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A B S T R A C T

Halides play important roles in human health and environmental monitoring. However, different halides interfere
with each other in current measurement methods. Simultaneous sensing of multiple halides in a fast and low-cost
manner remains a challenge. Here, we report a fluorometric multi-halide sensing method by using a single citrate-
based fluorophore, CA-Cys, on a custom-made portable device. The fluorescence emitted by CA-Cys is quenched
due to the dynamic quenching of halide ions; the sensitivities vary from halide types and pH, providing the
capability to obtain multiple Stern-Volmer equations at various pH values. The concentration of each halide can
then be obtained by solving the resultant set of equations. A mM scale detection limit is demonstrated, which is
suitable for halide wastewater monitoring. A proof-of-concept smartphone-based portable device is also fabricated
and tested. The results from the fluorometer and portable device indicated that our multi-halide system is
promising for real-world multi-halide sensing applications. This work represents a new direction in developing
portable, low-cost, and simultaneous multi-halide sensing technologies.
1. Introduction

Halides are anion forms of halogen atoms located in Group VII of the
periodic table. The halides, including fluoride (F�), chloride (Cl�), bro-
mide (Br�), iodide (I�) and astatide (At�), play an essential role in various
fields, such as health care, environmental monitoring, and industrial ap-
plications, except the highly radiative and rare astatine. Cl� is a major
component of naturalwaters,which sources from the ocean, dissolution of
evaporite rocks naturally, or from urban, industrial, and agricultural
wastewaters anthropogenically [1]. Br� is a common butminor constitute
of natural waters, which sources from the ocean and dissolution of evap-
orite rocks naturally similar to Cl�, and from potassium ore mining, pro-
duction of fire retardant agents, and the use of fertilizers and pesticides in
agriculture anthropogenically [1–3]. Cl� and I� are essential electrolytes
thatmaintain homeostasis within the humanbody,where abnormal levels
may indicate various diseases. For example, abnormal Cl� concentrations
in biological fluids, such as sweat, urine, serum, and cerebral spinal fluid
(CSF) are indicators of cystic fibrosis (CF), metabolic alkalosis, Addison's
disease, and amyotrophic lateral sclerosis (ALS), respectively [4–6]. I� is
essential to maintain normal functions of the thyroid since two thyroid
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hormones, triiodothyronine (T3) and thyroxine (T4), are
iodine-containing and synthesized by using I�. Abnormal iodide levels,
either too high or too low, can cause thyroid dysfunction, resulting in
diseases, such as hyperthyroidism and hypothyroidism [7]. It is widely
accepted that bromine is not an essential element and Br� is not necessary
tomaintain humanhealth (except one publication so far [8]). Studies have
shown that Br� has a low degree of toxicity and is not a toxicological
concern in nutrition [9]. However, Br� can react with chlorine and ozone
in drinking water, forming brominated and mixed chloro-bromo
byproducts, such as trihalomethanes and halogenated acetic acids and
bromate, respectively [9–11]. Most of the aforementioned brominated
byproducts have been shown to have carcinogenic or teratogenic effects
and are even worse than their chlorinated counterparts [12–18].

Multi-halide sensing is critical for many applications. The Cl�/Br�

ratio helps identify the history of freshwater or groundwater systems and
distinguishes different origins of contaminants since the Cl�/Br� ratio
should be a constant in a natural water system until a new source of water
with a different ratio is added [1,19]. Besides Cl�, higher levels of Br�

and I� have also been found in various body fluids of CF patients or even
CF carriers (someone with one normal CF gene and one faulty CF gene),
022
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probably due to the abnormal voltage gradient generated by poor chlo-
ride reabsorption, which affects the reabsorption of other ions, particu-
larly for ions with smaller hydrated radii such as bromide and iodide that
are also permeable to chloride channels [20–23]. Moreover, sweat Br�

