified in the present study. Both the XAFS peak fitting model and XANES 309 
spectra demonstrated some resemblance to metallic copper. The results of the PCA and LCF 310 
also suggested that there was a component of metallic copper present in the heterogeneous 311 
rumen sample despite the limitations of the model preventing an accurate percentage 312 
contribution from being obtained.  313 

It is feasible to cycle reversibly between Cu0 and Cu+ by exposing nanoparticles (<25 nm) to 314 
oxidising conditions such as exposure to air, and reducing conditions like those in the rumen 315 
environment [26]. Within the rumen there are several strong reducing agents with the 316 
potential to elicit an electron exchange to Cu0 from Cu+ including; Fe2+ compounds, sulphite 317 
(SO3

2−) containing compounds, sugars which contain a free aldehyde or ketone group (CHO or 318 
CO respectively), and even ascorbic acid (vitamin C). Each of which could further reduce 319 
copper as Cu+ into Cu0. In addition to a low redox potential, unbound Cu+ in aqueous solution 320 
is able to disproportionate; a reaction where the intermediate ion is able to both oxidise and 321 
reduce itself. In this case, Cu+ would disproportionate into Cu2+ and Cu0 following the 322 
equation; 2Cu+

(aq)⇌Cu2+
(aq)+Cu0

(s) [21]. If the reducing nature of the rumen promotes 323 
formation of aqueous Cu+ then a proportion of the resulting Cu+ could become bound to 324 
competing rumen ligands. Since disproportionation can only occur with simple aqueous Cu+ 325 
complexes, such as Cu+ salts in solution, complexation with ligands, other than water, will 326 
stabilise the copper in its Cu+ state [27]. The remaining proportion of Cu+ could potentially 327 
disproportionate, producing some Cu0 which is stable, and some Cu2+ which is instantly 328 
reduced into Cu+ again by the rumen environment to be subject to further competition. The 329 
presence of metallic copper poses a problem for the rumen environment. The microbiota 330 
which are present there are fundamentally ill-equipped to handle copper [28–30], and the 331 
anti-microbial properties of metallic copper are well documented [31–33], although the mode 332 
of action is reliant on direct surface contact with the bacteria and is inhibited in solution 333 
[32,33]. Thus, it is possible that a small percentage of the rumen copper could be present as 334 
nano-particulate metallic copper.  335 

The evidence gathered in this study indicated that the digestive copper compounds differ 336 
notably from the fed copper source which was Cu2+ as copper chloride (CuCl₂·2H₂O). 337 
Evidence from the E0, XAFS and XANES spectra all support the notion that this copper 338 



source was subject to dissociation within the rumen and no proportion of copper chloride 339 
remained. Previous work has used computer modelling to estimate the likelihood of Cu2+ 340 
speciation in the bovine rumen from; copper chloride, copper glycine, copper lysine and 341 
copper methionine, which found that 60% of copper regardless of initial source was likely to 342 
be present as carbonate species, followed by; phosphate (24%), acetate (10%), other volatile 343 
acids (4%), ammonia (1%) and aquated copper (0.2%) [34]. The present data agrees that 344 
speciation of the copper source takes place, but the present trial did not create a viable XAFS 345 
peak fit with Cu+ carbonate. The XANES spectra were also very different between the rumen 346 
sample data and reference spectra from copper carbonate, copper phosphate, copper acetate, 347 
and copper citrate (not shown) indicating that these were not the predominant species of 348 
copper present in the rumen. The previous trial used computer modelling in combination with 349 
some simulated rumen fluid work to generate their data. It is likely that this model was 350 
insufficient to fully replicate the rumen environment and as such may have led to an 351 
overestimation of the contribution of salivary complexes (carbonate and phosphate); 352 
explaining the absence of these compounds in the in vivo data presented here. 353 

The XANES analysis indicated that the rumen compound was likely to be 3 or 4 co-ordinated 354 
which was corroborated by the XAFS peak fit which created a good fit with four co-ordinated 355 
sulphur atoms in the first shell. The resemblance of XANES spectral shape to bornite, 356 
cysteine and Cu+ sulphide, all of which comprise Cu+ 3 or 4 co-ordinated to sulphur, strongly 357 
suggest that the majority of copper in the rumen may be in a Cu+ thiol complex. The fit 358 
created with tetrahedral sulphur co-ordination in the first shell is inconsistent with metallic 359 
copper and the spectra plotted in both energy and R space indicate that at least one other 360 
copper containing compound is present. A Cu+ thiolate compound is supported by synergistic 361 
bonding creating a stable complex [35]. Notably, Cu2+ thiolate compounds are known to be 362 
unstable in solution and within the rumen could be reduced into Cu+, whereas Cu+ sulphur 363 
compounds which are either formed or fed are particularly effective at stabilising copper. 364 
Using the hard-soft acid-base theory, the soft-soft interaction of Cu+ and sulphur will occur 365 
more rapidly and form a stronger bond than Cu2+S. This principle is also seen in biological 366 
thiol complexes. Cu2+ complexes with glutathione and cysteine are much less stable than Cu+ 367 
complexes due to the soft Lewis acid character of Cu+ [36]. Glutathione is known to reduce 368 
Cu2+ to Cu+ during complex formation [24], this suggests that in Cu+-thiol complexes Cu2+ is 369 
first reduced to Cu+ in the presence of the thiol and then complexes as a result of the specific 370 
complexation of Cu+ [24].  371 

