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A simple designh atomic emission spectrometer
combined with multivariate image analysis for
the determination of sodium content in urinefy

Bruno Debus,*@ Dmitry Kirsanov, £2*2 [rina Yaroshenko®® and Andrey Legin®

In clinical analysis the determination of alkali metals in biological samples is often performed by flame
emission spectroscopy (FES). Despite its good analytical performance for the determination of trace
elements, FES apparatus is often cumbersome, expensive, and energy dependent and thus, not
applicable for on-site measurements. In an attempt to address these limitations, a simple digital atomic
emission spectrometer built from easily available components is proposed in this study for the
quantification of sodium in human urine samples. The system was designed to operate in the absence of
electrical power supply with a sample consumption per measurement of about 10 pL. It comprises
a traditional Bunsen burner with an air-propane flame embedded in a protective box, a silver wire loop
for sample introduction and a smartphone camera for digital recording of the signal emitted by the
analyte. The collected video frame is subjected to a multivariate image procedure based on multivariate
curve resolution — alternating least squares (MCR-ALS) intended to avoid subjectivity in the selection of
the region of interest (ROI) used to build the univariate regression model. The developed platform was
evaluated in the context of sodium determination in human urine in the range from 40 to 220 mmol L™,
The system displays a linear response (R? = 0.990) between the color index and sodium content for
standard samples with a detection limit of 10.9 mmol L™% Performance study for intra-day (2.5-4.1%)
and inter-day (1.3-2.5%) measurements, performed on three different days, exhibits good repeatability.
The homemade digital atomic emission spectrometer was successfully applied to the determination of
(spiked) sodium in human urine samples (R = 0.942) with recovery that ranged from 94.8 to 110.4% and
an averaged mean relative error below 10%. Selectivity study against potassium, calcium and magnesium
revealed high tolerance of the method for these interferents.

The accurate determination of sodium content in biological
samples is of primary importance in fields such as food chem-

Flame emission spectroscopy (FES) is a standard analytical
technique? routinely employed in clinical analysis for quanti-
tative determination of alkali elements in complex biological
samples such as blood plasma or urine. The attractive feature of
FES is its capability to detect multiple elements simultaneously
with a high sensitivity.®* The multi-element identification is
achieved through the detection of a specific spectral signature,
in the form of a discrete emission spectrum. Since the intensity
of the emitted light is proportional to the element concentra-
tion over several orders of magnitude, FES is a method of choice
for a broad range of applications ranging from trace analysis to
high concentration level determination.*®
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istry® or clinical diagnosis.'®"* Owing to its high selectivity, FES
usually provides for a fast and reliable quantification in agree-
ment with clinical standards by taking advantage of the char-
acteristic prominent yellow emission from sodium. The
performance of FES can nonetheless be altered by the presence
of easily ionized elements'*° leading to biased quantification
of low sodium content or trace elements. This situation is
mainly encountered in complex samples such as urine, for
which the normal sodium level is located in the range 40-
220 mmol L' per day, where the matrix composition shows
great variability from sample to sample. In order to correct for
potential interference, methods such as standard additions or
internal standards are usually required."”

Commercially available FES systems are usually restricted to
specialized laboratories or academic institutes as a conse-
quence of their relatively high cost, bulkiness and energy
dependence. In an attempt to apply FES in an on-site mode,
efforts have to be devoted to the design of homemade or custom
flame emission spectrometers able to minimize each of the
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above criteria. This strategy is enabled by considering the
relatively simple architecture of commercial flame emission
spectrometers for which sophisticated parts of the instrument
can be easily substituted by simple and cost-effective devices. In
practice cumbersome items such as plasma torches can be
replaced by more traditional and energy saving light sources
based on Bunsen' or camping burners.' Likewise the devel-
opment of embedded systems for which the signal detection is
based on a built-in CCD camera®** or webcam® is likely to be
more suitable for on-site measurements. It is worth noting that
by achieving digital detection, instruments such as photo-
multipliers and monochromators are discarded in favor of
a simpler image processing procedure. Recorded images are
decomposed in the RGB (red-green-blue) color system from
which a specific mathematic model can be derived to yield
appropriate calibration curves.

