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ABSTRACT: A charge-transfer (CT) interaction between 1,3,5-
trinitro-2,4-dimethylbenzene (TNX) and anionic phosphate is
evaluated, yielding a high band electronic transfer interaction that
can be observed as a distinct color change when phosphate is
present in solution. The induced interaction was studied using 1H
NMR, UV−visible, and Fourier transform infrared spectroscopies.
The stoichiometric determination of the interaction was divined by
means of continuous variation, applying the Schaeppi−Treadwell
method to calculate the binding constant (k). Furthermore, the
effect of the polarity of solvents toward the generation of the CT
interaction was examined, with multiple solvents considered.
Complex deconstruction studies were undertaken, examining the effects of water on complex destruction and understanding the
volumes needed to hinder the CT interaction potency. Specificity and selectivity of the CT interaction were also studied against
other biologically relevant species (CH3CH2OH, Na

+, K+, Ca2+, Cl−, HCO3
−, F−, CH3COO

−, and SO4
2−), assessing the capabilities

of the assay to differentiate anionic species and counter cations that could act as interferences. The role of TNX concentration in CT
formation was also analyzed, aiming to optimize the phosphate-sensing assay and improve its limit of detection. The sensing
platform was subsequently used to study phosphate concentrations in urine samples to further understand its potential application in
biomedical research. To validate the developed technique, urine samples were analyzed for their phosphate content with both the
developed sensor and a validated vanadate−molybdate reagent. The results indicate that the sensing method is capable of accurately
reporting elevated phosphate levels in urine samples in a rapid and sensitive manner, illustrating that the colorimetric test could be
used as a prescreening test for conditions such as hyperphosphatemia or chronic kidney disease.

1. INTRODUCTION

Anionic species play a major role in industry, bacterial growth,
the environment, and biological processes within the human
body.1,2 Platforms that are capable of monitoring anionic
concentrations in biological fluids are of high value, as they can
provide a physician with a fast indication of anionic imbalances
that reflect key homeostatic systems in the body.3,4 In this
manuscript, we introduce a facile chemical sensing platform
that is capable of monitoring elevated anionic phosphate
concentrations in urine. The developed colorimetric assay has
huge potential in the field of biomedical sensing, as phosphate
concentrations in bodily fluids are a very accurate representa-
tion of the state of a person’s health. An imbalance in
homeostatic phosphate concentrations is a cause for concern,
being indicative of a variety of diseases, and hence there is a
need for an easy method of monitoring the concentrations.5,6

Phosphate homeostasis is a complex combination of
interactions among bone, intestine, parathyroid gland, and
the kidneys, maintaining serum phosphate levels at the
optimum value.7 Disruptions in one of these processes can

lead to conditions such as chronic kidney disease (CKD) or
hyperphosphatemia, where phosphate levels within the body
become elevated beyond their usual parameters.8 The
phosphate levels in the body are traditionally monitored by
quantification in serum or urine samples by means of ion
chromatography or titration.9 Chromatographic methods are
expensive and time-consuming, with highly specialized
columns being required to carry out the analysis, whereas
titrations are time-consuming and expensive when automated.
The search for alternative sensing techniques that allow for
faster detection of small molecules in bodily liquids has
intensified over the past few decades as they would allow for a
faster diagnosis and, in turn, an improved prognosis for the
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patient.10−13 Molecular anionic probes could offer such an
alternative technique.
Early variations of anionic probes used hydrogen donor

functionalities that form binding sites in close proximity to a
receptor group, acting as a signaling mechanism.14−20

Ferrocene and ruthenium tribispyridyl groups are commonly
used as the said receptor groups, demonstrating measurable
changes in redox potential or fluorescence because of the
change in electronic properties.21−23 Redox reactions are also a
very common method of colorimetric phosphate analysis, with
ammonium molybdate and ammonium vanadate being used in
the detection of organophosphates in water samples.24−28

Other approaches have also been developed, such as
displacement assays, where an indicator (signaling) molecule
is prebound to the complex and displaced in the presence of an
anion.29 The aforementioned methods however require
complex sample preparation or multistep synthetic pathways
to prepare the probing molecule.
Nitroaromatics on the other hand are easily synthesized

organic compounds that contain one or more nitro
functionalities (NO2) connected to an aromatic ring.30−32

These functionalities provide electron-withdrawing effects,
leading to the depletion of the electrons in the aromatic
system. The electron-deficient environment facilitates an
interaction between the depleted aromatic system and anionic
species, allowing an intense charge-transfer (CT) interaction to
be observed.33−37 The resulting electrostatic attraction
provides a stabilizing force for the complex generated, yet
the nature of this bond is not as stable as a covalent chemical
bond.38−40 This means that the complex undergoes an
electronic transition into an excited electronic state that
often occurs in the visible region of the electromagnetic
spectrum, providing an intense observable color.41,42 A
common example of a CT complex formation is the reaction
between iodine and starch, exhibiting an intense blue CT
band.43 A similar intense CT interaction is witnessed when
reacting nitroaromatic compounds with anionic species.
Anions interact with the electron-deficient nitroaromatic
compounds, forming a CT complex that has a distinct color
(Figure 1).44

This research explores the use of 1,3,5-trinitro-2,4-
dimethylbenzene (TNX) in the field of phosphate sensing,
offering an alternative to current methods. The high-intensity
blue CT complex formed by TNX in the presence of
phosphate enables the novel use of the compound in both

qualitative and quantitative analyses (Figure 1). The nature of
the formed CT interaction is fully investigated using Fourier
transform infrared (FTIR), 1H NMR, and UV spectroscopies,
and the applicability as a phosphate sensing aid is evaluated.
The specificity of TNX to form a CT complex with phosphate
anions is demonstrated, and the specificity toward other
relevant anionic species is also studied. The stability of CT
complex formation is established, with TNX concentrations
being evaluated in a bid to increase the sensitivity of the
sensing platform toward phosphate, finally culminating in the
testing of biologically relevant samples for both normal and
elevated phosphate concentrations, allowing the confirmation
of the plausibility of using TNX as a sensing component in the
determination of anionic phosphate concentrations.

