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ABSTRACT This paper introduces a wireless, solid-state, portable, and automated device capable
of measuring the total ammonia [ammonia (NH3) and ammonium (NH+4 )] levels of fluids, includ-
ing biological samples. This device reliably measures the total ammonia of biological samples
(e.g., urine) faster than the current ammonia quantification techniques. Medical professionals typically
estimate NH4+ levels using error-prone indirect measurement techniques (i.e., urine anion gap), which are
time-consuming and are seldom suitable for periodic measurements. Several instantaneous measurements
of total ammonia levels in a patient urine could be utilized as an early warning for both acid-base and/or
potassium disturbances. Given the device’s operation mechanism, it is able to quantify the total ammonia
concentration within a biological sample in only 5 s and can simultaneously transmit data to other devices
via Bluetooth. The analytical operation demonstrated high sensitivity, high specificity, fast reversibility, rapid
response time, and has enabled the accurate determination of total ammonia concentration in urine samples
produced by subjects who had consumed diets of variable protein compositions.

INDEX TERMS Biosensors, chemical sensors, clinical diagnosis, medical diagnosis, optoelectronic devices.

I. INTRODUCTION
The Determination of the total ammonia concentration
(ammonia (NH3) and ammonium (NH+4 )) in biologi-
cal samples has historically presented numerous technical
challenges. Total ammonia concentration in urine is rarely
measured directly, instead, medical professionals must esti-
mate urine NH+4 concentration using a flawed indirect indi-
cator (i.e., urine anion gap) [1], [2]. Nitrogen balance is
significantly impacted by a number of physiological con-
ditions, and knowledge of the precise total ammonia level
of blood, urine, and other biological samples (e.g., breath,
sweat), is known to be of great benefit for the diagnosis and/or
treatment of several disease states. For instance, blood NH+4
is an important marker used to inform treatment decisions for
patients affected by one of the urea cycle disorders [3]–[7].

Additionally, increasing the percentage of dietary pro-
tein in terms of total ‘‘Calories In’’ has become a method
for healthy weight management in bariatrics (as well as
in exercise science). Reported short-term benefits include:
i) optimal maintenance of muscle tissue, ii) improved satia-
tion, and iii) insurance against malnutrition (sufficient essen-
tial amino acid intake is more assured) [8]–[10]. However,
a detailed analysis of these relatively short-term studies is
lacking and the long-term metabolic effects (in addition to
other health consequences) of significantly increased dietary
protein intake have gone largely unexplored. An under-
standing of the rate of storage of consumed amino acids
in relation to the rate of immediate metabolic oxida-
tion (for work-energy and heat production) can be greatly
enhanced by measurement of nitrogen balance, which may
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be performed by an analysis of urine for major nitrogen-
containing molecules (e.g., urea, creatinine, and total ammo-
nia). Currently, accurate quantification of these analytes is
cumbersome since lab-bench analysis methods are required.
Since urine total ammonia has been proposed as a marker of
nitrogen balance [7], [10], real-time total ammonia monitor-
ing could allow the end user to better estimate amino acid
utilization [7]–[9].
Most measurement techniques for NH3 detection in human

samples rely on breath or blood (plasma) [11]. Metal-oxide
based sensor technologies [12]–[16] are frequently used for
NH3 analysis. However, this type of sensor exhibits limited
specificity for NH3 and can be confounded by ethanol, ace-
tone, methane, hydrogen, nitric oxide, and nitrogen diox-
ide [17]. For blood (plasma), ion selective electrodes (ISE)
have been optimized to detect NH3 and NH+4 in clinical
applications [17]. In fact, our research has demonstrated
ISE’s are highly accurate when compared to gold standard
enzymatic methods (see below). However, in our experience
ISE’s can be implemented for bed-side reading in near-real
time detection, but they require labor since the Ammonia
Electrode [18] needs to be calibrated each day before use
to minimize measurement drift due to limited sensing mem-
brane stability. Given the complex composition of biological
samples, few sensing technologies have been approved by
the United States Food and Drug Administration (FDA) for
clinical research. For NH+4 detection in blood and urine,
enzymatic assays are the only technique that meets the FDA’s
standards [19]–[21]. In general, enzymatic assays have lim-
ited enzyme storage lifetime, involve multiple incubation
steps, require processing times greater than one hour, and
involve significant operator labor. Alternatively, NH3 can be
detected via absorption spectroscopy by instruments such as
NephroluxTM (Pranalytica, Santa Monica, CA) [22], which
uses a tunable laser and an acoustic detector to perform sub-
parts per billion (ppb) zero backgroundmeasurements of NH3
in the presence of interferents like CO2 and water vapor such
as in breath. While spectroscopic techniques are extremely
sensitive, they usually have bulky components making
them impractical for personalized use. Moreover, the opti-
cal components used in absorption spectroscopy equipment
are prone to misalignment and unsuitable for personalized
use [23].

