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Abstract 22 

 23 

This work presents the first flow system for direct analysis of iodide and creatinine 24 

suitable for screen of human urine samples.  The system had a mini-column packed with 25 

strong anion exchange resin for on-line extraction of iodide.  After injection of a sample on 26 

the column the unretained urine sample was analyzed for creatinine in one section of the flow 27 

system using the Jaffe’s reaction with spectrometric detection at 520 nm.  Iodide was eluted 28 

off with 1.42 mL 5 M NaNO3.  A 150 µL fraction of the eluate was analyzed in another 29 

section of the same flow system for iodide using the kinetic-spectrometric Sandell-Kolthoff 30 

reaction.  At the optimum condition, the sample throughput was 12 samples h
-1

.  The linear 31 

working range covered the normal levels of iodide and creatinine in human urines: 0-200 µg I 32 

L
-1

 and 50-1,200 mg creatinine L
-1

, respectively.  Recoveries tested in 10 samples were 87-33 

104% for iodide and 89-104% for creatinine.  The Bland-Altman plots (n=50) showed that 34 

the scatter of the differences between values obtained by this method and that of reference 35 

methods, for both iodide and creatinine, were within mean ±2SD. 36 

 37 

 38 

 39 

 40 

 41 

 42 

 43 
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1. Introduction  44 

 45 

Iodine Deficiency Disorder (IDD) is a term for various adverse health effects resulting 46 

from inadequate iodine intake leading to insufficient production of thyroid hormones.
1
  The 47 

consequence of iodine deficiency during pregnancy is well-known for causing mental 48 

retardation in children.
2
  Iodine deficiency can occur at any age and it is estimated that more 49 

than 2 billion individuals worldwide have an insufficient intake of iodine.
3
  In order to ensure 50 

sufficient iodine intake many countries have implemented salt iodization and iodine 51 

supplementation.
4
  However, these strategies need efficient monitoring to avoid excessive 52 

intake of iodine as well as evaluation of the current IDD status of the population. 53 

Approximately 90% of the amount of ingested iodine is eventually excreted via 54 

urine.
5
  Therefore urinary iodine (UI) has been commonly used to monitor intake of iodine 55 

and IDD status of the population.  Since iodide ion is the most predominant form of iodine in 56 

urine
6-7

 quantitation of iodide provides information on total iodine excreted in urine.  The 57 

measured level of iodide is used for assessing ‘iodine intake’ and ‘IDD status’ according to 58 

WHO/UNICEF/ICCIDD guideline.  For school-aged children, the epidemiological criteria 59 

for iodine status are: <20 µg I L
-1

 (insufficient intake/severe IDD); 20-49 µg I L
-1

 (insufficient 60 

intake/moderate IDD); 50-99 µg I L
-1

 (insufficient intake/mild IDD); 100-199 µg I L
-1

 61 

(adequate intake/no IDD); 200-299 µg I L
-1

 (more than adequate intake/risk of 62 

hyperthyroidism) and >300 µg I L
-1

 (excessive intake/risk of adverse health consequences).
1,8 

63 

The most common method for determination of low levels of iodide in urine has been 64 

the kinetics-based Sandell-Kolthoff method.
1
  However there have also been other methods 65 

presented in literature for measurement of iodide in human urine, such as electrospray 66 
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ionization tandem mass spectrometry,
9
 ion-pairing reversed-phase high performance liquid 67 

chromatography with amperometric detection,
10

 single-drop microextraction coupled with 68 

gas chromatography
11

 and fluorescent enhancement by iodide of complex formation between 69 

carbon dots and mercury ion.
12

  Other methods have been recently reviewed by Shelor and 70 

Dasgupta.
13

 71 

The classical kinetic method based on Sandell-Kolthoff reaction
14

 is still a method of 72 

choice due to its high sensitivity and cost-effectiveness.  The method utilizes the catalytic 73 

activity of iodide on the redox reaction of Ce(IV) and As(III) in acidic medium and requires 74 

only a common spectrometer.  Analysis can be carried out in various formats, including batch 75 

