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SUMMARY:  20 
We present an assay for easy quantification of metals introduced to samples prepared using 21 
immobilized metal affinity chromatography. The method uses hydroxynaphthol blue as the 22 
colorimetric metal indicator and a UV-Vis spectrophotometer as the detector. 23 
 24 
ABSTRACT:  25 
Contamination of enzymes with metals leached from immobilized metal affinity chromatography 26 
(IMAC) columns poses a major concern for enzymologists, as many of the common di-and 27 
trivalent cations used in IMAC resins have an inhibitory effect on enzymes. However, the extent 28 
of metal leaching and the impact of various eluting and reducing reagents are poorly understood 29 
in large part due to the absence of simple and practical transition metal quantification protocols 30 
that use equipment typically available in biochemistry labs. To address this problem, we have 31 
developed a protocol to quickly quantify the amount of metal contamination in samples prepared 32 
using IMAC as a purification step. The method uses hydroxynaphthol blue (HNB) as a colorimetric 33 
indicator for metal cation content in a sample solution and UV-Vis spectroscopy as a means to 34 
quantify the amount of metal present, into the nanomolar range, based on the change in the 35 
HNB spectrum at 647 nm. While metal content in a solution has historically been determined 36 
using atomic absorption spectroscopy or inductively coupled plasma techniques, these methods 37 
require specialized equipment and training outside the scope of a typical biochemistry 38 
laboratory. The method proposed here provides a simple and fast way for biochemists to 39 
determine the metal content of samples using existing equipment and knowledge without 40 
sacrificing accuracy. 41 
 42 
INTRODUCTION:  43 
Since its inception by Porath and co-workers1, immobilized metal affinity chromatography (IMAC) 44 



   

 

has become a method of choice to quickly separate proteins based on their ability to bond with 45 
transition metal ions such as Zn2+, Ni2+, Cu2+, and Co2+. This is most commonly done via 46 
engineered poly-histidine tags and is now one of the most common chromatographic purification 47 
techniques for the isolation of recombinant proteins2. IMAC has also found applications beyond 48 
recombinant protein purification as a way to isolate quinolones, tetracyclines, aminoglycosides, 49 

macrolides, and -lactams for food sample analysis3 and as a step in identifying blood-serum 50 
protein markers for liver and pancreatic cancers4,5. Not surprisingly, IMAC has also become a 51 
method of choice for the isolation of a number of native bioenergetics enzymes6-10. However, 52 
successful implementation of these purification methods for studies on enzymatically active 53 
bioenergetic proteins is dependent on the presence of negligible levels of metal cations leached 54 
from the column matrix into the eluate. The divalent metal cations commonly used in IMAC have 55 
known pathologic biological significance, even at low concentrations11,12. The physiological effect 56 
of these metals is most pronounced in bioenergetic systems, where they can prove lethal as 57 
inhibitors of cellular respiration or photosynthesis13-15. Similar issues are unavoidable for the 58 
majority of protein classes where residual contaminant metals can interfere with a protein’s 59 
biological functions or characterization with biochemical and biophysical techniques.  60 
 61 
While the levels of metal contamination under oxidizing conditions and using imidazole as an 62 
eluant are typically low16, protein isolations performed in the presence of cysteine reducing 63 
agents (DTT, β-mercaptoethanol, etc.) or with stronger chelators like histidine17,18 or 64 
ethylenediaminetetraacetic acid (EDTA) result in much higher levels of metal contamination19,20. 65 
Similarly, since metal ions in IMAC resins are frequently coordinated by carboxylic groups, protein 66 
elutions performed under acidic conditions are also likely to have much higher levels of metal 67 
contamination. Metal content in solutions can be assessed using atomic absorption spectroscopy 68 
(AAS) and inductively coupled plasma-mass spectrometry (ICP-MS) down to a limit of detection 69 
in the ppb-ppt range21-24. Unfortunately, AAS and ICP-MS are not realistic means for detection in 70 
a traditional biochemistry lab as those methods would require access to specialized equipment 71 
and training. 72 