Gas chromatography – mass spectrometry (GC-MS)
[24]–[27] and selective ion flow tube – mass spectrometry
(SIFT-MS) [28]–[32] are accurate for NH3 measurement
but are expensive, and instruments are difficult to main-
tain. GC-MS separates and identifies NH+4 and NH3 from
complex mixtures, but requires expensive instrumentation
(∼$300,000) and pre-concentration steps that preclude high
reproducibility and real-time implementation [24]–[26], [25].
SIFT-MS was developed for real-time detection of low
molecular weight volatiles, including NH3, in different bio-
logical samples (skin and urine headspace, breath, etc.) but is
also expensive (∼$200,000) [28], [30]–[32], [38] and rather
difficult to maintain.

Many new emerging sensing methods have been proposed
and are being developed for the detection of NH3 including:
(1) colorimetric sensors, (2) spectroscopic based sensors,
(3) nanomaterial based sensors, and (4) contactless conduc-
tivity based sensors. (1) Colorimetric sensors are used for
measurement of NH3 in wastewater and blood [33]–[35].
This type of sensor consists of a thin membrane embedded
with an NH3-sensitive pH dye attached to the end of a fiber
optic cable. These devices possess high sensitivity, but further
instrumental improvements are required for use with biologi-
cal samples. (2) Spectroscopic methods of NH3 measurement
include pulsed quantum cascade laser spectroscopy [36]–[38]
and optical micro-ring resonators [39]. While large (table-
top) measurement systems exist, these lack the small size,
low weight, and low cost desirable for portable individual
monitoring (such as at a hospital bedside). (3) Nanomate-
rial based chem-resistors [40]–[45] and electrochemical sen-
sors [46], [47] exhibit detection limits matching the clinically
relevant NH3 levels (breath- NH3 in ppb and blood- NH3
in µmol/L) under well-defined, near ideal laboratory condi-
tions. However, detection of NH3 in complex samples using
these sensors requires further improvement to obtain the
selectivity and lifetime necessary for continuous monitoring
conditions. (4) Finally, Toda et al. [48] reported a contactless
conductivity based NH3 sensor. However, a solution must
be replaced after measurement, making continuous measure-
ment impractical [48].

Human urine total ammonia levels are high and provide
an opportunity for development of new sensors [17]. NH+4
ions in liquid are volatile and rapidly turn into NH3, therefore
in the medical field, there is currently no standard tech-
nique for instantaneous urine NH+4 measurement. A urine
reagent stick is in wide clinical use to determine 10 differ-
ent urine parameters (including specific gravity, pH, protein,
leucocytes, nitrites, blood, ketones, glucose, bilirubin, and
urobilinogen) [49]. Commercial electronic readers of these
urine dipsticks do not include measurements of excreted NH3
or NH+4 [50]. However, NH3-detection reagent sticks are
commercialized for use in water samples [51]. The operation
of dipsticks is based on irreversible chemical reactions, and
therefore they are single-use devices. Although dipsticks are
quick and easy to use, they only provide a semi-quantitative
assessment of parameters, and do not demonstrate the accu-
racy and real-time monitoring capability desired in critical
applications.

This work introduces for the first time a Colorimetric Opto-
electronic Dynamics Analyzer (CODA). The device uses a
sensor embedded with an NH3-sensitive sensing probe based
on a pH dye. Unlike existing detection methods for human
body fluids, which directly measure dissolved NH+4 , the new
sensing platform detects total ammonia as NH3 by converting
liquid NH+4 to gaseous NH3 by alkaline exposure of the
fluid before measurement, which provides the device with
extraordinary selectivity. Although similar sensing methods
based on this concept have been studied [35], [52], they
have only been applied to wastewater and pure solution
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testing. The handheld, solid-state device introduced here uti-
lizes a red LED light source and photodiodes. The pho-
todiodes transduce the color change of the sensor to an
electronic signal, which can be wirelessly transmitted to
smart devices for readouts. The wireless connection feature
allows flexibility to accommodate a variety of situations, and
the operational method has been demonstrated to be accu-
rate, providing concentration levels comparable to the ISE
method.

