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SUMMARY: 33 
This article explains in detail a systematic approach to assess micro-mineral availability in Atlantic 34 
salmon. The methodology includes tools and models with increasing biological complexity: (1) 35 
chemical speciation analysis, (2) in vitro solubility, (3) uptake studies in cell lines, and (4) in vivo 36 
fish studies.  37 
 38 
ABSTRACT: 39 
Assessing the availability of dietary micro-minerals is a major challenge in mineral nutrition of 40 
fish species. The present article aims to describe a systematic approach combining different 41 
methodologies to assess the availability of zinc (Zn) in Atlantic salmon (Salmo salar). Considering 42 
that several Zn chemical species can be present in an Atlantic salmon feed, it was hypothesised 43 
that Zn availability is influenced by the Zn chemical species present in the feed. Thus, in this study, 44 
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the first protocol is about how to extract the different Zn chemical species from the feed and to 45 
analyze them by a size exclusion chromatography-inductively coupled plasma mass spectroscopy 46 
(SEC-ICP-MS) method. Subsequently, an in vitro method was developed to evaluate the solubility 47 
of dietary Zn in Atlantic salmon feeds. The third protocol describes the method to study the 48 
impact of changing Zn chemical species composition on the uptake of Zn in a fish intestinal 49 
epithelial model using a rainbow trout gut cell line (RTgutGC). Together, the findings from the in 50 
vitro methods were compared with an in vivo study examining the apparent availability of 51 
inorganic and organic sources of Zn supplemented to Atlantic salmon feeds. The results showed 52 
that several Zn chemical species can be found in feeds and the efficiency of an organic Zn source 53 
depends very much on the amino acid ligand used to chelate Zn. The findings of the in vitro 54 
methods had less correlation with that outcome of the in vivo study. Nevertheless, in vitro 55 
protocols described in this article provided crucial information regarding Zn availability and its 56 
assessment in fish feeds.  57 
 58 
INTRODUCTION:  59 
Fish meal and fish oil were traditionally used in Atlantic salmon feed. However, these ingredients 60 
are being increasingly replaced by plant-based ingredients1. The aforementioned shift in feed 61 
composition has resulted in low dietary availability and an increased need for improving mineral 62 
availability in Atlantic salmon feeds, especially zinc (Zn)2. The reduced availability might be a 63 
result of a change in the Zn level, Zn chemical species or/and antinutritional factors present in 64 
the feed matrix. In this scenario, a new array of additives generically considered as ‘organic 65 
sources’ have emerged with potential of being a better available source of dietary minerals to 66 
fish. Therefore, it is important to understand fundamental chemistry and physiology governing 67 
the availability of minerals and their sources to fish. Zinc is an essential trace element for all living 68 
organisms3. The role of Zn as a signaling molecule has been described at both the paracellular 69 
and intracellular level in fish4. In Atlantic salmon, Zn deficiency has been associated with skeletal 70 
abnormalities and reduced activity of various Zn metalloenzymes5,6. 71 
 72 
This study describes a systematic approach to understand Zn availability by categorizing it into 73 
four different compartments of varied chemical and biological complexity. The methods involved 74 
are described in four sections, as can be seen in Figure 1: (1) evaluation of Zn chemical species in 75 
the soluble fraction of an Atlantic salmon feed using a size exclusion chromatography-inductively 76 
coupled plasma mass spectroscopy (SEC-ICP-MS) method7; (2) in vitro solubility of supplemented 77 
Zn in Atlantic salmon feed; (3) evaluation Zn chemical species uptake by in vitro intestinal model 78 
(RTgutGC)8; and (4) apparent availability of Zn in Atlantic salmon (Salmo salar)9. Similar protocols 79 
can be developed for other minerals (e.g., manganese, selenium, copper) of nutritional interest 80 
to aquaculture fish species. 81 
 82 
PROTOCOL: 83 
The feeding trial in section 4 was performed according to Norwegian (FOR-2015-06 − 18-761) and 84 
European legislation (Directive 2010/63/EU).  85 
 86 
1. Evaluation of Zn chemical species in the soluble fraction of an Atlantic salmon feed using a 87 
SEC-ICP-MS method 88 



   

 
 

