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Abstract: A novel fluorescence sensor of NR-β-CD@AuNPs was prepared for the trace detection of
nitrite in quantities as low as 4.25 × 10−3 μg·mL−1 in an aqueous medium. The fluorescence was due
to the host-guest inclusion complexes between neutral red (NR) molecules and gold nanoparticles
(AuNPs), which were modified by per-6-mercapto-beta-cyclodextrins (SH-β-CDs) as both a reducing
agent and a stabilizer under microwave radiation. The color of the NR-β-CD@AuNPs changed in the
presence of nitrite ions. A sensor was applied to the determination of trace nitrites in environmental
water samples with satisfactory results.

Keywords: gold nanoparticles; cyclodextrin; neutral red; nitrite ions; fluorescence sensor;
trace detection

1. Introduction

Gold nanoparticles (AuNPs) have important applications in the fields of nanoscience and nanotechnology
because of their unique optical, electronic, and catalytic properties [1]. First, the distance-dependent surface
plasmon resonance (SPR) band of AuNPs makes them vital units for establishing assembly/disassembly
modulated colorimetric sensors [2,3]. Second, the high specific surface areas of AuNPs result in their
surfaces being modified with multiple ligands [4]. Meanwhile, AuNPs are an ideal energy acceptor in
structured fluorescence resonance energy transfer systems (FRET) due to their high extinction coefficient [5–7].
Additionally, the major advantage of AuNPs-based sensors is that the molecular recognition can appear
as a color change, which can be easily observed by the naked eye [8]. To date, AuNPs have been applied
to the fabrication of assembly/disassembly modulated colorimetric sensors [9], as well as various types of
optical [10,11] and electrochemical [12,13] sensors and biosensors [14]. Among them, the interactions of AuNPs
with macrocycles such as cyclodextrins, calixarenes, and cucurbiturils [15–17] have received considerable
attention for their special and potential properties, for example, the application of resveratrol-stabilized
AuNPs in the anticancer field [18].

As a well-known molecular receptor, β-cyclodextrin (β-CD) can form host-guest inclusion
complexes with a wide variety of organic, inorganic, and biologic guest molecules in their hydrophobic
cavities [19,20]. In parallel, β-CD is water-soluble and environmentally friendly, and is useful in
improving the dispersibility of the functional materials [21–24]. On the basis of host-guest interactions,
these complexes have been well applied to self-assembly, drug/gene delivery, separation, and sensing
applications [15,25]. Considering the unique topological structures that macrocyclic supramolecules
possess, several novel3452 properties and corresponding new applications may be presented when

Sensors 2018, 18, 681 1 www.mdpi.com/journal/sensors
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β-CD is attached to the surfaces of AuNPs [26]. For example, β-CD-capped AuNPs assembled on
ferrocene-functionalized indium tin oxide surfaces were applied to enhance the voltammetric analysis
of ascorbic acid [27].

The concentration of NO2
− is one of the most important parameters in water quality [28].

The maximum allowable amount of nitrite in drinking water is 100 ng·mL−1, according to the
regulation of the European Community [29]. The rapid detection of trace concentrations of NO2

−

in water bodies is essential [30,31]. Many analytical methods for the trace detection of nitrite
and nitrate have been reported, including colorimetric methods [32,33], fluorometric methods [34],
and electrochemical methods [35,36]. However, these methods have limitations such as poor sensitivity,
anti-interference, and the use of expensive experimental apparatus. The chemiluminescent methods
have proven to be more sensitive and selective in the measurement of nitrite and nitrate [37–42]. Some
of the typical methods are summarized in Table S1 (see Supplementary materials). Neutral red (NR)
exists in two different prototropic forms in aqueous solutions, namely, the cationic/protonated (NRH+)
and neutral (NR) forms, depending on the pH of the solution. NR is a type of dye containing a primary
amine structure, which can interact with NO2

− and lead to fluorescence quenching. Meanwhile, it has
been reported that hydroxyls in the cavities of β-CD form inclusion complexes with the nitrogen atoms
on heterocyclic molecules of NR [43,44].

In this paper, a sensitive sensor is established for the trace detection of NO2
− in water because of

the observation of a color change. Ultraviolet–visible spectroscopy (UV-Vis), transmission electron
microscopy (TEM), and Fourier transform infrared spectroscopy (FT-IR) spectra are explored to
understand the quenching interaction and corresponding binding forces. AuNPs modified by SH-β-CD
were used as both the reducing agent and stabilizer in this method. Monodispersed β-CD@AuNPs
with 10 nm diameters are synthesized in an eco-friendly way, which is different than previous
approaches used for the fabrication of β-CD@AuNPs [45,46]. No harsh reagents are used in this
method. NR-β-CD@AuNPs were synthesized by host-guest recognition between the β-CD@AuNPs
and NR. The host was β-CD@AuNPs, and the guest was NR. The detection of nitrite ions was traced by
the diazonium reaction of NO2

− and the primary amine of NR. The fabrication of the NR-β-CD@AuNP
sensor and nitrite detection are shown in Scheme 1.

Scheme 1. Schematic representation of the fabrication of the NR-β-CD@AuNP sensor and
nitrite detection.

2. Materials and Methods

2.1. Reagents and Materials

Chloroauric acid trihydrate (HAuCl4·3H2O, 99.99%), sodium nitrite (NaNO2, 99.0%), hydrochloric
acid (HCl, 36%), borax (Na2B4O7·10H2O, 99.0%), sodium bicarbonate (Na2CO3, 99.0%), neutral red
(NR, 4% in water), sodium bicarbonate (NaHCO3, 99.0%), disodium hydrogen phosphate (Na2HPO4,
99.0%), sodium sulfate (Na2SO4, 99.0%), sodium chloride (NaCl, 99.0%), sodium fluoride (NaF, 99.0%),
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sodium dihydrogen phosphate (NaH2PO4, 99.0%), and sodium nitrate (NaNO3, 99.0%) were purchased
from Aladdin Industrial Corporation (Shanghai, China). Per-6-mercapto-beta-cyclodextrin (SH-β-CD,
99.0%) was purchased from Shandong Binzhou Zhiyuan Bio-Technology Co., Ltd (Shandong, China).
Other reagents were of analytical grade and directly used without further purification. All solutions
were prepared using ultra-pure water (=18.20 MΩ·cm).

2.2. Apparatus

The morphology and the size of products were obtained from TEM, JEM-2100 (JEOL, Tokyo,
Japan). The absorption spectra were obtained using a UV-2600 spectrophotometer (SHIMADZU, Tokyo,
Japan). The fluorescence spectra were obtained using a FluoroMAX-4-TCSPC detector (HORIBA Jobin
Yvon, Paris, France). The AuNPs were prepared with the microwave reactor Discover CEM (CEM,
Matthews, NC, USA).

2.3. Preparation of the SH-β-CD Functionalized AuNPs (β-CD@AuNPs)

The β-CD@AuNPs were synthesized by the SH-β-CD reduction of HAuCl4. Briefly, 0.010 g
HAuCl4·3H2O and 15.0 mg SH-β-CD were dissolved in 30.0 mL ultra-pure water using an ultrasonication
for 5 min. The mixture was stirred for 3 min at 120◦C under microwave radiation of 150 W. A suspension of
the β-CD@AuNPs characterized by a wine-red color was finally obtained and stored at 4 ◦C. The reaction
was different from previous approaches for the preparation of β-CD@AuNPs because no sodium
borohydride was used.

2.4. Preparation of Fluorescence Dye-Incorporated SH-β-CD Functionalized Gold Nanoparticles
(NR-β-CD@AuNPs)

In a typical experiment, 5 mL of a NaHCO3-borax buffer solution and 5 mL of NR (5 × 10−6 mol·L−1)
were added into 5 mL of the β-CD@AuNP solution, and the solution was stirred in a dark environment at
room temperature for 80 min. A solution of NR-β-CD@AuNPs was obtained, which became orange-red.

2.5. Detection of Nitrite Ions

NaNO2 (14.99 mg) was dissolved in ultra-pure water to prepare a 100.0 mg·L−1 standard solution,
which was diluted to the desired concentrations for further use. A NaNO2 standard solution (2.1 mL)
and a HCl (1.50 mg·L−1) solution (0.2 mL) were added sequentially into a 5-mL colorimetric tube,
followed by the addition of 0.7 mL of the above-prepared NR-β-CD@AuNP solution. Fluorescence
spectra were obtained after 5 min.

2.6. Detection of Nitrite Ions in Real Samples

The water samples were obtained from local ponds and Oujiang river (Wenzhou City, China).
Then, the samples underwent filtration and centrifugal separation, after which the NR-β-CD@AuNPs
were added to the samples, and then the fluorescence spectra were collected.

3. Results

3.1. Characterization of the β-CD@AuNPs

The UV-Vis spectra of the β-CD@AuNPs are shown in Figure 1A. An absorption band at 526 nm
indicated the typical feature of the AuNPs and the localized surface plasmon resonance of the dispersed
β-CD@AuNPs. The absorption peak was sharper than that prepared from HAuCl4 reduced by sodium
citrate (see Supplementary materials, Figure S1A). The color also exhibited a slight variation that can be
seen from the inner illustration of Figure 1A. The different colors of the AuNPs obtained using SH-β-CD
and sodium citrate may be due to their different sizes and morphologies, as mentioned in Reference [47].
When the surfaces of the AuNPs were decorated with SH-β-CD molecules, they could be employed
as scaffolds and energy acceptors for fluorescent sensing by host-guest interactions. The binding

3
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of SH-β-CD with AuNPs was verified by comparing the FT-IR spectra between the SH-β-CDs and
β-CD@AuNPs, as shown in Figure 1B. The spectrum of SH-β-CD (b) had a band at 1647 cm−1 that
corresponds to the stretching vibration peak of -C=O. The bands at 1157 and 938 cm−1 correspond to
the stretching vibration peak of -C-O. The peak at 1590 cm−1 of the spectrum of β-CD@AuNPs (a) is
the stretching vibration peak of -C=O. The two peaks at approximately 1155 and 1028 cm−1 correspond
to the stretching vibration peak of -C-O. Moreover, the S-H stretching band at 2576 cm−1 of SH-β-CD
(b) disappeared in the FT-IR spectrum of β-CD@AuNPs (a), which proved the formation of an Au-S
bond, according to References [8] and [26].

Figure 1. (A) UV-Vis spectra of the β-CD@AuNPs (a) and AuNPs (b); (B) FT-IR spectra of the
β-CD@AuNPs (a) and SH-β-CD (b).

To further confirm their nanostructure and atomic composition, the β-CD@AuNPs were analyzed
by transmission electron microscopy (TEM), and the images are shown in Figure 2. The β-CD@AuNPs
were nearly spherically shaped with an average size of 10 nm. Energy dispersive spectrometry (EDS)
element mappings of β-CD@AuNPs are also shown in Figure 2 using different colors, in which the red
and green areas correspond to elemental Au and S, respectively.

Figure 2. TEM images and energy dispersive spectrometry (EDS) element mappings of the
β-CD@AuNPs; the red and green colors correspond to elemental Au and S, respectively.

The preparation of AuNPs from HAuCl4 reduced by sodium citrate was also tested in this paper.
Additionally, the morphological characteristics of the TEM images are shown in Figure S1B (see
Supplementary materials). Several of the nanoparticles were approximately 10 nm in size and some
exhibited an irregular spherical shape.
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3.2. Characterization of the NR-β-CD@AuNPs

To demonstrate the potential application of NR-β-CD@AuNPs during the trace detection of NO2
− in

water, the host-guest recognition of β-CD@AuNPs and NR molecules was studied in this paper. Nitrogen
heterocyclic molecules reacted with the hydroxyls of β-CD when the guest molecules of NR entered the
cavities of the β-CD@AuNPs, used as the host molecules. The AuNPs were designed especially for their
signal amplification in this paper. Therefore, a sensor of NR-β-CD@AuNPs exhibits a higher sensitivity
than a sensor of both NR and NR-β-CD (see Supplementary materials, Figure S2A). The fluorescence of
the NR-β-CD@AuNPs were gradually quenched with the addition of the host molecules of β-CD@AuNPs,
and ultimately a stable quenching rate was attained when the volume of the β-CD@AuNPs was 5 mL.
The fluorescence spectra are shown in Figure 3A. The relationship between fluorescence intensity and
the volume of the β-CD@AuNPs solution is shown in Figure 3B. The fluorescence intensity of the
NR-β-CD@AuNPs gradually decreased with an increase in β-CD@AuNPs. The fluorophores entered
into the macrocyclic cavities of the β-CD@AuNPs for structure matching by host-guest interactions. As a
consequence, the quenching efficiency achieved a constant value when the volume of the β-CD@AuNPs
solution reached 5 mL. The average size of the NR-β-CD@AuNPs was 10 nm (see inserted TEM image in
Figure 3B) and the dispersion of size was even and comparable to that of the β-CD@AuNPs (shown in
Figure 2).