elevation has been reported in patients with bromism who suffer from
occupational hazards involving methyl bromide in fumigants and fire
extinguishers and who administrate certain laxatives, anticonvulsants,
and cough suppressants (such as Dextromethorphan) [24]. In the afore-
mentioned cases, multi-halide sensing is needed and helpful to either
acquire the concentration of each halide or distinguish relatively lower
concentration halide from the high Cl� background. The current fully
automated halide determination methods include ion-selective elec-
trodes (ISE), coulometry, and colorimetry. However, all three methods
suffer from poor halide selectivity [25–27]. In ISE, for example, bromide
and iodide produce signals 102 and 103 times greater than chloride,
respectively [28,29]. Chloridometers based on ISE typically cost several
thousand dollars, while automated analyzers based on coulometry or
colorimetry can cost tens of thousands. On the other hand, sophisticated
analytical methods, such as anion exchange chromatography, do enable
high halide selectivity, but at the cost of high maintenance, expensive
equipment, and manual labor of trained technicians [25,30–32]. There-
fore, efforts have been devoted to developing new halide sensors.
Although the ideal approach to halide sensing is direct chelation, there
are no selective halide chelators to date [33]. Recently developed sensors
include a chloride chelating conjugate that utilizes a rhodium(III) center
[34], squaramide derivatives with a fluorescence “turn-on” response to
chloride [35], and aggregation-based chloride sensors based on bis(aryl
ethynyl)pyridine compounds [36], which all possess highly sensitive
responses to chloride but suffer from significant interferences from other
anions. Aqueous halide sensing is another challenge for developing new
halide sensors. Halide sensors are generally pure organic compounds
requiring organic solvents or stabilizers to maintain solubility or func-
tionality [34,35], which hinders their performance in real-world appli-
cations, such as body fluids examination and water quality monitoring. In
meeting the aforementioned challenges, fluorometric sensors may play a
vital role in halide sensing applications as fluorescence offers high
sensitivity, rapid response kinetics, low technical complexity, and a
particularly high signal-to-noise ratio due to minimal background inter-
ference compared to other colorimetric or coulometric methods [37].
However, existing fluorometric halide sensors, quinolinium-based dyes
and yellow fluorescent proteins, suffer from narrow linear range, low
fluorescence quantum yield, poor photostability and high costs, thereby
limiting their applications [38–42]. Thus, there is an urgent need for a
low-cost, highly selective, highly photostable and reliable fluorometric
method in aqueous conditions for multi-halide sensing.

In 2017, we reported a novel fluorometric Cl� sensing method for CF
diagnosis application and proposed the concept for multi-halide sensing
[43]. In this work, a novel fluorometric multi-halide sensing method
based on a citrate-derived fluorophore is presented, and a
smartphone-based portable device is demonstrated. In addition, artificial
multi-halide solutions are tested for the proof of concept of both the
method and the portable device. To the best of our knowledge, this is the
first report that a single fluorophore is used to selectively detect multiple
halides simultaneously based on a dynamic quenching mechanism. Due
to the significant impacts of halide ions in various fields, it is expected
that this work paves the way for many future applications where
simultaneous multi-halide sensing is desirable.

2. Experimental and methodological

2.1. Materials

Water with a resistivity of 18.2 MΩ/cm was acquired from a Thermo
Scientific Barnstead E-Pure Ultrapure Water Purification system. All re-
agents were purchased from Sigma Aldrich and used without additional
purification.
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2.2. Synthesis of citrate-based fluorophores

The synthesis of citrate-based fluorophores follows our previous
publications via a one-pot reaction of citric acid and a primary amine
compound dissolved in water [43,44]. In the case of CA-Cys, 10 mmol
each of citric acid (1.92 g) and L-cysteine (1.21 g) were added to a 50 mL
round-bottom flask with 10 mL distilled water. The reaction was con-
ducted at 140 �C for 1 h and terminated by adding 5 mL of distilled water
to dissolve the products. The purification was performed through
recrystallization twice by cooling saturated CA-Cys solution at 4 �C
overnight. The synthesis scheme of CA-Cys is shown in Fig. 2 (a). To
confirm the chemical structure and examine the purity of the as-prepared
CA-Cys, 1H NMR (DMSO-d6) spectrum was recorded and the peaks at
chemical shifts δ 6.58 (d, 1H), 5.48 (d, 1H), 3.90 (t, 1H), 3.60 (d, 2H)
were assigned to the protons on CA-Cys as shown in Fig. 2 (a). The purity
of CA-Cys was calculated using a relative quantification method (also
termed as 100% quantitative 1H NMRmethod, 100% qHNMRmethod) as
previously described [45], which is 98.0%.