The conversion of a liquid sample into a fine spray or aerosol
is usually a critical step if one wants to achieve a low detection
limit> in FES. In an attempt to substitute expensive commercial
systems, several approaches based on 3D-printed™ or custom-
made nebulizers** have been reported. However, despite the
efforts made in recent years, sample nebulization still partially
require tedious experimental design and/or sophisticated
instruments. So far the simplest sample introduction method,
as reported by Moraes and co-workers, involves perfume spray
bottles and an open-air flame from a Bunsen burner.?® Although
this system is suitable for educational purposes, its adaptability
to on-site measurement of biological samples is yet question-
able. First, spray bottles usually require large liquid volumes
which are not always available for particular samples such as
blood serum. Second, experiment ergonomics are not optimal
as it involves two operators respectively in charge of sample
nebulization and flame detection via a smartphone camera,
provided that sample spraying is done at an appropriate and
fixed distance from the flame to prevent extinguishment.
Finally, the digital image-based procedure to define the region
of the flame that exhibits the most intense light is set manually
and thus it is time-consuming and highly subjective.

In this context, we propose a homemade FES platform for the
determination of sodium content in human urine which can
potentially operate in an on-site mode. The system is built
around a protective box in which an air-propane flame source
from a traditional Bunsen burner is embedded. A 10 pL aliquot
of the urine sample is introduced via a homemade silver wire
loop mounted on a screwdriver and directed toward the flame. A
commercial smartphone with a built-in camera is positioned in
the front of the box and it captures color changes of the flame
through a transparent plastic observation window. Sample
introduction and digital recording are achieved simultaneously
by a single operator and it takes no more than 10 seconds for
each measurement. The recorded signal, in the form of a video
frame, is subjected to the special image processing procedure
based on multivariate curve resolution - alternating least
squares (MCR-ALS).*® In addition to preventing subjectivity in
the selection of the ROI, this strategy does not require back-
ground correction as image contributions of lower intensity are
naturally discarded by the bilinear model assumed by MCR-
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ALS. The averaged intensity inside the ROI is finally computed
and correlated with the known concentration of sodium in
calibration urine samples. The derived linear regression model
can be further employed for the analysis of new samples.

2. Materials and methods
2.1 Reagents

Sodium chloride, potassium chloride, calcium chloride dihy-
drate and magnesium chloride hexahydrate (analytical grade -
99.9%) were purchased from Sigma Aldrich. The concentration
of standard sodium solutions was adjusted between 40 and
220 mmol L " in order to match the reference range considered
in clinical analysis. Concentrated solutions of sodium (2.52 mol
L"), potassium (1.05 mol L"), calcium (0.74 mol L) and
magnesium (0.42 mol L") were prepared from their respective
salts in distilled water and used as working solutions for
recovery and interference studies.

2.2 Biological samples

Urine samples (n = 22) were collected from healthy volunteers by
the Urolithiasis Laboratory (Medical Center of Laboratory Diag-
nostics, St. Petersburg) and stored in a biomedical fridge at -
25 °C. Following a dilution by a factor 400-800, the content of
inorganic cations (calcium, magnesium, sodium, and potassium)
was assessed in the range 190-400 nm by using a “Capel 105 M”
(Lumex, Russia) capillary electrophoresis system based on the
procedure described in ref. 27. All reference data were collected
in the Bioanalytical Laboratory CSU “Analytical Spectrometry”
(St. Petersburg, Russia). Sodium content in undiluted urine
samples was found ranging between 40.6 and 218.3 mmol L.

Prior to analysis, raw samples were thawed at room
temperature (25 °C) and used without dilution. Spiked samples
for recovery studies were prepared by mixing 200 pL of human
urine with 10 pL of an appropriate working solution diluted
accordingly.

2.3 Development of a homemade atomic emission
spectrometer

A scheme of the designed platform for sodium quantification in
human urine is shown in Fig. 1. The proposed analytical system
is built from cheap and commonly available materials. It
comprises a classical Bunsen burner, a thick closing timber box,
a screwdriver, a thin silver wire, a transparent CD/DVD plastic
case and a commercial smartphone. Assembly of the instru-
ment starts by securing the Bunsen burner on a flat surface. The
upper part of the burner (about 1.5 cm) is inserted into the
bottom side of the box (vertically oriented) at the barycentre
position. The box has the dimensions of 30.5 x 27 x 14 cm
(H x L x W) and it is firmly maintained above the flat surface
by using homemade blocks placed at each corner. Wood was
selected among other materials due to its low thermal
conductivity (=0.12 W m °C™") in order to prevent heat expo-
sure and minimize skin burning risks. For safety reasons, the
flame height is adjusted to less than one third of the box height
(about 8 cm). Meanwhile small openings are drilled on top of

This journal is © The Royal Society of Chemistry 2017
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Fig.1 Scheme of the homemade FES platform built from commonly
available materials for the determination of sodium content in urine.

the box to enable heat removal and avoid wood ignition. Once
the burner is switched on, the inner part of the box is secured
from potential outside interference such as air streams and/or
ambient light by closing the box front door. During the
process, the stability of the flame is monitored through an
observation window made from a piece of a colorless trans-
parent CD/DVD plastic case fixed with tape on the lower side of
the door. The obtained bluish flame is particularly adapted for
the atomization of alkali metals®® and features a lower back-
ground contribution compared to yellow flames.