 73 
Previous work by Brittain25,26 investigated the use of hydroxynaphthol blue (HNB) as a way to 74 
identify the presence of transition metals in solution. However, there were several internal 75 
contradictions in the data20 and those works failed to offer an adequate protocol. Studies by 76 
Temel et al. 27 and Ferreira et al. 28 expanded on Brittain’s work with HNB as a potential metal 77 
indicator. However, Temel developed a protocol that makes use of AAS for sample analysis, using 78 
HNB only as a chelating agent.  Ferreira’s study used the change in the HNB absorbance spectra 79 
at 563 nm, a region of the free-dye HNB spectra that overlaps heavily with the spectra of HNB-80 
metal complexes at pH 5.7, making the assay sensitivity fairly low as well as resulting in relatively 81 
weak metal binding affinity20. To address issues in our own lab with Ni2+ leaching from IMAC, we 82 
have expanded the work done by Brittain25,26 and Ferreria28 to develop an easy assay capable of 83 
detecting nanomolar levels of several transition metals. We showed that HNB binds nickel and 84 
other common for IMAC metals with sub-nanomolar binding affinities and form 1:1 complex over 85 
a wide range of pH values20. The assay reported here is based on these findings and utilizes 86 
absorbance changes in the HNB spectrum at 647 nm for metal quantification. The assay can be 87 
performed in the physiological pH range using common buffers and instrumentation found in a 88 



   

 

typical biochemistry lab by using colorimetric detection and quantification of metal-dye 89 
complexes and the associated change in absorbance of the free-dye when it binds to metal.   90 
 91 
PROTOCOL: 92 
 93 
1. Assay component preparation 94 

 95 
1.1 Determine the chromatography fractions to be assayed using optical absorbance at 280 nm 96 
or alternative methods of protein quantification to identify the protein enriched fractions.  97 
 98 
NOTE: For this work we used a diode array UV-Vis spectrophotometer. To increase throughput, 99 
a plate reader capable of measuring UV-Vis absorbance can be used. 100 
 101 
1.2 Prepare the necessary assay components 102 
 103 
1.2.1 Prepare or obtain 10-100 mM buffer (“Sample Buffer”) with a pH between 7 and 12. 104 
 105 
NOTE: Common biochemical buffers such as Tris, HEPES, MOPS, and phosphate at neutral or basic 106 
pH are all acceptable for the assay. Tricine and histidine can be used but will require calibration 107 
curves as they both substantially chelate metal ions. An example of calibration for histidine is 108 
shown in reference20.  109 
 110 
1.2.2 Prepare a 12% w/v (20-fold concentrated) solution of hydroxynaphthol blue (HNB) 111 
dispersion in the Sample Buffer using 120 mg of HNB reagent for each milliliter of stock solution 112 
prepared.  113 
 114 
CAUTION: Exposure of HNB to the eye can cause serious damage and irritation. Eye protection 115 
should be used when handling HNB and hands should be washed thoroughly after handling.  116 
 117 
NOTE: HNB is sold as a dispersion on KCl by major suppliers of scientific reagents. As such, actual 118 
concentration in solution will vary from different manufactures, batches, and where in the bottle 119 
the HNB dispersion is taken from. Ideally, an absorbance between 0.5-0.8 at 647 nm after 20-fold 120 
dilution of the stock should be achieved. 121 
 122 
2. Sample preparation and measurement 123 
 124 
2.1 Prepare the spectrophotometer for data collection. 125 
 126 
2.1.1 Turn on and warm up the UV-Vis spectrophotometer. Set the spectrophotometer to collect 127 
data at 647 nm. 128 
 129 
NOTE: If the spectrophotometer allows, additionally collect data at 850 nm, or some other 130 
wavelength without significant changes related to the dye-metal and dye spectra, to be used for 131 
a baseline correction. 132 



   

 

 133 
2.1.2 Blank the spectrophotometer using the Sample Buffer. 134 
 135 
NOTE: Quartz or disposable plastic cuvettes may be used. Quartz cuvettes are preferred for 136 
quantitative analysis as they will allow higher accuracy and precision over disposable plastic 137 
cuvettes. However, plastic cuvettes block UV light, which may be present in the measuring beams 138 
of some diode-array spectrophotometers. Exposure of HNB to intense UV light causes notable 139 
dye degradation and an unwanted slow absorbance decrease that can be confused with slow 140 
metal binding (for example, see Figure 1 in Supporting Information Reference 20). 141 
 142 
2.2 Prepare the control and measure absorbance. 143 
 144 