Figure 3. (A) Fluorescence spectra of the NR-β-CD@AuNPs when the volume of β-CD@AuNPs was 1,
2, 3, 4, 5, 6, 7, and 8 mL. (B) Plots of the NR-β-CD@AuNPs fluorescence intensities versus the volume
of the β-CD@AuNPs with error bars. Inserted image: TEM image of the NR-β-CD@AuNPs.

The energy of NR was transferred to the AuNPs through β-CD during the synthesis of
NR-β-CD@AuNPs [47]. The quenching constant of Ksv was 1.68 × 104 L·mol−1, which was calculated
according to the Stern-Volumer equation [48]:

F/F0 = 1 + KSV [Q] (1)

where F0 and F are the fluorescence intensities before and after the addition of β-CD@AuNPs,
respectively; Ksv is the static quenching constant; and [Q] is the concentration of β-CD@AuNPs.

3.3. Effect of pH on the Fluorescence Property of the NR-β-CD@AuNPs

The prototropic equilibrium shifted from NRH+ to NR in the cavity of SH-β-CD with a change in
the solution pH. NRH+ was the main form in an acidic aqueous solution with an absorption peak at
530 nm, and NR was the dominant form in a weakly alkaline media with an absorption peak at 450 nm.
The fluorescence spectra of the NR-β-CD@AuNPs were changed with various pH values accordingly
to the reaction between the NR-β-CD@AuNPs and NO2

−, which could be clearly monitored by the
fluorescence spectra. A diazonium group was formed by the selective reaction between NO2

− and
the primary amine group of NR, which is unstable in weakly acidic and alkaline media, and rapidly
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converted to another stable form with nitrogen (N2) released [49]. On the other hand, diazonium
salts easily react with surplus aromatic amine groups in NR with a deficiency of NO2

− during the
diazotization reaction. As a result, the acid-base properties of the solution and the concentrations of
NO2

− were the principal factors for the diazo coupling reaction.
Experiments were carried out to explore the fluorescence properties of NR-β-CD@AuNPs at different

pH values in the range of 2–9. The effect of pH on the excitation spectra of the NR-β-CD@AuNPs is shown
in Figure 4A. The excitation peak appeared at 448 nm when the solution was weakly alkaline, which
corresponds to the neutral form of NR. Another excitation peak appeared at 532 nm (pH = 7) due to the
increasing amount of the protonated form of NRH+. Only the excitation peak at 532 nm remained when
the aqueous solution was acidic. The corresponding emission peak (red line) shifted from 621 to 627 nm
with an increase in the fluorescence intensity in Figure 4B. Because the ground-state pKa value was 6.8
of NR in water, the critical point of the excitation peak at pH = 7 appeared. Changing from rose-red
to purple, the colors of the NR-β-CD@AuNPs were different in weakly alkaline and acidic solutions,
as shown in the inserted image of Figure 4B. The TEM image in Figure 4C shows the morphology of the
NR-β-CD@AuNPs at pH 5, which is similar to that at pH 9. In the presence of NO2

−, the fluorescence
intensity of the solution clearly decreased compared to that of the NR-β-CD@AuNPs solution, as shown in
Figure 4C. The NR-β-CD@AuNPs can detect trace amounts of NO2

− in acidic to weakly alkaline aqueous
solutions. It was demonstrated that NR-β-CD@AuNPs have a broad detection range. The relatively wide
detection range of NR-β-CD@AuNPs may have contributed to the structure of β-CD@AuNPs.

Figure 4. (A) Excitation spectra of the NR-β-CD@AuNPs at pH values of 9, 7, and 5; (B) Emission
spectra of the NR-β-CD@AuNPs at pH values of 9, 7, and 5; (C) Fluorescence intensity of the
NR-β-CD@AuNPs (a) and the NR-β-CD@AuNPs in the presence of NO2

− (100 μg·L−1) (b); Inserted
image: TEM image of the NR-β-CD@AuNPs at a pH value of 5.

3.4. The Detection of NO2
− in an Aqueous Solution

To investigate the detection sensitivity of NR-β-CD@AuNPs to NO2
− in broad ranges, experiments

were designed in both weakly alkaline and acidic media. When the solution was weakly alkaline,
the fluorescence intensity of the NR-β-CD@AuNPs at 623 nm was clearly gradually quenched with an
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increasing concentration of NO2
− ([NO2

−]), as shown in Figure 5A. A linear relationship (R2 = 0.998)
was obtained between the fluorescence intensity and [NO2

−] in the range of 0.0–0.9 μg·mL−1. When
[NO2

−] exceeded 0.9 μg·mL−1, the rate of fluorescence quenching reached 100%, and the color
changed accordingly. The regression equation was F = 473893 − 539242C, where F represents the
fluorescence intensity of the solution, and C represents [NO2

−] (see Supplementary materials, Figure S3A).
The detection limit was as low as 5.78 × 10−3 μg·mL−1, which was calculated as follows: the blank
solution was measured 11 times, and its standard deviation was multiplied by 3 and divided by the slope
of the linear relationship. The fluorescence quenching was static because the non-fluorescent diazonium
groups were produced, and Ksv was 9.8 × 104 L·mol−1, as calculated by Equation (1). The experiments
under acidic conditions were performed in the same way as those performed under weakly alkaline
conditions, apart from the employed pH values, and the results are shown in Figure 5B. The regression
equation was F = 574156 − 673222C (see Supplementary materials, Figure S3B), and the detection limit
was 4.25 × 10−3 μg·mL−1, which is better than that of the weakly alkaline conditions. The Ksv was
2.1 × 105 L·mol−1, as determined by Equation (1).

Figure 5. (A) Emission spectra of the NR-β-CD@AuNPs in the presence of different [NO2
−]

concentrations, including 0, 0.05, 0.10, 0.15, 0.20, 0.25, 0.30, 0.35, 0.40, 0.45, 0.50, 0.60, 0.70, 0.80,
and 0.90 μg·mL−1 under a weakly alkaline medium; (B) Emission spectra of the NR-β-CD@AuNPs in
the presence of different [NO2

−] concentrations including 0, 0.05, 0.10, 0.15, 0.20, 0.25, 0.30, 0.35, 0.40,
0.45, 0.50, 0.60, 0.70, 0.80, and 0.85 μg·mL−1 under an acid medium.

As shown in Figure 6, the colorimetric response was recorded. It was obvious that the color
changed from light purple to light blue, and could be observed by the naked eye, when [NO2

−] was
approximately 0.30 μg·mL−1.

Figure 6. Photograph of the NR-β-CD@AuNPs in the presence of different [NO2
−] concentrations

including 0, 0.05, 0.10, 0.20, 0.30, 0.40, 0.50, 0.60, 0.70, 0.80, 0.90, and 1.00 μg·mL−1; A: 0 μg·mL−1 of
[NO2

−] and competing ions; and B: 1.00 μg·mL−1 of [NO2
−] and competing ions.
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Both NR and NR-β-CD could be used to detect NO2
− based on our results (see Supplementary

materials, Figure S4), and the detection limit was 0.56 μg·mL−1 and 5.6 × 10−2 μg·mL−1, respectively.
The solutions must be under a strongly acidic condition of pH 1 for higher detection limits.
The NR-β-CD@AuNP sensor exhibited a good sensitivity of 5.78 × 10−3 μg·mL−1.

The diazonium group between NO2
− and the primary amine group of NR was more stable

in an acid solution [49]. Compared with other sensors [50,51], this sensor displayed a wide
detection range and good sensitivity. Some of the typical methods are summarized in Table S1
(see Supplementary materials).

After reacting with NO2
−, the product of NO2-NR-β-CD@AuNPs was analyzed by UV-Vis

spectra (Figure 7). The UV-Vis spectrum of the NR-β-CD@AuNPs (a) had two absorption bands at
520 nm and 450 nm, which correspond to the two states of NR. There were two new absorption bands
appearing at 583 nm and 349 nm for the NO2-NR-β-CD@AuNPs. The color was also different when
the NR-β-CD@AuNPs reacted with NO2

−, as shown in Figure 7.

Figure 7. UV-Vis spectra of the NR-β-CD@AuNPs (a) and NO2-NR-β-CD@AuNPs (b).

3.5. Selectivity

A 100-fold concentration of the other common ions were selected as competing ions in order to
demonstrate the selectivity of this sensor, including Cl−, CO3

2−, HCO3
−, F−, SO4

2−, H2PO4
−, HPO4

2−,
and NO3

−. Meanwhile, [NO2
−] of 0.35 μg·mL−1 was measured as the control group. As shown in

Figure 8, the fluorescence quenching only occurred at 623 nm in the presence of NO2
−, even though it

contained other ions. These results emphasized the high selectivity of the fluorescence sensor for the
trace detection of NO2

−.

Figure 8. (A) Fluorescence spectra of the (a) NR-β-CD@AuNPs; (b) NR-β-CD@AuNPs and competing
ions (Cl−, CO3

2−, HCO3
−, F−, SO4

2−, H2PO4
−, HPO4

2− and NO3
−); (c) NR-β-CD@AuNPs and

NO2
−; and (d) NR-β-CD@AuNPs, NO2

− and competing ions. (B) Fluorescence intensity of the
NR-β-CD@AuNPs and 1: blank, 2: Cl−, 3: CO3

2−, 4: HCO3
−, 5: F−, 6: SO4

2−, 7: H2PO4
−, 8: HPO4

2−,
9: NO3

−, 10: NO2
−, 11: NO2

− and competing ions.
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3.6. Application of NO2
− Detection in Real Samples

The sensor was used to detect NO2
− in the waters of a local river or pond to determine the realistic

efficiency of an NR−β−CD@AuNP sensor. Recovery experiments were carried out on samples by
adding nitrite ion standards [52]. The data are listed in Table 1, and the method has a recovery of
98.6−102.5% with a relative standard deviation (RSD) of less than 3%. The result indicated that the
sensor was reliable for detecting NO2

− in outdoor waters. It is confirmed that the NR−β−CD@AuNPs
could be available for the detection of NO2

− in real samples.

Table 1. Results of the detection of nitrite ions in river (1) and pond (2) water (n = 6).

Samples Content (NO2
−, μg·mL−1) Added (NO2

−, μg·mL−1) Found (NO2
−, μg·mL−1) Recovery (%) RSD (%)

1 0.23±0.01 0.10 0.33±0.01 101.00±1.5 1.20±0.5
2 0.32±0.02 0.10 0.42±0.01 99.80±1.2 2.10±0.7

4. Conclusions

A fluorescence sensor was fabricated by modifying β−CD@AuNPs with NR for the trace detection
of NO2

−. The optional condition for the sensor was an acidic aqueous solution, and the detection
limit was as low as 4.25 × 10−3 μg·mL−1. This sensor can selectively recognize NO2

− through a visual
color change from light purple or pink to light blue when the [NO2

−] concentration is 0.30 μg·mL−1.
When [NO2

−] exceeded 0.9 μg·mL−1, the rate of fluorescence quenching reached 100%, and the color
changed. The sensor was applied to the detection of NO2

− in local waters with a low detection limit,
wide linear concentration range, good reproducibility, and anti−interference ability.

Supplementary Materials: The following are available online at www.mdpi.com/1424-8220/18/3/681/s1. Figure
S1: (A) UV-Vis spectrum of AuNPs; (B) TEM image of AuNPs, Figure S2: (A) Emission spectra of NR (a)
NR-β-CD@AuNPs (b) and NR-β-CD(c); (B) TEM images of NO2-NR-β-CD., Figure S3: The regression equation
in a weakly alkaline (A) and an acidic medium (B)., Figure S4: (A) Emission spectra of NR in the presence of
different [NO2

−], including 0, 0.10, 0.20, 0.30, 0.40, 0.50 and 0.60 μg·mL−1. (B) Emission spectra of NR-β-CD in
the presence of different [NO2

−], including 0, 0.20, 0.40, 0.60, 0.80, 1.00, 1.20, 1.40, and 1.6 μg·mL−1. Table S1:
Comparison of the fabricated sensor with other reported sensors for nitrite ions.
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Abstract: The development of new fluorescent probes for cellular imaging is currently a very active
field because of the large potential in understanding cell physiology, especially targeting anomalous
behaviours due to disease. In particular, red-emitting dyes are keenly sought, as the light in this
spectral region presents lower interferences and a deeper depth of penetration in tissues. In this work,
we have synthesized a red-emitting, dual probe for the multiplexed intracellular detection of biothiols
and phosphate ions. We have prepared a fluorogenic construct involving a silicon-substituted
fluorescein for red emission. The fluorogenic reaction is selectively started by the presence of
biothiols. In addition, the released fluorescent moiety undergoes an excited-state proton transfer
reaction promoted by the presence of phosphate ions, which modulates its fluorescence lifetime, τ,
with the total phosphate concentration. Therefore, in a multidimensional approach, the intracellular
levels of biothiols and phosphate can be detected simultaneously using a single fluorophore and
with spectral clearing of cell autofluorescence interferences. We have applied this concept to different
cell lines, including photoreceptor cells, whose levels of biothiols are importantly altered by light
irradiation and other oxidants.