 89 
1.1. Extraction buffer (100 mM Tris-HCl, pH 8.5) 90 
 91 
1.1.1. Prepare the extraction buffer by dissolving an appropriate amount of 92 
tris(hydroxymethyl)aminomethane to reach the desired ionic strength (100 mM) in ultrapure 93 
H2O.  94 
 95 
1.1.2. Adjust the pH of the solution to pH 8.5 with HCl solution, monitoring the pH change with a 96 
pH meter. 97 
 98 
1.2. Preparation of feed samples 99 
 100 
NOTE: The feed sample used was formulated based on commercial feed for Atlantic salmon, 101 
containing protein sources mainly from plant-based ingredients (i.e., approximately 5% fish 102 
protein, 10% fish oil, 68% plant-based protein and 12% plant-based oil). Zinc sulphate was 103 
supplemented to the feed. 104 
 105 
1.2.1. Grind the feed sample by hand using a pestle and a mortar. 106 
 107 
1.2.2. Sieve the feed sample to ensure that the extraction is performed in a feed fraction with 108 
similar particle size (from 850 µm to 1.12 mm). 109 
 110 
1.2.3. Proceed to perform the Zn extraction. 111 
 112 
1.3. Zinc extraction from a feed sample 113 
 114 
1.3.1. Weigh approximately 0.5 g of feed in triplicate into 15 mL conical tubes. 115 
 116 
1.3.2. Add the extraction buffer (5 mL of 100 mM Tris-HCl, pH 8.5) to the samples. 117 
 118 
1.3.3. Extract the samples in a rotator (20 rpm) at 4 °C for 24 h. 119 
 120 
1.3.4. Separate the soluble and non-soluble fractions by centrifugation for 10 min at 3000 x g. 121 
 122 
1.3.5. Use a 0.45 µm disposable syringe filter to filter the soluble fraction. 123 
 124 
1.3.6 Transfer the filtered samples to clean tubes. 125 
 126 
1.3.7. Perform the Zn speciation analysis in the soluble fractions using SEC-ICP-MS, as described 127 
in step 1.6.  128 
 129 
NOTE: A summary of the procedure for Zn extraction from a feed sample is described in Figure 130 
2. 131 
 132 



   

 
 

1.4 Mobile phase solution (50 mM Tris-HCl + 3% MeOH, pH 7.5) 133 
 134 
1.4.1. Prepare the mobile phase solution dissolving 6.057 g of tris(hydroxymethyl)aminomethane 135 
in 1 L of 3% MeOH solution (v/v). 136 
 137 
1.4.2. Adjust the pH of the solution to pH to 7.5 with HCl solution, monitoring the pH change with 138 
a pH meter. 139 
 140 
1.4.3. Filter the mobile phase solution through a 0.45 μm membrane filter. 141 
 142 
1.5. Molecular weight calibration of the SEC column separation range 143 
 144 
1.5.1. Calibrate the separation range by performing a molecular weight calibration.  145 
 146 
NOTEL: In this study thyroglobulin (660 kDa), Zn/Cu superoxide dismutase (32 kDa), myoglobin 147 
(17 kDa) and vitamin B12 (1.36 kDa) were used. 148 
 149 
1.5.2. Prepare each of the standards with a known concentration in ultrapure H2O. 150 
 151 
1.5.3. Prepare a high-performance liquid chromatography (HPLC) vial by adding 250 µL of 152 
standard to a vial. 153 
 154 
1.5.4. Load the vials with standards to the sequence run of the samples. 155 
 156 
1.5.4. Run the molecular weight calibration at the beginning and at the end of the analytical 157 
sequence, monitoring 127I (thyroglobulin), 66Zn (Zn/Cu superoxide dismutase), 57Fe (myoglobin) 158 
and 59Co (vitamin B12). 159 
 160 
NOTE: The molecular weight calibration is simultaneously performed with the Zn speciation 161 
analysis. 162 
 163 
1.6. Zinc speciation analysis using SEC-ICP-MS 164 
 165 
NOTE: The Zn speciation analysis by the SEC-ICP-MS method was developed based on principles 166 
described elsewhere10,11 and further optimization was performed for the analysis of an Atlantic 167 
salmon feed7. 168 
 169 
1.6.1. Perform the Zn speciation analysis on the soluble fractions by using a size exclusion 170 
chromatography (SEC) column and an HPLC coupled with inductively coupled plasma mass 171 
spectroscopy (ICP-MS). 172 
 173 
1.6.2. Prepare an HPLC vial by adding 250 µL of soluble fraction to a vial. 174 
 175 
1.6.3. Before analysis, spike all the samples with 0.5 µL of vitamin B12. This step allows to correct 176 



   