II. EXPERIMENTAL
A. SENSOR PREPARATION
The NH3 sensor is based on Bromophenol Blue (BpB) from
Sigma-Aldrich. The sensor substrates were cut into a rect-
angular shape (2.7 cm ∗ 1.2 cm) and laminated so that they
fit the sensing chamber of the Colorimetric Optoelectronic
Dynamics Analyzer (CODA).

B. OPTOELECTRONIC ANALYZER, INSTRUMENT,
AND SIGNAL
The CODA introduced in this work has a horizontal gas flow
channel passing through the sensing chamber, which contains
a 610 nm LED at the top of the sensor and four photodiodes
(a sensing/reference pair and a sensing/reference backup pair)
beneath the sensor (Fig. 1a,b). The target gas is injected into
a sensing chamber, where it is exposed to the sensor which
then exhibits a color change proportional to the concentration
of NH3 in the target gas. The photodiodes were mounted
on the printed circuit board (PCB), which was integrated
with a Bluetooth unit, allowing signal transmission to an
Android phone. An appwas created to provide a user interface
to show the signal read by the photodiodes (Fig. 1c). The
sensor contains a reference area and a sensing area (Fig. 1d).
Typically, the background response from the reference and
sensing areas when the sensor is in the chamber is around
1.2 V. A pair of photodiodes simultaneously read the response
of the reference and the sensing areas every 0.2 seconds. The
absorbance is calculated by taking the negative logarithm of
the signal response from the sensing area (Ssens.) divided by
the signal response from the reference area (Sref.) as follows
in Equation 1:

Absorbance = − log(Ssens./Sref.) (1)

Calibration curves for the NH3 sensor were performed for
a concentration range of 2 - 1000 ppm for NH3 by plotting
measured absorbance change versus known concentration of
the sample.

1) OPTOELECTRONIC INSTRUMENT
A JAZ Spectrophotometer (JS) from Ocean Optics was used
to conduct the sensitivity tests for the different sensor mate-
rials and spectrum measurement before and after exposure
to NH3. Fig. 1e insert presents a schematic of the JS mea-
surement device. Whatman no.1 filter paper was cut into a
round shape to fit the JS sensing chamber. An NH3 sensor
integrated in the shape of a sandwich with an NH3 extraction

membrane was used for spectrum measurement. The sen-
sor/membrane assembly consisted of five parts: 1) the dis-
tribution layer (filter paper), which makes sure the liquid
disperses homogeneously 2) the alkaline layer (impregnated
with NaOH solution), extracting NH3 from the sample 3) a
polytetrafluoroethylene (PTFE) membrane, precluding liquid
from reaching the indicator layer 4) the indicator layer (sub-
strate impregnated with Bromothymol Blue), and 5) the mask
made of tape, which protects the sensing probe. A synthetic
urine feed (NH+4 solution with other ions simulating urine:
NaCl, KH2PO4, CaCl2, MgSO4) was injected from the top of
the integrated NH3 sensor membrane. The JS quantifies the
NH3 level in sample. The NH3 sensing mechanism is further
discussed in section C.

2) OPTOELECTRONIC SENSOR SIGNAL
Asmentioned previously, Bromophenol Blue (BpB)was used
as a colorimetric sensing probe for NH3 detection. A BpB
solution has a yellow/orange color when it is exposed to a
pH level below 3 and a blue color when exposed to a pH
above 4.6. The acid/base equilibrium between NH+4 (acid)
and NH3 (conjugate base) is determined by the pH of the
solution in the overall reaction OH−+NH+4 ↔ H2O+NH3.
NH3 has a vapor pressure of 1062 kPa and a pKa of 9.25 at
room temperature [53]. Biologically relevant pH conditions
are below the pKa of the NH+4 / NH3 equilibrium. For exam-
ple, at a relatively high urine pH of 8, only 6.6% of the total
NH+4 / NH3 is present as NH3 (gas) [53], [54]. Because of
the dynamic nature of biological pH and the variable ratio
of urine NH+4 to urine NH3, an alkaline solution is needed
to increase the sample pH greater than ∼12 to ensure 100%
conversion of NH+4 (liquid) to NH3. NH3 causes the sensing
surface to become more alkaline, shifting the pH value higher
and causing a yellow to blue color transition (Fig. 1d). By
quantifying the color change using the CODA, we can deter-
mine the corresponding NH3 concentration derived from the
sample.