The introduction of the sample into the flame is achieved
through a thin silver wire mounted with tape on the metallic
part of a screwdriver. The end of the wire is manually curved in
order to form a circular loop of diameter 3.1 mm. Standardi-
zation of the loop form and dimensions is ensured by using
a commercial jack male RCA video cable (see Fig. S1 in the
ESIY). Prior to measurement, the loop is rinsed three times with
distilled water and subsequently immersed in the sample. The
screwdriver - silver wire assembly containing the droplet is then
inserted into the analytical chamber via a 1 cm hole located on
the left side of the box. In order to avoid an early contact with
the flame, the sample is first inserted at the angle of approxi-
mately 45° towards the left surface of the box. When the
screwdriver handle, whose diameter is larger than 1 cm, is in
contact with the box the sample holder is put in the 90° posi-
tion. A wood block placed inside the analytical chamber guide
the screwdriver into the optimal alignment position with the
flame so that the droplet reaches the upper part of the burner at
its center position. The total wire length, the loop included, is
about 10.5 cm. The silver loop is carefully washed with distilled
water after each measurement and replaced after every 10
measurements to prevent potential damages to the wire. Unlike
systems operating via nebulizers or spray bottles, the developed
procedure does not require tedious design and has a sample
consumption per measurement of about 10 pL.

Throughout the process, the color of the flame is monitored
by using a smartphone (Nokia E72 with a 5 M pixel built-in
camera, resolution of 480 x 640 pixels) located at the observa-
tion window. The capture of the video frame (14 frames per s)
starts once the droplet is in contact with the flame and ends as

This journal is © The Royal Society of Chemistry 2017

View Article Online

Analytical Methods

soon as the sample is totally consumed. The average video
duration is approximately 10 s. Each sample is measured in
triplicate. The subsequent video frame is then transferred to
a computer and converted into the AVI format prior to multi-
variate image analysis.

2.4 Hazards

Switching on the burner inside the box can be potentially
dangerous. Therefore a safe distance from the flame should be
maintained during the process. Long lighters such as piezo-
electric flame gas lighters for kitchen are strongly advised for
the sake of safety. Contact with the top of the box should be
avoided while performing experiment to prevent skin burning.
Although silver is an inert material, its exposure to the flame
should not be extended more than 15 seconds, otherwise
overheating and melting of the metal might be observed,
destroying the loop in the process.

2.5 Multivariate image processing

All video frames were processed in Matlab 7.5 (the MathWorks
Ltd, Massachusetts) based on a homemade procedure detailed
in the flowchart shown in Fig. 2. The first step consists in
uploading the video frame of a particular sample measured in
triplicate into the Matlab workspace. For each video sequence
a single representative frame (480 x 640 x 3) is selected for
analysis. Selection criteria are the presence of highly intense
RGB coefficients homogeneously distributed over a significant
pixel region and the absence of (saturated) bright pixels. Once
selected, the three images (one per replicate) are converted into
grayscale images (480 x 640) with double precision. This
operation removes hue and saturation from the image while
retaining the luminance containing most of the data. The
average grayscale image is then computed and subjected to
Multivariate Curve Resolution - Alternating Least Squares.>®
This is a standard soft-modeling approach intended for the
decomposition of a data matrix or image D (480 x 640) into the
bilinear model given in eqn (1):

D=cC-S" (1)

where C (480, k) and S (k, 640) correspond to the k intensity
profiles along x and y pixel dimensions of the image, respec-
tively. The profiles are optimized iteratively under constraints
by a least squares procedure in order to mimic every physical
property which grayscale images are expected to fulfill such as
non-negative intensity. Further information about MCR-ALS is
available in ref. 29.