2. RESULTS AND DISCUSSION
2.1. Spectral Analysis of the Induced CT Interaction.

The FTIR absorbance spectra of TNX and the associated
phosphate complex recorded in the frequency range 4000−400
cm−1 are shown in Figure 2a, whereas their band assignments
are listed in Supporting Information Table S1. In this case, the
spectra reflect the free acceptor molecule (TNX), donor
species (phosphate), and CT complex ([(TNX+)(PO4

3−)]) in
dimethyl sulfoxide (DMSO)-d6, indicating the characteristic
spectra associated with each. The spectra of the CT complex
reflect the characteristics of both the donor and the acceptor
species, though some peaks have vanished or have been altered
because of their interaction. Peak assignments for the complex
spectrum were extrapolated from a direct comparison of the
spectra for both free donor and free acceptor species. The
formation of the CT complex has a direct effect on the peaks
observed, with the peak frequencies and intensities changing as
a result of the interaction compared to that of free TNX and
phosphate.
The use of DMSO-d6 as the solvent minimized the residual

water present in the chemical system, removing unwanted OH
(3500 cm−1) characteristics from the spectra, and instead
introducing a sulfoxide functionality that would not impede
notable interactions with the formation of the CT complex. Of
the species involved in the interaction, none share sulfoxide
characteristics (1058 cm−1), leaving the characteristic wave-
number largely unaffected. The nitroaromatic functionalities
found in TNX (1548 cm−1) shift to a higher wavenumber
(1657 cm−1) when interacting with potassium phosphate. The
donation of electron density to the deficient nitroaromatic
system from the phosphate group is seen to establish other
characteristics that differ from the two components separately.
Mainly, the formation of a broad peak at 3463 cm−1 and the
broadening of the peak at 700 cm−1 suggest a bonding
interaction between the two species. The generation of the
hydroxyl functionality at 3500 cm−1 suggests that the charge
on the nitroaromatic compound is localized on the oxygen
atoms present in the molecule, stabilized by the interaction of
the phosphate group with the electron-deficient aromatic
system. The localization of this charge on the oxygen atoms
facilitates protonation, therefore giving rise to the formation of
hydroxyl functionalities and the characteristics occurring in the
spectrum collected.
To fully determine the stoichiometry of the complexation

reactions, a Job plot study was undertaken. Phosphate was
introduced to TNX, maintaining the overall molar concen-
trations present in the solution, while also altering the molar
ratios of each present. This reaction was conducted in a

Figure 1. Comprehensive schematic demonstrating the ease of sample
analysis with the formation of the CT interaction.
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mixture of DMSO/H2O (9:1 v/v) to ensure that phosphate
was fully soluble and there was no net change in the amount of
water present that could interfere with the interaction. The
absorbance (λmax = 664 nm) was plotted against the molar
fraction of TNX present in the solution, generating the Job
plot (Figure 2b). The bell-shaped appurtenance of the plot
indicates that Ke is evenly distributed, compared to compounds
that present with a sharper plot. The Schaeppi−Treadwell
method can be employed to determine the precise value of the
binding constant (K), using the experimental maximum change
in absorbance (ΔE) and the theoretical absorbance (ΔE0),
which is extrapolated from the Job plot (Supporting
Information Figure S2).45 From these values and the
associated calculation, the calculated binding constant for the

complex (K) = 2.96 × 104 M−1. This value is similar for the
nitroaromatic complex previously reported in the literature,
demonstrating a high degree of binding between the receptor
compound (TNX) and the ligand (phosphate).17 The Job plot
demonstrates a maximum at a molar fraction of 0.47, which
indicates a “rounded” stoichiometry of 1:1 ([(TNX+)-
(PO4

3−)]). This is a surprising result, considering the charges
present in the species involved. The distribution of the charge
across the aromatic system and the nitro functionalities present
may not be shared equally, giving rise to this observed
stoichiometry. We feel that this can be explained by the fact
that the electron-withdrawing property of the nitro function-
alities present draws electron density from the aromatic center,
making the conjugated system electron-deficient, and enables

Figure 2. (a) FTIR spectra of TNX (acceptor), potassium phosphate (donor), and CT complex in DMSO-d6, and (b) Job’s plot reflecting varying
molar ratios of TNX and phosphate.

Figure 3. (a) FTIR, (b) 1H NMR, and (c) UV analyses of TNX in DMSO-d6, TNX with the initial addition of K3PO4 (0 h), and the analysis of the
same sample every hour for a total of 6 h.
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the interaction with the negatively charged phosphate species.
The CT interaction therefore would stabilize the electron-
withdrawing effect of the nitro functionalities, maintaining the
observed interaction. Further elucidation of the stoichiometric
structure would have to be conducted with more advanced
methods (X-ray crystallography) to fully understand the
interaction taking place.
A further in-depth study of CT interaction over time was

conducted, with TNX being analyzed by FTIR, 1H NMR, and
UV spectroscopies before the addition of potassium phosphate,
directly after the addition, and thereafter every hour for a 6 h
period (Figure 3). Monitoring the interaction over this
extended period elucidated the development of key character-
istics within the complex formed. Initially, the FTIR analysis
demonstrates no hydroxyl functionality present (t = 0 h), and
over the 6 h period, the characteristic becomes more apparent
(3500 cm−1), becoming more intense over time. In tandem to
this observation, the band found at 610 cm−1 evolves from a
sharp peak, broadening over time. This band is associated with
the phosphate species, and the broadening suggests a higher
level of interaction between the phosphate group and TNX
over time.
The analysis of the 1H NMR spectra elaborates on the

interactions displayed by the FTIR data, with hydrogen-bond
donor interactions developing over time. The hydrogen-bond
donor in DMSO-d6 originally presented itself as a sharp small
peak (δ 3.33) in the initial analysis of TNX. After the
introduction of phosphate to the system, the peak initially
intensified and broadened over the 6 h period, being indicative
of an increase in hydrogen bonding between itself and another
species. The aromatic proton found at δ 8.85 is also seen to
shift upfield, being indicative of the interaction between the
species (an enhanced version of the image can be found in the
Supporting Information Figure S3). The integration of the
methyl groups (δ 2.46, 6H) and aromatic proton (δ 8.85, 1H)
remains constant throughout the experiment, allowing the
comparison over time to be drawn. This facet of 1H NMR
supports the observations noted in the FTIR spectra,
confirming that the interaction between TNX and phosphate
is in fact a CT interaction that develops over time.
UV spectrometry conducted on the sample over the same