Keywords: dual probes; fluorescent sensors; fluorescence lifetime imaging; FLIM; cellular stress;
photoreceptor cells

1. Introduction

Intracellular sensing by using fluorescent probes is a well-established approach to monitor relevant
biological processes at the cellular level. Understanding cellular function in terms of metabolism,
differentiation, homeostasis, gene expression, or inter-cellular communication is a major aim for many
interdisciplinary research branches, since these processes may be strongly affected by pathological
states, such as neurodegenerative diseases or cancer [1,2]. Therefore, a thorough understanding of
how diseases work at the molecular and cellular levels will provide an invaluable background to set
the basis for new therapeutic tools. Nevertheless, the actual quantification of analytes or metabolites
of interest has not been a trivial problem since the early days of immunofluorescence experiments [3].
The widespread use of fluorescent protein mutants [4] and advanced microscopy techniques,
such as super-resolution nanoscopy [5], has resulted in a substantial boost of fluorescence-based
cellular sensing.

Sensors 2018, 18, 161 13 www.mdpi.com/journal/sensors
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An additional stimulating challenge in intracellular sensing is the capability of multiplexing; this is
the simultaneous measurement of more than one parameter, which can provide important information
on the correlation between cellular events and cause-effect relations. For the quantification of a single
analyte, a widely accepted approach is based on ratiometric methods that use spectral separation
in two channels for reconstructing ratio pseudo-images. However, intracellular multiplexing using
ratiometric methods would require at least four different excitation/emission channels that make it
a challenging problem that suffers from numerous complications and the lack of robustness, which
limits their use. A powerful alternative to ratiometric methods for intracellular sensing is fluorescence
lifetime imaging microscopy (FLIM) [6]. A group of fluorescent molecules that have been promoted
to the excited state by a pulse of light will emit fluorescence, usually following exponential decay
kinetics, whose decay rate (k) defines the so-called fluorescence lifetime (τ) as τ = 1/k, normally on
the order of a few nanoseconds. FLIM microscopy exhibits many unique advantages for quantitative
sensing compared to ratiometric fluorescence imaging, especially in terms of removing the contribution
of cellular autofluorescence, a problem that may cause systematic errors in ratiometric methods [7].
Several FLIM-based intracellular sensors have been reported recently regarding the quantification
of different analytes such as pH [8,9] or calcium [10], as well as other physical parameters such as
temperature [11] or microviscosity [12,13]. Our research group has recently concentrated efforts on
the development of different FLIM-based intracellular sensors [14,15]. Specifically, our thorough
studies on the excited-state proton transfer (ESPT) reactions of xanthene derivatives, mediated by the
presence of suitable proton acceptor/donor pairs [16–18], led us to propose a FLIM methodology and
a family of sensors for the intracellular quantification of the total phosphate ions concentration [19,20].
The presence of a suitable proton donor/acceptor, such as the pair H2PO4

− and HPO4
2−, does

promote an inter-molecular proton transfer to the prototropic species of xanthene dyes. When this
transfer occurs sufficiently rapid to compete with the fluorescence emission, it results in excited-state
dynamics, thus altering the fluorescence emission properties of the dye [21,22]. The main parameters
that define the ESPT reaction are: the total concentration of the proton donor/acceptor, the pH,
and the excited-state acidity of the dye. Although this is not a specific feature of phosphate and
other pairs can promote the reaction, such as acetate [16,23] and certain amino acids [24], not all
the buffers are capable of promoting the ESPT reaction [25]. Interestingly, the family of xanthene
derivatives so-called Tokyo Green dyes [26], which have the main feature of an off acidic prototropic
form, showed fluorescence decay traces that were mostly mono-exponential when undergoing the
buffer-mediated ESPT reaction, and the decay time of such fluorescence kinetics was dependent
on the total phosphate concentration [17]. Based on these results, we started the development of
fluorescent phosphate sensors in which the analytical parameter was the fluorescence lifetime of the
dye, with particular usefulness for intracellular sensing using FLIM microscopy [19]. Phosphate ions
are ubiquitous in many important processes such as energy storage, signal transduction, a myriad of
phosphorylation/dephosphorylation reactions, and other processes such as osteoblast differentiation
and bone deposition. Hence, the intracellular detection and quantification of these ions is a relevant
matter for understanding cellular physiology [27–29].

Interestingly, the emission of fluorescent photons by electronically excited molecules is
a multilayered, or multidimensional phenomenon. This process is defined by many different
parameters that are orthogonal to each other, including the excitation and emission energy (colours),
the emission intensity, the emission efficiency (quantum yield), the fluorescence lifetime (τ), and
the polarization of the emitted light. This multidimensionality makes the fluorescence spectroscopy
an extremely versatile tool, offering varied sources of information on the studied systems. Recently,
we have taken advantage of the multidimensional character of the fluorescence emission process to
develop an actual intracellular multiplexed sensing approach using a single dye sensor [30]. Our
methodology consisted of a fluorogenic xanthene-based sensor that is reactive towards biological
thiols, widely present in living cells but directly related to the presence of oxidative stress. Due to
the high sensitivity of fluorescence techniques, the fluorogenic approach has been widely employed

14



Sensors 2018, 18, 161

in biothiol sensing [31]. The novelty of our method is that the fluorescent molecule cleaved after the
reaction with biothiols was a carefully selected xanthene derivative whose fluorescence lifetime value
was dependent on the total phosphate ions concentration, which could be obtained through FLIM
imaging. Therefore, by focusing on the fluorescence emission intensity, the thiol levels were accessible,
whereas by inspecting the fluorescence lifetime of the release dye, the phosphate concentration was
estimated. Other studies have shown the possibility of fluorogenic intracellular sensors for FLIM
microscopy [32,33]; however, these sensors respond to a single analyte of interest. In contrast, our work
exemplifies a novel and elegant use of multidimensional information to simultaneously report on two
different analytes using a single sensor. In fact, the simultaneous estimation of these two parameters
represents an invaluable tool to study dysfunctional cellular statuses, such as in obesity and diabetes,
that exhibit alterations in bone metabolism with increased oxidative stress [34].

One of the advantages of FLIM microscopy for intracellular imaging is the possibility of discarding
all interferences of cellular autofluorescence by applying a time-gated filtering method, by which
the short-lived photons coming from cellular species are removed, leaving in the image only those
photons arising from the species of interest [6]. However, this approach is more efficient when
fluorophores exhibiting a long lifetime are employed. Unfortunately, one of the drawbacks of our
xanthene derivatives to date is their spectral overlap with the cellular autofluorescence and their short
lifetimes (usually <4 ns). This problem was addressed by including a lifetime contribution representing
the cell autofluorescence and a second contribution for the specific dye. Although majorly corrected,
some of the autofluorescence photons may be misplaced, causing an apparent decrease in the estimated
lifetime, which leads to slightly overestimating the total phosphate concentration.

It is well known that the spectral region in which the cell autofluorescence is practically negligible
is in the red and near-infrared (NIR) regions. Hence, the development of NIR fluorescent probes is
currently a very active research field [35]. One of the most striking alternatives to achieve red-emitting
dyes is the insertion of silicon atoms within the conjugated π moiety of the dye’s core. Silicon-substituted
rhodamines [36,37], fluoresceins [38,39], and other xanthenes [40] have been reported in the literature as
redshifted fluorophores for bioimaging probes. Interestingly, silicon-substituted fluoresceins, so-called
Tokyo magenta (TM) dyes, still maintain the ability of undergoing an ESPT reaction mediated by the
presence of the phosphate species present at a near-neutral pH [18]. A thorough investigation of the
photophysics of 7-hydroxy-5,5- dimethyl-10-(o-tolyl)dibenzo[b,e]silin-3(5H)-one (2-Me TM), a dye of
the Tokyo magenta family, described the kinetics of the excited-state reaction between the prototropic
species of this dye and the H2PO4

−/HPO4
2− pair as the proton donor/acceptor, reporting the values of

all the kinetic rate constants involved in the reaction [18]. This reaction causes the fluorescence lifetimes
of 2-Me TM to be dependent on the total phosphate concentration. Although this would be a primary
condition to suggest this dye as an intracellular FLIM sensor of phosphate ions, 2-Me TM does not
exhibit an on/off behaviour in its prototropic equilibrium, which results in complex bi-exponential
decay kinetics of the fluorescence emission. This bi-exponential fluorescence decay dramatically hinders
the usefulness of the dye as a FLIM sensor. Therefore, a clear step forward in the development of
redshifted FLIM phosphate sensors entails the design of silicon-substituted xanthenes with on/off
prototropic schemes.

In this work, we have synthesized a red-emitting, dual probe for multiplexed intracellular
detection of biothiols and phosphate ions based on a fluorogenic construct involving silicon-substituted
fluorescein, whose acidic form is eminently non-fluorescent and whose basic form is highly fluorescent.
These prototropic features lead to virtually mono-exponential fluorescence decay traces, which can
be phosphate-sensitive owing to the ESPT reaction. All these characteristics combine to represent
a step forward with respect to our previous dual probe [30] because of the spectral clearing of cell
autofluorescence interferences, which should provide a better response towards both biothiols and
phosphate ions.
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2. Materials and Methods

2.1. Synthesis: General Aspects

All reactions were performed in dry glassware and an air atmosphere. All commercially available
solvents (dry dichloromethane (CH2Cl2), methanol (MeOH)) and reagents (4-bromo-3-methylanisole,
tert-butyl litium solution, hydrochloric acid (HCl), 4-(dimethylamine)pyridine (DMAP) and
2,4-dinitrobenxenesulfonyl chloride) were used without further purification. For reactions involving
organolithium derivatives, freshly distilled tetrahydrofuran (THF) in presence of Na wires and
benzophenone was used. Thin-layer chromatography analysis was performed on aluminium-backed
plates coated with silica gel 60 (230–240 mesh) with an F254 indicator. The spots were visualized with
ultraviolet (UV) light (λ = 254 nm) and stained with phosphomolybdic acid solution and subsequent
heating. NMR spectra were collected at room temperature at 400 MHz for 1H NMR and 101 MHz
for 13C-NMR. Carbon multiplicities were assigned by DEPT techniques. HRMS were carried out by
atmospheric-pressure chemical ionization (APCI+) or electrospray ionization (ESI).

The details of all the synthetic protocols, spectroscopic data and copies of NMR spectra of new
compounds are shown in Appendix A.

2.2. Instrumentation

Absorption spectra were collected on a Lambda 650 UV-visible spectrophotometer (PerkinElmer,
Waltham, MA, USA). Fluorescence emission spectra and kinetics were obtained on a Jasco
FP-8300 spectrofluorimeter (Jasco, Tokyo, Japan), at the excitation wavelength λex of 530 nm.
Fluorescence quantum yields were obtained using Rhodamine 101 as a reference, as an average
of 12 independent measures, of two different concentrations of the probe, two different concentrations
of the reference, and three different excitation wavelengths.

Images of the fluorescence emission intensities and fluorescence lifetimes were recorded on
a MicroTime 200, fluorescence-lifetime microscope system (PicoQuant GmbH, Berlin, Germany).
The excitation source consisted of a pulsed laser diode head pulsed laser at λ = 530 nm (LDH-P-FA-530B,
PicoQuant, Berlin, Germany), operated by a PDL-800 driver (PicoQuant, Berlin, Germany) at
a repetition rate of 20 MHz. The light beam was directed onto a dichroic mirror (Z532RDC, Chroma,
Bellows Falls, VT, USA) to the oil immersion objective (100×, 1.4 NA) of an inverted microscope system
(IX-71, Olympus, Tokyo, Japan). The fluorescence emission was directed to a 550-nm long-pass filter
(AHF analysentechnik AG, Tübingen, Germany) and focused to a 75-μm pinhole. The fluorescence
then passed through a bandpass filter (D630/60M, Chroma, Bellows Falls, VT, USA) and focused
into a single-photon avalanche diode (SPCM-AQR 14, PerkinElmer). Imaging reconstruction, photon
counting, and data acquisition were realized with a TimeHarp 200 TCSPC module (PicoQuant, Berlin,
Germany). Raw images were obtained at a 512 × 512-pixel resolution over an area of 80 × 80 μm2.