In order to retain only the significant information of the
image a 4 component MCR model (k = 4), in agreement with
singular values decomposition,* is built and optimized under
non-negativity constraints. For this purpose, the bilinear model
shown in eqn (1) can be rewritten as the following eqn (2):

D =C;-S{ + C;-S; + C3-S3 + C4-Sj (2)

with each pair of C;-S{ profiles corresponding to a new image
explaining a particular source of variance contained in the input
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Fig. 2 Flowchart of the multivariate image processing used for the analysis of video frames collected by the developed FES platform.

grayscale image D. As one can see in Fig. 2, each C;-S} couple
gives access to selective information of the image. This property
is exploited to separate information associated with the sample
emission from other contributions of lower importance. In this
way background correction is not required as the background or
other interference can be removed by disregarding Cj-
-8 couples which are not representative of sample emission
only. The identification of the C;-ST pair, suitable for sodium
determination, is achieved by selecting the optimized C profile
of higher intensity. A further advantage of this method is the
possibility to reduce subjectivity in the selection of the region of
interest (ROI). The position of the maximum of the C profile and
its corresponding S* profile gives the center coordinate of the
ROI along x and y pixel dimensions. Around this center point,
the ROLI is defined as a 20 x 20 pixel region from which the
average grayscale intensity is computed. This intensity is used

3240 | Anal Methods, 2017, 9, 3237-3243

to build a univariate regression model for the assessment of
sodium content in the sample. A detailed example of ROI
selection is given in the next section.

3. Results and discussion

3.1 Calibration in model sodium samples

The feasibility of the developed FES platform for the determi-
nation of sodium content was first evaluated on a set of 7
standard sodium samples with concentration ranging from 40
to 220 mmol L™". Following the application of the multivariate
image processing described in the previous section, the average
grayscale intensity recovered for each standard is plotted
against the known concentration of sodium in the sample. The
corresponding univariate model, displayed in Fig. 3 (right),
exhibits strong correlation (R” = 0.9904) and is expressed by the

This journal is © The Royal Society of Chemistry 2017
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Fig.3 (Left) illustration of the procedure used to define the ROI for a 130 mmol L~ standard sodium sample and (right) calibration line obtained

for the 7 standard sodium samples in the range 40-220 mmol L.

equation y = 0.0017x + 0.4008. The mean relative error (5.6%) is
within the 10% average tolerance usually considered in clinical
analysis. For the sake of clarity, an example of ROI selection in
the case of a 130 mmol L' standard sample is given for
information (see the left panel in Fig. 3).

The analytical repeatability was studied by collecting four
replicate video frames on the same day and on 3 consecutive
days for standard sodium samples at 50, 120 and 200 mmol L.
The intra-day and inter-day repeatability were found satisfactory
with coefficients of variation of 3.05 and 1.97%, respectively.
The average standard deviation for intra-day and inter-day
replicate measurements ranges from 8.96 to 12.35 mmol L.
Variability in the predicted sodium concentrations is mainly
attributed to the size and geometry imperfections of the silver
loop, both influencing the repeatability of the sampled volume.
For the developed platform the limit of detection (LOD) was
evaluated to be 10.87 mmol L™ based on eqn (3):

LOD = 30 (3)

8
with ¢ the standard deviation of 10 measurements of the flame
source (blank) in the absence of the sample and g the slope of

the analytical line displayed in Fig. 3.

3.2 Calibration for sodium in urine

The performance of the developed FES platform for the analysis
of complex biological samples was assessed for a set of 22
human urine samples. The corresponding dependence is
shown in Fig. 4 and reveals reasonable linearity (R* = 0.9420)
with a mean relative error of 9.5%. The degradation of the
univariate model performance is clearly ascribed to the complex
composition of urine samples, more precisely to the variation in
the urine composition from sample to sample. In order to
rationalize the measurement error, we rely on a more realistic
figure of merit defined by eqn (4):

1 n N 2
RMSEC =\ [~ > (5, = 1) (4)

i=1

where RMSEC stands for the root mean square error of calibra-
tion, and n denotes the size of the calibration set while y; and y;

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Calibration for urinary sodium determined from 22 urine
samples in the range 40-220 mmol L™,

represent reference sodium values and the concentration pre-
dicted by the calibration model, respectively. Since RMSEC is
directly expressed in concentration units, a better insight into the
predictive ability of the calibration model can be achieved
compared with traditional estimators such as mean relative
error. From the calibration line plotted in Fig. 4, the calculated
RMSEC value for urinary sodium is 12.66 mmol L. This value is
approximately twice bigger than the one recovered for standard
samples in Fig. 3 (6.54 mmol L~ ") which suggests that the system
is sensitive to the presence of concomitant species. The most
likely source of interference corresponds to chemical elements of
low ionization potential which are partially ionized at flame
temperature. Free electrons liberated by ionization of elements
such as potassium are likely to favor the formation of free
sodium atoms leading to an increase in the overall signal.>*