 
 

for retention times shifts, monitoring 59Co. 177 
 178 
1.6.4. Dilute the soluble fraction with extraction buffer (100 mM Tris-HCl, pH 8.5) and adjust to a 179 
final volume of 1 mL. 180 
 181 
1.6.5. Prepare the sequence run of the samples in random order. 182 
 183 
1.6.6. Tune the ICP-MS according to manufacturer’s instructions. 184 
 185 
1.6.7. Follow the instrument settings for the HPLC and ICP-MS performing the Zn speciation 186 
analysis (see Table 1). 187 
 188 
2. In vitro solubility of supplemented Zn in Atlantic salmon feed 189 
 190 
NOTE: The feed sample used was formulated based on commercial feed for Atlantic salmon, 191 
containing protein sources mainly from plant-based ingredients (i.e., approximately 5% fish meal, 192 
10% fish oil, 68% plant-based ingredients and 12% vegetable oil).  193 
 194 
2.1. Grind the Atlantic salmon feed samples for 10 s at 3000 rpm using a knife mill and store at 4 195 
°C until further analysis. 196 
 197 
2.2. Weigh ~0.2 g of the feed samples ground in step 2.1 and add Zn radiotracer (65Zn) of known 198 
specific activity in a 5 mL volume sample tube (with a cap). 199 
 200 
CAUTION: This procedure must be performed inside a radionuclide suite. The person performing 201 
this step should be trained and certified to handle radio isotopes. The safety and precautionary 202 
measures advised by the radiation safety administration of the institute must be strictly followed. 203 
 204 
2.3. Then prepare the freshwater intestinal luminal buffer solution as described below. 205 
 206 
2.3.1. For salt solution A, weigh 11.65 g of NaNO3, 0.55 g of KNO3 and 0.4 g of MgSO4. Dissolve 207 
the salts in ultrapure H2O and adjust to a final volume of 60 mL. 208 
 209 
2.3.2. For salt solution B, weigh 0.31 g of Ca(NO3)2·4H2O. Dissolve the salts in ultrapure H2O and 210 
adjust to a final volume of 10 mL. 211 
 212 
2.3.3. Use 500 mM HEPES stock solution as salt solution C. 213 
 214 
2.3.4. For salt solution D, weigh 1.2 g of MgCl2, dissolve the salt in ultrapure H2O and adjust to a 215 
final volume of 20 mL. 216 
 217 
2.3.5. For salt solution E, weigh 0.9 g of MgSO4, dissolve the salt in ultrapure H2O and adjust to a 218 
final volume of 20 mL. 219 
 220 



   

 
 

2.3.6. Prepare pyruvate solution by dissolving 0.55 g of CH3COCOONa in 10 mL of ultrapure H2O. 221 
 222 
2.3.7. Dissolve 0.9 g of galactose (C6H12O6) in ultrapure H2O. 223 
 224 
2.3.8. Dissolve well using a magnetic stirrer and sterilize salt solutions A, B, D and E by 225 
autoclaving, and solution C, pyruvate and galactose by filtration through a 200 µm syringe filter. 226 
 227 
2.3.9. After preparation of the different stock solutions, to prepare 100 mL of working solution 228 
of the buffer, mix the above prepared solutions in the following proportion: 6.8 mL of salt solution 229 
A, 4.14 mL of B, 5 mL of C, 2.5 mL of D, 1.5 mL of E, and 1.14 mL each of pyruvate and galactose. 230 
Make up the volume to 100 mL using deionized water. 231 
 232 
NOTE: The above buffer will now represent the ionic composition of the intestinal lumen found 233 
in freshwater salmonids. 234 

 235 
2.4. Prepare six other aliquots of the buffer described in step 2.6 and add one of the following 236 
amino acids (cysteine, methionine, glycine, histidine, lysine and arginine) to reach a final molar 237 
concentration of 5 mM.   238 
 239 
2.5. Add the freshwater intestinal luminal buffer (reaction volume = 3 mL; pH 7.4) to the feed 240 
sample. 241 

 242 
2.6. Repeat step 2.5 with the buffers described in 2.4 (in the presence of different amino acids at 243 
5 mM concentration). 244 
 245 
2.9. Close the tubes and allow them to spin in a rotary spinner for 30 min at 25 rpm. 246 
 247 
2.10. Separate the soluble and non-soluble fractions by centrifuging for 10 min at 1157 x g. 248 
 249 
2.12. Use a gamma teller to measure the counts per minute (cpm) of 65Zn in the soluble and non-250 
soluble fractions. 251 
 252 
2.13. Calculate the proportion of the radio isotopes of Zn (65Zn) present in the soluble and non-253 
soluble fractions. 254 
 255 
3. Evaluation of Zn chemical species uptake using an in vitro intestinal model (RTgutGC) 256 
 257 
3.1. RTgutGC cells culture 258 
 259 
NOTE: All working materials used in this step should be sterile. 260 
 261 
3.1.1. Revive the frozen RTgutGC cells gently in a water bath set at 20 °C. 262 
 263 
3.1.2. Gently pipette out the solution containing the cells and suspend them in 10 mL of L15 264 



   