2.2.1 Prepare a control solution of 50 L of HNB stock per milliliter of total assay volume. To 145 
ensure good mixing of all samples, pipette the small volumes first then add the Sample Buffer to 146 
volume followed by mixing by pipetting. Diluted HNB solution should be prepared fresh but HNB 147 

stocks can be stored at 4C and shielded from light for weeks without significant degradation. 148 
 149 
2.2.2 Allow the control to incubate for a minimum of three minutes at room temperature. 150 
 151 
NOTE: A longer incubation time may be necessary for samples at alkaline pH or in the presence 152 
of phosphate due to formation of poorly soluble metal complexes resulting in slower 153 
equilibration. 154 
 155 
2.2.3 Measure and record the absorbance at 647 nm for the control sample. 156 
 157 
2.3 Prepare the samples and measure absorbances 158 
 159 

2.3.1 Prepare the assay samples by mixing 50 L of HNB stock with 950 µL of appropriately diluted 160 
protein fractions with the Sample Buffer.  161 
 162 
NOTE: Since metal contamination levels reported in literature vary by a factor of more than 1000 163 
depending on elution conditions16, 20, it may be necessary to try a few dilutions of the assayed 164 
protein fractions with the Sample Buffer (see 1.2.1 above) to achieve absorbance changes within 165 
the dynamic range of the assay. 166 
 167 
CAUTION: Nickel and other metals used in IMAC are known skin irritant, suspected of being 168 
carcinogenic, and are capable of damaging the kidneys and blood after prolonged exposure. 169 
Gloves and eye protection should be used when handling protein samples prepared with IMAC.  170 
 171 
2.3.2 Allow the sample to incubate for a minimum of three minutes at room temperature and 172 
measure absorbances at 647 nm.  173 
 174 
NOTE: The limiting step of the assay in terms of time invested is the incubation step. The data for 175 
this paper was collected using a single quartz cuvette that was carefully washed between each 176 



   

 

sample. Even with the added washing time and preparation of the HNB stock, data collection for 177 
14 samples and the control took approximately an hour and a half and as such, the protocol can 178 
be easily completed without the need for interruption. 179 
 180 
2.3.3 Repeat steps 2.3.1 and 2.3.2 for each fraction that will be measured. 181 
 182 
NOTE: If several cuvettes will be used for multiple samples, samples should be prepared in a way 183 
that allows for comparable incubation time and exposure to ambient light. 184 
 185 
3. Metal quantification 186 
 187 
3.1 Determine the concentration of metal in each sample. 188 
 189 
3.1.1 Find the difference of each sample absorbance at 647 nm from the HNB control. 190 
 191 
3.1.2 Determine the metal concentration (in µM) using the formula below: 192 

[𝑁𝑖2+] =
𝐷𝐹 ∗ ∆𝐴𝑏𝑠647

3.65 ∗ 10−2 ∗ 𝑙
 193 

 194 
where DF is the dilution factor for the assay fraction, ΔAbs647 is the absorbance change at 647 195 

nm, 3.65x10-2 represents the extinction coefficient of HNB (=36.5 mM-1cm-1  see Reference20 196 
for more details) and l is cuvette’s optical path in cm.  197 
 198 
REPRESENTATIVE RESULTS:  199 
The spectrum of free HNB at neutral pH (black line) and representative spectra of fractions 200 
assayed for Ni2+ from the isolation of MSP1E3D129 are shown in Figure 2. A successful assay series 201 
should demonstrate a decreased absorbance at 647 nm compared to the HNB control, which 202 
corresponds to the formation of HNB complexes in the presence of a transition metal. A failed 203 
assay would be indicated by an increase in absorbance at 647 nm. Alternatively, more than 90% 204 
decrease from initial absorbance at 647 nm would indicate too high metal content and a need to 205 
assay more diluted fractions. An assay with no absorbance changes from the free HNB control 206 
does not necessarily indicate a failure. It is possible that samples contain essentially no leached 207 
metals. However, this is unlikely and any sample showing no absorbance change should be 208 
prepared and measured again, preferably with less dilution, to confirm the result. In total, most 209 
failures to observe the expected absorbance change can be attributed to improper pipetting 210 
during sample preparation, an inadequate incubation time prior to measurement, or pH values 211 
outside the recommended 7-12 range. 212 
 213 
To demonstrate the application of this assay, we analyzed 2 His-tag membrane scaffold proteins 214 
MSP1E3D1 (isolated as in 29), MSP2N2 (isolated as in 30), and a novel 3-heme c-type cytochrome 215 
GSU0105 from Geobacter sulfurreducens, which was recombinantly expressed in E.coli and 216 
eluted with 500 mM imidazole. The elution profiles of Ni2+ from a Ni-NTA resin column (see Table 217 
of Materials) and the associated protein elution profiles for these 3 proteins are shown in Figure 218 
3. Any protein will have a unique nickel elution that may or may not align with the protein elution 219 