2.3. Cell Culture and Lysates

The human hepatocellular carcinoma HepG2 (ATCC no. HB-8065™) and MC3T3-E1 preosteoblasts
(ECACC 99072810) cell lines were provided by the Cell Culture Facility, University of Granada.
The mouse retinal cone-cell line 661W is a transformed cell line derived from mouse retinal tumours
and was a gift from Dr. Enrique de la Rosa (CIB, CSIC, Madrid, Spain). HepG2 and 661W cells
were grown at 37 ◦C in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% (v/v)
fetal bovine serum (FBS), 2 mM glutamine plus 100 U/mL penicillin, and 0.1 mg/mL streptomycin.
MC3T3-E1 cells were grown in alpha minimum essential medium (α-MEM) with ribonucleosides,
deoxyribonucleosides, 2 mM L-glutamine and 1 mM sodium pyruvate, 10% (v/v) FBS and 100 U/mL
penicillin, and 0.1 mg/mL streptomycin.

For the FLIM microscopy experiments, the HepG2, MC3T3-E1 preosteoblasts and retinal cone
661W cell lines were seeded onto circular coverslips (diameter of 25 mm) in six-well plates at a density
of 2.3 × 105 cells per well.

16



Sensors 2018, 18, 161

For cell lysates, MC3T3-E1 cells were seeded at a density of 1 × 106 cells/well in a p100 plate
and incubated at 37 ◦C for 24 h to reach a cell confluence of 80–90%. Cells were washed twice with
Hepes buffer 10 mM, pH 7.4, and scrapped in the same buffer. Cells were centrifuged at 800× g for
10 min and the pellet of cells was resuspended in 100 μL of the Hepes buffer. The cell suspension was
sonicated and centrifuged at 12,000× g for 10 min. The supernatant was diluted 1:200, in the absence
or the presence of 6 × 10−4 M of N-methylmaleimide (NMM), and DNBS-2Me-4OMe-TM was added
to a final concentration of 6 × 10−7 M for measuring the fluorogenic response to cell lysates.

2.4. FLIM Imaging Experiments

For both HepG2 and preosteoblasts cell lines, the reaction of DNBS-2Me-4OMe-TM with
intracellular biothiols was initially followed. First, cells were washed twice with Krebs-Ringer
buffer solution (118 mM NaCl, 5 mM KCl, 1.2 mM MgSO4, 1.3 mM CaCl2, 1.2 mM KH2PO4, 30 mM
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), at pH 7.4). The cover was then placed
in the holder, and 1 mL of Krebs-Ringer buffer was added. Once the sample holder was placed in
a microscope, the cellular autofluorescence was measured. The buffer solution was then removed
and 1 mL of a 6 × 10−7 M solution of DNBS-2Me-4OMe-TM in the Krebs-Ringer buffer was added.
Intensity images were collected every 5 min.

In a second step, once the biothiols had been measured, the fluorescence lifetime variation of
the released 2Me-4OMe-TM with different amounts of phosphate ions was also analysed in the same
cell lines. Since the plasma membrane is impermeable to phosphate ions, 1 μg/mL of α-toxin from
Staphylococcus Aureus was added to the cells and incubated for 20 min. After this time, solutions of
different total phosphate concentrations (10, 20, 30, 50 and 100 mM) were added. For the preparation of
the phosphate buffer solutions, the individual phosphate species (NaH2PO4·H2O and Na2HPO4·7H2O;
both from Fluka, puriss, p.a.) were mixed, and the pH was adjusted to 7.35. After adding each
concentration, a FLIM image of the cell was collected.

The cellular stress in photoreceptor cells was promoted by a preincubation with H2O2 (0-1 mM)
for 12 h. Then, a similar protocol was used to measure the reaction of DNBS-2Me-4OMe-TM with
biothiols. For the samples incubated with either 0.75 or 1 mM H2O2 cell death was observed before the
FLIM measurements; thus, only results from the control (absence), and 0.25 and 0.5 mM concentrations
are described.

All the data were analysed using the SymPhotime 32 (PicoQuant) package and the ImageJ
distribution, FIJI [41]. Before the analysis, a 5 × 5 spatial binning was performed, for a final pixel
size of 0.78 × 0.78 μm2, in order to increase the number of photons per pixel, to gain statistical
robustness in the fitting of the fluorescence decay traces. The 2Me-4OMe-TM FLIM imaging was
performed by fitting the fluorescence decay traces in each pixel to a bi-exponential decay function,
using a reconstructed instrument response function (IRF) for the deconvolution analysis based on
the maximum likelihood estimator. A short decay time of 1.5 ns was kept fixed to account for the
contribution of the cell autofluorescence. The long decay time was an adjustable parameter, whose
value was phosphate-dependent and assigned to the released 2Me-4OMe-TM.

3. Results

To achieve the objectives showed in the introduction, our new probe must be sensitive to
both biothiol and phosphate concentrations in an independent but simultaneous way and exhibit
emission in the red spectral range. To attain the dual sensing features, we previously used a highly
fluorescent ON-OFF xanthene-based dye modified with a 2,4-dinitrobenzenesulfonic group (DNBS),
susceptible to suffering a thiolysis reaction by biothiols present in the medium [30]. On the other hand,
the substitution of the oxygen in the xanthone by a silicon atom can promote a bathochromic shift in the
emission wavelength. The first precedent for this reaction was described by Maeda and colleagues [42].
In a first step, the sulphur nucleophile attacks at the aromatic ring thus releasing the fluorescent probe,
sulphur dioxide and the (2,4-dinitrophenyl)biothiol sulphide (Scheme 1). Nevertheless, it is also known
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that, after the reaction, the (2,4-dinitrophenyl)biothiol sulphide can be hydrolysed in water, recovering
a thiol group. This adds certain catalytic activity to the complex model of reaction. Thus, our working
hypothesis consists of a weakly fluorescent compound that, in the presence of biothiols, will release
a highly fluorescent dye, which in turn will respond to the phosphate ion concentration during its
fluorescence lifetime (Scheme 1). In this sense, we prepared DNBS-2Me-4OMe-TM by the reaction of
2,4-dinitrobenzenesulfonyl chloride with the silicon-substituted xanthene 2Me-4OMe-TM, which was
in turn prepared by a nucleophilic reaction of in situ prepared 2-methyl-4-methoxy-lithiobenzene to
the corresponding silicon-substituted xanthone (See Appendix A for more details).

 

Scheme 1. Working hypothesis of DNBS-2Me-4OMe-TM as a dual probe sensor for biothiols and
phosphate ions (at a near neutral pH).

Once we have synthesized DNBS-2Me-4OMe-TM, we tested the response towards glutathione
(GSH), the most abundant source of thiols in live cells. Although free cysteine and homo-cysteine
may be found in the cell cytoplasm, their relative abundance is usually lower than 10% that of
GSH; hence, we focused our experiments in solution on the response of the probe to GSH. Once
the DNBS-2Me-4OMe-TM probe is dissolved in the presence of GSH, the emission intensity shows
a time-dependent increase (Figure 1a) due to the release of 2Me-4OMe-TM. To quantify the extent of
the fluorogenic reaction, we employed the area under the curve (AUC) of the emission intensity at the
emission maximum, 597 nm, with λex = 530 nm. We also obtained other spectroscopic features of both
the DNBS-2Me-4OMe-TM and the 2Me-4OMe-TM to ensure the fluorogenic nature of the reaction.
Whereas the DNBS-2Me-4OMe-TM exhibited absorbance and emission values within background
levels, at the experimental conditions, the 2Me-4OMe-TM dye showed an absorbance maximum at
583 nm, with molar absorptivity of 165,300 M−1 cm−1, and a fluorescence quantum yield of 0.44 ± 0.03.
We then tested the response of the DNBS-2Me-4OMe-TM probe to different concentrations of GSH
(Figure 1b). Using as a reference the AUC of a molar ratio [GSH]/[probe] = 1, the decrease to a ratio of
0.75 caused a 19% decrease in the signal (representing a signal of 0.81). Likewise, a [GSH]/[probe]
molar ratio of 0.5 resulted in a decrease in the reference signal of 51% (representing a signal of 0.49).
This means that linearity is well fulfilled in such concentration ranges. However, when the GSH
concentration was further decreased, the response was no longer linear, reaching a background
limiting value. This suggests that a potential interfering reaction may be causing the hydrolysation of
the probe, and the release of 2Me-4OMe-TM.

We then performed a study of the stability and selectivity of the DNBS-2Me-4OMe-TM probe
(Figure 1c). Using as a reference the AUC of the reaction with GSH, we first explored the stability of
the probe, in the absence of thiols, in aqueous solution at pH 7.0 and 4.5 (the latter being the pH in
the cellular lysosomes). Importantly, we found release of 2Me-4OMe-TM to a certain extent (20.6%
of the signal with GSH) at pH 7.0, whereas the DNBS-2Me-4OMe-TM was totally stable at pH 4.5,
exhibiting no fluorescence increase. Given that the DNBS group is similar to those employed for
photo-uncaging, fluorogenic reactions, such as α-carboxy nitroveratryl [43,44] and other o-nitrobenzyl
protecting groups [45], one could think on the spontaneous photolysis of the DNBS group as the
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cause for the release of 2Me-4OMe-TM at pH 7.0. However, the photolytic uncaging of such groups
requires light in the near-UV spectral region, below 420 nm. Hence, it is not likely that a lower energy
radiation, such as that used in our experiments (530 nm), was capable of producing the photo-uncaging
effect. Despite this, we also explored the effect of white light irradiation of the DNBS-2Me-4OMe-TM
probe, and found an increase in the fluorescence emission of 30.1% (referred to the presence of GSH).
Therefore, photolysis of the DNBS group, caused by external light, may have certain weight on the
stability of the off probe DNBS-2Me-4OMe-TM. Moreover, we studied other potential interferences
that could cause a fluorogenic response of the probe, such as oxidants (H2O2) and nucleophile amino
acids (alanine, Ala; and serine, Ser). The amino acids showed a response similar to that of the probe
alone at pH 7.0, whereas H2O2 caused a hydrolysation similar to that of the irradiated sample (30.2%),
meaning that these are not causing any additional interference than that already in place. We also
found that N-methylmaleimide (NMM) exhibited a protective effect, so that the fluorogenic dye was
less hydrolysed at pH 7.0.

(a) (b)

(c)

Figure 1. (a) Temporal evolution of the fluorescence emission spectra (λex = 530 nm) of DNBS-2Me-
4OMe-TM (6 × 10−7 M) in the presence of a stoichiometric amount of glutathione (GSH). (b) Area under
the curve (AUC) of the response of DNBS-2Me-4OMe-TM (6 × 10−7 M) with different concentrations of
GSH. (c) Stability and selectivity study of the fluorogenic reaction of DNBS-2Me-4OMe-TM (6 × 10−7 M).

Finally, before applying the probe to the intracellular environment, we investigated the behaviour
of the DNBS-2Me-4OMe-TM fluorogenic reaction in cell lysate, blocking the GSH and other thiols
with NMM. With this experiment, we can identify other sources of interference in the cell cytoplasm.
We obtained that when the thiols were blocked with NMM the AUC of the release of 2Me-4OMe-TM
was 24% of that response in cell lysate in the absence of NMM. This means that the endogenous thiols
in the cell extract were effectively blocked, and that other potential factors of interference have a similar
effect to those already described above. Hence, the experiment confirms the selectivity of the probe
towards thiols, although not yet totally specific.
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To test the intracellular performance of the DNBS-2Me-4OMe-TM dual probe, it was added to
the extracellular medium of HepG2 and preosteoblast cells, resulting in the spontaneous and fast
incorporation of the probe inside the cells. Immediately, the thiolysis reaction started releasing the
fluorescent moiety 2-Me-4OMe-TM, thus increasing the intensity with time, as seen in Figure 2a,c,
where images of the two cell lines are represented (additional examples can be found in Figure A1
in Appendix B). As observed, the fluorescence emission exhibits higher values and faster kinetics
in HepG2 cells than it does in the preosteoblasts, suggesting higher levels of biothiols in the former.
Figure 2b,d represent the kinetics of the average intensity using different images from different
experiments of HepG2 and preosteoblast cell lines, respectively.

 

Figure 2. Fluorogenic reaction of DNBS-2Me-4OMe-TM (6 × 10−7 M) in response to intracellular
biothiols. (a) Representative example of fluorescence intensity imaging with time in HepG2 cells,
and (b) the emission intensity averaged over the pixels in the cytoplasm of 10 repeated experiments
containing several cells. Error bars represent the standard errors. (c) Representative example of
fluorescence intensity imaging with time in the preosteoblasts, and (d) the emission intensity averaged
over the pixels in the cytoplasm of five repeated experiments. Error bars represent the standard errors.