 
 

medium containing 10% fetal bovine serum (FBS). 265 
 266 
NOTE: 10% FBS is only used for reviving the frozen cells. For subsequent passage, FBS is used at 267 
5%. The composition of FBS can vary between batches, so it is advisable to buy and stock as much 268 
as required from a single batch to avoid inter-batch variations in the serum composition. 269 
 270 
3.1.3. Add the cell suspension to 75 cm2 cell culture flasks and incubate in an incubator set at 19 271 
°C under normal atmosphere. 272 
 273 
3.1.4. Check the cells and when confluent (80% confluence, assess visually by examining the 274 
density of the cell surface under a microscope), split the cells to new flasks (subsequent passage) 275 
or harvest to use in experiments.  276 
 277 
NOTE: An example of the RTgutGC cells 1 h and 1 week after seeding to the cell culture flasks is 278 
shown in Figure 3. 279 
 280 
3.2. Cell harvest and preparing for exposure experiments 281 
 282 
3.2.1. Wash cells twice with 1 mL ethylenediaminetetraacetic acid (EDTA) solution. After each 283 
wash, siphon out the EDTA solution using a sterile suction tube. 284 
 285 
3.2.2. Treat the cells with trypsin (0.7 mL of trypsin, in 0.25% in phosphate-buffered saline [PBS]). 286 
 287 
3.2.3. Gently rotate the flask at acute angles to spread the trypsin all along the surface of the 288 
flask. 289 
 290 
3.2.4. Continue rotation for 2 min, while the cells detach. 291 
 292 
3.2.5. After gently rotating for 2 min, add 10 mL of L15/FBS medium to neutralize trypsin. 293 
 294 
3.2.6. Decant the resulting cell suspension into a conical bottom centrifuge tube using a sterile 295 
pipette and centrifuge for 3 min at 130 x g. 296 
 297 
3.2.7. Determine the density of the harvested cells by manual counting using hemocytometer. 298 
 299 
3.2.8. Add required volume of L15/FBS medium to attain a cell density of 5 x 104 cells/mL.  300 
 301 
3.2.9. Seed the cells onto 24-well plates by pipetting 1 mL of cell suspension per well to attain 302 
the final cell density of 5 x 104 cells/well. 303 
 304 
NOTE: Preferably use multi-dispensing pipettes to minimize variation and reduce time. 305 
 306 
3.2.10. Place the seeded plates in an incubator under normal atmosphere at 19 °C for 48 h prior 307 
to experiments.  308 



   

 
 

 309 
NOTE: Trypsin to be stored at -20 °C; EDTA solution and L15/FBS media at 4 °C. Adjust 310 
temperature of all working solutions and media to 19 °C just before use.  311 
 312 
3.3. Preparation of exposure media  313 
 314 
NOTE: This step has to be done under the fume hood under aseptic and sterile conditions. 315 
 316 
3.3.1. Prepare L15/ex by mixing 6.8 mL of salt solution A (step 2.3.1), 1.14 mL of B (step 2.3.2), 5 317 
mL of C (step 2.3.3), and 1.14 mL each of pyruvate (step 2.3.6) and galactose (step 2.3.7). Make 318 
up the volume to 100 mL using sterile cell culture-grade distilled water. 319 
 320 
3.3.2. Prepare FW by mixing 6.8 mL of salt solution A (2.3.1), 4.14 mL of B (2.3.2), 5 mL of C (2.3.3), 321 
2.5 mL of D (2.3.4), 1.5 mL of E (2.3.5), and 1.14 mL each of pyruvate (2.3.6) and galactose (2.3.7). 322 
Make up the volume to 100 mL using sterile, cell culture-grade distilled water. 323 
  324 
3.3.3. Quantify the concentrations of ions in the exposure media using ICP-MS as described 325 
elsewhere12.  326 
 327 
NOTE: Ionic concentrations analyzed in the media preparations are presented in Table 2. 328 
 329 
3.4. Zinc (65Zn) influx assays 330 
 331 
3.4.1. Seed the RTgutGC cells onto 24-well plates (5 x 104 cells/well) in complete L15/FBS medium. 332 
 333 
3.4.2. Incubate for 48 h in an incubator with normal atmosphere at 19 °C.  334 
 335 
3.4.3. Adjust all experimental media preparations to pH 7.4 using 0.5 M NaOH in the presence or 336 
absence of L-methionine (L-Met) or DL-methionine (DL-Met) at 2 mM concentration. 337 
 338 
NOTE: The pH adjustment of the buffers described in 3.4.3 needs to be done freshly before 339 
treatment of the cells in step 3.4.5. 340 
 341 
3.4.4. After the completion of the incubation period, remove the medium from the wells, and 342 
rinse thoroughly with PBS. 343 
 344 
3.4.5. Add the pH-adjusted FW experimental media, and allow to acclimatize for 20 min. 345 
 346 
3.4.6. Expose the RTgutGC cells to nominal concentrations of 3.07, 6.14, 12.27 and 24.55 µM 347 
65Zn(II) (as ZnCl2; ~4 kBq/mL) in the media described in step 3.4.3. 348 
 349 
3.4.7. Immediately after, keep the cells in the incubator at 19 °C for 15 min. 350 
 351 
3.4.8. After the 15 min incubation is over, aspirate the culture supernatant and remove from the 352 