   

 

profile as measured at 280 nm. For example, Figure 3C shows that the protein and Ni2+ content 220 
of each fraction for GSU0105 are significantly shifted from one another while the fractions for 221 
MSP1E3D1 and MSP2N2 (Figs 3A and 3B) that contain the most protein also have the highest Ni2+ 222 
content. Figures 3A and 3B also illustrate that metal content may not be evenly distributed 223 
among fractions collected using IMAC. Depending on column packing, the composition of the 224 
elution buffer, pumping equipment and conditions it is possible to have metal elute in 225 
consecutive fractions at very different concentrations independent of the protein content of 226 
those fractions. 227 
 228 
FIGURE AND TABLE LEGENDS:  229 

 230 
Figure 1. Structure of hydroxynaphthol blue (HNB). In the functional pH range of the assay, all 231 
sulfonate groups and one of the hydroxyl groups are ionized.   232 



   

 

 233 
Figure 2. Absorbance spectra for selected MSP1E3D1 fractions and HNB. The relative 234 
absorbance of three fractions of MSP1E3D1 (colors) compared to an HNB control (black thick 235 
line) are shown. Samples were prepared in 20 mM Tris, pH 7.5. 236 



   

 

 237 
Figure 3.  Ni2+ quantification for 3 representative His-tag proteins. Protein and Ni2+ elution 238 
profiles for (A) MSP1E3D1, (B) MSP2N2, and (C) GSU0105. Protein elution was performed using 239 
300 mM, 300 mM, and 500 mM imidazole, respectively. Ni2+ quantification was performed in 20 240 
mM Tris, pH 7.5. 241 



   

 

 242 
DISCUSSION:  243 
Colorimetric detection of metals using HNB provides a simple way to quantify the degree of 244 
protein contamination by transition metal ions from IMAC resins. As we established in Ref. 20, 245 
Ni2+ binds to HNB with 1:1 stoichiometry and the dissociation constant for the Ni-HNB complex 246 
changes with pH. However, the complex Kd is in the sub-nM range for all recommended (7-12) 247 
pH values. In practical terms, it means that all Ni2+ in any tested fractions will bind to HNB as long 248 
as no other strong chelating reagents, like EDTA, are present. All these properties together result 249 
in linear Ni2+ titration curves, which we experimentally observed. In that report20 we also 250 
established that the spectral changes due to metal-dye complex formation will be the same over 251 
the entire 7-12 pH range. The detection is limited by the minimal reliable absorbance change 252 
measurements (10-4 – 10-3 OD depending on the spectrophotometer used) corresponding to 2.7-253 
27 nM Ni2+. The upper range is limited by the amount of HNB present. In our work, we use ~15 254 
µM, corresponding to ~0.6 OD at 647 nm. However, this can be increased up to 50-80 µM HNB, 255 
if needed. Practically, we observed Ni2+ contamination levels in chromatographic fractions 256 
comparable or higher than the upper limit forcing us to make 10- to 50-fold dilutions of assayed 257 
fractions. However, this additional dilution step can increase relative errors while determining 258 
the nickel concentration in a fraction.  259 
 260 
Though we have not investigated the details, it appeared that binding of other metals used in 261 
IMAC resins (Co, Zn, Fe) also has sub-µM dissociation constants and virtually no overlap between 262 
dye and dye-metal absorbance spectra at 647 nm, the peak wavelength of free HNB. Therefore, 263 
complete metal binding to the dye and the associated spectral changes of the dye can be used 264 
for absolute metal determination over the entire recommended pH range. 265 
 266 
Execution of the protocol is straightforward and depends most heavily on proper laboratory 267 
technique. Modern spectrophotometers have highly linear responses and dynamic ranges of 3-4 268 
orders of magnitude. Consequently, the most likely place for the introduction of error in the 269 
method is through the pipetting steps for sample preparation. As described in this text, the 270 
method is based on the quantification of metal content based on the difference in the HNB 271 
absorbance peak at 647 nm from a free HNB control and samples with HNB complexed with a 272 
metal. If care is not taken to accurately pipette the HNB aliquots or the buffer volumes, 273 
comparison of the control and sample absorbances at 647 nm becomes a point of error. Similarly, 274 
poor pipetting of protein fractions for sample preparation can skew the perceived concentration 275 
of metal in a fraction. It is recommended that, due to the sensitivity of the assay, any pipettes 276 
being used for analyses where precise quantification is required be calibrated prior to use. 277 
 278 
The primary limitations of the method come with the functional pH range of the assay and the 279 
presence of strong chelating agents. The assay is best utilized in a pH range from 7-12. Below pH 280 
7, the spectrum of the free HNB dye changes, losing the peak at 647 nm used for quantification20. 281 
Above pH 12, many metal hydroxides begin to precipitate, including those of metals commonly 282 
found in IMAC resins, making quantification slower and less reproducible. While the alkaline 283 
maximum does not pose a significant problem as purification procedures rarely call for such a 284 
high pH, the acidic minimum is more likely to be a limiting factor. Since the detection limits for 285 