Simultaneously, and by focusing on the fluorescence lifetime, τ, of the released 2Me-4OMe-TM,
the intracellular phosphate concentration can be estimated. As it is described by the theory of
buffer-mediated ESPT reactions [21,22], the fluorescence lifetime is dependent on the presence
of an adequate proton/donor acceptor as the phosphate buffer. For this ESPT reaction to occur,
the 2Me-4OMe-TM must undergo an acid-base equilibrium with a pKa value that, optimally, matches
that of the proton donor/acceptor buffer. Indeed, we obtained that the 2Me-4OMe-TM has a neutral,
non-emissive form, whose molar absorptivity was 12,300 M−1 cm−1 at 499 nm, and a ground-state
pKa of 7.26 ± 0.03. To test the capability of the released 2Me-4OMe-TM to report on the intracellular
phosphate ions concentration, we opened small pores in the cell membrane using α-toxin, allowing
small molecules (such as phosphate ions) to enter and exit freely from the medium to the cell without
any loss of high molecular weight cellular compounds. Next, we obtained FLIM images using different
extracellular buffers with different phosphate concentrations. Figure 3a,c show FLIM images of the
released 2Me-4OMe-TM in HepG2 and preosteoblast cell lines at different phosphate concentrations.
Using the arbitrary colour scale (from 4.6 to 3.7 ns) to represent the fluorescence lifetime, it is possible to
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directly notice a decrease in the τ values with the addition of phosphate. We repeated the experiment
with 10 (for HepG2) and five (for preosteoblasts) different sets of cells (additional examples can be
found in Figure A2 in Appendix B), to obtain the average τ values as a function of the total phosphate
concentration (Figure 3b,d). The fluorescence lifetime exhibits a marked decrease with phosphate
concentration up to approximately 50 mM, as the ESPT reaction theory predicts. Higher phosphate
concentrations did not cause any further decrease in the τ values. These results combined with those
obtained in the fluorogenic thiolysis of DNBS-2Me-4OMe-TM support the capability of this probe to
simultaneously determine amounts of both biothiols and phosphate anions in cell media.

 

Figure 3. Phosphate response of the released 2Me-4OMe-TM in fluorescence lifetime imaging
microscopy (FLIM) imaging. (a) Representative FLIM images of released 2Me-4OMe-TM in HepG2 cells,
incubated with α-toxin for 20 min at different extracellular phosphate concentrations, and (b) the
corresponding fluorescence lifetime τ in the cytoplasm pixels averaged over 10 repeated experiments.
Error bars represent the standard errors. (c) Representative FLIM images of released 2Me-4OMe-TM in
preosteoblast cells, incubated with α-toxin for 20 min at different extracellular phosphate concentrations,
and (d) the corresponding fluorescence lifetime τ in the cytoplasm pixels averaged over four repeated
experiments. Error bars represent the standard errors.

Finally, we tested the probe in the 661W cell line, previously used as model of the photoreceptor
cells [46]. Multiple diseases related with the degeneration of the retina are caused by high oxidative
stress generated in the photoreceptor cells. As an indirect application to detect cellular stress through
biothiols, we incubated 661W cells for 12 h with different concentrations of hydrogen peroxide (H2O2).
To fight against the cellular stress generated by H2O2, these cells synthesize higher concentrations of
glutathione and other biothiols. This behaviour can be observed in the illustrative examples given
in Figure 4a in which the fluorogenic reaction of DNBS-2Me-4OMe-TM is shown in the control cells
(without H2O2 addition), and in those incubated with 0.25 mM and 0.5 mM of H2O2. These images
clearly illustrate that not only is the intensity increase faster, but also it achieves a higher value in the
presence of H2O2. In Figure 4b, the intensity curves at different reaction times (averaged over different
experiments) are shown. Finally, Figure 4c represents the AUC calculated from all the measurements
from Figure 4b. As is observed, the AUC values can be related to the presence of intracellular biothiols
generated by cellular stress.
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Figure 4. (a) Fluorescence intensity images of DNBS-2Me-4OMe-TM (6 × 10−7 M) in 661W cells after
12 h incubation with 0, 0.25, and 0.50 mM of H2O2, and (b) the corresponding emission intensity
averaged over the pixels in the cytoplasm of at least four repeated experiments containing several cells
(H2O2 concentration: 0 mM, black; 0.25 mM, red; 0.50 mM, blue). Error bars represent the standard
errors. (c) AUC values for the data are shown in panel (b).

4. Discussion and Conclusions

The simultaneous detection of different analytes is an important concept in the study of live cell
physiology and pathology because it allows the direct correlation of homeostatic responses as well as
the cause-effect relations. Indeed, multiplex detection in live cells is a key approach to the study of
physiological pathways and metabolic mechanisms in which studied analytes are involved. In this
work, we have tested the effectiveness as a dual probe for the simultaneous detection of intracellular
phosphate and biothiols. Following a recent methodology [30], a new compound was designed to
combine some appropriate characteristics for the analysis in live cells. First, the use of red fluorescence
(λem = 595 nm) as an analytical signal has great interest in biological measurements because it allows
minimizing the interferences that come from natural green autofluorescence. The redshift is caused
by the incorporation of a Si atom instead of O in position 10 of a xanthene moiety [38,40]. Second,
the fluorophore was specifically designed to preserve a fast and spontaneous incorporation inside the
cells due to its low hydrophilic character [18,19,26]. As biothiol detection involves the incorporation of
the dinitrobenzenesulfonate (DNBS) group to the fluorophore, we checked that the increase in size of
the molecule and the incorporation of the Si atom do not alter the natural membrane permeability of
this dye. The acquired images demonstrate excellent cell incorporation, as shown in Figures 2–4.

The sensor that we describe herein can act as a real-time, dual probe. The simultaneous detection
is based on the measurement of two different parameters; for biothiols, we used the increase in
intensity due to the thiolysis of the DNBS-2Me-4OMe-TM releasing the high fluorescent moiety
2Me-4OMe-TM [30]. In contrast, the phosphate determination is based on the changes in the
fluorescence lifetimes due to an ESPT reaction promoted by the phosphate ions [18,21]. The presence
of phosphate in the medium makes the ESPT reaction faster than the fluorescence process and
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consequently, it produces a decrease in the fluorescence lifetime. This decrease is dependent on
the phosphate concentration and allows us to determine the intracellular phosphate flux.

To asseverate that the compound responds correctly to both analytes, we introduced it into two
different cell lines (HepG2 and MC3T3-E1 cells). We monitored the fluorescence intensity increase
mediated by biothiols through the thiolysis reaction. As seen in Figure 2, DNBS-2Me-4OMe-TM has
a sensitive response to the intrinsic biothiols, avoiding potential issues of cellular autofluorescence due
to spectral separation. As previously described, the sensor is based in the quenching produced by the
DNBS group by photoinduced electron transfer [42]. A well-described thiolysis reaction can release
the attached fluorophore, producing an increase in fluorescence. This strategy has been previously
employed in other thiol probes [42,47–50]. Similar to other DNBS-based probes, DNBS-2Me-4OMe-TM
presents a rapid intracellular response, where biothiol levels can be assessed in approximately 20 min.
using a semi-quantitative approach through the AUC method. The AUC method of the fluorescence
kinetics has become an adequate parameter to estimate the biothiol levels synthesized in cells due to
oxidative stress. Although several studies demonstrated the intracellular use as biothiol sensors of other
DNBS-based molecules [47,50,51], these studies did not perform an intracellular semi-quantitative
estimation of biothiol levels.

Once the fluorogenic reaction was finished, with the use of α-toxin from Staphylococcus aureus,
we generated membrane pores that allow the diffusion of low molecular weight molecules, such
as phosphates, and we added increasing phosphate concentrations to the medium, thus reaching
an equilibrium between the intra- and extracellular phosphate concentrations. Fluorescence lifetime
images in Figure 3 were acquired at different phosphate concentrations, and they show that the
fluorescence lifetime of the released 2Me-4OMe-TM is sensitive to intracellular phosphate concentrations,
as the ESPT reaction theory predicts [21]. The obtained τ values exhibit a slight decrease with the
phosphate concentration. Although this decrease is enough to determine the intracellular phosphate
concentration, its dependency is less marked than that obtained with other xanthenic derivatives.

This multiplex detection of biothiols jointly with the phosphate ions, based on the multiparametric
character of the fluorescence emission, is the distinctive feature of our approach. To the best of our
knowledge, only our previous biothiol/phosphate probe is reported [30] in the literature, but as
a novelty, in this work, we have focused on the optimization for an actual intracellular application.
For this purpose, we have shifted the fluorescence from green to red and reduced the time to measure
intracellular biothiols from 60 to 20 min., and the lifetime sensitivity has been improved at a low
phosphate concentration (approximately 0.2 ns with the addition of 30 mM of phosphate). However,
at a higher phosphate concentration (approximately >50 mM), the probe loses its sensitivity. The main
reason behind this lower response may come from the extra hydrophobicity that the silicon atom
confers to the molecule. This effect may induce strong interactions with the intracellular membranous
compartments, keeping the molecule protected from the phosphate proton donors/acceptors that
would promote the ESPT reaction. We are currently investigating the effect of microheterogeneous
systems, such as micelles, to the phosphate-mediated ESPT reaction of the 2Me-4OMe-TM dye. These
studies will shed some light on the excited-state behaviour of the dye and will allow us to have a better
control over the ESPT reaction, thus providing invaluable information for a rational design of further
modifications to red-emitting silicon-fluoresceins as phosphate sensors.

To consolidate the multiplexing approach of our method, we have analysed the lifetime images of
the experiments shown in Figures 2 and A1. These images show the increase in the fluorescence intensity
with time upon release of the 2Me-4OMe-TM dye. When we analysed the associated FLIM images,
we obtained average lifetimes of the 2Me-4OMe-TM dye in the images of HepG2 and MC3T3-E1 cells.
By interpolating these values into the calibration curves depicted in Figure 3, we quantified the
intracellular phosphate levels to be 1.9 ± 1.1 mM in the HepG2 cells and 4.2 ± 2.1 mM in the
MC3T3-E1 preosteoblasts. These values are in good agreement with the typical concentration of
free phosphate ions in the cell cytoplasm, dynamically kept around 10 mM, in the absence of specific
alterations or signalling events [52]. The large associated error may come from the fact that, at least,
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20 different cells in homeostatic equilibrium and different physiological stages are probed. Likewise, pH
level variations between the different cellular compartments may contribute to the broadening of lifetime
distributions, and hence, to increase the width of the distribution of total phosphate concentration values.

Once the performance of the DNBS-2Me-4OMe-TM dye as a dual probe was confirmed, we planned
its use in biological applications of interest. In this sense, we paid attention to the oxidative stress
consequences over cellular homeostasis. Specifically, we focused on the loss of vision generated by
oxidative stress in the photoreceptor cells in age-related macular degeneration (AMD) or diabetic
retinopathy [53–56]. For this purpose, we induced oxidative stress in 661W cells (a mouse-derived
photoreceptor cell line) by adding different concentrations of H2O2 during 12 h of incubation.
The oxidative stress generated produced an increase in the intracellular biothiol synthesis as a protective
cell response. After the 12-h incubation, we added DNBS-2Me-4OMe-TM and measured the fluorogenic
response to the biothiol levels. The results obtained (Figure 3) show a direct dependence between the
increase in fluorescence and the oxidative stress generated. The presence of reactive oxygen species
(ROS) produces a higher intracellular biothiols synthesis and thus a faster and larger increase in the
fluorescence intensity. These findings suggest that this technique is a direct methodology that can be used
to develop high-throughput tests for ROS generating molecules and that it may easily be extended to
study antioxidant drugs.
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Appendix A. Synthesis of DNBS-2Me-4OMe-TM

Synthesis and Spectroscopic Data of Compounds DNBS-2Me-4OMe-TM and 2-Me-4OMe-TM

Compound DNBS-2-Me-4OMe-TM was synthesized by nucleophilic addition of 2Me-4OMe-TM
to 2,4-dinitrobenzenesulfonic acid in basic media and CH2Cl2 as solvent (See Scheme A1). Thus,
4-(dimethylamine)piridyne (24 mg, 0.196 mmol) was added to a solution of 2Me-4OMe-TM (49 mg,
0.131 mmol) in dry CH2Cl2. Then, 2,4-dinitrobenzenesulfonyl chloride (42 mg, 0.157 mmol) was added.
After 10 min. stirring at room temperature, the solvent was removed under reduced pressure, and the
residue was purified by column chromatography with CH2Cl2/MeOH mixtures as eluent, giving the
corresponding dinitrobenzenesulfonate derivative as a yellow-orange solid (44.4 mg, 56%).

 

Scheme A1. Synthesis of DNBS-2Me-4-OMe-TM.