C. GAS SAMPLE PREPARATION
1) AMMONIA BAGS
The NH3 gas samples used in this work were diluted with
100 ppm and 1000 ppm calibration NH3 gas purchased
from Calibration Technologies, Inc. Dilutions of gas samples
in laboratory compressed air were prepared from 100 and
1000 ppm of NH3 calibration gas. These calibration gases
were directed into a 40 L bag using a micro diaphragm gas
pump for a predetermined amount of time. Additional clean
air was also directed into the bag for a controlled amount of
time until the concentration of NH3 in the bag reached the
desired level. The target NH3 gas concentration was prepared
by manipulating the ratio of time of NH3 gas injection to air
injection. An alternative NH3 bag was prepared by injecting
5 µl of ammonium hydroxide in a 1 L TedlarTM bag and
left in ambient room temperature for 30 minutes to validate
the calibration curve for the sensors (respective results shown
in Table 1).
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FIGURE 1. The schematic of the Colorimetric Optoelectronic Dynamics Analyzer (CODA). (a) The main
components of the CODA (real dimensions added). (b) Schematic of the sensing chamber, and
(c) screenshot of the actual user interface, including photodiodes for measuring the signal of the
sensing area and the reference area. By comparing the changes on the -log of signal ratio between the
sensing and reference areas, the concentration of ammonia (NH3) gas can be determined via
absorbance. CODA is able to measure total ammonia level in biological samples up to 59 mmol/L
every 2 minutes. (d) The color change of the sensor from orange to blue after exposure to NH3.
(e) Spectrum of the absorbance change of the sensor obtained with a JAZ Spectrophotometer (JS)
instrument’s sensor chamber (illustrated in the insert). Spectrum before (t=0) and after (t>0)
exposure to NH3, indicating the maximum absorbance change wavelength (609 nm) are shown. Insert:
Schematic of JS’s sensing chamber. The optical fiber is on the top of the chamber, while the tungsten
light source is at the bottom of the chamber. The gas travels from the left tube and discharges into
ambient from the right tube.

2) URINE HEADSPACE BAGS
A test sample of urine was preconditioned by adding NaOH
to a sample of urine, to ensure that the pH of the sample was
greater than 12. The preconditioned urine sample was subse-
quently added to a 4 L TedlarTM bag and purged with dry air

until the bag was full. The TedlarTM bag was left at ambient
room temperature to ensure gas equilibration. This means that
all of the NH+4 in the urine reacted with the base and turned
into its conjugated phase NH3 in urine headspace. Subjects
of this part of the study were approved by the Institutional
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Review Board of Arizona State University (IRB protocol
# 1012005855). Five test subjects participated voluntarily,
providing written consent to participate in the study. Three of
the subjects are males and the rest are females. All subjects
are healthy adults aging between 21 to 27. All tests for this
study were conducted from February 2016 - January 2018.
The subjects had a small meal (Lean Cuisine), and drank a
Whey Protein (GNC Holding Inc., PA or US Nutrition Inc.,
NY) shake with concentrations of protein ranging from 0 to
1.2 g of protein per Kg of body mass to produce a variable
and wide range of urine total ammonia. The subjects urinated
periodically at 0, 0.5, 2.5, and 3.5 hours from the intake. Urine
samples were collected and analyzed as soon as possible,
using ISE method and the CODA.

D. SENSOR DETECTION PROCEDURE
The sensitivity, reversibility, and reusability of the sensors
were tested using an NH3 flow system, which contains a
micro diaphragm gas pump, a three-way valve, one 40 L air
bag, one 40 L sample bag, and the sensing chamber. Tests
were conducted by placing one sensor in the sensing chamber
each time. The three-way valve was first switched to connect
with the air bag for a few seconds so that the sensor could
be purged in air before it was exposed to the sample for a
few seconds. In order to study the sensitivity of the sensor for
different sample exposure times, sampling times varied from
1, 5, 20 and 180 seconds. After exposure to NH3, the valve
was switched to allow dry air to pass through the system for
a few seconds to test the sensor substrates’ reversibility.