time period shows key characteristics of the development of a
CT interaction. The spectrum of isolated TNX in DMSO
displays a λmax value of 261 nm that is clearly visible on a more
dilute sample, whereas upon the introduction of K3PO4 to the
system, an intense peak at λmax = 664 nm and a smaller peak at
λ = 415 nm are observed (Supporting Information Figure S4).
The appearance of the λmax peak is observed visually as a high-
intensity blue color that is in stark contrast to the colorless
solution previously noted. Over the 6 h measurement window,
the intensity of this peak decreases; however, the rate of
degradation is not linear (Figure 3c). The intense blue
complexation reactions tend to be highly energetic, and over
time, the energy in the system decreases, resulting in the
degradation of the color. After the 3 h mark, the rate of
degradation is much lower, with the absorbance of the sample
becoming more stable. At this point, the FTIR data suggest the
formation of −OH functionalities within the sample, which is a
result of the CT interaction being stabilized by protons in the
reacting mixture. The color of the complex relaxes to reflect a
pale orange, being energetically opposing to the blue
interaction originally demonstrated. Plotting the reciprocal of
the concentration against time reveals the degradation of the

complex to be second order (Supporting Information Figure
S5). From the slope of the graph, the degradation constant can
be calculated as k = 0.0504 M−1 S−1. The degradation of the
complex from its blue form is relatively fast, meaning the
absorbance of the analysis is truly time-dependent. This makes
the shelf life of the resulting complex less than a few hours,
meaning the results of any form of analysis with TNX would be
time-sensitive and all measurements in the future must be
conducted after the same time period to enable a true
comparison.

2.2. Effect of Water on the Interaction of TNX and
Phosphate. As the sensing platform is required to perform
the evaluation of phosphate in aqueous mediums (urine/
serum), the effect of water on the sensor is of vital importance.
The solubility of TNX in water is extremely low, with ice-cold
water being used for the precipitation of TNX in the synthetic
process. This is inherently problematic when introducing
aqueous phosphate to any organic solution containing TNX, as
water has a negative impact on the solvated compound.
Therefore, after complexation was initiated by means of the
addition of potassium phosphate (5 mg mL−1), the systematic
addition of deionized (DI) water began while monitoring the
absorbance (λmax = 664 nm) of the solution (Figure 4).

Visually, it becomes inherently clear that adding low
amounts of water to the TNX solution in DMSO (less than
1−6 mL of solution) does not affect the formation of the
complex. Adding more water will rapidly result in a decrease in
absorption as TNX precipitates, and the absorption will rapidly
fall to a value only marginally above baseline when the volume
of water added reaches 3 mL. After this, the signal stays more
or less stable, and the minor absorption observed in the data
can be attributed to the cloudy precipitate. In order to illustrate
the importance of staying below the threshold of water volume
in the sample under analysis, the data were fit using OriginPro
8 (OriginLabs Corporation, Northampton, MA, United States)

using a sigmoidal logistic fit = + −
+( )f x A( ) A A

x x2
( )

1 ( / )p
1 2

0
. The

data nicely illustrate the S-shaped curve which illustrates the
effect of water volume on the solubility of TNX and, therefore,
the usability of the sensor in aqueous samples (red line, R2 =
0.99582). These results indicate that when the system is to be

Figure 4. Absorbance (λmax = 664 nm) of the CT interaction (TNX in
DMSO, 5 mg mL−1, 6 mL) as the total volume of water in the system
increases after the initiation (1 min) of complexation with 50 μL of
K3PO4 (5 mg mL−1).
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used for detecting phosphate in aqueous samples, the total
water content of the reaction mixture should not exceed 14%
of the initial volume.
2.3. Solvent Dependency on the CT Interaction

Induction. To further understand the interaction occurring
between TNX and phosphate in solution, various solvents were
considered. Initially, DMSO was the solvent of choice as TNX
demonstrated good solubility and DMSO is highly miscible
with water making it ideal for the analysis on aqueous samples.
Other solvents that shared these properties are dimethylfor-
mamide (DMF) and acetone, with both solvating TNX with
ease and being miscible with water. Upon the addition of
aqueous K3PO4 (5 mg mL−1), the UV spectra of the resulting
reaction were recorded and compared for each of the solvents
(Figure 5a). The spectrum for TNX in acetone largely
remained unchanged, with no absorption peak visible above
400 nm and visually no color change observed, concluding that
acetone was unsuitable for further testing. As DMSO, DMF,
and acetone are similar in nature, the CT interaction may be
added by the polarity of the solvent involved. This is supported
by the fact that acetone (relative polarity = 0.335) produced no
CT absorbance peak, and DMF (relative polarity = 0.386)
stimulates a weaker absorbance compared to that of DMSO
(relative polarity = 0.444). The analysis of the interaction
between TNX and phosphate in DMF provided an intense

absorption peak (λ = 658 nm), with the observed color of the
solution turning dark green. This observation is in line with
that of DMSO; however, the absorption band occurs at a lower
wavelength. The absorption of the lower wavelength suggests
the characteristics about the stability of the complex formed
but does not suggest the occurrence of less CT interactions , as
the initial absorbance is comparable with that of the interaction
in DMSO. The interaction in DMF was consequently studied
more in depth, analyzing the sample every hour for 6 h (Figure
5b).
The initial introduction (Figure 5b, 0 h) of phosphate to the

DMF-based solution generates a large absorbance peak at λmax
= 658 nm that is visually observed as an intense blue color.
This color intensity rapidly depletes, with the observable color
becoming less distinctive within the first hour and the
measured absorbance being 8 times weaker. Over the
remaining period (2−6 h), the color continues to change
from the original blue to a more prominent orange. The
absorption data were plotted with time and compared to a
similar experiment in DMSO. These data, presented in Figure
5c, show a sharp exponential decrease in absorption for DMF
in the first hour that gradually levels off to a value only
marginally above baseline. The data follow an exponential
decay that was fit in Origin using the equation: f(x) = A1 ×
e−x/t1 + y0. In DMSO, a similar pattern can be observed, but the