The spectroscopic data of compound DNBS-2Me-4OMe-TM are as follows: 1H NMR (400 MHz,

Acetone-d6) δ 8.97 (d, J = 2.3 Hz, 1H); 8.73 (dd, J = 8.7, 2.3 Hz, 1H); 8.38 (d, J = 8.7 Hz, 1H); 7.63 (d, J =
2.8 Hz, 1H); 7.19 (dd, J = 8.9, 2.8 Hz, 1H); 7.07–6.96 (m, 4H); 6.94 (dd, J = 8.3, 2.6 Hz, 1H); 6.81 (d, J =
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2.2 Hz, 1H); 6.18 (dd, J = 10.2, 2.2 Hz, 1H); 3.88 (s, 3H); 2.00 (s, 3H); 0.49 (s, 3H); 0.47 (s, 3H). 13C NMR

(101 MHz, Acetone-d6) δ 184.2 (C), 160.87 (C), 153.2 (C), 150.1 (C), 146.8 (C), 141.9 (C), 141.8 (C), 141.6
(CH), 138.4 (CH), 135.3 (CH), 134.8 (CH), 133.1 (C), 132.1 (C), 131.7 (C), 131.3 (CH), 129.2 (CH), 128.4
(CH), 128.1 (CH), 124.5 (CH), 121.8 (CH), 116.6 (CH), 112.4 (CH), 55.7 (CH3), 19.9 (CH3), −1.5 (CH3),
−1.9 (CH3). HRMS (ESI): [M + H]+ calcd. for C29H25N2O9SSi: 605.1050, obtained: 605.1040.

Compound 2-Me-4-OMe-TM was prepared by nucleophilic addition of the organolithium reagent
generated by the halogen-lithium exchange reaction of 4-bromo-3-methylphenol with t-BuLi to the
silicon-substituted ketone IV. Then, the corresponding alcohol obtained underwent a dehydration
reaction by acidic hydrolysis, giving Tokyo Magenta derivative (see Scheme A2). In this sense,
4-bromo-3-methylanisole (100 mg, 0.497 mmol) was dissolved in dry THF under an Ar atmosphere
in a Schlenck tube, and the solution was cooled to −78◦C. Then, tert-butyllitium solution (0.58 mL,
0.995 mmol) was added at low temperature, and after stirring 30 min. at –78◦C, a solution of ketone IV

(124 mg, 0.249 mmol) in dry THF (2 mL) was slowly added. The solution was stirred at low temperature
for 20 min. and then let warm to room temperature. After one hour at room temperature diluted HCl
(1 mL, 10% solution) was added to the reaction. The solvent was then removed under low pressure,
and the residue was purified by column chromatography using CH2Cl2/ MeOH mixtures as eluent.
2Me-4OMe-TM was obtained as a pink solid (55 mg, 59.14%), giving the following spectroscopic data:
1H NMR (400 MHz, Methanol-d4) δ 7.02 (d, J = 2.5 Hz, 2H); 7.00 (s, 1H), 6.98 (s, 2H); 6.95–6.90 (m,
2H); 6.46 (d, J = 2.5 Hz, 1H); 6.44 (d, J = 2.5 Hz, 1H); 3.87 (s, 3H); 2.01 (s, 3H); 0.49 (s, 3H); 0.48 (s, 3H).
13C NMR (101 MHz, Methanol-d4) δ 162.0 (C), 161.3 (C), 154.1 (C), 154.0 (C), 141.30 (CH), 141.26 (CH),
138.6 (C), 132.7 (C), 131.4 (CH), 129.7 (C), 122.7 (CH), 116.5 (CH), 112.3 (CH), 55.8 (CH3), 19.9 (CH3),
−1.3 (CH3), −1.6 (CH3). HRMS (APCI+): [M+H]+ calcd. for C23H23O3Si: 375.1411, obtained: 375.1424.

Scheme A2. Synthesis of 2Me-4-OMe-TM.

Finally, compound IV was synthesized according to the protocol described by Best et al. [57]. Thus,
condensation of 5-bromophenol with formaldehyde gave compound I, whose hydroxyl groups were
protected as tert-butyldimethylsilane (TBDMS) groups. Treatment of II with n-BuLi at −78◦C followed
by chlorodimethylsilane addition led to compound III. Then, the deprotection of TBDMS groups
and later methylene group oxidation gave rise to the corresponding ketone group at the 9 position
of the silicon-substituted xanthene. Finally, precursor IV was obtained after a double protection of
hydroxyl groups as TBDMS (Scheme A3). Spectroscopic data of compounds I-IV were identical to
those previously described [57].

 

Scheme A3. Synthesis of precursor IV.
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Appendix B. Additional Figures

(a)

(b)

(c)

(d)

Figure A1. Other representative examples of the fluorogenic reaction of DNBS-2Me-4OMe-TM
(6 × 10−7 M) in response to intracellular biothiols in (a,b) Hep2G and (c,d) MC3T3-E1 cells. Only pixels
in the cytoplasm are shown.
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(a) (b)

(c) (d)

Figure A2. Other representative examples of the variation of the phosphate response of the released
2Me-4OMe-TM in FLIM imaging in (a,b) Hep2G and (c,d) MC3T3-E1 cells, permeabilised with α-toxin
and different extracellular phosphate concentrations.
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Abstract: This work reports on a novel fluorescent sensor 1 for Cd2+ ion based on the fluorophore of
tetramethyl substituted bis(difluoroboron)-1,2-bis[(1H-pyrrol-2-yl)methylene]hydrazine (Me4BOPHY),
which is modified with an electron donor moiety of N,N-bis(pyridin-2-ylmethyl)benzenamine.
Sensor 1 has absorption and emission in visible region, at 550 nm and 675 nm, respectively. The long
wavelength spectral response makes it easier to fabricate the fluorescence detector. The sensor
mechanism is based on the tunable internal charge transfer (ICT) transition of molecule 1. Binding
of Cd2+ ion quenches the ICT transition, but turns on the π − π transition of the fluorophore,
thus enabling ratiometric fluorescence sensing. The limit of detection (LOD) was projected down
to 0.77 ppb, which is far below the safety value (3 ppb) set for drinking water by World Health
Organization. The sensor also demonstrates a high selectivity towards Cd2+ in comparison to other
interferent metal ions.

Keywords: ratiometric fluorescent sensor; Me4BOPHY; Cd2+ ion; ICT

1. Introduction

Cadmium represents a highly toxic industrial and environmental pollutant, and it is classified
as a human carcinogen. Exposure to cadmium may cause cancer mutation of some organs, such as
lung, endometria, prostate, kidney, etc. [1]. World Health Organization (WHO) underlines drinking
water value for cadmium as 3 ppb [2]. So, detection of cadmium at trace level remains an important
task, for which cadmium ion (Cd2+) usually remains as the target for chemical sensors to monitor
the cadmium pollution in water environment. Current methods for Cd2+ detection include UV-Vis
spectrometry [3], atomic absorption spectrometry (AAS) [4], inductively coupled plasma atomic
emission spectroscopy (ICP-AES) [5], and fluorescent sensors [6–16]. Among these, fluorescent sensors
are uniquely compelling due to their high sensitivity, good selectivity [6–16], and capability for
ratiometric sensing to further improve the detection sensitivity [17–20]. However, many fluorescence
sensors for Cd2+ ion reported thus far have some technical drawbacks, for example, a poor limit
of detection (LOD) [7,8,18], complicated synthesis of sensor molecules [6], solvent toxicity [7],
and a hardly controlled fluorescence change [14]. In order to develop high performance fluorescent
sensors, the fluorophore must be designed with both high quantum efficiency and chemical tunability
in response to metal binding [21,22]. Borondipyrromethene (BODIPY) has long been studied
as an outstanding organoboron fluorophore and been used in the development of fluorescent

Sensors 2017, 17, 2517 31 www.mdpi.com/journal/sensors



Sensors 2017, 17, 2517

sensors for many metal ions [23–27], including Cd2+ ion [28,29]. In 2014, a novel organoboron
compound bis(difluoroboron)-1,2-bis[(1H-pyrrol-2-yl)methylene]hydrazine (BOPHY) (Scheme 1) was
reported [30–32]. BOPHY has distinctive absorption and emission features that are suited for sensor
development, particularly when compared to those with spectral response in high energy blue or UV
region. Many BOPHY derivatives have ever since synthesized [33–35], including several from our lab
(F-BOPHY1-3) [36], which all showed high efficiency of fluorescence.

 
Scheme 1. Molecule structures of bis(difluoroboron)-1,2-bis[(1H-pyrrol-2-yl)methylene]hydrazine
(BOPHY), tetramethyl substituted BOPHY (Me4BOPHY) and sensor 1.

We noticed that there have been only two BOPHY fluorescent sensors reported so far, which
were used for detecting Cu2+ and H+, respectively [37,38]. In this paper, we report on synthesis
of a novel fluorescent sensor 1 for Cd2+ (Scheme 1) based on a BOPHY fluorophore substituted
by tetramethyl group (Me4BOPHY), in conjugation through a vinyl link with an electron donor
moiety N,N-bis(pyridin-2-ylmethyl)benzenamine (BPA). BPA is also a strong chelator to Cd2+ ion,
thus affording high sensing sensitivity. Pristine sensor 1 exhibits a significant internal charge transfer
(ICT) transition between Me4BOPHY and BPA, with an absorption and fluorescence extending into
long wavelength, 550 nm and 675 nm, respectively. When chelated with Cd2+ the electron-donating
power of BPA will be reduced, thus quenching the ICT transition and turning on the π − π transition
of the fluorophore, which combined the results in blue-shift of the absorption and fluorescence of 1.
Such dramatic spectral change can be used to develop efficient fluorescence sensor for Cd2+ detection,
particularly through the ratiometric fluorescence modulation [39–43].

2. Experimental Methods

2.1. Materials and Instrumentation

All of the solvents and chemicals were purchased in analytical grade and were used as received.
Column chromatography used 300–400 mesh silica gels. Ultrapure water was produced by a Milli-Q
Direct 16 system of Millipore. UV-Vis absorption spectra were gained on a Shimadzu UV-2550
spectrophotometer (Shimadzu, Kyoto, Japan). Fluorescence spectra were obtained on a Cary Eclipse
fluorescence spectrophotometer from Agilent. 1H- and 13C-NMR spectra were recorded with a Mercury
plus instrument at 400 and 100 MHz by using DMSO-d6 as the solvents. MS spectra were recorded on
a MALDI-TOF MS Performance (Shimadzu, Japan).

2.2. Molecular Synthesis

Compound 2 [30] and 3 [29] were synthesized according to literatures, while 1 was synthesized
as illustrated in Figure 1. Dry toluene used in synthesis was distilled over sodium and benzophenone.
A mixture of 2 (0.50 g, 1.48 mmol), 3 (0.45 g, 1.48 mmol), and p-toluenesulfonicacid (1 g, 5.81 mmol) was
dissolved in dry toluene (50 mL), followed by the addition of 1 mL piperidine as catalyst. The mixture
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was refluxed with stirring for 12 h under an atmosphere of nitrogen, during which time the color of the
reaction mixture changed from pale yellow to red. After cooling to room temperature, the mixture was
poured into H2O (100 mL) and extracted with CH2Cl2. After solvent removal, the crude product was
purified by column chromatography (silica gel, CH2Cl2/petroleum ether, v/v = 2/1), producing a dark
purple solid (0.45 g), yield 49%. 1H-NMR (400 MHz, DMSO-d6) δ = 8.61–8.60 (m, 2H), 7.92 (s, 1H), 7.84
(s, 1H), 7.65–7.62 (m, 2H), 7.38 (d, J = 5.6 Hz, 2H), 7.25 (d, J = 5.2 Hz, J = 5.2 Hz, 2H), 7.20–7.18 (m, 2H),
7.17 (d, J = 2.8 Hz, 2H), 6.72 (d, J = 6.0 Hz, 2H), 6.68 (s, 1H), 6.16 (s, 1H), 4.87 (s, 4H), 2.48 (s, 3H), 2.32
(s, 3H), 2.31 (s, 3H). (Figure S1, Supplementary Materials). 13C-NMR (100 MHz, DMSO-d6) δ = 157.67,
150.75, 150.07, 149.40, 148.72, 140.24, 139.84, 136.69, 136.49, 133.39, 132.27, 128.63, 124.96, 124.08, 122.98,
121.81, 120.34, 117.88, 114.17, 113.24, 112.24, 56.83, 13.66, 10.73, 10.65. (Figure S2, Supplementary
Materials). MALDI-TOFMS: m/z calculated for C33H31B2F4N7: 623.28; found: 623.47. (Figure S3,
Supplementary Materials).

 
Figure 1. The synthesis route of 1.