   

 

Ni2+ and other transition metals are approximately 1000-fold lower than metal contamination 286 
levels demonstrated above (Figure 3), the low pH limit for the assay can be circumvented by 287 
dilution of the assayed acidic protein fractions in buffers with neutral pH values and sufficiently 288 
high buffering capacity. Alternatively, the pH of analyzed fractions can be adjusted or the HNB 289 
stock solution can be more strongly buffered to maintain the desired pH after mixing above pH=7. 290 
 291 
If the isolation procedure for the protein being purified requires the use of reagents with known 292 
or suspected transition metal chelating properties, a modification of the method would be 293 
necessary to allow for proper quantification of leached metals. A standard curve would need to 294 
be prepared using the chelating agent used for protein elution and known concentrations of 295 
metal standards to accurately quantify the concentration of leached metal in the presence of the 296 
chelator. An example of metal quantification in the presence of histidine is available in Kokhan & 297 
Marzolf20. 298 
 299 
Accurate quantification of metals in biological samples is still largely dependent on the use of 300 
analytical techniques and instrumentation, such as AAS and ICP-MS, that remain outside the 301 
realm of the typical biochemist31,32. Bonta et al. have described the simple preparation of biologic 302 
samples on common filter paper for analysis by ICP-MS, however, their method still relies on non-303 
standard instrumentation for a biochemist31. The method we describe allows for the 304 
measurement of metal content in a sample to be taken without additional training on new 305 
instrumentation or outsourcing to others. Similar colorimetric protocols have been developed 306 
for metal analysis in biological samples33. However, the method described by Shaymal et al.33  307 
relies on a fluorescence assay using a commercially unavailable fluorescent probe that gives a 308 
higher limit of detection than in this paper. Considering the relative ease by which the described 309 
method can be performed and the recent interest in the development of portable metal 310 
detecting protocols for aqueous samples34,35, it could be easily adapted for field testing of water 311 
samples. As a portable test, our method could be modified for use with a portable 312 
spectrophotometer for quantification or as a qualitative measure to identify samples for further 313 
analysis at a fixed testing location.  314 

 315 
ACKNOWLEDGMENTS:  316 
This material is based upon work supported by the National Science Foundation under Grant 317 
MCB-1817448 and by an award from the Thomas F. and Kate Miller Jeffress Memorial Trust, Bank 318 
of America, Trustee and specified donor Hazel Thorpe Carman and George Gay Carman Trust. 319 
 320 
DISCLOSURES:  321 
The authors have nothing to disclose. 322 
 323 
REFERENCES  324 
 325 
1 Porath, J., Carlsson, J. A. N., Olsson, I. & Belfrage, G. Metal chelate affinity 326 

chromatography, a new approach to protein fractionation. Nature. 258 (5536), 598-599, 327 
(1975). 328 

2 Block, H. et al. in Methods in Enzymology Vol. 463  eds Richard R. Burgess & Murray P. 329 



   

 

Deutscher)  439-473 (Academic Press, 2009). 330 
3 Takeda, N., Matsuoka, T. & Gotoh, M. Potentiality of IMAC as sample pretreatment tool 331 

in food analysis for veterinary drugs. Chromatographia. 72 (1/2), 127-131, (2010). 332 
4 Felix, K. et al. Identification of serum proteins involved in pancreatic cancer cachexia. Life 333 

sciences. 88 (5-6), 218-225, (2011). 334 
5 Wu, C. et al. Surface enhanced laser desorption/ionization profiling: New diagnostic 335 

method of HBV-related hepatocellular carcinoma.  Journal of Gastroenterology and 336 
Hepatology. 24 (1), 55-62, (2009). 337 