Figure 5. (a) UV spectrometry analysis of DMSO, acetone, and DMF as solvents in the CT interaction between TNX and phosphate, with a
further in-depth (b) time-dependent study over the course of 6 h, measuring the stability of the complexation in DMF. (c) Comparison of
absorbance intensities in the complex for DMF (λ = 511, 658 nm) and DMSO (λmax = 664 nm).
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time constant for the exponential decay is much higher than
that we observed in DMF (0.4257 and 1.3065 s, respectively),
indicating that the complex is more stable in polar solvents.
The peak observed at λ = 511 nm in DMF could be a
consequence of the complex degradation into a more stable
form. The color of the solution does become more yellow/
orange slowly over time, and this would give rise to a lower
absorbance peak being observed. The exponential growth of
the signal, however, is much slower, as indicated by the much
higher time constant of 2.4004 s. These fits mainly indicate
that the complex degrades rapidly over time and that the
absorption measurement for measuring the anion concen-
tration in unknown samples should be performed as soon as
possible upon introducing the sample to the TNX solution.
2.4. Optimization of TNX Concentration and Volume

of Sample Introduced for the Formation of the CT
Complex. The concentration dependency of TNX in DMSO
was investigated alongside the volume of aqueous phosphate
added to the sensor to determine the optimum value of these
two factors. To ensure the calibration was biologically relevant,
the physiological minimum and maximum phosphate excretion
values were tested. An average human excretes 800−2000 mL
of urine a day, with the amount of phosphate ranging 700−900
mg.46 Thus, two concentrations from each extreme of these

factors were calculated to be 0.350 and 1.125 mg mL−1,
allowing the sensing platform to be attuned appropriately
(Figure 6).
Both the upper and lower concentration limits were

introduced to the different concentrations of TNX, and the
λmax absorbance for each addition was plotted against the
volume (μL) of phosphate added. The data were fit using
OriginPro 8 (OriginLabs Corporation, Northampton, MA,
United States) with an exponential (y = a eb) growth fit for
both phosphate concentrations. The corresponding R2 values
for the data that were fit for both concentrations can be found
in the Supporting Information Table S6. The data were
analyzed with respect to the absorbances that fit within the
range of 0.05−1.5 au to ensure that the absorbances generated
by the sensor remain in a reliable range for both the upper and
lower limits of phosphate concentrations. The addition of
phosphate between 50 and 200 μL of 1.125 mg mL−1 to the
different TNX concentrations all generated a CT interaction
response of less than 0.5 au and less than 0.05 au for the lower
limit of 0.350 mg mL−1. This is less than ideal for the
measurements of phosphate in real-world samples as no
induced measurable response would be possible for lower
phosphate concentrations, and higher phosphate concentra-
tions would not provide a notable response. The addition of

Figure 6. Absorbance (λmax = 664 nm) against volume graphs for the varying addition (50−1000 μL) of physiologically relevant concentrations of
phosphate (a) 1.125 and (b) 0.350 mg mL−1 to 6 mL of TNX in DMSO at varying concentrations (0.1−2.5 mg mL−1).

Figure 7. Absorbance (λmax = 664 nm) of the CT interactions with (a) phosphate solution spiked with various species, and each species in (b) DI
water in the absence of phosphate. Error bars were generated as 1 SD from the mean reading for each species.
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500 μL of 1.125 mg mL−1 phosphate generates a response
greater than 1.5 a.u, meaning higher concentrations would
generate an absorbance greater than this and therefore would
risk values outside the reliable range. Therefore, addition of
400 μL provides an absorbance within the range specified and
is the optimum volume out of those tested. The same principal
range was then applied to the concentration of TNX used to
calibrate the volume of phosphate added. At the upper limit,
there is a clear difference between 0.1 mg mL−1 and the other
values; however, there is little change in absorbance for the
other concentrations. This change is more evident in the
analysis of the lower limit, where each concentration gives a
clearly different absorbance. Both 0.1 and 0.5 mg mL−1 give an
absorbance response below the desired value, whereas 2.5 mg
mL−1 gives a more intense absorbance beyond the desired
threshold. This reasoning gives rise to selecting a 1 mg mL−1

concentration of TNX in DMSO for the optimized sensing of
phosphate in aqueous solutions, with a 400 μL sample
introduction volume.
2.5. Potential Anionic and Cationic Interferences.

Multiple anionic/cationic species were chosen to evaluate the
capability of TNX to form a CT complex, with the species
selected being most commonly found in urine. The species
tested included CH3CH2OH, F

−, CH3COO
−, Na+, K+, Ca2+,

Cl−, HCO3
−, and SO4

2−, providing a range of interferences for
TNX to potentially interact with. The parameters used for the
introduction of the species were as previously optimized, with
6 mL of TNX solution (1 mg mL−1 in DMSO) and 400 μL of
“spiked” aqueous PO4

3− being added. The phosphate samples
were spiked individually with physiologically relevant concen-
trations of each species, allowing the response to each of the
interferences to be monitored (Figure 7a). The phosphate
concentration throughout the experiment was 0.85 mg mL−1,
representing a midrange concentration between the upper and
lower physiological limits. In parallel to this, each interference
was isolated and analyzed in the absence of phosphate to study
the interactions of the species with TNX further (Figure 7b).
Each of the data points was replicated in triplet, allowing the

mean and standard deviation (SD) of each sample to be
calculated. The data were fit using OriginPro 8 (OriginLabs
Corporation, Northampton, MA, United States), generating a
bar chart comparing each sample. All the interferences in the
phosphate solution produced a reading within 1 SD of the
mean response of the pure phosphate solution (blue dashed
line). Of the interferences present, chloride, potassium, sulfate,
and calcium suppressed the absorbance normally observed by
the formation of the CT interaction, whereas sodium and
carbonate enhance the signal marginally. The level of
suppression was different for each of the species, with calcium
providing the largest of the effects recorded. Calcium being
present as a +2 cation in comparison to the other cations of +1
charge may be the reason for this effect. The greater charge on
calcium provided a stronger potential interaction with TNX
and phosphate present in the solution, therefore suppressing
the signal. Another plausible explanation is that calcium
interacts with phosphate present in the solution forming
calcium phosphate, which has poor solubility. Therefore, it can
be stipulated that calcium does not directly interfere with the
complexes formed but reduces the amount of phosphate
dissolved in the solution, producing a different yet similar
result. This speculation can be backed experimentally by the
formation of a light precipitate observed after the calcium
solution was introduced to the sensing solution. Fluoride and