2.3. Sample Preparation and Spectral Measurements

A stock solution (0.5 mM) of sensor 1 was prepared in acetonitrile. Metal ion solutions of Cd2+,
Zn2+, Mn2+, Pb2+, Cu2+, Co2+, Mg2+, Ca2+, Ba2+, Fe2+, and Hg2+ were prepared by dissolving the
corresponding nitrate salts in acetonitrile. These stock solutions were diluted to needed concentrations
for sensor testing. UV-Vis and fluorescent spectra were measured under room temperature. Briefly,
2.5 mL solution of 1 (2 μM) was put into a 1 cm quartz cuvette, followed by addition of different
concentrations of metal ion. The series of concentrations of metal ions were thus added and were
measured for the absorption and fluorescence spectra. Since added volume of the metal ion stock
solution was small (up to 8 μL), the concentration of sensor 1 would remain almost unchanged.
For fluorescence spectra measurement, the excitation wavelength was set at 410 nm and slit widths at
5 nm/10 nm.

3. Results and Discussion

3.1. Spectral Change of 1 Upon Titration with Cd2+

As shown in Figure 2, the absorption spectrum of pristine 1 has two pronounced peaks around
505 nm and 550 nm. These two absorption peaks are significantly red-shifted in comparison with
those of Me4BOPHY, which has the corresponding two peaks at 444 nm and 467 nm. Such spectral
redshift is due to the ICT electronic transition, as previously observed in other electron donor-acceptor
molecules [29]. In molecule 1 the fluorophore Me4BOPHY is in full conjugation with the aniline
group of BPA through the vinyl bridge (Scheme 1), thus facilitating the ICT transition. Upon titration
with Cd2+ ion, the absorption at 550 nm gradually decreased, accompanied by a rising blue-shifted
absorption peak centered at 475 nm. An isosbestic point was clearly seen around 520 nm, indicating the
stoichiometric conversion of molecule 1 from unbound to the Cd2+-bound state. As the concentration
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of Cd2+ increased, the color of the solution turned from red to bright yellow, consistent the absorption
spectral change shown in Figure 2. The observed spectral change is due to the binding of Cd2+ at the
BPA chelator (Scheme 2), which in turn reduces the electron-donating capability of the aniline moiety.
As a result, the ICT transition of molecule 1 is diminished. Indeed, as molecule 1 is fully chelated,
the absorption spectrum becomes mostly characteristic of the π − π transition of the Me4BOPHY part,
centered around 475 nm (Figure 2).

Figure 2. UV-vis absorption spectral change recorded for an acetonitrile solution of sensor 1 (2 μM)
upon the titration of Cd2+ ion.

 
Scheme 2. Sensing mechanism of 1 towards Cd2+.

The same series of titration of Figure 2 was also monitored for fluorescence spectral change,
as shown in Figure 3a. The unbound molecule 1 has an emission band centered at 675 nm, which is
significantly red-shifted in comparison to the two emission bands (485 nm and 518 nm) that are typically
observed for the fluorophore of tetramethyl substituted BOPHY (Me4BOPHY). The strong redshift
is mainly a result of the ICT transition (Scheme 2), which in turn is caused by the BPA substitution.
Upon binding with the Cd2+ ion, the emission peak was blue-shifted to 570 nm, implying that the ICT
transition is diminished, as discussed above. The fluorescence quantum yield of pristine 1 determined
as 7.6% by using Rhodamine B in acetonitrile as a standard (ϕF = 0.89, λex = 495 nm). By comparing
the total fluorescence intensity and the absorbance at the same excitation wavelength 495 nm between
the unbound and Cd2+-bound state of 1, the fluorescence quantum yield of Cd2+-bound 1 can be
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estimated to be 44.2%. The spectral change shown in Figure 3a enables ratiometric sensing by plotting
the ratio of fluorescent intensity at 570 nm and 730 nm (F570/F730) as a function of the concentration
of Cd2+ (relative to that of 1), as shown in Figure 3b. An approximately linear relationship was
obtained, allowing for determining the concentration of Cd2+ using this linear calibration. The limit
of detection (LOD) can be projected by taking three times the standard deviation of measurement as
the detectable signal, that is, 0.3 in this study. Using the slope of the linear fitting of Figure 3b, we can
determine the LOD to be 6.9 nM, or 0.77 ppb, which is far below the safety value set for drinking
water by WHO (3 ppb), indicating a strong feasibility of using sensor 1 for trace level detection of
Cd2+. The ratiometric sensing, relying on the fluorescence measurement of both bound and unbound
state of 1, could potentially improve the robustness of signal by canceling the interference from the
environment. By comparing with other fluorescence sensors for Cd2+ reported in literature (Table 1),
sensor 1 developed in this study has many advantages over other Cd2+ sensors.

Figure 3. (a) Fluorescence spectral change recorded for an acetonitrile solution of sensor 1 (2 μM) upon
titration of Cd2+ ion; (b) The ratio of fluorescence intensity (F570/F730) measured for the same solutions
at 570 nm and 730 nm as a function of the concentration of Cd2+ (relative to that of 1), showing linear
fitting as indicated in the plot.

Table 1. The comparison of 1 with other Cd2+ sensors in literature.

Refs. LOD (mol L−1) Wavelength of Emission Solvent Used

[7] 1.97 × 10−7 456 nm CH2Cl2/CH3CN (1/9)
[8] 2.76 × 10−7 500 nm H2O
[18] 1.76 × 10−7 495 nm/558 nm HEPES
[29] Not available 597 nm CH3COCH3/H2O (9/1)

This work 6.9 × 10−9 570 nm/730 nm CH3CN

3.2. Sensing Mechanism and Job’s Plot

As illustrated in Scheme 2, the sensing mechanism of 1 relies on switching the fluorescence from
ICT transition to local π − π transition at the BOPHY site. The BPA chelator affords strong binding to
the Cd2+ ion, and this weakens the electron donating power of the aniline moiety, thus diminishing
the ICT transition. The tridentate chelation of BPA forms 1:1 complex with Cd2+ ion, as also reported
in other studies wherein the same chelator was used [29]. The 1:1 chelation stoichiometry was also
confirmed in this study through a Job’s plot approach [44], as shown in Figure 4. Job’s plot is commonly
used to determine the stoichiometry of a complex between two species, for which the total molar
concentrations of the two species (here molecule 1 and Cd2+ ion) are kept constant, while their relative
concentrations are varied. A measured variable (here the fluorescence intensity ratio, F570/F730) that is
dependent on the complex formation can be plotted as a function of the molar fractions of the binding
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species. The maximum of the plot corresponds to the stoichiometry of the complex formed. In this
study, the total concentration of molecule 1 and Cd2+ ion was fixed at 2 μM, and the molar ratio of the
two species was changed from 1:9 to 9:1, and the fluorescence intensity ratio F570/F730 was measured
under the same conditions. Clearly, as shown in Figure 4, the maximum of the plot corresponds to
a 1:1 complex between 1 and Cd2+.

Figure 4. Job’s plot of the binding between 1 and Cd2+ in acetonitrile, with the total concentration of
the two species fixed at 2 μM.

3.3. Sensing Selectivity

The high selectivity of 1 towards Cd2+ ion was examined by comparative experiments, which were
conducted by repeating the same fluorescence measurements shown in Figure 3 but in the presence
of 10 other common metal ions, Mn2+, Pb2+, Cu2+, Co2+, Mg2+, Ca2+, Ba2+, Fe2+, Hg2+, and Zn2+.
In contrast to the efficient spectral change observed for Cd2+ (far left bar in the figure), all of the
other metal ions (except for Zn2+) demonstrated almost no spectral change, as indicated by the low
values of F570/F730 measured under the same experimental conditions (Figure 5a). However, upon the
addition of Cd2+ ion at the same concentration, all of the 10 solutions containing the different metal
ions showed dramatic fluorescence change at the same degree as that observed for the solution of
1 + Cd2+. This observation indicates good sensing selectivity for molecule 1 towards Cd2+, which in
turn is largely due to the strong chelation, as illustrated in Scheme 2. The mild fluorescence response
observed for Zn2+ ion is not surprised considering the similar coordination property between Zn2+

and Cd2+. However, due to the weaker electron affinity of Zn2+ ion (with standard reduction potential
of −0.7 V, as compared to that of Cd2+, −0.4 V), the binding with Zn2+ cannot block the ICT transition
as effectively as Cd2+. Indeed, as shown in Figure 5b, under the same concentration the solution of
1 + Cd2+ exhibited a dramatic fluorescence color change (consistent with the spectral measurement
shown Figure 3), whereas the solution of 1 + Zn2+ remained about the same color as the solution of 1.
Such dramatic difference in color change provides additional feature to distinguish Cd2+ from other
metal ions when using 1 as sensor.
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Figure 5. (a) Fluorescence intensity ratio (F570/F730) measured for sensor 1 in acetonitrile (2 μM) in
the absence of metal ions (black), and in the presence of various metal ions (2 μM), (blue), followed
by addition of 2 μM Cd2+ into each of the eleven solutions (red); (b) Photographs taken for the 2 μM
solution of 1, in comparison to the ones containing 2 μM of Zn2+ and Cd2+.

3.4. Fast Sensor Response

The sensor 1 could rapidly detect Cd2+ ion, as shown in Figure 6. When we put 2 μM Cd2+ into
2 μM sensor 1 solution, the fluorescence intensity ratio (F570/F730) of sensor 1 quickly increased and
reached a stable value within 1 min. This is a good trait for fast and real-time determination.

Figure 6. Time course of the fluorescence intensity ratio (F570/F730) change measured on an acetonitrile
solution of sensor 1 (2 μM) upon addition of Cd2+ ion (2 μM).

In addition to the high sensitivity and selectivity observed above, sensor 1 also demonstrated
a fast response, consistent with the strong chelation with Cd2+. As shown in Figure 6, the ratiometric
fluorescence response of 1 was finished in one min upon addition of 1:1 Cd2+ ion. Due to the
experimental operation limit, we could not monitor the sensor response in any faster time scale,
though the real response time of 1 seems to be in seconds or even faster. This fast fluorescence response
makes sensor 1 ideal for real-time monitoring, particularly for in-field detection. Also indicated from
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Figure 6 is the high photostability sensor 1, wherein the fluorescence of 1 was measured ten times after
binding with Cd2+ ion, but no significant change in the fluorescence intensity was observed.

4. Conclusions

We report on a novel fluorescence sensor 1 for the selective detection of Cd2+ ion with LOD
down to 0.77 ppb. The sensor molecule is based on a fluorophore of Me4BOPHY in conjugation with
an electron donor group, namely BPA, which also affords strong binding with Cd2+. The electron
donor-acceptor conjugation enables ICT fluorescence at long wavelength, desired for sensor
development. Upon binding with the Cd2+ ion, the fluorescence is switched from ICT transition
to be the π − π transition, which dominated by the Me4BOPHY fluorophore, which is located in
much shorter wavelength region. Such dramatic fluorescence change enables ratiometric sensing by
measuring the relative emission intensity at the two wavelengths as a function of the concentration of
Cd2+ ion, thus allowing for quantitative detection of Cd2+. High selectivity towards Cd2+ was also
evidenced for the sensor as examined with ten other common metal ions.

Supplementary Materials: The Supplementary Materials are available online at http://www.mdpi.com/1424-
8220/17/11/2517/s1.
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Abstract: Novel boron-containing drugs have recently been suggested as a new class of pharmaceuticals.
However, the majority of current boron-detection techniques require expensive facilities and/or tedious
pretreatment methods. Thus, to develop a novel and convenient detection method for boron-based
pharmaceuticals, imine-type boron-chelating-ligands were previously synthesized for use in a fluorescent
sensor for boronic acid containing compounds. However, the fluorescence quantum yield of the
imine-type sensor was particularly low, and the sensor was easily decomposed in aqueous media.
Thus, in this paper, we report the development of a novel, convenient, and stable fluorescent boron-sensor
based on O- and N-chelation (i.e., 2-(pyridine-2yl)phenol), and a corresponding method for the
quantitative and qualitative detection of boronic acid-containing compounds using this commercially
available sensor is presented.

Keywords: fluorescent boron sensor; BNCT; boron pharmaceutical; boron(III) complex

1. Introduction

The use of boronic acid-containing compounds has recently received growing interest in a range
of fields, such as materials science, analytical chemistry, chemical biology, and pharmacology.
In particular, a large number of studies focusing on the interactions between boron compounds
and biomolecules such as sugars, proteins and peptides have been reported in recent years [1–6].
For example, in the field of pharmacology, boronic acid-containing compounds have been developed
as boron carriers for boron neutron capture therapy (BNCT) [7], and as antibacterial agents, protease
inhibitors, sugar sensors, and cell-penetrating peptides. In addition, new boron-containing drugs,
including p-borono-L-phenylalanine (L-BPA, for BNCT), L-BPA-fructose complex (L-BPA-Fc) [8–10],
bortezomib (for the treatment of multiple myeloma) [11,12], and tavaborole (an antifungal drug for
the treatment of onychomycosis) [13] have been suggested as a new class of pharmaceuticals [14,15]
(Figure 1).