,
15-16

 flow-based
17-20

 and microtitre plate.
21-24

  All these methods require sample treatment, 76 

such as ashing,
15

 digestion with chloric acid
16,19-21,23

 or persulfate
17-18,21-22,24

 to destroy 77 

organic interferences prior to the kinetic measurement.  This step is labor intensive, 78 

especially when handling large number of samples.  An early method based on on-line 79 

dialysis was subject to positive error.
25-26

  Since then there have been various flow methods 80 

for on-line total digestion with subsequent spectrometric detection, such as UV-persulfate 81 

digestion
27

 or acid digestion with KMnO4-K2Cr2O7-H2SO4.
28

 82 

We present a new flow method with an on-line anionic exchange treatment for 83 

determination of iodide in urine.  The strong anionic exchange resin (SAX) was packed in a 84 

glass column incorporated into the flow system to extract iodide from other urine matrices.  85 

Iodide was then eluted with sodium nitrate for analysis in a section of the flow system, where 86 

the Sandell-Kolthoff reaction was employed.  We also incorporated another flow section for 87 

simultaneous measurement of creatinine in the unretained urine sample from the SAX 88 

column.  This employed the Jaffe’s reaction.
29

  The system provided not only the iodide level 89 

but also the iodide/creatinine ratio (UI/UCr).  This ratio of a spot urine sample is suitable for 90 
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large scale screening of iodine status of individuals, as compared to urine sample collected 91 

over a 24 h period.
30

 92 

 93 

2. Experimental 94 

 95 

2.1 Reagents and sample 96 

 97 

 All chemicals used in this work were of analytical reagent grade.  Deionized distilled 98 

water, obtained from Branstead EASYpure II (USA) unit, was employed for preparation of 99 

all aqueous solutions. 100 

Stock solution of iodide (1,000 mg I L
-1

) was prepared by dissolving 0.1303 g of KI 101 

powder (Merck, Germany) in 100.0 mL of water.  Creatinine stock solution (2,000 mg 102 

cretinine L
-1

) was prepared by dissolving an accurate weight of approximately 0.2 g of 103 

anhydrous creatinine (Sigma, USA) in 100.0 mL of water.  Working standard solutions for 104 

calibration were solutions of iodide and creatinine, serially diluted from the stock solutions. 105 

Preparation of the reagents, used in the determination of iodide by the Sandell and 106 

Kolthoff reaction, was carried out similarly to that reported in a previous work.
19

  The 107 

arsenious solution was prepared by first dissolving 10.0 g of As2O3 (Ajax, New Zealand) and 108 

47.0 g of NaCl (Merck, Germany) in 500 mL of water.  The mixture was heated until a clear 109 

solution was obtained.  After cooling to room temperature, 27.8 mL of concentrated H2SO4 110 

was added to the solution which was then made up with water to 1 L in a volumetric flask to 111 

give 0.10 M arsenious acid solution.  The cerium (IV) solution (0.008 M) was prepared by 112 
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dissolving 5.0 g of (NH4)4Ce(SO4)4·2H2O (Merck, Germany) in a 1 L volumetric flask with 113 

1.75 M  H2SO4.  The solution was allowed to stand overnight before use. 114 

The alkaline picrate solution (0.03 M), used for the Jaffe’s method, was freshly 115 

prepared by dissolving approximately 1.7 g of picric acid powder (Merck, Germany) in 250 116 

mL of 0.4 M NaOH.  The 5 M NaNO3 eluting solution was prepared by dissolving 215 g of 117 

NaNO3 (Ajax, New Zealand) in 500 mL of water.  This solution was filtered through a 0.45 118 

µm cellulose acetate membrane (Sartorius, Germany) before use. 119 

For the validation study, 50 samples of spot urines from healthy volunteers were used.  120 

The urine samples were stored at 4°C until analyzed.  Prior to analysis, 5.00 mL of the urine 121 

sample was diluted five-fold with water. 122 

 123 

2.2 The flow manifold 124 

 125 

The optimized flow system for simultaneous determination of iodide and creatinine is 126 

shown in Fig. 1.  PTFE tubing (1.0 mm i.d, VICI, Switzerland), was employed in the 127 

assembly of the flow system.  An autosampler (Perkin Elmer AS90, USA) was used for 128 

sample loading.  The flow system consisted of three peristaltic pumps, P1, P2 and P3 129 

(Ismatec/ISM827, Switzerland) and two 6-port injection valves (Upchurch, USA), IV1 and 130 

IV2, for loading and injections of the sample and the eluted zone of iodide, respectively.  A 3-131 

way switching valve, SV1 (Upchurch, USA), was used for selecting flow of the sample or 132 

water into the system.  A 4-way switching valve, SV2 (Upchurch, USA), was utilized for 133 

switching between the flow of the sample/water and the eluent, E, into the sample treatment 134 

column (SAX in Fig. 1).  In ‘section b’ of the flow manifold, a relatively larger size tubing 135 