2.3. Photophysical and optical properties characterizations of CA-Cys

To investigate the photoluminescence (PL) of CA-Cys and determine
the ideal wavelengths for sensing applications, the fluorescence excita-
tion and emission spectra as well as the quantum yield of CA-Cys were
measured. The optical density (OD) of the solutions was kept to 0.1 in
these measurements. Additionally, to better quantify the color changes,
the CIE 1931 chromaticity coordinates of neutral state and acidic state
CA-Cys solutions were calculated. The optical density (absorbance) was
obtained from a Tecan Infinite 200 PRO plate reader equipped with a
cuvette port. The steady-state fluorescence spectra were collected on a
Horiba FluoroMax-4 spectrofluorophotometer. The quantum yield mea-
surement was also carried out on a Horiba FluoroMax-4 equipped with a
Quanta-φ F-3029 integrating sphere.

2.4. Mechanism of multi-halide sensing

Dynamic quenching (also known as collisional quenching) is a type of
quenching resulting from collisional encounters between a fluorophore
and a quencher [37]. It was already known that pH conditions below 2.4
can open the accessibility of CA-Cys to dynamic quenching due to the
excited state protonation of 5-carbonyl group [43] (the positionnumberof
CA-Cys is shown in Fig. 2 (b) and in the following, CA-Cys at a pH greater
than 2.4 is called neutral state CA-Cyswhile CA-Cys at a pH less than 2.4 is
called acidic state CA-Cys). Furthermore, different halides possess
different sensitivities at the same pH, and the sensitivities increase with
acidity [43]. The pH-dependent halide sensitivities inspired us to create
more than one modified Stern-Volmer (SV) equation under different pH
conditionswith the samemulti-halide sample. By solving the equation set,
the concentration of each halide can be obtained (Fig. 1).

The original SV equation is shown below:

I0
I
¼ kqτ0½Q� þ 1 ¼ Ksv½Q� þ 1 (1)

where I0 and I are the fluorescence intensities in the absence and pres-
ence of the quencher, respectively, kq is the bimolecular quenching
constant, τ0 is the lifetime of the fluorophore in the absence of the
quencher, and [Q] is the concentration of the quencher. The Stern-
Volmer quenching constant is given by Ksv ¼ kqτ0. In our previous
work, we have derived a modified SV equation (Eqn (2)) [43], which
contains a Hþ term, listed below:

I0
IH;Q

¼ KsvðQÞ½Q� þ KsvðHþÞ½Hþ� þ 1 (2)

where IH,Q is the fluorescence intensity in the presence of both acid and
halide and Ksv(Hþ) is the Stern-Volmer quenching constant of proton. By



Fig. 1. Schematic illustration of the proposed multi-halide sensing mechanism and method. The Hþ opens the dynamic quenching of CA-Cys on halides. By varying
pH, the fluorescence signals are collected and multiple equations can be obtained due to the distinct sensitivities for each halide. The concentration of each halide can
be obtained by solving the resultant set of equations.

Fig. 2. The synthesis and optical properties of CA-Cys. (a) The one-pot synthesis of CA-Cys from citric acid and L-cysteine; and 1H NMR spectrum of CA-Cys. (b) The
fluorescence spectra of CA-Cys in its neutral (pH > 2.4) and acidic states (pH < 2.4). The pH conditions below 2.4 open the accessibility of CA-Cys to dynamic
quenching due to the excited state protonation of 5-carbonyl group. (c) The fluorescence images of CA-Cys in cuvettes and their CIE 1931 chromaticity coordinates at
neutral (pH > 2.4) and acidic states (pH < 2.4).
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dividing Ksv(Hþ)[Hþ]þ1 on both sides, a modified SV equation is derived:

I0*

I*
¼ K*

svðQÞ½Q� þ 1 (3)

where I0* is the fluorescence intensity in the absence of any halide at a
certain pH (with a certain concentration of H2SO4), I* is the fluorescence
intensity in the presence of halide(s) at the same above pH and K*sv(Q) is
the Stern-Volmer quenching constant of a certain halide at the same
above pH. We have already proven that each halide is an independent
quencher from the others in our previous work [43]. Thus, terms of
different halides can be summed up without any intervention term. Then
Cl�, Br� and I� concentration can be solved simultaneously by estab-
lishing multiple equations under various pH conditions. The entire
equation set is given below and in Fig. 1:

f

I0 pH No: 1
I pH No: 1

¼ K*
svðCl�Þ½Cl�� þ K*

svðBr�Þ½Br�� þ K*
svðI�Þ½I��

I0 pH No: 2
I pH No: 2

¼ K**
svðCl�Þ½Cl�� þ K**

svðBr�Þ½Br�� þ K**
svðI�Þ½I��

I0 pH No: 3
I pH No: 3

¼ K***
svðCl�Þ½Cl�� þ K***

svðBr�Þ½Br�� þ K***
svðI�Þ½I��

(4)