6 Goldsmith, J. O. & Boxer, S. G. Rapid isolation of bacterial photosynthetic reaction centers 338 
with an engineered poly-histidine tag. Biochimica et Biophysica Acta (BBA) - 339 
Bioenergetics. 1276 (3), 171-175, (1996). 340 

7 Guergova-Kuras, M. et al. Expression and one-step purification of a fully active 341 
polyhistidine-tagged cytochrome bc1 complex from Rhodobacter sphaeroides. Protein 342 
Expression and Purification. 15 (3), 370-380, (1999). 343 

8 Mitchell, D. M. & Gennis, R. B. Rapid purification of wildtype and mutant cytochrome c 344 
oxidase from Rhodobacter sphaeroides by Ni(2+)-NTA affinity chromatography. FEBS 345 
Letters. 368 (1), 148-150, (1995). 346 

9 Tian, H., White, S., Yu, L. & Yu, C. A. Evidence for the head domain movement of the rieske 347 
iron-sulfur protein in electron transfer reaction of the cytochrome bc1 complex. Journal 348 
of Biological Chemistry. 274 (11), 7146-7152, (1999). 349 

10 Tian, H., Yu, L., Mather, M. W. & Yu, C. A. Flexibility of the neck region of the rieske iron-350 
sulfur protein is functionally important in the cytochrome bc1 complex. Journal of 351 
Biological Chemistry. 273 (43), 27953-27959, (1998). 352 

11 Louie, A. Y. & Meade, T. J. Metal complexes as enzyme inhibitors. Chemical Reviews. 99 353 
(9), 2711-2734, (1999). 354 

12 Tamás, M. J., Sharma, S. K., Ibstedt, S., Jacobson, T. & Christen, P. Heavy Metals and 355 
Metalloids As a Cause for Protein Misfolding and Aggregation.  Biomolecules. 4 (1), 252-356 
267, (2014). 357 

13 Gerencser, L. & Maroti, P. Retardation of proton transfer caused by binding of the 358 
transition metal ion to the bacterial reaction center is due to pKa shifts of key 359 
protonatable residues. Biochemistry. 40 (6), 1850-1860, (2001). 360 

14 Klishin, S. S., Junge, W. & Mulkidjanian, A. Y. Flash-induced turnover of the cytochrome 361 
bc1 complex in chromatophores of Rhodobacter capsulatus: binding of Zn2+ decelerates 362 
likewise the oxidation of cytochrome b, the reduction of cytochrome c1 and the voltage 363 
generation. Biochimica et Biophysica Acta (BBA) - Bioenergetics. 1553 (3), 177-182, 364 
(2002). 365 

15 Link, T. A. & von Jagow, G. Zinc ions inhibit the QP center of bovine heart mitochondrial 366 
bc1 complex by blocking a protonatable group. Journal of Biological Chemistry. 270 (42), 367 
25001-25006, (1995). 368 

16 Block, H., Kubicek, J., Labahn, J., Roth, U. & Schäfer, F. Production and comprehensive 369 
quality control of recombinant human Interleukin-1beta: a case study for a process 370 
development strategy. Protein Expression and Purification. 57 (2), 244-254, (2008). 371 

17 Kokhan, O., Shinkarev, V. P. & Wraight, C. A. Binding of imidazole to the heme of 372 
cytochrome c1 and inhibition of the bc1 complex from Rhodobacter sphaeroides: II. 373 



   

 

Kinetics and mechanism of binding. Journal of Biological Chemistry. 285 (29), 22522-374 
22531, (2010). 375 

18 Kokhan, O., Shinkarev, V. P. & Wraight, C. A. Binding of imidazole to the heme of 376 
cytochrome c1 and inhibition of the bc1 complex from Rhodobacter sphaeroides: I. 377 
Equilibrium and modeling studies. Journal of Biological Chemistry. 285 (29), 22513-22521, 378 
(2010). 379 

19 Bornhorst, J. A. & Falke, J. J. in Methods in Enzymology Vol. 326    245-254 (Academic 380 
Press, 2000). 381 

20 Kokhan, O. & Marzolf, D. R. Detection and quantification of transition metal leaching in 382 
metal affinity chromatography with hydroxynaphthol blue. Analytical Biochemistry. 582, 383 
113347, (2019). 384 