(3.17 mm i.d., 8 cm long), denoted ‘dilution tube’, was placed before the mixing coil MC to 136 
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increase dilution of the urine sample in order to give a suitable signal amplitude in the 137 

analysis of creatinine. 138 

As shown in Fig. 1, a water bath, WB (Fisher Scientific/Isotemp 205, UK), was used 139 

for maintaining the temperatures of reaction coils, RC1 and RC2, at 40 ºC.  A photometer, D1 140 

(Bangkok High Lab Co. Ltd., Thailand), equipped with a SMB420/525/640-3100-I LED 141 

(Epitex, Japan) as light source and a 10-mm flow-through cell (Helma, Germany), was used 142 

in the creatinine analysis (section b, Fig. 1).  In the iodide determination, a second 143 

photometer D2 (Bangkok High Lab Co., Ltd., Thailand), equipped with a SMBD520-1100 144 

LED (Epitex, Japan) as light source and a 10-mm flow-through cell (Helma, Germany) was 145 

used for monitoring the absorbance of Ce(IV) (section c, Fig. 1).  An in-house software 146 

written with Lab VIEW 8.2
TM

 was used for recording the output from the photomters. 147 

 148 

2.3 SAX column 149 

 150 

 The flow system also comprised a glass column (2.2 mm i.d., 25 mm long), packed 151 

with strong anion exchange resin (75-150 µm SAX, Alltech, USA), which had a maximum 152 

capacity of 900 µmol anion equivalent/600 mg resin.  Slurry of the SAX-resin, made by 153 

mixing 30 mg of the resin with water, was loaded into the glass column which was stoppered 154 

at each end with cotton wool.  Before use, the resin was conditioned by flowing a solution of 155 

5 M NaNO3 for 15 min, followed by washing with water for 5 min. 156 

 157 

 158 

 159 
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2.4 Flow procedure  160 

 161 

 The optimized operating sequence is shown in Fig. 2.  The system operated under 162 

continuous-flow mode throughout the analysis.  The steps in Fig. 2 described the operations 163 

of the four electronic components SV1, SV2, IV1 and IV2.  Figure 2 shows the steps for 164 

triplicate analysis of a sample together with the signal profiles for iodide and creatinine.  165 

According to the procedure in Fig. 2, a 5.0 mL urine sample (after 5-fold dilution) or a 166 

standard mixture was selected by switching valves SV1 and SV2 to flow into the SAX 167 

column.  Iodide ions were retained by the quarternary amine groups of the resin.  Un-retained 168 

components in the urine, including creatinine, flowed through the loop L2 (IV2 at ‘load’ 169 

position) and loop L1 (IV1 at ‘load’ position) to waste W2.  In the middle of the period of 170 

trapping of iodide by the resin, the urine in loop L1 was injected (IV1 is at the ‘inject’ 171 

position) into ‘section b’ (Fig. 1) for measurement of creatinine.  The urine sample from L1 172 

was mixed with a stream of water at the first confluence point before entering the dilution 173 

tube and then into mixing coil MC.  This diluted plug of urine then merged with the stream of 174 

the picrate reagent R1, being mixed inside the reaction coil RC1, before flowing into the 175 

detector, D1.  The signal profile for the first measurement of creatinine is shown in Fig. 2 176 

with a signal height C1.  At the start of detection of creatinine (t = 2.5 min) injection valves 177 

IV1 was set back to the ‘load’ position and switching valve SV1 was switched, allowing water 178 

to rinse the SAX column for 30 seconds.  The next procedure was the elution of iodide from 179 

the SAX column into sample loop L2.  For this step, SV2 was switched to allow 5 M NaNO3 180 

eluent (E in Fig. 1) to flow into the SAX column at a flow rate of 1 mL min
-1

 for 1.42 min.  181 

The eluate, containing iodide, flowed into the sample loop L2.  At 3.42 min, the valve IV2 182 

was switched to the ‘inject’ position to inject the eluate in loop L2 into ‘section c’ for analysis 183 

of iodide by the Sandell-Kolthoff reaction.  This sample zone merged and mixed with 184 
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arsenious acid R2 and ceric reagent R3, respectively.  The reaction zone passed through the 185 

heated reaction coil RC2 for acceleration of the kinetics before flowing into the detector D2.  186 