It is noted that not all three halides are necessary. A halide term can
be removed if this halide is absent in the solution.
2.5. Fabrication of smartphone-based portable device for multi-halide
sensing

A portable device was developed, which worked as a smartphone
accessory and was equipped with a UV light emitting diode (LED) to
excite CA-Cys. The fluorescence was collected by the smartphone camera
for the quantitative determination of halide solutions. The UV LED
excitation light source (365 nm excitation, maximum 10 mW output
power) was soldered onto a printed circuit board, adjoined to an
aluminum block for heat dissipation, and powered by a 9 V battery. To
maintain a stable operating temperature and reliable device perfor-
mance, a 7-Ω high power resistor was used to control the voltage and
current supplied to the LED, limiting the applied voltage to 4.1 V and
current to 700 mA as specified by the manufacturer. An HTC One M9
smartphone was used, with its camera optimized with an exposure time
of 100 ms, ISO of 400, and capture a digital negative (DNG) raw image of
a cuvette sample placed very close to the camera. Our device design can
accommodate most types of smartphones given that the camera param-
eters (e.g. white balance, gain level, exposure time, and focal lengths) are
fixed during the measurements. The fluorescence intensity of each
measurement was determined by the summation of the total pixel values
of the captured fluorescence pattern. This blue fluorescence was collected
by the smartphone camera in the transmission direction. In addition, a
441.6 nm band-pass filter was used (L441.6–10 Ø1" Laser Line Filter) to
remove the excitation light since the fluorescence emission wavelength
of CA-Cys is centered at 443 nm. The device was 3D printed (via Solid-
oodle) out of black acrylonitrile-butadiene-styrene plastic.

It should be noted that, for fluorescence measurements with a fluo-
rometer, the detector recorded the emission light in a direction perpen-
dicular to the excitation light (90� geometry), while for fluorescence
measurements with our portable device, the smartphone camera recor-
ded the emission light in a direction along the transmission direction
(Fig. 3).
2.6. Multi-halide sensing

For proof of concept, we chose Cl� and Br� to demonstrate multi-
halide sensing due to their abundance in natural aqueous environments
and human body fluids. The Cl� and Br� were introduced by adding
certain amounts of NaCl and LiBr to deionized (DI) water at various pH to
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prepare the artificial multi-halide solutions. In our previous work, we
have tested various anions (OH�, NO3

�, ClO4
�, CO3

2�, SO4
2�, PO3

2�, PO4
3�),

cations (Liþ, Naþ, Kþ, NH4
þ, Ca2þ, Mg2þ) and small molecules (acetate,

citrate, glucose) on the fluorescence quenching of CA-Cys. All of them
showed negligible influence on fluorescence quenching [43]. Therefore,
the impact of the cations (Liþ and Naþ) and SO4

2� in the artificial
multi-halide solutions on halide sensing is negligible. For multi-halide
sensing with a fluorometer, standard curves for each halide were made
by plotting I0/I versus halide concentrations at two different pH (0.005
M H2SO4 (pH 2.3) and 0.1 M H2SO4 (pH 1.0)). As shown in Eqs. (2) and
(3), the concentration of Hþ also affects I0/I, resulting in a pH-dependent
Stern-Volmer quenching constant i.e. K*sv(Q) ¼ Ksv(Q)/(Ksv(Hþ)[Hþ]þ1).
Therefore, when the pH difference of the two solutions is relatively large,
K*sv(Q)1 and K*sv(Q)2 also significantly differ, improving the tolerance to
noise and resulting in an improvement for sensitivity and accuracy.
Standard fluorometer quartz cuvettes with a 1 cm light path were used
for measurements. The volume of each solution was 2 mL constituting of
1 mL halide solution, 0.5 mL certain concentration of H2SO4 and 0.5 mL
0.4 OD CA-Cys solution (0.1 final OD, ~10 μM). Two artificial halide
solutions were tested to solve the Cl� and Br� concentrations, and the
results were compared with known concentrations. Each concentration
had three replicates.