acetate anions caused a reduction in absorbance similar to that
of calcium, which is surprising, as previous literature has
demonstrated how these species illicit an absorbance peak in
the presence of nitroaromatics.17 The molecules in question
are however more complex than TNX, indicating the
mechanism behind the slight quenching effect observed is
probably different from the enhancement mechanism
previously investigated. A further surprising result is the lack
of interaction sulfate has with TNX, with this showing a
marginal decrease in absorbance in the presence of phosphate
and no interaction in its absence. Considering the similarities
of the species, it must be assumed that the slightly more basic
nature of phosphate is the causality of this observation. As for
the interferences ran in DI water, none of the interferences
stimulated a CT interaction great enough to be observed by
the naked eye, and the absorbances measured were similar to
that of the blank (red dashed line). The error bars of all of the
species, bar calcium, fell within 1 SD of the blank; however, the
absorbance that was reported is only marginally greater than
that of the blank that was ran. It can therefore be deduced from
the biologically relevant species tested that none have any
meaningful impact on the formation or suppression of the CT
interaction induced in the presence of phosphate.

2.6. Optimized Dose−Response for Phosphate. With
the optimized values of TNX concentration and the volume of
sample that should be added considered, a dose−response
curve was constructed for the physiological phosphate range.
Additions of 400 μL of phosphate (0.10−1.5 mg mL−1) to
TNX in DMSO (6 mL, 1 mg mL−1) were studied, quantifying
the formation of the CT complex by UV spectroscopy
alongside visual verification. It is important that the response
generated by the CT interaction reflects the physiological
range in a linear fashion, with the suppressed and elevated
phosphate levels also considered.
To generate a calibration graph relating the concentration of

phosphate and the absorbance observed from the CT
interaction, the absorbance of the most intense peak (λmax =
664 nm) was plotted against [PO4(aq)

2−] (Figure 8). The data
were fit using OriginPro 8 (OriginLabs Corporation, North-
ampton, MA, United States) using a linear fit (y = mx + c)

Figure 8. Average dose−response (λmax = 664 nm) for the CT
interaction upon the addition of phosphate in the range of 0.10−1.50
mg mL−1, error bars ± 1 SD. The blue dashed line represents the
lower physiological concentration (0.35 mg mL−1) and the green
dashed line represents the upper physiological concentration (1.125
mg mL−1) of phosphate in urine.
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dose−response curve (R2 = 0.9962). The linear range of the
sensor is more than sufficient to analyze the phosphate levels in
urine within the physiological range. The range even extends
beyond the physiological values, with the concentrations both
above and below showing linearity, facilitating the possible
confirmation of both hypo- and hyperphosphatemia with the
sensor.
As this method is aimed toward clinicians and the point-of-

care (PoC) sector for the analysis of urine samples, analytical
sensitivity has to be considered. Therefore, the limit of blank
(LoB), limit of detection (LoD), and limit of quantitation
(LoQ) need to be specified (see Table 1 for definitions). The
Clinical and Laboratory Standards Institute (CLSI) provides
these guidelines (EP17), for the determination of LoD and
LoQ.47

Conforming to these definitions standardizes the parameters
being assessed, adding reliability to the sensing method.
Following the guidelines set, the value for each parameter are
as follows: 0.001 mg mL−1 (LoB), 0.164 mg mL−1 (LoD), and
≥0.164 mg mL−1 (LoQ). The proposed calculated LoD is
therefore much lower than the lowest physiological concen-
tration of phosphate, meaning the sensor can reliably produce
a result at this value. If the sensor was to be commercialized,
the sample size for these tests must be increased to increase
robustness and the statistical confidence in the results.
However, for a proof-of-principle study, these values are
reliable and give an accurate representation of the data
collected.
2.7. Validation Study of Phosphate in Urine. To

validate the TNX-based phosphate sensing method, 24 h urine
samples were subject to the technique, alongside a validation
method to confirm the results of the analysis. The chosen
colorimetric validation method uses a well-documented
vanadate−molybdate reagent,24−27 producing a clear yellow
color in the presence of phosphate. A calibration was initially
created by introducing varying phosphate concentrations
(0.1−1.5 mg mL−1) to known amounts of the reagent, while
monitoring the absorbance spectrum with a UV spectrometer
(λmax = 308 nm) (Supporting Information Figure S7a). The
absorbance was plotted against the concentration of phosphate
introduced (Supporting Information Figure S7b), yielding a
dose response with R2 = 0.99597. The raw absorbance spectra

(Supporting Information Table S8) from the analysis of the
urine with both methods were then compared to their
corresponding calibration, converting the data into meaningful
concentrations. The urine sample analyzed was collected from
a healthy male (age 26) over the course of an average day, with
the analysis conducted with both the TNX-based technique
and the established vanadomolybdophosphoric acid method
for confirmation (Table 2). The analysis was repeated in
triplet, with the average concentration and SD reported for
both techniques.
The analysis of the urine with both methods proved to give

phosphate concentrations in the physiological range. The
analysis with the developed TNX-based sensor provided a
mean concentration of 0.562 ± 0.020 mg mL−1, which was
lower than 0.747 ± 0.010 mg mL−1 that the vanadate−
molybdate reagent produced. The minor discrepancy in the
value (0.185 mg mL−1) demonstrates that the values are in a
similar range. The lower value from the TNX-based analysis
could be caused by organic interferences that do not affect the
vanadate−molybdate reagent. This said, the comparison of the
values illustrates that this low-cost TNX-based analysis can
provide somewhat acceptable readings of phosphate in a
biological sample. This capability combined with the ease of
use and low-cost nature of the TNX-based sensor is reason
enough to consider the method for rapid semiquantitative PoC
testing, with more advanced methods used for complete
confirmation. Therefore, the comparison of the two methods
indicates that the TNX-based sensor stands up to the
vanadate−molybdate reagent. Moreover, as vanadomolybdo-
phosphoric acid presents itself as a yellow color in the presence
of phosphate, the urine samples had to be pretreated with
activated carbon to remove any colored elements prior to
analysis. However, the color of the urine was not an issue for
the TNX-based sensor, as the CT interaction caused by the
presence of phosphate shows an unnatural blue tone. The
preparation of the vanadate−molybdate reagent is more
complex and costlier than that of the dissolution of TNX in
DMSO, and also the CT interaction does not require
concentrated hydrochloric acid to occur. Furthermore, the
resulting acid produced by the vanadate−molybdate reagent in
the presence of phosphate is much greater in toxicity than that
of TNX or its CT complex. Overall, the TNX-based phosphate