In the Sandell-Kolthoff reaction the iodide ion catalyzes the reduction of Ce(IV) and thus 187 

there is a decrease in absorbance when the sample zone is monitored at D2.  Thus for an 188 

injection of a sample there would be 2 flow profiles with the peaks for creatinine and iodide 189 

appearing almost simultaneously (see Fig.2).  Figure 2 shows the flow profiles for triple 190 

injections of a sample. 191 

 192 

3. Results and discussion 193 

 194 

3.1 System design and operation 195 

 196 

3.1.1 Final Design 197 

 198 

The flow system in Fig. 1 comprises three sections: section a, ‘sample treatment’; 199 

section b, ‘creatinine analysis’; and section c, ‘iodide analysis’.  We modified an off-line 200 

method for the separation of iodide from urine using SAX as reported by G. E. Abraham et 201 

al. in 2006.
31

  In this work, the SAX resin, packed in a glass column, was installed into the 202 

flow system in ‘section a’ for on-line clean-up of the urine sample.  Un-retained creatinine 203 

flowed into ‘section b’ for analysis using the Jaffe’s reaction.  An aliquot of iodide eluate, 204 

eluted with 5 M NaNO3 solution, was delivered to ‘section c’ for kinetic determination of 205 

iodide using the Sandell-Kolthoff reaction. 206 
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3.1.2 Development of flow protocol for iodide extraction and measurement 207 

 208 

 In order to optimize the flow for ‘sample treatment’ and ‘iodide analysis’, ‘section a’ 209 

and ‘section c’ were connected without ‘section b’ as shown in Fig. 3a (configuration I) or in 210 

Fig. 3b (configuration II), respectively.  In configuration I, the SAX column was fitted to the 211 

six-port injection valve (IV2) as the sample loop.  In ‘configuration II’, the same SAX column 212 

was placed between a switching valves SV2 and a six-port injection valve (IV2), to which a 213 

sample loop L2 (150 µL) was installed.  The 4 operation steps for ‘configuration I’ and 214 

‘configuration II’ are listed in Table 1.  Connections of the flow devices are also given in 215 

Table 1. 216 

 The design of ‘configuration I’ used ‘section a’ for introducing urine into SAX 217 

column to retain iodide (step 1 in Table 1), followed by rinsing with water (step 2 in Table 1).  218 

Iodide was eluted from the column with 5 M NaNO3 (carrier E) by the six-port injection 219 

valve IV2 (step 3 in Table 1).  The eluate directly merged and mixed with the reagents R2 and 220 

R3 in ‘section c’.  It was observed that using the configuration there was not only the signal of 221 

iodide (i.e. I1, I2 or I3), but also a large positive peak in the front of the negative signal for 222 

iodide.  This positive peak was also obtained for a blank sample.  Water from the rinsing step 223 

that remained in the SAX column and in the connecting tubes was the cause of the positive 224 

peak.  Since the carrier solution in ‘section c’ is 5 M NaNO3 this water plug reduced the ionic 225 

strength of the carrier solution leading to lower reaction rate and an increase in the 226 

background absorbance (vide infra).  Thus ‘configuration I’ was not selected. 227 

 In ‘configuration II’ (Fig. 3b) a switching valve SV2 was installed in ‘section a’ and 228 

the SAX column connected between this valve and the six-port injection valve IV2.  A sample 229 

loop L2 (150 µL) was installed on the injection valve IV2.  The carrier line of ‘section c’ was 230 
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changed from NaNO3 (eluent E) to water (Fig. 3b).  The NaNO3 line now formed a part of 231 

‘section a’ and its flow line was connected to the valve SV2.  The elution of iodide from SAX 232 

now constituted ‘section a’. 233 

 ‘Configuration II’ (Fig. 3b) was operated according to steps 1 to 4 of Table 1.  SV1 234 

was used in conjunction with SV2 to flow urine, water or eluent (E) through the SAX column.  235 