   

 
 

well. 353 
 354 
3.4.9. Rinse the cells with ice cold FW medium (with 200 µM Zn, pH 7.4) and then quench by 355 
adding the 5 mM ethylene glycol-bis(β-aminoethyl ether)-N,N,N′,N′-tetraacetic acid (EGTA) 356 
buffer (pH 7.4) for 5 min, to get rid of any adsorbed 65Zn(II). 357 
 358 
3.4.10. Expose the cells to the above media preparations in the presence or absence of 10 mM 359 
2-Aminobicyclo [2.2.1] heptane-2-carboxylic acid (BCH), an amino acid transport inhibitor. 360 
 361 
3.4.11. After the exposure period of 15 min, repeat steps 3.4.8 and 3.4.9.  362 
 363 
3.4.12. The RtgutGC cells will be adhered to the bottom of the wells as a monolayer. Digest the 364 
cells by using 0.2% hot sodium dodecyl sulfate (SDS) detergent (100 µL/well).  365 
 366 
NOTE: The SDS solution needs to be placed for 1 h in a water bath set to 90 ˚C prior to use. 367 
 368 
3.4.12. Aspirate and recover the cell digestate into a 1.5 mL tube.  369 
 370 
3.4.11. Measure radioactivity of the cell digests using a gamma counter.  371 
 372 
NOTE: The counts per minute (cpm) needs to be corrected for radioactive decay, background 373 
activity and are subjected to specific activity calculations following the formulae described by 374 
Glover and Hogstrand13. 375 
 376 
3.4.12. To quantify the protein concentration of the cells, homogenize the cells with 500 µL of 377 
0.5 M NaOH. 378 
 379 
3.4.13. Use a Bradford assay kit to measure the protein concentration in the cell sample, with 380 
bovine serum albumin (BSA) as the standard.  381 
 382 
NOTE: Once the protein concentration is quantified, the rate of Zn uptake by RTgutGC cells can 383 
be expressed as pmoles Zn min-1 mg-1 protein.  384 
 385 
4. Apparent availability of dietary Zn in Atlantic salmon (Salmo salar) 386 
 387 
NOTE: The Atlantic salmon feeds were formulated based on commercial feeds, containing protein 388 
sources mainly from plant-based ingredients (i.e., approximately 5% fish protein, 10% fish oil, 389 
68% plant-based protein and 12% plant oil). Two feeds were supplemented with an inorganic 390 
source (Zn sulphate) or an organic source (Zn chelate of glycine) to achieve a Zn concentration of 391 
150 mg/kg of feed. In addition, Yttrium oxide (feed grade) was added to the feed at 0.01% as the 392 
inert marker to enable calculation of apparent availability coefficient. 393 
 394 
4.1. Acclimatize the Atlantic salmon (SalmoBreed strain, age 1+ years, mixed-sex groups) in their 395 
respective tanks until the fish are used to the experimental conditions.  396 



   

 
 

 397 
4.2. Assess the acclimation of the Atlantic salmon by monitoring their daily feed intake. 398 
 399 
NOTE: This trial was performed in triplicate tanks, thus a total of six tanks were used. During the 400 
feeding trial the water temperature was 11.9 ± 0.3 °C and dissolved oxygen saturation was 101 ± 401 
5%. 402 
 403 
4.3. Feed the fish with experimental feeds for 11 days. 404 
 405 
4.4. Euthanize the fish by overdose using 6 mL of tricaine methanesulphonate stock solution per 406 
liter of water. 407 
 408 
4.5. Collect a pooled sample of feces from the fish from the same tank into a plate by striping 409 
from the ventral fin to anus. 410 
 411 
4.6. Remove the feces from the plate with a spatula into a 50 mL conical tube and immediately 412 
store the samples at -20 °C. 413 
 414 
NOTE: The samples were kept at -20 °C until further analysis. 415 
 416 
4.7. Freeze dry the feces samples for 72 h at -80 °C. 417 
 418 
4.8. Manually homogenize manually the feces sample into a fine powder using a pestle and 419 
mortar. 420 
 421 
4.9. Determine the concentration of Zn and Yttrium in the feed and feces samples using an ICP-422 
MS (as described elsewhere9).  423 
 424 
4.10. Determine apparent availability coefficient (AAC, %) using the following formula: 425 