Beyond the pre-edge and edge regions the rumen and jejunum copper spectra were very 372 
different. The XAFS peak fitting indicated that there were substantial changes in copper 373 
speciation between the two regions of the digestive tract. The copper in the jejunum also 374 
shared the greatest resemblance in XANES spectra to bornite, cysteine and Cu+ sulphide, 375 
indicative of a 3 or 4 co-ordinated compound. This compound was successfully XAFS peak 376 
fitted with an oxygen-sulphur tetrahedron in its first shell and further shells fitted with 377 
chlorine, iron and sulphur. The combination of both iron and sulphur in this fit provide the 378 
first insight of a compound containing the elements in the copper-iron-sulphur antagonist 379 
pathway. The PCA and LCF showed the greatest similarity to bornite; a copper, iron, sulphur 380 
complex known in nature.  381 



Bornite is an insoluble, copper-iron-sulphide with the chemical formula Cu5FeS4. Its 382 
crystalline shape is orthorhombic at biological temperatures with four sulphur atoms, five 383 
copper atoms and one iron atom making up the cubic unit. The first copper atom is 384 
tetrahedrally co-ordinated with sulphur with copper in its Cu+ oxidation state and iron as Fe2+ 385 
[37,38]. While the jejunum compound shares the tetrahedral co-ordination, in the present 386 
model it comprised three sulphur and one oxygen atoms. Due to the partial occupancy of the 387 
bornite shell structure it was not possible to create and XAFS peak fit using bornite 388 
preventing the similarity of local geometry and co-ordination between these two compounds 389 
from being established. However, it is not expected that enough similarity exists between the 390 
two compounds for the peak fit to be valid. It appears that only a small similarity exists 391 
between these two compounds, but perhaps gives a first insight into a similar structure 392 
worthy of further investigation for this antagonist compound. 393 

The XAS data indicated that the effects of the rumen as a reducing environment also affected 394 
the oxidation state of iron, albeit to a lesser extent than copper since a proportion of the iron 395 
present was still likely to be Fe3+ in the heterogeneous sample. There appeared to be a higher 396 
proportion of iron as Fe2+ in the rumen in comparison to the jejunum. It is possible that in its 397 
available Fe2+ form, the Divalent Metal Transporter (DMT1) is able to effectively absorb iron 398 
in the earlier parts of the small intestine lowering the proportion of Fe2+ in the digesta by the 399 
time it reaches the jejunum.   400 

The XANES and XAFS spectra were very similar for both digestive regions, differing only in 401 
peak magnitude. Suggesting that although some of the compounds may undergo changes the 402 
majority of the iron is consistently complexed as it moves through the digestive regions. The 403 
spectra and E0 of the sample data were very different from that of the fed compound, in 404 
agreement with the copper data. This suggests that soluble iron compounds can also change 405 
their bonding within the rumen environment. A comparison of the XAFS and XANES data 406 
suggested that the iron compound was tetrahedrally co-ordinated by three oxygen and one 407 
sulphur atom and bore the most resemblance to Fe2+ sulphide and Fe3+ sulphate, potentially 408 
suggesting a mixture involving both species. The abundance of sulphur in the XAFS fit for 409 
the further shells could explain the similarity between these spectra. In addition to iron 410 
sulphate there was also some resemblance to bornite in the LCF, although the potential 411 
contribution by iron sulphate was much greater. Unfortunately, no copper atoms could be 412 
successfully fitted into the iron XAFS peak fit. The absence of copper could be explained by 413 
a much lesser proportion of iron being involved in the copper-iron-sulphur pathway; perhaps 414 
in a similar ratio to that observed in bornite of 5:1 Cu:Fe. Since iron is generally present in a 415 
greater concentration than copper in digesta it is possible that the proportion of iron 416 
interacting in the copper-sulphur moiety is too small to impact the overall spectra of iron 417 
itself. The two main modes of action hypothesized for this pathway suggest that iron may 418 
displace copper in the sulphide complex, or, that a copper-iron sulphide complex forms. Both 419 
modes of action are still possible based on the evidence from this trial. If a compound similar 420 
to copper-iron sulphide is forming it has been indicated to be closer in structure to bornite 421 
than chalcopyrite. The elimination of direct sulphide formation cannot be ruled out, the 422 
similarity of spectra and number of fits which were enhanced through thiol and sulphur 423 
groups show the effects of this abundant ligand in the rumen. The indications from this trial 424 
suggest that copper complexation with iron and sulphur may occur beyond the rumen and 425 



may involve a more complex compound involving oxygen and chlorine, most likely as 426 
chloride, in addition to copper sulphur and iron.  427 
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