In step 3.1 of Table 1, the volume of the total eluate zone that was in the sample loop L2, was 236 

delivered to ‘section c’ on switching injection valve IV2.  The rest of the eluate was vented to 237 

waste W2 in step 3.2 of Table 1.  The signal from the catalytic effect of iodide was now 238 

observed (Fig. 3b).  The signal of the blank sample resulted from the increase of the 239 

uncatalyzed reaction rate due to the NaNO3 in the eluent (E).  This was shown by a separate 240 

experiment using only ‘section c’.  The detector D2 showed a baseline absorbance of 0.9 au, 241 

when water was used as the carrier.  The baseline absorbance decreased to about 0.45 au 242 

when 5 M NaNO3 was used as the carrier.  This showed that increase ionic strength lead to an 243 

increase in the rate of the Sandell-Kolthoff reaction. 244 

 In the final system the waste line W2 of ‘section c’ was connected to the six-port 245 

injection valve IV1, which had a 50 µL sample loop L1 (Fig. 1).  Urine that passed through 246 

resin column flowed into this sample loop L1 (50 µL).  The urine in L1 was then injected into 247 

the carrier stream of water for further dilution and reaction with alkaline picrate (R1) in 248 

‘section b’. 249 

 250 

 251 

 252 

 253 
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3.2 Selection of iodide eluate zone for kinetic analysis in ‘section c’ 254 

 255 

 In the final manifold in Fig. 1, only the NaNO3 eluate (containing iodide ions) in the 256 

150 µL sample loop of injection valve IV2 was sent to ‘section c’ for kinetic analysis.  We 257 

therefore need to find the suitable time at which to inject the 150 µL eluate so that the eluate 258 

in the sample loop contained the highest concentration of iodide.  Fig. 4 shows the signals for 259 

a blank (water) sample and iodide standard (100 µg I L
-1

) in the NaNO3 eluate at various 260 

injection times.  The signals for the blank sample increased, reaching a constant value for 261 

injection times > 30s.  As discussed previously, NaNO3 increases the kinetics of the 262 

uncatalyzed reaction due to increase in ionic strength.  The head zone of the eluate will be 263 

diluted by the water remaining in the column, but the later eluting solution (eluting after 30 s) 264 

will be 5 M NaNO3.  The signals for the iodide sample also steadily increased with injection 265 

times, but reaching a maximum between 25 and 30s.  For longer injection times the signal 266 

gradually decreased to the level found for the blank sample (injection times > 85s).  This 267 

indicated that there was no iodide remaining in the eluate, only 5 M NaNO3.  Thus injection 268 

of the eluate in the injection loop at 25 s was the most suitable injection time.  The results 269 

also showed that a volume of 1,420 µL of 5 M NaNO3 was sufficient to elute all the sample 270 

iodide trapped on the column. 271 

 272 

 273 

 274 

 275 
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3.3 Volume and flow rate of sample  276 

 277 

In this work urine samples were diluted 5-fold with water prior to analysis.  Therefore 278 

a standard iodide solution of 20 µg I L
-1

 was chosen as representative of the urine at the 279 

median level of iodine (100 µg I L
-1

, the cut off level between mild IDD and normal).  The 280 

amount of resin packed in the SAX column was capable of trapping 45 µmol of iodide ion.  281 

Volume, from 1 to 5 mL, of this solution was loaded on the SAX resin at the flow rate of 1 282 

mL min
-1

 (1.6 x 10
-4

 to 7.9 x 10
-4

 µmol I
-
).  As expected, the iodide signal recorded at 283 

detector D2 increased linearly with the loading volume (r
2
 = 0.994, data not shown) indicating 284 

that the system had high efficiency in both trapping and elution of iodide ion.  In this work, 5 285 

mL was selected as the sample volume. 286 

 Loading flow rates of 0.5, 1.0, 1.5, 2.0 and 2.5 mL min
-1

 were tested with no 287 

difference in the observed signals.  However, it was found that the flow rate of 2.5 mL min
-1

 288 

led to back pressure after long use.  A flow rate of 2.0 mL min
-1

 was selected for loading the 289 

sample. 290 

 291 

3.4 Investigation of the kinetics  292 

 293 

For determination of iodide using the kinetics of Ce(IV)-As(III) reaction, it was 294 

proposed that the kinetics should exhibit pseudo-first order kinetics in Ce(IV) 295 

concentration.
20,32

  Then the relationship between Ce(IV) concentration and time can be 296 

expressed by [Ce(IV)]t = [Ce(IV)]0 e
-kt

: where [Ce(IV)]t is the concentration of Ce(IV) at time 297 
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t; [Ce(IV)]0 is the initial concentration of Ce(IV); k is the observed pseudo-first order rate 298 

constant.  This rate constant is equal to (kuncatalyzed +kcatalyzed[I
-
]), where the two rate constants 299 

are the uncatalyzed and catalyzed processes, respectively.  In flow-based analysis the 300 

absorbance of Ce(IV) is monitored at a fixed time t after mixing of the reagent(s) and sample.  301 