Table 1. Definitions Relating to the LoB, LoD, and LoQ, as Specified by Armbruster et al.47

parameter sample type sample characteristics equation

LoB sample containing no analyte, e.g., zero level
calibrator

negative or very low concentration sample that is commutable with patient
specimens

LoB = meanblank + 1645
(SDblank)

LoD sample containing a low concentration of
analyte, e.g., dilution of the lowest
concentration calibrator

low concentration samples, such as a dilution of the lowest non-negative
assay kit calibrator or patient specimen matrix containing a weighed out
amount of analyte, commutable with patient specimens

LoD = LoB +1.645
(SDlow concentration sample)

LoQ sample containing a low concentration of
analyte at the expected LoQ, e.g., sample
with the concentration at or above LoD

low concentration samples at or above the concentration of the LoD;
analyte concentration must be sufficient to produce analytical signals that
meet predetermined targets for bias, imprecision, and total error

LoQ ≥ LoD

Table 2. Analysis of Phosphate Concentrations in 24 h Urine Using the TNX-Based Phosphate Sensor and the Ammonium
Vanadate−Molybdate Reagent

TNX analysis (λmax = 664 nm) vanadate−molybdate reagent (λmax = 308 nm)

analysis absorbance concentration (mg mL−1) absorbance concentration (mg mL−1)

1 0.549 0.585 1.150 0.758
2 0.505 0.554 1.140 0.743
3 0.497 0.549 1.136 0.740
mean value 0.517 ± 0.028 0.562 ± 0.020 1.142 ± 0.007 0.747 ± 0.010

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://dx.doi.org/10.1021/acsomega.0c02651
ACS Omega 2020, 5, 21054−21066

21061

http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02651/suppl_file/ao0c02651_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02651/suppl_file/ao0c02651_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02651/suppl_file/ao0c02651_si_001.pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://dx.doi.org/10.1021/acsomega.0c02651?ref=pdf


sensor produced comparable results, without involving
expensive chemical reagents or the pretreatment of samples.

3. CONCLUSIONS
1H NMR, FTIR, and UV analyses of TNX interacting with
phosphate in DMSO-d6 proved that TNX forms a CT complex
with the anionic species, generating an intense absorption peak
at λmax = 664 nm. The intensity of this peak was seen to
degrade over the period of 6 h, diminishing the initial intense
blue to a less energetic orange tone. The use of 1H NMR
determined the interactions occurring between TNX and
phosphate to be noncovalent, with hydrogen-bond donation
increasing over a 6 h period. The FTIR analysis elucidated the
electronic nature of these interactions, indicating the formation
of OH functionalities over time and the shifting over various
functionality wavenumbers. The interaction was further
understood by conducting a Job plot study, revealing the
stoichiometric ratio of the interaction to be 1:1 (TNX/
phosphate). The binding constant was then derived (K = 2.96
× 104 M−1), revealing the speed at which complexation occurs.
As TNX has poor solubility in water, the effect of water on

the formation of the CT interaction was studied. The CT
interaction was initiated in DMSO-d6 with the addition of
phosphate, and slowly the volume of water in the system was
increased, with the absorbance (λmax = 664 nm) monitored. A
total volume of 1 mL of water could be introduced before the
absorbance was seen to dramatically decrease, with the
complexation sharing characteristics with a sigmoidal degra-
dation pattern. An overall volume of 4 mL of water could be
achieved before the solution became cloudy to analyze with
UV spectroscopy. Therefore, based on these observations, a
volume of water no greater than 1000 μL (16% of the initial
volume) would be added in future experiments, thus ensuring
that the absorbance of the complex would not be impeded by
the presence of water in solution.
A variety of solvents were investigated in a bid to optimize

the observed CT interaction, with acetone, DMSO, and DMF
evaluated. These solvents were chosen based upon their
miscibility with water, as this is a necessary facet if aqueous
samples were to be introduced to the TNX mixture. Of the
solvents tested, acetone did not facilitate the CT interaction
observed when phosphate was introduced into the system.
DMF and DMSO facilitate the interaction; however, the
stability of the complex in DMF was much less than that in
DMSO. Herein, DMSO was the solvent of choice for further
experimentation.
To optimize the sensor capabilities, the relationship between

the concentration of TNX and the volume of analyte added
was studied in detail. To achieve this, the upper and lower
physiological concentrations (0.350 and 1.125 mg mL−1) of
phosphate were selected, calibrating the sensing platform
toward the detection of these extremes. The concentration of
TNX proved less important in the detection of higher
concentrations, with 1 and 0.5 mg mL−1 responding to the
presence of phosphate in a similar manner; however, at lower
concentrations, the 1 mg mL−1 TNX solution allowed greater
sensitivity toward phosphate. Based on this, the optimum
sample volume introduced to the system was found to be 400
μL, giving absorbance readings within the reliable range of the
UV spectrometer for both extremes of the physiological range.
Multiple biologically relevant interference species (Na+, K+,