For fluorescence measurements with the smartphone-based portable
device, the standard curves were made by using higher concentrations of
halides due to the lowered measurement accuracy of the device. Quartz
fluorometer microcuvettes with a 3 � 3 mm cross-section were used for
the measurements. The volume of each solution was 200 μL, while the
pH, ratio between components and concentration of CA-Cys were all the
same as those in the fluorometer measurements. Two artificial halide
solutions were tested to solve the Cl� and Br� concentrations and the
results were compared with known concentrations. Each concentration
had two replicates.

3. Results and discussion

3.1. Photophysical and optical properties of CA-Cys

The steady-state photoluminescent spectra showed that the maximum
excitation wavelength of CA-Cys at a neutral state (pH> 2.4) was 348 nm
and the corresponding maximum emission wavelength was 425 nm,
while at an acidic state (pH < 2.4), the maximum excitation wavelength
showed a bathochromic shift to 362 nm and the maximum emission
wavelength also red-shifted to 443 nm with the intensity decreased due
to the proton quenching effect (Fig. 2 (b)). Notably, neutral state
(unquenched) CA-Cys showed a high quantum yield (90.52 � 0.432%),
which is attributed to its rigid molecular structure. The lifetime of neutral
state CA-Cys was 10.06 ns [43], which is relatively long among pure
organic fluorophores and might be a promising candidate for fluores-
cence lifetime imaging applications. Moreover, both neutral and acidic
states of CA-Cys exhibited excellent photostability [43], ideal for deliv-
ery/handling in indoor or open areas under normal lighting conditions
and suitable for applications requiring extended testing time, such as
continuous environmental monitoring.

To better quantify the color changes between the neutral state and the
acidic state of CA-Cys, the CIE 1931 chromaticity diagram and photos of
two samples exemplifying the two states of CA-Cys were given in Fig. 2
(c). All human visual colors can be located in the CIE 1931 chromaticity
diagram with their one-to-one corresponding coordinates. The CIE 1931
chromaticity coordinate of the neutral state CA-Cys was (0.154, 0.054),
while that of the acidic state CA-Cys was (0.149, 0.089), which exhibited
more cyan color due to the red shift of the entire emission spectrum.

3.2. Multi-halide sensing with a fluorometer

The standard curves of both Cl� and Br� at two different pH (0.005 M
H2SO4 (pH2.3) and0.1MH2SO4 (pH1.0))wereobtainedbyplotting the I0/



Fig. 3. Smartphone-based portable device. (a) Schematic diagram of the portable device. (b) Photos of the portable device (with/without smartphone), cuvette holder
and microcuvettes.
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I value versus halide concentration data points followed by a linear fit.
When obtaining the standard curves of Cl�, the Br� concentrationwas kept
constant at 0 and the Cl� concentration was varied at a constant pH value
and vice versa. Standard surfaces were also presented, which were defined
by the Cl� and Br� standard curves at the same pH condition. The standard
curves and standard surfaces of both Cl� and Br� at two pH are shown in
Fig. 4 (a), (b) and (c). The slopes of Br�were larger than those of Cl� due to
the stronger heavy atomeffect. TheR2 values of the linearfit of the standard
curves, which represent how well the linear regression is, were all greater
than 0.99. The concentrations of Cl� and Br� in artificial solutions were
calculated by solving the sets of equations. The ground truth, the experi-
mentally retrieved values and the relative errors are shown in Table 1.

As shown in Table 1, the experimentally retrieved values matched
well to the ground truth in all three artificial groups. As the Br� con-
centration decreased, the relative errors increased. The results indicate
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that our multi-halide sensing method with measurements using a com-
mercial fluorometer is suitable for mM scale Cl� and Br� measurements
and the results of sub-mM scale measurements might be unreliable under
the current test conditions.

3.3. Multi-halide sensing with a portable device

The standard curves of both Cl� and Br� at two different pHs (0.005 M
H2SO4 (pH 2.3) and 0.1 M H2SO4 (pH 1.0)) were also obtained using the
portable device. The standard curves and standard surfaces of both Cl� and
Br� at two pH are shown in Fig. 4 (d), (e) and (f). Similarly, the slopes of
Br� were larger than those of Cl� due to the stronger heavy atom effect.
The concentrations of Cl� and Br� in artificial solutions were calculated by
solving the equation set. The ground truth, the experimentally retrieved
values and the relative errors are summarized in Table 2.