AAC (%) =  100 − (100
Yttrium in feed

Yttrium in faeces
∗

Zn in faeces

Zn in feed
) 426 

 427 
REPRESENTATIVE RESULTS:  428 
 429 
Evaluation of Zn chemical species in the soluble fraction of an Atlantic salmon feed using a SEC-430 
ICP-MS method 431 
The SEC-ICP-MS method provides data about the Zn chemical species found in the soluble 432 
fraction of the Atlantic salmon feed. Figure 4 illustrates the chromatographic profile of Zn found 433 
in the soluble fraction. This chromatogram was obtained using the SEC-ICP-MS method. Five Zn 434 
containing peaks were found in the soluble fractions of the Atlantic salmon feed. Each peak has 435 
a different molecular weight; peak one (~ 600 kDa), peak two and peak three (from 32 to 17 kDa), 436 
peak four (from 17 to 1.36 kDa) and peak five (> 1.36 kDa). Peak four was the most abundant, 437 
followed by peak two, three, five and one, respectively. The Zn chemical species found in the 438 



   

 
 

soluble fraction can have different sources because the feed used contains both marine-based 439 
and plant-based ingredients, and supplemented form (i.e., Zn sulphate). The molecular weight 440 
range of the Zn chemical species suggested that these compounds might be metalloproteins. 441 
 442 
In vitro solubility of supplemented Zn in Atlantic salmon feed 443 
Solubility of supplemented 65Zn increased in the presence of amino acids. All the tested amino 444 
acids increased the solubility of supplemented 65Zn. Methionine, glycine, cysteine, histidine, and 445 
lysine improved 65Zn solubility; higher solubility was found with histidine and lysine (Figure 5).  446 
 447 
Evaluation of Zn species uptake using an in vitro intestinal model (RTgutGC) 448 
Apical zinc uptake in RTgutGC cells were significantly influenced by the presence of L-Met or DL-449 
Met at 2 mM concentrations. Furthermore, the impact of methionine on Zn uptake in RTgutGC 450 
cells was negatively affected by the presence of BCH (an amino acid transport system blocker), 451 
when compared to cells untreated with BCH (Figure 6). 452 
 453 
Apparent availability of dietary Zn in Atlantic salmon (Salmo salar) 454 
In practical feeds for Atlantic salmon, apparent Zn availability was the same when supplementing 455 
with an inorganic source (Zn sulphate) or an organic source (Zn chelate of glycine). The estimated 456 
values for apparent availability of Zn (%, n = 3) in Atlantic salmon were 31% ± 12% when 457 
supplementing with an inorganic source (Zn sulphate) and 31% ± 3% when supplementing an 458 
organic source (Zn chelate of glycine). 459 
 460 
FIGURE AND TABLE LEGENDS:  461 
 462 
Figure 1: A summary of the systematic approach to assess mineral availability using 463 
complementary methods. This approach was used to study zinc availability in Atlantic salmon, 464 
including Zn speciation, Zn solubility in intestinal environment, Zn uptake by intestinal cells and 465 
Zn apparent availability. 466 
 467 
Figure 2: A summary of the procedure for Zn extraction from a feed sample. Zinc is extracted 468 
from a feed sample using mild extraction conditions. The extraction is followed by Zn speciation 469 
analysis.  470 
 471 
Figure 3: An example of the RTgutGC cells 1 h (left) and 1 week (right) after seeding in the cell 472 
culture flasks. 473 
 474 
Figure 4: A chromatogram showing the Zn-containing peaks from the soluble fraction of 475 
Atlantic salmon feed and analyzed by SEC-ICP-MS. The three replicates are characterized by the 476 
blue, red and black lines. A molecular weight calibration was performed using thyroglobulin (660 477 
kDa, monitoring 127I), Zn/Cu superoxide dismutase (32 kDa, monitoring 66Zn), myoglobin (17 kDa, 478 
monitoring 57Fe), vitamin B12 (1.36 kDa, monitoring 59Co); Peak 1 (P1): ~600 kDa, retention time 479 
(RT) 8.2 min; Peak 2+3 (P2+3): from 32 to 17 kDa, RT 14.2 + 15.3 min; Peak 4 (P4): from 17 to 1.36 480 
kDa, RT 16.3 min; Peak 5 (P5): > 1.36 kDa, Rt 23.2 min. 481 
 482 



   

 
 