III. RESULTS AND DISCUSSION
A. CHOICE OF THE CODA WAVELENGTH
The color of the light source for the CODAwas selected based
on the spectral changes NH3 exposure induced on the sens-
ing probe (BpB) system as measured by the JS instrument.
The spectrum of each sensor was recorded before and after
exposure to NH3. Fig. 1e shows visible spectrophotometric
changes of a BpB-based sensor, and significant increases
of absorbance in the range of 575 - 625 nm are clearly
observed. Based on these results, the LED color was chosen
to be 610 nm. Once the detection wavelength and the first
screening of sensor substrate were chosen, the CODA was
constructed and used to proceed with the rest of the study.

B. REPRODUCIBILITY OF SENSOR RESPONSE
Fig. 2 compares the absorbance response of sensors in the
CODA. Four replicate sensors were made and placed in
the CODA. Next, the sensors were exposed to NH3 for
180 seconds followed by dry air for additional 60 seconds to
determine recovery. The sensors show similar response char-
acteristics with rising absorbance upon the injection of NH3,
and decreasing absorbance upon purging with dry air. The
sensor responses included 0.58 a.u. with a standard deviation
of 0.03 a.u. for measurements performed in multiple sensors

from a same batch and a response dispersion across sensor
substrates of 5% or less.

FIGURE 2. The reproducibility of the sensors was determined using four
different sensors to detect 40 ppm of ammonia (NH3) through the CODA.
The sensors show similar absorbance response.

C. SENSOR CALIBRATION TO AMMONIA
Two calibration curves were developed for the NH3 sensors
with the CODA, using 5 second sampling times with NH3
gas levels ranging from 2 ppm to 1000 ppm. In one case, a
Langmuir model [55] was applied (Fig. 3a), and exhibited a
R2 value greater than 0.99. For the 5 second sampling times,
the calibration equation is as follows, where AL represents the
absorbance derived from Langmuir model and C represents
the corresponding concentration:

AL
= 1.85 C/(1122.28+ C) (2)

In the other case, the calibration curve was divided into
two ranges for fitting linear regressions: 2 – 150 ppm and
150 - 1000 ppm. Both measurement ranges showed R2 values
greater than 0.98 (Fig. 3b). The calibration equations are as
follows, where A1 represents the absorbance derived from
linear model from 0 – 150 ppm, A2 represents the absorbance
derived from linear model from 150 – 1000 ppm, and
C represents the corresponding concentration:

A1
= 0.00131 C+ 0.01027 for 0 ppm < C ≤ 150 ppm

(3)

A2
= 0.0007 C+ 0.19445 for 0 ppm ≤ C ≤ 1000 ppm

(4)

In a different set of fittings, linear regressions for
absorbance changes assessed at 1 second exposure of NH3
were also obtained, and compared to those obtained at 5 sec-
ond exposure of NH3. These regressions were used to test
an unknown sample concentration, resulting from a mixture
of ammonium hydroxide and air inside a bag. Table 1 shows
the results assessed for the unknown concentration sample by
the sensor, using a 1- and 5- second sample exposure, and
the corresponding calibration curves. Both calibration curves
(from the 1-second and 5-second exposure data), yielded the
same concentration of the prepared NH3 bag of unknown
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FIGURE 3. Calibration curves were developed by measuring 2 ppm to
1000 ppm of ammonia (NH3) with CODA in 5 seconds. (a) Langmuir
model was used to fit the entire NH3 concentration range measurement
with an R2 equal to 0.99. (b) A linear fitting was used to fit the
lower-range concentration measurements (2-100 ppm) with an R2 equal
to 0.98 and another linear fitting was used to fit higher range
concentration measurements (200-1000 ppm) with an R2 equal to 0.99.

concentration, indicating self-consistency of the calibrations.
Additionally, these results indicate consistency between each
pair of photodiodes (PD1 (sensing) / PD3 (reference) shown
as PD1 and PD2 (sensing) / PD4 (reference) shown as PD2)
in the system, as both pair of photodiodes yielded the same
response.