Fig. 4. Standard curves and surfaces of halide(s). (a) Standard curves of Cl� at 0.005 M H2SO4 and 0.1 M H2SO4 (R
2 ¼ 0.9936, 0.9998, respectively) measured using a

fluorometer. (b) Standard curves of Br� at 0.005 M H2SO4 and 0.1 M H2SO4 (R2 ¼ 0.9999, 1.000, respectively) measured using a fluorometer. (c) Standard surfaces of
Cl� and Br� measured using a fluorometer. (d) Standard curves of Cl� at 0.005 M H2SO4 and 0.1 M H2SO4 (R2 ¼ 0.9399, 0.9684, respectively) from portable device.
(e) Standard curves of Br� at 0.005 M H2SO4 and 0.1 M H2SO4 (R2 ¼ 0.9831, 0.9971, respectively) from portable device. (f) Standard surfaces of Cl� and Br� from
portable device. (g) Image from portable device with 0 Cl� and 0 Br�. (h) Image from portable device with 0 Cl� and 80 mM Br�.

Table 1
Multi-halide test results from the fluorometer.

Artificial
solution No.

Ground truth Experimentally
retrieved value

Relative error

1 100 mM Cl�, 10
mM Br�

96.51 mM Cl�, 9.95
mM Br�

Cl� 3.49%, Br�

0.5%
2 100 mM Cl�, 5

mM Br�
94.53 mM Cl�, 5.54
mM Br�

Cl� 5.47%, Br�

10.8%
3 100 mM Cl�, 2.5

mM Br�
95.83 mM Cl�, 2.84
mM Br�

Cl� 4.17%, Br�

13.6%

Table 2
Multi-halide test results from smartphone-based device.

Artificial
solution No.

Ground truth Experimentally
retrieved value

Relative error

1 100 mM Cl�, 20
mM Br�

120.2 mM Cl�, 16.32
mM Br�

Cl� 20.2%, Br�

18.4%
2 200 mM Cl�, 30

mM Br�
202.67 mM Cl�, 26.32
mM Br�

Cl� 1.34%, Br�

12.27%
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As shown in Table 2, the experimentally retrieved value matched well
to the ground truth in more concentrated artificial group (200 mM Cl�,
30 mM Br�). As Cl� and Br� concentrations decreased, the relative error
increased. Especially, the relative error of Cl� increased significantly. The
results obtained from the portable device are apparently worse than
those from the fluorometer. The reason is that the measurement accuracy
of the fluorometer is better than that of the portable device. This is often
the difference between field and laboratory measurements. However,
there is still room for improvements, such as introducing self-calibration
of the light source and light path optimization.

3.4. Potential applications

The concentration of different halide ions varies significantly in the
natural environment. In general, the concentrations followed the order of
[Cl�] > [Br�] > [I�]. For example, there are usually less Br� than Cl�, in
379
certain industrial wastewaters such as leaded gasoline (which has been
eliminated worldwide since July 2021), pesticides, flame retardants,
pharmaceuticals, photographic papers and certain chemical industrial
wastewater [46–49]. The Br� concentration can vary significantly from
11.3 to 3070 mg/L (0.14–38.42 mM) [46,48,50,51]. As mentioned in the
introduction, the brominated products from Br� can cause severe health
issues which need to be closely monitored. Additionally, Cl� and Br� are
two of the main interference ions in chemical oxygen demand (COD)
measurement, which is a well-recognized parameter in wastewater
treatment and water quality management [46,51]. Especially, Cl� con-
centration is one of the typical wastewater parameters and has been re-
ported to have a positive correlation with residual adsorbable organic
halides concentrations in industrial wastewater [52]. Therefore, it is
important to know the concentration of both Cl� and Br�. However, the
current standard procedure of measuring Cl�, which is based on titration
and colorimetric measurements (thiocyanate method, ISO
15923–1:2013), is significantly interfered by Br� above 30 mg/L and
suffers from complicated and laborious sample preparation. Therefore,
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industrial wastewater measurement is a niche application for our system
that is capable of convenient and simultaneous multi-halide detections.