Figure 5: The impact of amino acids on the in vitro solubility of supplemented Zn in Atlantic 483 
salmon feed. Data are presented as mean ± SD (n = 3). Data were analyzed through one-484 
way ANOVA, followed by Dunnet’s multiple comparison test, comparing the mean of each AA 485 
group with that of control group (No AA). The asterisks denote the level of significance of ANOVA 486 
(P-values < 0.05 (*), < 0.01 (**), < 0.001 (***) and < 0.0001 (****)). 487 
 488 
Figure 6: The influence of methionine and an amino acid transport inhibitor (2-Aminobicyclo 489 
[2.2.1] heptane-2-carboxylic acid, BCH, 10 mM). Data are presented as mean ± SD (n = 3). Data 490 
were analyzed through two-way ANOVA, followed by Tukey’s multiple comparison test with p < 491 
0.05 level of significance. Post-hoc differences among groups are represented as superscript 492 
letter above the bars; bars with different superscripts are statistically different (p < 0.05). 493 
 494 
Table 1. An overview of instrument settings for the HPLC and ICP-MS. 495 
 496 
Table 2. The chemical and ionic composition of the experimental media tested. 497 
 498 
DISCUSSION: 499 
The intestinal absorption of Zn seems to be influenced by the chemical form of the Zn species13. 500 
In this regard, the use of the protocols described in this article allowed the sequentially study of 501 
the chemical and biological aspects underlying the ‘availability’ of Zn in Atlantic salmon.  502 
 503 
This study reported the use of a Zn speciation analysis method. The SEC-ICP-MS method provided 504 
qualitative data concerning the molecular weight of Zn chemical species present in the soluble 505 
fraction of an Atlantic salmon feed. This was achieved by comparison of the retention times of 506 
the molecular weight calibration standards (i.e., thyroglobulin (660 kDa), Zn/Cu superoxide 507 
dismutase (32 kDa), myoglobin (17 kDa) and vitamin B12 (1.36 kDa)) with the retention times of 508 
Zn containing peaks. A challenge found in the Zn speciation analysis was the identification of the 509 
unknown Zn chemical species due to lack of analytical standards. In SEC, the separation of the 510 
molecules is based on their sizes relative to the pores in the stationary phase. In principle, larger 511 
molecules will travel faster, eluting first, and smaller molecules will travel slower, eluting later14. 512 
Consequently, each Zn containing peak might contain several compounds with similar molecular 513 
weight15. This also contributes to the challenge of identifying unknown Zn chemical species. 514 
Moreover, several mild extraction conditions were tested for extraction of Zn. The extracted Zn 515 
was low (~10%). Mild extraction conditions were applied to keep the Zn chemical species intact 516 
but this may have compromised the extraction efficiency7.  517 
 518 
In the in vitro solubility assay, the solubility of supplemented Zn (as radio isotope 65ZnCl2) 519 
indicated that the amino acids, especially histidine and lysine, increased the solubility of Zn 520 
(Figure 5). Using feed samples directly for in vitro solubility assays under simulated 521 
gastrointestinal conditions is based on the knowledge that change in Zn speciation is pH 522 
dependent16. However, acidic conditions at the beginning of the GI tract, might result in some 523 
change in the speciation which might be irreversible (e.g., ZnO -> ZnCl2, in the presence of HCl 524 
under acidic conditions in the stomach). Nevertheless, the Zn source used here is ZnSO4 and the 525 
solubility of which was improved by amino acids in the medium. The next question to be 526 



   

 
 

answered was, can the increased solubility be translated to availability? The RTgutGC intestinal 527 
cell line was used to study this question. In the context of mineral nutrition in animals, the term 528 
‘availability’ is hard to define and can be regulated differentially in the cells (in vitro) compared 529 
to an animal (in vivo). Hence, the term ‘uptake’ was used when it came to the in vitro evaluation 530 
using intestinal cell line. The cell line provided useful information on the Zn uptake mechanisms 531 
at the intestinal epithelium which is part of the complex regulatory process which govern mineral 532 
availability in animals. The RTgutGC cells elicited a better capacity for apical uptake of Zn in the 533 
presence of an amino acid (i.e., methionine; Figure 6). However, the apparent availability in vivo 534 
did not significantly differ between inorganic and organic Zn sources in Atlantic salmon. In the in 535 
vivo availability study, the Zn source comparison was made at dietary Zn levels well exceeding 536 
the known Zn requirements of Atlantic salmon17, total Zn concentration of 150 mg/kg feed. The 537 
differences in availability are better visualized when the dietary levels tested fall in the linear 538 
dynamic range before the animal reaches saturation. In the present in vivo study, it is possible 539 
that the Atlantic salmon were well saturated to observed difference in Zn absorption between 540 
sources used.  541 
 542 
In summary, the first method provided qualitative information regarding different Zn chemical 543 
species found in the soluble fraction of an Atlantic salmon feed; the second method, in vitro 544 
solubility of supplemented Zn was improved in the presence of amino acid ligands; the third 545 
method confirmed that improved solubility by amino acids can improve uptake at intestinal 546 
epithelium; conversely, the fourth method failed to find differences in availability of Zn from 547 
inorganic or organic source to Atlantic salmon. To conclude, although not in alignment with the 548 
in vivo findings, the in vitro protocols did provide interesting insights into understanding the 549 
different components of the Zn availability.  550 
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Calibration range