It can be shown that -lnAt and [I
-
] are linearly related, as shown in equation 1. 302 

-lnAt = -lnAo + tkuncatalyzed + tkcatalyzed[I
-
]      (1) 303 

where Ao and At is the absorbance of Ce(IV) after mixing and at fixed time t, respectively. 304 

 The flow manifold of ‘section c’ (Fig. 1) was constructed similar to the manifold 305 

presented for the determination of total inorganic iodine in drinking water.
32

  However, the 306 

current manifold has a 40 ºC water bath to accelerate the kinetics and improve the sensitivity.  307 

For this new flow system, it was necessary to adjust the system to ensure that the Sandell-308 

Kolthoff reaction followed first-order kinetics.  A stopped-flow mode
20,32

 was employed in 309 

the flow system ‘section c’ to investigate the kinetics for five concentrations of iodide (20 to 310 

100 µg I L
-1

), prepared in 5 M NaNO3 (to simulate the iodide in the eluate).  An exponential 311 

decrease in absorbance with time (Fig. S1†) was observed for all the iodide solutions.  Using 312 

Sigma plot software
33

 it was shown that the exponential fittings had less than 1% fitting 313 

errors, comparable to a batch mixing. 314 

 315 

3.5 Length of dilution tube for creatinine analysis 316 

 317 

In this work, creatinine was measured using the flow manifold ‘section b’ (Fig 1).  It 318 

had been recommended that for the Jaffe’s method the urine sample should be diluted 319 

approximately 50-fold before reacting with the picrate reagent.
34

  Thus a large diameter tube 320 
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(3.17 mm i.d.), the dilution tube, was added to further dilute the urine sample and also to 321 

improve the mixing efficiency.  Table 2 shows the analysis times and percent recoveries 322 

obtained when using various lengths of dilution tube.  The experiment was carried out using a 323 

pooled urine from 5 subjects.  It was observed that recovery decreased to almost 100% as the 324 

length of the dilution tube increased, i.e. with increasing dilution.  The 8 cm tubing was 325 

selected for a faster analysis time. 326 

 327 

3.6 Analytical performance and validation 328 

 329 

Using the optimal conditions discussed previously, the flow system in Fig. 1 gave 330 

simultaneous measurements of iodide and creatinine in urine.  The linear range for iodide was 331 

0 - 200 µg I L
-1

 (-lnAt = (0.0109 + 0.0001)µg I L
-1

 + (0.2485 + 0.0045): r
2
 = 0.999) and for 332 

creatinine the linear range was 50 - 1,200 mg creatinine L
-1

 (ΔA = (0.0007 + 0.0001)mg 333 

creatinine L
-1

 + (0.0015 + 0.0045): r
2
 = 0.999) (Fig. S2†).  The limits of detection (LOD, 3) 334 

were 1 µg I L
-1

 and 12 mg creatinine L
-1

 for iodide and creatinine, respectively.  The method 335 

had a precision of 1.5 % RSD (n = 10) (for 20 µg I L
-1

) and 6.1 % RSD (for 50 mg creatinine 336 

L
-1

).  Recoveries for 10 urine samples were 87 - 104% for iodide and 90 - 104% for 337 

creatinine, respectively.  The method had a throughput of 12 samples h
-1

.  The SAX column 338 

was robust and self-regenerated to the nitrate form during the elution of iodide with the 339 

sodium nitrate eluent. 340 

 The developed method was applied to the determination of iodide and creatinine in 50 341 

urine samples collected from volunteers with no known history of IDD.  These values were 342 

compared with values obtained using the reference methods by means of the Bland-Altman 343 
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plot
35

 (see Fig. 5a and Fig. 5b for iodide and creatinine, respectively).  The plots showed that 344 

all data lay within  2SD of the mean of their differences, showing that this method was 345 

equivalent to the reference methods.  Pearson’s correlations (Fig. S3†)
35

 also confirmed that 346 

our method gave results that did not differ significantly from values using the reference 347 

methods (r = 0.988 for iodide, r = 0.992 for creatinine). 348 

 As reported in the literatures
36-37

, the levels of urinary iodine and creatinine showed 349 

diurnal fluctuation over a 24 hour period (Fig. 6).  However, the iodide to creatinine ratios 350 

(UI/UCr) almost eliminated this diurnal fluctuation (see Fig. 6a and Fig. 6b).  Therefore, this 351 

method allows the evaluation of the UI/UCr ratio of a spot urine sample which can replace a 352 