Ca2+, Cl−, PO4
3−, HCO3

−, and SO4
2−) were tested against

TNX in DMSO to determine their effects on the formation of

the CT interaction with phosphate. The species were
introduced to the TNX solution in both the presence and
absence of phosphate. The absorbance of the resulting
interaction was recorded, measuring the effect on the
interaction that occurred. Of the species tested, none impeded
the formation of the CT complex in the presence of phosphate
and none initiated the interaction in the absence of phosphate.
The species tested are the most common species found in
urine, lending toward the application of the sensor. It can
therefore be concluded that the sensor can operate in this
complex medium without losing performance because of the
presence of other species.
A dose−response curve was constructed across the

physiological range of phosphate in urine, determining the
intensity of the CT interaction stimulated. A range of 0.1−1.5
mg mL−1 was selected for the dose−response curve as this
allowed phosphate levels outside the normal range to be
studied. The dose−response curve demonstrated to be linear
throughout the selected range, allowing easy verification of
both hyper- and hypophosphatemia. CLSI guidelines were
then followed in the determination of the LoB (0.001 mg
mL−1), LoD (0.164 mg mL−1), and LoQ (≥0.164 mg mL−1) of
the sensor, using a standardized method of demonstrating the
LoD of the sensor was lower than that of the lowest
physiological relevant concentration.
The analysis of 24 h urine samples by means of CT

interaction and a corresponding vanadate−molybdate reagent
validation method yielded results within the physiological
range. The results of both tests were within an acceptable
tolerance for a PoC setting, with the TNX-based sensor giving
a mildly weaker depiction of the phosphate concentration in
the biological sample. The intrasample deviation was minor,
demonstrating the reproducible and reliable nature of the
proposed test. This added validity to that of the novel use of
TNX in the formation of the CT complex in the presence of
phosphate. Compared to vanadomolybdophosphoric acid
colorimetry, the CT method was conducted without sample
pretreatment, therefore reducing the analysis time, removing
the use of toxic chemicals, and lending to a PoC diagnostic
setting.
Overall, this study illustrates that TNX can be applied as a

chemical phosphate sensor, demonstrating high reproducibility
and sensitivity in analyzing phosphate levels in urine. The
sensor demonstrates a strong selectivity toward phosphate,
with other species not influencing the sensing capabilities. The
rapid manner and ease of sample analysis demonstrated the
versatile nature of the chemical sensor, with only microliters of
sample necessary for a reading. Therefore, this method offers
an alternative use for TNX in the field of anion sensing, where
physiologically relevant levels of phosphate can be monitored.
Thus, a facile method of phosphate detection is presented in a
bid to easily recognize and diagnose potential CKD or
hyperphosphatemia.

4. MATERIALS AND METHODS
4.1. Materials. All materials were used in their original

form as received from commercial suppliers. Sodium chloride
(99.5−100%), sulfuric acid (37%), nitric acid (90%), calcium
chloride (95%), sodium bicarbonate (98%), and sodium sulfate
(≥98%) were purchased from VWR Chemicals. Sodium
phosphate (96%), m-xylene (98%), potassium phosphate
tribasic (97%), calcium phosphate (>96%), and magnesium
phosphate (98%) were supplied by Sigma-Aldrich. DMSO
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(99%) used was purchased from Alfa Aesar. All the salts used
contained a common sodium cation in order to eliminate any
possible deviations induced by the use of different cationic
species. A Shimadzu UV-3600 UV−vis−NIR spectrophotom-
eter was used for the measurement and recording of UV
spectra.
4.2. Synthesis of TNX. A stirred solution of water (5 mL),

H2SO4 (5.5 mL, 37% w/v), and HNO3 (5 mL 90% w/v) was
chilled to 5 °C before the dropwise addition of m-xylene (5 g,
0.047 mol) over the course of 15 min. Once completed, the
reaction mixture was heated to 70 °C before the further
dropwise addition of HNO3 (5 mL), maintaining the
temperature below 80 °C. Next, the reaction temperature
was slowly increased to 100 °C and then rapidly to 120 °C for
1 h. The reaction mixture was then allowed to cool before
being poured over ice and 100 mL of water being added. The
impure TNX crystals then precipitated as a yellow powder that
could be collected by vacuum filtration. Once collected, the
crystals were recrystallized from acetone, yielding off-white
needle-like crystals in high abundance. Yield: 89%, 1H NMR
(300 MHz, DMSO-d6): δ 8.85 (s, 1H), 2.47 (s, 6H).

13C NMR
(75 MHz, DMSO-d6): δ 153.56, 147.82, 130,23, 122.98, 15.01.
mp 184 °C. LCMS [M + 1] m/z*: 242.159.
4.3. Analysis of CT Interaction Formation and

Stability (1H NMR/UV/FTIR Spectroscopy). A 5 mg mL−1

solution of TNX in DMSO-d6 was prepared and initially
analyzed with 1H NMR (300 MHz) and FTIR spectroscopies
to gain free electron acceptor spectra for the experiment. The
TNX DMSO (6 mL) solution was then subjected to 50 μL
potassium phosphate (5 mg mL−1), prepared in DMSO-d6,
initiating the CT interaction. 1H NMR, UV (λmax = 664 nm),
and FTIR spectra were collected directly after the initial
addition of the phosphate anions and then again every hour for
a 6 h period, allowing the electronic interactions and stability
of the complex to be studied. A Shimadzu UV-3600
spectrophotometer was used for the collection of the UV
data with a standard 3.5 mL quartz cuvette and a path length of
1 cm.
4.4. Job’s Plot: Stoichiometric Study. Two solutions

were prepared: (a) containing TNX (4.15 mM) in DMSO/
H2O (9:1 v/v) and (b) containing potassium phosphate
(tribasic) (2.35 mM) in DMSO/H2O (9:1 v/v). The sum of
the molar concentrations of these two binding partners was
kept constant, whereas the molar fractions of each introduced
to one another were varied. To this end, the TNX solution was
introduced to the phosphate solution (1:9), the components
were mixed well, and the UV absorbance spectra of the
resulting solution were collected (250−800 nm). This was
repeated for the other molar fractions (2:8, 3:7, 4:6, 5:5, 6:4,
7:3, 8:2, 9:1), with each molar fraction analyzed by the same
method. A Shimadzu UV-3600 spectrophotometer (3.5 mL
quartz cuvette, path length of 1 cm) was used for data
collection, and the maximum absorbance peak (λmax = 664 nm)
of each sample was compared. All samples were repeated in
triplet, with the average values and SDs reported.
4.5. Effects of Water on Complex Degradation. K3PO4

was dissolved in DMSO (5 mg mL−1), and a 50 μL aliquot was
added to a 6 mL solution of TNX in DMSO (5 mg mL−1). The
two reactants were shaken vigorously for 1 min before
collecting the UV spectra of the sample. The absorbance
(λmax = 664 nm) of this solution was then recorded before the
addition of 50 μL of DI water, shaking the solution vigorously
once more. This process was repeated for each volume of DI

water stated (see below), and a total volume of 4.5 mL of DI
water had successfully been added to the system. A Shimadzu
UV-3600 spectrophotometer (3.5 mL quartz cuvette, path
length of 1 cm) was used to record the UV spectra of each
sample. The experiment was then repeated in triplet, allowing
the mean values and standard deviations to be calculated. The
total volume of DI water in the mixture was gradually increased
stepwise as follows: 200, 400, 600, 800, 1000, 1500, 2000,
2500, 3000, 3500, 4000, and 4500 μL.