D. SENSOR SELECTIVITY TO AMMONIA
To confirm the sensor is only selective to NH3, the sen-
sor was exposed to several interferents (e.g., acetone,
2-butanone, andmethylene chloride) reported to exist in urine
headspace [27]. Fig. 4 shows the selectivity of the sensor to
NH3. Even with relatively high concentration of interferents
(e.g. 100 ppm acetone), the sensor only showed a signifi-
cant response to NH3. This test confirmed the selectivity of

TABLE 1. Ammonia concentration (ppm) output from calibrations
performed with 1-sec and 5-sec sampling times in the NH3 sensors.

the sensor in the harsh environment of the urine headspace
sample.

FIGURE 4. The concentration of several compounds existing in urine
headspace was measured with the CODA in this work. The NH3 sensor
only shows response to ammonia.

E. SENSOR REVERSIBILITY AND REUSABILITY
A healthy adult may urinate every 2-3 hours (8-9 times per
day) [56]. Current methods to quantify NH+4 in urine for
clinical medicine require the patient to collect all excreted
urine for 24 hours. There is no clinically used method for
instantaneous urine NH3 measurement. Fig. 5a shows the
absorbance response of the sensor from this work to alter-
nating exposure to 100 ppm of NH3 and dry air repeatedly
over 1.2 hours. The sensor was exposed to a repeating cycle
of NH3 for 5 seconds followed by dry air for 120 seconds.
The sensor was re-used for over 60 detection cycles without
degradation in performance. Fig. 5b shows the measured
concentrations from the continuous test after signal analysis,
and use of calibration equations. It is important to note that the
sensor required a conditioning period of 5-7 exposures. After
this conditioning period, the concentration output remained
fairly constant throughout the multiple exposures to NH3 and
detection events of the same concentration. The detection
concentration error was lower than 20%, and could be further
improved with a better enclosure of the CODA, which will
preclude from ambient light interference.
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FIGURE 5. (a)The reusability of a sensor was determined by exposing
100 ppm of ammonia to a sensor for 5 seconds and then to dry air for
2 minutes for each measurement. (b) 35 measurements were conducted
in 1.2 hours before the sensor saturated. Over 80% of the measurements
were within ±1 standard deviation.

F. EVALUATION OF ION SELECTIVE ELECTRODES AS
REFERENCE METHOD
In this work, an ion selective electrode (ISE) (Ammonia
High Performance Ion Selective Electrode) from Thermo
Fisher Scientific was used as a reference method for total
ammonia (NH3 + NH+4 ) detection. The ISE was chosen
due to the relatively inexpensive cost per sample compared
with Gold Standard Methods, which are based on enzymatic
methods. In addition, ISE enabled the processing of near
real-time real urine samples, and the evaluation of results
under conditions that weremore compatible with the intended
use of the CODA. In order to evaluate the accuracy of ISE,
the Gold Standard Method from Biovision [57] was used.
The method is based on enzymatic reactions, and enables
accurate detection of total ammonia expressed as NH+4 levels.
In the assay, NH3 or NH+4 is converted to a product that
reacts with an enzyme and redox probe to generate color
(at Optical Density, OD of 570 nm, which can be easily

FIGURE 6. Evaluation of accuracy of the reference method, ISE. (a) The
evaluation was performed with the gold standard method based on
enzymatic reactions from Biovision. The calibration curve of the Biovision
method is shown and was used to extract the total ammonia levels that
were compared to the total ammonia level assessed from the ISE.
(b) Averaged urine levels of 40.5 mM from Biovision test compared to
averaged urine total ammonia levels of 40.9 mM from ISE, showing ISE
method with an error smaller than 1%.

quantified by a plate reader. The kit can detect 1 nmol
(∼20 µM) of NH3 or NH+4 [57]. A linear regression of the
averaged data for 3 samples at each concentration is shown
in Fig. 6a, and was in agreement with the manufacturer
specifications. The curve was used to assess total ammonia
levels from urine, which were also determined by ISE. Fig. 6b
shows the averaged results of urine samples analyzed with the
Gold StandardMethod (enzymatic) and ISE. The ISEmethod
had an error smaller than 1% when compared with Gold
Standard Method, therefore, the ISE method was established
as reference method.