Mobile phase

Flow rate

Injection volume

Forward power

Plasma gas flow

Carrier gas flow

Makeup gas flow

Dwell time

Isotopes monitored

HPLC settings 

Column

ICP–MS settings 
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SEC column

(30 cm x 7.8 mm, 5 µm particle size) + guard column (7 µm 

1.0 × 104 - 5.0 × 105 Da 

50 mM Tris-HCl + 3% MeOH (pH 7.5)

0.7 mL min−1

50 μL

1550 W

15.0 L min−1

0.86 L min−1

0.34 L min−1

0.1 s per isotope
127I, 66Zn, 59Co, 57Fe

HPLC settings 

ICP–MS settings 



Chemical composition (mM) L15/ex

Sodium nitrate 155

Potassium nitrate 6.2

Magnesium sulfate 3.8

Calcium nitrate 1.5

HEPES 5

Magnesium chloride -

Sodium pyruvate 5.7

Galactose 5.7

pH 7.1

Ionic strength 178

Calcium, Ca2+ * 1.6 ± 0.1

Magnesium, Mg2+ * 3.9 ± 0.3

Potassium, K+ * 8.2 ± 1.2

Sodium, Na+ * 160 ± 3

Nitrate, NO3
- ** 164

Sulfate, SO4
- ** 3.8

Chloride, Cl- ** 1.5

Ionic composition (mM)
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Experimental medium (L15/FW)

155

6.2

19.5

5.4

5

15

5.7

5.7

7.4

258

5.3 ± 0.2

32.5 ± 0.7

8.6 ± 1.1

157 ± 2

172.4

18.7

31.5

Ionic composition (mM)



Name of Material/ Equipment Company Catalog Number

0.45 µm syringe filter Sartorius

0.45 μm membrane filter Pall

10 % fetal bovine serum Eurobio

1282 Compugamma Laboratory Gamma Counter LKB Wallac

24 well plates (Falcon, TPP microplates) Thermo Fisher Scientific 10048760

2-aminobicyclo(2.2.1)heptane-2-carboxylic acid Sigma Aldrich A7902

75 cm2 cell culture flasks (Falcon, TPP tissue culture flasks) TPP Techno Plastic Products AG 90075

L-Arginine Sigma Aldrich A5006

Bradford assay kit Bio-Rad 5000001

Centrifuge Eppendorf Centrifuge 5702
L-Cysteine Sigma Aldrich 30089

DL-methionine Alfa Aesar 59-51-8

D-methionine Sigma Aldrich M9375

Experimental fish feeds Skretting

Glycine Sigma Aldrich 410225

Guard column, TSKgel SWxl Type (7 μm particle size) Tosoh

L-Histidine Sigma Aldrich 53319

HPLC coupled with a 7500ce ICP-MS Agilent Technologies

Hydrochloric acid Emsure ACS, ISO, 37% w/w, Merck 1.00317

Knife mill GM 300, Retsch Gmbh

L-15 medium Invitrogen/Gibco  21083027

L-methionine Sigma Aldrich M9625

L-Lysine Sigma Aldrich 23128

Methanol LiChrosolv, HPLC grade, Merck 1.06035

Milli-Q water (18.2 MΩ cm) EMD Millipore Corporation

Myoglobin Sigma Aldrich M1882

NexION 350D ICP-MS Perkin Elmer

Pasteur pipette VWR

pH meter inoLab

Phosphate-buffered saline (PBS) Sigma Aldrich 806552

RTgutGC cells 
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SEC column, TSKgel G3000SWxl Tosoh

Sieve stainless steel (850 μm - 1.12 mm) Retsch

Sodium dodecyl sulphate (SDS) Sigma Aldrich 436143

Superoxide dismutase Sigma Aldrich S7571

Thyroglobulin Sigma Aldrich T1001

Tricaine methanesulphonate PharmaQ

Tris(hydroxymethyl)aminomethane Sigma Aldrich 252859

Trypsin in 0.25% in phosphate-buffer saline Biowest L0910

Versene EDTA solution Invitrogen/Gibco 15040-033

Vitamin B12 Sigma Aldrich V2876

Zinc chelate of glycine Phytobiotics

Zinc sulphate Vilomix
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