21 Doyle, C., Naser, D., Bauman, H., Rumfeldt, J. & Meiering, E. Spectrophotometric method 385 
for simultaneous measurement of zinc and copper in metalloproteins using 4-(2-386 
pyridylazo)resorcinol. Analytical Biochemistry. 579, 44-56, (2019). 387 

22 Furrer, J., Smith, G.S., Therrien, B. in Inorganic Chemical Biology  388 
10.1002/9781118682975.ch11  (ed G. Gasser)  (2014). 389 

23 Hogeling, S. M., Cox, M. T., Bradshaw, R. M., Smith, D. P. & Duckett, C. J. Quantification of 390 
proteins in whole blood, plasma and DBS, with element-labelled antibody detection by 391 
ICP-MS. Analytical Biochemistry. 575, 10-16, (2019). 392 

24 Yamasaki, S., Tsumura, A. & Takaku, Y. Ultratrace Elements in Terrestrial Water as 393 
Determined by High-Resolution ICP-MS. Microchemical Journal. 49 (2), 305-318, (1994). 394 

25 Brittain, H. G. Complex Formation Between Hydroxy Naphthol Blue and First Row 395 
Transition Metal Cyanide Complexes. Analytical Letters. 10 (13), 1105-1113, (1977). 396 

26 Brittain, H. G. Binding of Transition Metal Ions by the Calcium Indicator Hydroxy Naphthol 397 
Blue. Analytical Letters. 11 (4), 355-362, (1978). 398 

27 Temel, N. K., Sertakan, K. & Gürkan, R.  Preconcentration and Determination of Trace 399 
Nickel and Cobalt in Milk-Based Samples by Ultrasound-Assisted Cloud Point Extraction 400 
Coupled with Flame Atomic Absorption Spectrometry.  Biological Trace Element Research, 401 
186 (2), 597-607, (2018). 402 

28 Ferreira, S. L. C., Santos, B. F., de Andrade, J. B. & Costa, A. C. S. Spectrophotometric and 403 
derivative spectrophotometric determination of nickel with hydroxynaphthol blue. 404 
Microchimica Acta. 122 (1), 109-115, (1996). 405 

29 Denisov, I. G., Grinkova, Y. V., Lazarides, A. A. & Sligar, S. G. Directed Self-Assembly of 406 
Monodisperse Phospholipid Bilayer Nanodiscs with Controlled Size. Journal of the 407 
American Chemical Society. 126 (11), 3477-3487, (2004). 408 

30 Grinkova, Y. V., Denisov, I. G. & Sligar, S. G. Engineering extended membrane scaffold 409 
proteins for self-assembly of soluble nanoscale lipid bilayers. Protein Engineering, Design 410 
and Selection. 23 (11), 843-848, (2010). 411 

31 Bonta, M., Hegedus, B. & Limbeck, A. Application of dried-droplets deposited on pre-cut 412 
filter paper disks for quantitative LA-ICP-MS imaging of biologically relevant minor and 413 
trace elements in tissue samples. Analytica Chimica Acta. 908 54-62, (2016). 414 

32 Olmedo, P. et al. Validation of a method to quantify chromium, cadmium, manganese, 415 
nickel and lead in human whole blood, urine, saliva and hair samples by electrothermal 416 
atomic absorption spectrometry. Analytica Chimica Acta. 659 (1), 60-67, (2010). 417 



   

 

33 Shyamal, M. et al. Highly Selective Turn-On Fluorogenic Chemosensor for Robust 418 
Quantification of Zn(II) Based on Aggregation Induced Emission Enhancement Feature. 419 
ACS Sensors. 1 (6), 739-747, (2016). 420 

34 Kudo, H., Yamada, K., Watanabe, D., Suzuki, K. & Citterio, D. Paper-Based Analytical 421 
Device for Zinc Ion Quantification in Water Samples with Power-Free Analyte 422 
Concentration.  Micromachines, 8 (4), 127, (2017). 423 

35 Liu, R., Zhang, P., Li, H. & Zhang, C. Lab-on-cloth integrated with gravity/capillary flow 424 
chemiluminescence (GCF-CL): towards simple, inexpensive, portable, flow system for 425 
measuring trivalent chromium in water. Sensors and Actuators B: Chemical. 236 (C), 35-426 
43, (2016). 427 

•  428 