4.6. Solvent Effects on CT Complexation. K3PO4 (5 mg
mL−1, 50 μL) was added to a TNX solution in a defined
solvent (5 mg mL−1, 5 mL). To ensure homogeneity of the
solution, it was shaken thoroughly before noting the observed
color change and collecting the UV spectra using a Shimadzu
UV-3600 spectrophotometer (3.5 mL quartz cuvette, path
length of 1 cm) after 1 min of initiating the reaction. The
solvent effect on the CT mechanism was examined by
changing the solvent used in the experiment (acetone, DMF,
and DMSO).

4.7. Optimization of TNX Concentration and Sample
Volume. Stock solutions of TNX in DMSO (2.5 mg mL−1)
and K3PO4 (1.125 mg mL−1) in DI water were prepared. To a
6 mL aliquot of the TNX solution was added 50 μL of
K3PO4(aq), and the absorbance spectra were recorded with a
Shimadzu UV-3600 spectrophotometer (3.5 mL quartz
cuvette, path length of 1 cm) after 1 min of initiating the
reaction. This was repeated, increasing the total volume of
phosphate added to the TNX solution with each addition
(overall volume of phosphate: 50, 100, 200, 400, and 500 μL),
thus allowing the effect of the volume of phosphate on the CT
band intensity (λmax = 664 nm) to be studied. This experiment
was repeated for various concentrations of TNX solution (2.5,
1.0, 0.5, and 0.1 mg mL−1) and phosphate (0.350, and 1.125
mg mL−1), being representative of the physiologically relevant
extremes.

4.8. Effect of Interferences on the Formation of the
CT Interaction. A stock solution (1 mg mL−1) was prepared
by dissolving TNX in DMSO, shaking the solution thoroughly,
ensuring that all crystals of TNX were fully dispersed. Isolated
ionic interferences (CH3CH2OH, Na

+, K+, Ca2+, Cl−, PO4
3−,

F−, CH3COO
−, HCO3

−, and SO4
2−) were prepared in both DI

water and K3PO4(aq) (0.85 mg mL−1) according to the
physiological concentrations found in urine (see Supporting
Information S9).48 To 6 mL aliquots of the TNX solution was
added 400 μL of the potential interfering species, in either DI
water or phosphate solution, respectively. Each species was
introduced to the TNX solution separately, enabling to study
the individual effect on the CT interaction for each of the
anionic species. The spectra for each species were collected
with a Shimadzu UV-3600 spectrophotometer (3.5 mL quartz
cuvette, path length of 1 cm), with the most intense peak (λmax
= 664 nm) being monitored. Each sample was repeated in
triplet, with the mean readings being plotted with the
corresponding SDs.

4.9. Optimized Dose−Response for Phosphate
Detection. A dose−response study was done by reacting 6
mL aliquots of TNX in DMSO (1 mg mL−1) and adding 400
μL of aqueous K3PO4 in the concentration range of 0.1−1.5
mg mL−1. Each sample was analyzed with a Shimadzu UV-
3600 spectrophotometer (3.5 mL quartz cuvette, path length
of 1 cm) within 1 min of initiating the reaction, and the
absorbance of the most intense peak (λmax = 664 nm) was
plotted against the corresponding concentration of phosphate
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to obtain a dose−response curve. Each concentration was
analyzed in triplet, with mean readings and SDs plotted.
4.10. Validation Method (Vanadomolybdophosphor-

ic Acid Colorimetric Method). Ammonium molybdate (2.5
g, 12.75 mmol) was dissolved in 30 mL of DI water, generating
solution A. To generate solution B, ammonium metavanadate
(0.13 g, 1.1 mmol) was dissolved in 30 mL of DI water and 33
mL of concentrated hydrochloric acid (37%), before allowing
the solution to cool to room temperature. Solutions A and B
were then added to each other before diluting the overall
volume to 100 mL with DI water. A dilution series of aqueous
K3PO4 (0.1−1.5 mg mL−1, 1 mL) was then introduced to 3
mL of the vanadate−molybdate reagent and 5 mL of DI water,
with 20 μL of the resulting solution diluted to an overall
volume of 5 mL with DI water, thus enabling the construction
of a dose−response curve. Each concentration was analyzed
with a Shimadzu UV-3600 spectrophotometer (3.5 mL quartz
cuvette, path length of 1 cm), determining the absorbance at
λmax = 308 nm. The urine samples previously tested with the
TNX-based phosphate sensor were then analyzed with the
vanadate−molybdate reagent in the same manner, and the
phosphate concentrations were verified. Each sample was
analyzed in triplet as perprevious methods.
4.11. Phosphate Analysis of Urine. The concentration of

phosphate in urine samples was analyzed using the parameters
optimized in the previously described experiments. To this
end, 400 μL of urine was pipetted into a 6 mL aliquot of TNX
in DMSO (1 mg mL−1), and the solution was shaken
thoroughly for 1 min. The sample was transferred into a
quartz cuvette, collecting the UV spectrum and noting the
maximum absorbance band (λmax = 664 nm). This absorbance
was then correlated with the previously generated dose−
response graph, giving an indication of the phosphate levels
present in the sample. The analysis was repeated with the
validation method outlined above; however, the color of the
urine was removed by filtration with activated charcoal prior to
analysis. The urine supplied was collected from a healthy
consenting volunteer (author of the paper) over a 24 h period,
giving a representative sample of daily phosphate concen-
trations.
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