In addition to multi-halide sensing, our system has a proven high
sensitivity and selectivity for single halide ion sensing. The results pre-
sented in this work and our previous work showed that the detection
limit for Cl� (sub-mM) or Br� (tens of μM) only is within the physio-
logical or pathological concentration ranges in human body fluids, such
as sweat. For example, the normal Cl� and Br� concentrations of human
sweat are below 30 mM and 10 μM, respectively, while for cystic fibrosis
patients, the sweat Cl� and Br� concentration can be higher than 60 mM
and 70 μM [21]. The normal urine Cl� concentration is below 15 mM
[53] while the normal serum Cl� concentration is ranging from 96 to 106
mM [54]. Therefore, our CA-Cys-based sensing system is promising for
the diagnosis of diseases that are characteristic of abnormal halide con-
centrations, such as cystic fibrosis, metabolic alkalosis, Addison’s dis-
ease, and amyotrophic lateral sclerosis (ALS) [4–6,55].

There is still a need to continue improving the detection limit of the
citrate-based multi-halide sensors, particularly for Br� and I�. For
example, the concentration of Cl� in seawater is around 546 mM [56],
while the concentration of Br� is around 844 μM [56]. The seawater I�

concentration ranges from 236 nM (near the shore and in the ocean
surface and bottom waters) to 7.9 nM (deep ocean water) [57]. The
halide concentrations are much lower in non-brine natural waters and
human body fluids. Thus, the improved detection limit can expand the
multi-halide sensing application scenarios from wastewater to seawater
and even groundwater and human body fluids. For example, the current
gold standard for cystic fibrosis diagnosis is the sweat Cl� test. However,
the sweat Cl� concentration between 30 and 59 mM is the gray zone of
diagnosis of cystic fibrosis. Several works showed that the sweat or serum
Br� concentrations in CF gene carriers and patients are higher than those
in normal people [21,22]. The Br� concentration may work as an extra
diagnostic parameter and help determine whether some gray-zone pa-
tients are CF positive. Thus, an improved detection limit could bring a
fast and low-cost measurement of both sweat Cl� and Br� simultaneously
to narrow the diagnosis gray zone. There are several potential ways to
improve the detection limit. From a material point of view, dimerization
of halide sensitive moiety might increase the Stern-Volmer quenching
constant (Ksv), resulting in an improvement of the halide detection limit.
Meanwhile, the extension of the conjugation system will enhance photon
absorption, which is commonly represented by the molar extinction co-
efficient (ε, cm�1M�1) and boost fluorescence brightness. For example,
comparing lucigenin that contains two halide sensitive moieties in one
molecule to other commercial halide indicators that only have one halide
sensitive moiety, such as SPQ, MQAE and MEQ, lucigenin possesses 7400
cm�1M�1 of ε and 390 M�1 of Ksv while SPQ has 3700 cm�1M�1 of ε and
118 M�1 of Ksv, MQAE has 2800 cm�1M�1 of ε and 200 M�1 of Ksv and
MEQ has 3900 cm�1M�1 of ε and 145 M�1 of Ksv [58–60]. Thus, the
dimerization of CA-Cys may yield a high Ksv and improve the detection
limit. There is also a room to improve the detection limit from a device
design aspect. As mentioned before, the fluorescence signal is collected in
a direction perpendicular to the incident light beam in the fluorometer,
mitigating the influence of strong excitation light. Therefore, results from
the device will show better sensitivity and linearity if the smartphone
camera is also placed perpendicular to the direction of the incident light.
Furthermore, lenses could also be mounted between LED and cuvettes to
better focus the excitation light on the sample. In this way, a stronger
fluorescence can be recorded, and the signal-to-noise ratio may be
improved. Moreover, some self–calibration processes may be utilized on
camera, resulting in more matched photos and therefore, more precise
detection.

4. Conclusions

In summary, we have developed a new fluorometric multi-halide
sensing method and a smart phone-based portable device using a single
citrate-based fluorophore. With the unique feature of variable halide
380
sensitivity of our novel fluorophore at different pH, multiple equations
can be used to solve each halide concentration. Artificial halides solu-
tions have been tested with both a commercial fluorometer and a
portable device. The results have proven the feasibility of our method.
Although the current detection limits of multi-halides were relatively
high (mM scale), it already proves its potential for industrial applications
such as halide wastewater monitoring. The ability to achieve simulta-
neous multi-halide concentration determination with a single fluo-
rophore could pave a new way for future potential applications such as
point-of-care, low-cost sweat analysis and seawater and groundwater
monitoring. We believe that by optimizing or designing new fluorescent
probes with similar multi-halide sensitive core structures and having
increased halide sensitivity and better detection limit, there is a great
potential to apply the multi-halide sensing method to various applica-
tions mentioned above.
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