G. SENSOR USE WITH URINE SAMPLES
To confirm the feasibility of the CODA and its use of the sen-
sor in real conditions, a urine sample analysis was performed
and measurements were recorded from a calibrated batch
of sensors, and results were compared with those assessed
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FIGURE 7. (a) Measurements of ammonia in urine headspace collected
with the CODA and an ISE electrode for 3.5 hrs after the subject drank a
protein shake. Both devices show ammonia concentration levels dropped
0.5 hr after drinking the protein shake but continued to rise until the
experiment ended. It is worth noticing 17 ppm = 1 mM NH+4 (b) The
accuracy of the CODA was determined by systematically comparing its
measurement to an ammonia ISE electrode (reference method). The
measurement of the CODA was converted to NH+4 level in liquid solution
for clinical practical use by Medical Professionals. (c) Analytical
performance of CODA: Receiver operating characteristic (ROC), using ISE
method to determine True diagnostic ability as its discrimination
threshold varied from 5, 10, 15, 20, 30, 40 mM NH+4 (read total ammonia
levels).

from the ISE method. Subjects were first asked to urinate
and then to eat a small meal and drink a protein shake as
described in the experimental section. Next, the samples were
measured by the ISE electrode and afterwards measured with
the CODA. Fig. 7a presents an example of the measurements
from one subject, who consumed a protein shake with 1 g of
protein per Kg body mass. A similar result can also be found
in literature using SIFT-MS [58]. Fig. 7b shows a correlation
plot of results assessed from 5 subjects that had a wide range
of protein concentration intake (details shown in experimen-
tal section), and urine samples were collected and analyzed
with ISE (first) and CODA (second). A total of 20 samples
(4 samples per subject) were processed. A good agreement
between the measurement with ISE and the CODAwas found
with a regression coefficient >0.9. However, the slope of the
correlation showed smaller values assessed from the CODA
with respect to ISE method. This may have been due to the
loss of total ammonia as NH3 (gas) promoted by prolonged
urine storage, as well as a relatively high average pH of
the urine samples tested (∼7). This finding highlights the
critical importance of reducing the time between collection
and analysis of urine samples. In this regard, the team plans
to report on progress in a follow up publication.

Despite the detected problem, analysis of Receiver Oper-
ating Curve (ROC) for the assessed results was performed.
Fig. 7c shows the analysis of the analytical performance of
the CODA, with a ROC, using ISE method to determine
true diagnostic ability. This means that the true positive rate
(Sensitivity) was plotted as a function of the false positive
rate (100- Specificity) for different threshold cut-off points
as its discrimination threshold varied from 5, 10, 15, 20, 30,
40 mM NH+4 (read total ammonia levels) The concentration
range covered the normal ammonia total level in urine. As it
can be observed, the overall accuracy of the method was 92%,
which is a satisfactory result.

TABLE 2. Comparative table of methods for total ammonia detection.

Table 2 shows comparative features of the traditional
methods used for total ammonia detection in connection to
the newly proposed method using the CODA. The setup
discussed in this work requires two manual steps: (1) the
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preparation of preconditioned urine to produce ammonia and
(2) the switching the valve to control the sensing time. The
team is developing an automatic system that has a precondi-
tioning membrane and electronic valves allowing the omis-
sion of these steps. Challenges are that the membrane needs
to work for at least 24 hours to meet the need of medical
applications. The ultimate goal is to apply CODA as a diag-
nostic device. With the planned changes accuracy could be
improved over 92%.

IV. CONCLUSION
The Colorimetric Optoelectronic Dynamics Analyzer
(CODA) discussed provides sensitivity, specificity, fast
reversibility, and rapid response times for NH3 gas con-
centrations ranging from 2 ppm to 1000 ppm (correspond-
ing to 0.1 mmol/L to 50 mmol/L of NH+4 in liquid). The
CODA measures 30-times faster than current ammonia
quantification techniques (e.g. ISE) and requires much less
labor to perform measurements. The sensor is very selective
to NH3, especially considering the high amount of interfer-
ents in urine headspace. The sensor shows good reusability in
long sampling periods, enabling daily use for medical appli-
cations. CODA can accurately monitor the total ammonia
level in urine, as evidenced by comparison to measurements
from a commercial reference method (ISE electrode). The
device prototype connects wirelessly to smart devices, which
provides flexibility for measurements for inpatient, outpa-
tient, or personal health monitoring. As such, this sensor
could potentially be a great asset to the medical community,
providing a convenient alternative to the slow and bulky
measurement techniques that are currently in widespread use.
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