The extent of interference from easily ionized elements over
sodium determination has been investigated by spiking four
urine samples with two standard sodium solutions. The
recovery study exhibited reasonable performance (94.8-
110.4%), in light of the relative simplicity of the developed
system, characterized by an average recovery value of 101.3%.
This suggests that interference from concomitant species has
a little impact on the determination of sodium content in urine.
The results are summarized in Table 1.

Anal. Methods, 2017, 9, 3237-3243 | 3241
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Table 1 Analytical recovery of sodium in human urine samples

Sodium Added Found Recovered Recovery
(mmolL™") (mmolL™") (mmolL™") (mmolL") (%)
85.3 60.0 148.8 63.5 105.8
120.0 201.1 115.8 96.5
129.4 40.0 170.0 40.6 101.5
85.0 216.4 87.0 102.4
43.4 30.0 74.4 31.0 103.4
120.0 158.0 114.6 95.5
100.1 85.0 180.7 80.6 94.8
115.0 227.0 126.9 110.4

In an attempt to evaluate the sensitivity of the developed
FES platform toward a given concomitant species, a recovery
study with a particular emphasis on main interfering species
such as potassium, calcium and magnesium was performed.
With the criteria of a 95-105% recovery range considered as
acceptable, recovery values displayed in Table 2 are all located
within the tolerance interval regardless of the employed
concomitant. In general, lower levels of potassium, calcium or
magnesium are not found to interfere significantly with
sodium determination provided that sodium concentration is
sufficiently high. When this condition is not fulfilled, as for
sample 1 following the addition of a 50 mmol L™ standard
potassium solution, mutual interference between sodium and
potassium can be observed as suggested by a lower recovery
value below the 95% mark.

The results demonstrate that multivariate image analysis
applied to the developed FES platform made from cheap and
commonly available materials can provide for a reliable quan-
tification of sodium in urine. Since calcium and magnesium
levels are usually low in human urine, potassium remains the
main source of interference although potassium content was
found to produce moderate effect over sodium determination.

Table 2 Analytical recovery of sodium in human urine samples in the
presence of potassium, calcium and magnesium

Urine  Sodium Potassium Added K Found Recovery

sample (mmol L™!) (mmol L™!) (mmol L™!) (mmol L") (%)

1 85.3 61.7 10.0 85.5 100.2
50.0 80.9 94.8

2 200.3 39.1 10.0 198.6 99.1
50.0 210.8 105.2

3 182.4 71.7 10.0 179.1 98.2
50.0 185.4 101.6

Urine  Sodium Calcium Added Ca  Found Recovery

sample (mmol L™") (mmol L™") (mmol L™") (mmol L™") (%)

4 129.2 10.8 35.0 135.3 104.7

Urine  Sodium Magnesium Added Mg Found Recovery

sample (mmol L™") (mmolL™") (mmol L") (mmol L™") (%)

5 155.9 4.6 20.0 160.5 103.0
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4. Conclusion

A cost-effective atomic emission spectrometer built from cheap
and commonly available materials has been proposed and
evaluated for the determination of sodium content in human
urine. The system was developed keeping in mind the possi-
bility to perform experiments at distant locations in an on-site
mode. For this purpose the architecture of the spectrometer
was built around easily available components along with
a battery powered detecting device. These specifications have
been fulfilled using a laboratory burner, a protective box, a silver
wire for low volume sample introduction and a commercial
smartphone built-in camera. The acquired video frame was
subjected to a specially designed multivariate image analysis
procedure preventing subjectivity in the selection of the ROL
Recovery studies suggest that the presence of concomitant
elements with low ionization potential has little or moderate
influence over sodium determination. The mean relative error
for sodium determination does not exceed 10% and is in good
agreement with standard error tolerated in clinical diagnosis.
The single element detection of the developed flame emission
spectrometer can be tentatively upgraded to multi-element
detection by placing an optical-fiber coupled with a USB pow-
ered spectrophotometer at the observation window. Based on
the reasonable performance of the FES platform, and its
apparent modularity, we believe that this system might be
a potential candidate for the quantitative analysis of metal
elements in complex biological samples in cases when tradi-
tional laboratory equipment is not available.
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