24 hr urine sample for evaluating the IDD status of a large number of subjects.  A recent 353 

paper
38

 also measured the UI/UCr ratio in urine dried on filter paper strips.  The extracted 354 

sample was oxidized with persulphate prior to analysis by the Sandell-Kolthoff reaction.  A 355 

separate Jaffe’s method was employed for creatinine determination. 356 

 357 

4. Conclusion 358 

 359 

To our knowledge, this is the first system that provides simultaneous determination of 360 

iodide and creatinine in urine, and hence the UI/UCr ratio.  Thus survey of the iodine status 361 

of a population can be conveniently carried out using spot urine.  The urine sample is directly 362 

injected into the flow manifold without any sample pre-treatment, except a 5-fold dilution 363 

with water.  An in-line SAX column in the nitrate form extracts iodide from the urine matrix 364 

while the non-retained urine is analyzed for creatinine content using alkaline picrate.  A 365 

selected fraction of the eluate from the SAX column is analyzed for iodide using the Sandell-366 

Kolthoff reaction.  A 5 M NaNO3 solution is used for eluting iodide from the SAX column as 367 
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well as for regenerating the SAX resin for the next sample.  The SAX column has been 368 

employed for more than 200 injections.  We believe that this system is a step towards 369 

resolving the outstanding problem of a facile sample preparation as commented in the review 370 

of Shelor and Dasgupta.
13

 371 
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Lists of figure caption 455 

 456 

Fig. 1 A schematic drawing of the optimized flow system with an on-line SAX column for 457 

simultaneous and direct analysis of urinary iodide and creatinine.  The system is composed of 458 

three sections: ‘section a’ for sample treatment, ‘section b’ for creatinine analysis and 459 

‘section c’ for iodide anlaysis.  R1: 0.03 M alkaline pricrate; R2: 0.1 M As2O3 with 0.8 M 460 

NaCl in 0.5 M H2SO4; R3: 0.008 M (NH4)4Ce(SO4)4 in 1.75 M H2SO4; E: 5 M NaNO3; P1, P2 461 

and P3: peristaltic pump 1, 2 and 3; IV1, IV2: Injection valve 1 and 2; L1, L2: Loop 1 (50 µL) 462 

and Loop 2 (150 µL); SV1, SV2: Switching valve 1 and 2; RC1, RC2: Reaction coil 1 and 2 463 

(1.0 mm i.d., 200 cm long); MC: Mixing coil (1.0 mm i.d., 50 cm long); Dilution tube: 3.17 464 

mm i.d., 8 cm long; SAX minicolumn: glass tube (2.2 mm i.d., 25 mm long) packed with 30 465 

mg of strong anion exchange resin; WB: Water bath; D1 and D2: LED detector 1 (520 nm) 466 

and 2 (420 nm). 467 

 468 

Fig. 2 A graphical representation of timing sequence of the valves and the corresponding 469 

absorbance signals for three replicate injections of a sample for the developed flow system 470 

(refer to Figure 1).  Section (a) is the steps for the sample treatment, section (b) for the 471 

creatinine analysis and section (c) for the iodide analysis.  At the start of the first injection, 472 

the switching valves SV1 and SV2, are set to allow the sample to flow through the SAX 473 

column to trap the iodide ion.  Injection valves IV1 and IV2 are in the “Load” positions.  474 

Unretained urine flows through sample loops L2 and L1, respectively, to waste W2.  At 1.0  475 

min injection valve IV1 is set to the “Inject” position to introduce the urine in the sample loop 476 

L1 into section (b) of the system for analysis of creatinine by reacting with a flow of picric 477 

acid (R1).  The profile of the absorbance of the product of the Jaffe’s reaction is shown as 478 
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signal (D1).  At 2.5 min, the time at which creatinine starts to be observed, switching valve 479 

SV1 is set to allow H2O to flow through the SAX column for 0.5 min.  Also at 2.5 min 480 

injection valve IV1 is set back to the load position.  Then at 3.0 min the switching valve SV2 481 

is set to allow the eluent E (5 M NaNO3) to elute the trapped iodide off the SAX column for 482 

1.42 min and then set back.  The eluted zone flows into the loop L2.  At 3.42 min the injection 483 

valve IV2 is set to the “Inject” position to introduce the iodide eluate in the sample loop L2 484 

into section (c) of the system for analysis of the iodide by the Sandell-Kolthoff kinetic 485 

method.  The resulting absorbance signal as recorded at detector D2 is shown as Signal (D2). 486 

At 4.42 min injection valve IV2 is set back to the “Load” position.  At 5.0 min switching 487 

valve SV1 is set to allow the sample solution to flow into the SAX column, so starting the 488 

second cycle of the analysis. 489 

 490 

Fig. 3 Comparison of the two flow configurations for sample pretreatment (section a) and 491 

iodide analysis (section c).  The recording of the absorbances at detector D2 are for 3 replicate 492 

injections of blank sample and a standard solution of 20 µg I L
-1

.  (a) Configuration I: the 493 

SAX column is fitted to the injection valve IV2, replacing the sample loop.                           494 

(b) Configuration II: a second selection valve SV2  is added in section a  and the SAX column 495 

placed between SV2 and injection valve IV2, which now has a sample loop L2 installed. This 496 

is the configuration selected for the flow system employed for analysis of urine samples. 497 

Using Configuration II the solution in sample loop L2, when injected into section c (for iodide 498 

analysis) always has 5 M NaNO3 (eluent E) as the solvent.  Thus the blank signal is due to the 499 

effect of 5 M NaNO3 on the kinetics of the Sandell-Kolthoff reaction (see Section 3.4). 500 

 501 
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Fig. 4 Signals obtained for a blank (water) sample and 100 µg I L
-1

 iodide (analyte) eluted 502 

from the on-line ion-exchange column with 5 M NaNO3 (eluent).  The signals were obtained 503 

from solution in the 150 µL sample loop (of injection valve IV2) injected into the ‘section c’ 504 

at various injection times. 505 

 506 

Fig. 5 Bland-Altman plots for comparing the data obtained from our method for (a) iodide, 507 

compared with chloric acid digestion method
19

 and (b) creatinine, compared with the 508 

standard Jaffe’s method
29

. 509 

 510 

Fig. 6 Levels of iodide, creatinine and iodide/creatinine ratio of spot urine samples collected 511 

over 24 hours from two subjects, (a) and (b). 512 

 513 

 514 

 515 

 516 

 517 

 518 

 519 

 520 

 521 
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Fig. 1522 
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Fig. 2524 
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Table 1 

Step operation and device connection in configuration I and the configuration II representing ‘section a’: sample treatment and ‘section c’: iodide analysis. 

 

Step operation 

Configuration I Configuration II 

Device connection Duration Device connection Duration 

1. SAX loading  with urine SV1(std)-IV2(SAX)-W2 2 min and 30 s SV1(std)-SV2(SAX)-IV2-W2 2 min and 30 s 

 

2. SAX clean up using water SV1(H2O)-IV2(SAX)-W2 

 

 

30 s  

 

SV1(H2O)-SV2(SAX)-IV2-W2 

 

30 s 

3. SAX elution using 5 M  

    NaNO3 and iodide  

    analysis in ‘section c’ 

 

‘section c’(E)-IV2(SAX)-W3 

 

 

 

3 min and 15 s 

3.1 ‘section a’(E)-SV2(SAX)-IV2-‘section c’(H2O) 

 

3.2 ‘section a’(E)-SV2(SAX)-IV2-W2 

 

25 s 

 

 

1 min  

4. SAX Washing with water SV1(H2O)-IV2(SAX)-W2 

 

30 s SV1(H2O)-SV2(SAX)-IV2-W2 

 

30 s 

Total operation time/cycle 6 min and 45 s 4 min and 55 s 
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Table 2 

Optimization of length of dilution tube, carried out using a pooled urine (from five samples), and 

its effect on recovery of the creatinine analysis of ‘section b’. 

 

Tube length 

(cm) 

Calculated  Value 
Analysis time         

(min injection
-1

) 

%Recovery 

(n = 3) Tube volume 

(µL) 

Dilution factor
a
 

(fold) 

2 160 3.2 3.00 118  2.5 

4 320 6.4 3.50 102  4.7 

6 470 9.4 4.00 100  6.5 

8 630 12.6 4.50 100  0.7 

10 790 15.8 5.00 101  0.4 
a
Dilution factor = (volume of dilution tube)/ 50 µL

b 

b
Volume of L1 
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A table of contents entry 

The first system suitable for large-scale screening of iodine deficiency in human was 

developed.  This is a step towards resolving the outstanding problems of sample preparation 

and 24-h urine collection. 
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