Figure 1. A selection of boron-containing pharmaceuticals.
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During the development of novel pharmaceutical compounds, drug distribution analysis is of
particular importance. For example, the distribution of boron-based pharmaceuticals in tumor tissue
and normal tissue must be determined to elucidate the suitability of pharmaceuticals for BNCT,
and monitoring of the boron concentration in bloodstream is of key importance in the BNCT treatment
process. In this context, evaluation of the concentration of boron-based pharmaceuticals in biological
environments should be possible through the detection of boron, since biological tissues generally
contain little or no boron. However, the majority of boron detection methods, such as those based on
prompt gamma-ray analysis (PGA) and inductively coupled plasma optical emission spectrometry
(ICP-OES) are costly, and often require extensive sample pretreatment.

In this context, we recently designed and synthesized a novel fluorescent probe for boronic acid,
namely DAHMI (1) (Figure 2) [16]. This probe reacted rapidly with boron-based pharmaceuticals in
aqueous media, resulting in the emission of blue fluorescence by the formed DAHMI-boron complexes.
Furthermore, DAHMI allowed visualization of the distribution of boron-containing pharmaceuticals
such as L-BPA, and tavabolore in live tumor cells without complicated pretreatment [17]. However,
the fluorescence quantum yields of the resulting DAHMI-boron complexes were extremely low
(i.e., <1%), and DAHMI was easily decomposed by hydrolysis in aqueous media. As such, DAHMI is
not particularly suitable for use as a boron sensor in the quantitative analysis of boron compounds in
biological samples.

Thus, in this paper, we report the development of a novel, convenient, and stable fluorescent
probe for boronic acid-containing compounds, and present a subsequent elucidation of the fluorescence
properties of the resulting sensor-boronic acid complexes.

Figure 2. Complex formation using the previously reported fluorescent boron sensor DAHMI (1).

2. Results and Discussion

In order for a fluorescent sensor to detect boronic acid derivatives in biological environments,
the following criteria must be met: (i) rapid reaction with boronic acid at room temperature; (ii) a change
in emission upon complexation with boronic acid; (iii) fluorescence in water; and (iv) stability in water.

Thus, we herein employed a range of commercially available and easily prepared chelating
ligands 2–6 as precursors for the boron sensor (Figure 3) [18–21]. These ligands were considered
suitable as they were both soluble and stable in a 50 vol % DMSO/H2O solution, and because
they emit very weak fluorescence in aqueous solutions. To confirm the potential of our previously
prepared fluorescent probe DAHMI in addition to the five chelating ligands for use as boron sensors,
we measured the fluorescence spectra of compounds 1–6 and their corresponding BPA complexes in
a 50 vol % DMSO/PBS (phosphate-buffered saline) solution at 25 ◦C (Table 1). Although compounds 2

and 6 did not react with BPA under these conditions, DAHMI and compounds 3–5 reacted to give
fluorescent complexes with BPA. This result suggests that N, O-type chelating ligands are suitable
for use as fluorescent boron-sensors. In addition, we observed that the excitation and fluorescence
wavelengths of these complexes differed from those of the corresponding free ligands. In particular,
the fluorescence wavelength of the 5-BPA (5 = 2-(pyridine-2-yl)phenol) complex was blue shifted
by ~20 nm, and the Stokes shift of the complex was extremely large. Furthermore, the maximum
fluorescence quantum yield was observed for 5-BPA, with a 15-fold higher yield being observed than
for the DAHMI-BPA complex. Indeed, this 5-BPA complex showed particular potential for use as
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a sensor, as it was prepared rapidly by the simple mixing of a solution of 5 with a solution of BPA
(1.0 eq.) at room temperature in 50 vol % DMSO/PBS. Upon mixing, the fluorescence intensity of
5-BPA complex was reached a maximum within a few seconds, and this complex was stable in solution
over 24 h (Figure 4). These results indicate that compound 5 is suitable for use as a fluorescent sensor
in the detection of boronic acid-containing compounds.

Figure 3. Candidate compounds for the fluorescent boron sensor.

Table 1. Fluorescence properties of the various ligands and ligand-BPA complexes [a].

Ligand

Ligand Only Ligand-BPA Complex

Ex Max
(nm)

Em Max
(nm)

Stokes Shift
(cm−1)

φ
Ex Max
(nm)

Em Max
(nm)

Stokes Shift
(cm−1)

φ

1 413 551 6064 — 408 430 1254 0.6%
2 374 531 — — 374 531 — —
3 419 477 2902 — 421 516 4373 3.3%
4 340 384 3370 — 352 433 5314 1.2%
5 376 483 5892 — 355 464 6617 9.3%
6 376 — — — 376 — — —

[a] Measured at a concentration of 1.0 mM in 50 vol % DMSO/PBS at 25 ◦C.

(a) (b)

Figure 4. Variation in the fluorescence spectra of the 5-BPA complex in 50 vol % DMSO/PBS (0.2 mM,
excitation wavelength: 355 nm) at 25 ◦C. (a) prepared after 0–60 min; (b) prepared after 0–36 h.

Thus, to confirm the potential of boron sensor 5 for use in the qualitative analysis of boronic
acid-containing compounds, a number of boron compounds were spotted onto silica gel plates and
stained using a 1.0 mM solution of 5 in acetone (Figure 5). Although boron sensor 5 was visible under
irradiation using a 254 nm hand-held UV lamp, the spot of 5 did not emit fluorescence under 254
or 365 nm UV lamps. Thus, as shown in Figure 5, all spots corresponding to the different boronic
acid-containing compounds, including L-BPA, bortezomib and tavaborole produced bright blue
fluorescence using a standard short-wave UV lamp (365 nm) following staining with compound 5.
In particular, boronic ester-type protected derivatives, such as pinacolato, 1,3-dihydroxydimetyl,
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trifluoroborate and L-BPA-Fc, exhibited strong fluorescence upon complexation with 5. However,
in the case of boronic amide type protected derivatives, such as N-methyliminodiacetic acid and
1,8-diaminonaphtnalene, only weak fluorescence was observed. As a control, a number of boron-free
compounds were also spotted onto the silica plates, but no fluorescence was observed under UV
irradiation at either 254 or 365 nm (Figure 6). These results therefore suggest that boron sensor 5 is
a useful tool for the qualitative analysis of boronic acid-containing compounds.

 

Figure 5. Staining test of various boron-containing compounds spotted onto silica-gel plates followed
by the addition of boron sensor 5 (viewed by illumination at 254 or 365 nm using a handheld UV lamp).

 

Figure 6. Staining test of boron-free compounds spotted onto silica-gel plates followed by the addition
of boron sensor 5 (viewed by illumination at 254 or 365 nm using a handheld UV lamp).

44



Sensors 2017, 17, 2436

Finally, to determine the potential of boron sensor 5 in the quantitative analysis of boron
pharmaceuticals, we examined the relationship between the concentration of L-BPA-Fc and the
emission of the complex upon staining with 5 in 50 vol % DMSO/PBS using a standard plate reader.
As shown in Figure 7, the emission intensity correlated positively with the concentration of L-BPA-Fc,
thereby indicating that boron sensor 5 is suitable for use in the quantitative analysis of L-BPA-Fc
(0.5–1000 μM, 0.005–10 Bppm, R2 > 0.99). Furthermore, the detection limit of this method was
comparable to ICP-OES.

Figure 7. Effect of L-BPA-Fc concentration on the fluorescence intensity following staining with boron-
sensor 5 (10 mM in 50 vol % DMSO/PBS, ex λ: 360 nm, em λ: 460 nm).

3. Conclusions

We herein developed and elucidated a novel efficient and commercially available fluorescent
sensor based on O- and N- chelation (i.e., 2-(pyridine-2yl)phenol) for the analysis of boronic
acid-containing compounds. We found that this boron sensor reacts rapidly with boronic acid at
room temperature, and that it selectively detects boronic acid-containing compounds. Furthermore,
the quantitative analyses of boronic acid-containing compounds using this sensor were carried out
using a standard plate reader, with the compounds of interest being detected in concentrations of
0.5–1000 μM. These results therefore suggest that this fluorescent boron sensor is suitable for use in
the qualitative and quantitative analysis of boronic acid-containing compounds. We therefore expect
that the system reported herein will be applicable in the detection of boron-based pharmaceuticals,
with the potential to replace current expensive and tedious analytical methods.

4. Experimental Section

4.1. Genaral

L-BPA was provided by the Stella Pharma Corporation (Osaka, Japan), while bortezomib and
tavaborole were purchased from Cosmo Bio Co., Ltd. (Tokyo, Japan). Compounds 2, 3, and 5 were
purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan). Compounds 4 and 6 were
prepared according to a previous literature method [19,21]. Fluorescence spectra were measured
on a FP-8200 spectrometer (JASCO Corporation, Tokyo, Japan). Absolute quantum yields were
determined by the Hamamatsu C9920-01 calibrated integrating sphere system (Hamamatsu Photonics
K.K., Shizuoka, Japan).

4.2. Preparation of the Sensor-BPA Complexes

A solution of boron sensor (1.0 mM in DMSO, 2.5 mL) was added to a solution of BPA (1.0 mM in
PBS buffer, 2.5 mL). After allowing this mixture to stand for 10 min at 37 ◦C, the resulting solution was
employed for fluorescence measurement.
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4.3. Silica Gel Plate Staining Using Boron Sensor 5

L-BPA and L-BPA-Fc were prepared as aqueous solutions (10 mM) concentrations while solutions
of all other boron-containing compounds were prepared in acetone (10 mM). Each sample solution
(5 μL) was applied to a glass-backed silica-gel TLC plate containing the F254 fluorescent indicator
(Merck KGaA, Darmstadt, Germany) and allowed to dry under air at room temperature prior
to treatment of the test compound spot with a solution of boron sensor 5 (1.0 mM in acetone).
After allowing to dry once again under air at room temperature, the plates were visualized
by illumination at either 254 or 365 nm using a handheld UV lamp, and photographic images
were recorded.

4.4. Effect of BPA Concentration on the Emitted Fluorescence Following Staining with 5

To a 96-well microplate (FluoroNuncTM flat bottom black polystyrene plate, Thermo Fisher
Scientific, Waltham, MA) were added of a L-BPA-Fc solution of the desired concentration (50 μL,
0.5–1000 μM in H2O) and a solution of boron sensor 5 (50 μL, 10 mM in DMSO. After mixing for 5 min
at 37 ◦C, the fluorescence intensity was measured using a Fluoroskan Ascent FL microplate reader
(Thermo Fisher Scientific, Waltham, MA, USA).

Supplementary Materials: The following are available online at http://www.mdpi.com/1424-8220/17/10/2436/s1.
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Abstract: Polymyxins (polymyxin B and colistin) are cyclic lipopeptide antibiotics that serve as a
last-line defence against Gram-negative “superbugs”. In the present study, two novel fluorescent
polymyxin probes were designed through regio-selective modifications of the polymyxin B core
structure at the N-terminus and the hydrophobic motif at positions 6 and 7. The resulting probes,
FADDI-285 and FADDI-286 demonstrated comparable antibacterial activity (MICs 2–8 mg/L) to
polymyxin B and colistin (MICs 0.5–8 mg/L) against a panel of gram-negative clinical isolates of
Acinetobacter baumannii, Klebsiella pneumoniae and Pseudomonas aeruginosa. These probes should prove
to be of considerable utility for imaging cellular uptake and mechanistic investigations of these
important last-line antibiotics.

Keywords: polymyxins; fluorescent; dansyl; probe; gram-negative

1. Introduction

Over the past two decades there has been a pronounced increase in the emergence of
multidrug-resistant (MDR) Gram-negative “superbugs”, leading to serious infections that are resistant
to almost all currently available antibiotics [1]. The dire situation is perpetuated by a lack of novel
antibiotics in the developmental pipeline, leaving the world in a vulnerable state against these
life-threatening infections [1]. This “perfect storm” has led to the revival of the polymyxin class
of antibiotics, polymyxin B and E (the latter also known as colistin), as a last line of defence against
MDR Gram-negative “superbugs” [2]. However, despite their excellent antibacterial activity, the use of
polymyxins has largely been limited by a high incidence of nephrotoxicity among patients receiving
these antibiotics [3–6].

Polymyxins are amphipathic cationic lipopeptides, comprised of hydrophobic and hydrophilic
domains that are critical for their antibacterial activity [7]. The general polymyxin structure consists
of a cyclic heptapeptide ring with a linear tripeptide segment and an N-terminal fatty acyl tail
(Figure 1). Additionally, there are five L-α,γ-diaminobutyric acid (Dab) residues, which contain
primary amines that are positively charged at physiological pH (7.4), as well as two hydrophobic
residues in positions 6 and 7 of the cyclic ring. The two polymyxins used clinically, polymyxin B and
colistin, are differentiated by a single hydrophobic residue at position 6: D-leucine in colistin and
D-phenylalanine in polymyxin B [7]. Both polymyxins are products of fermentation and are mixtures,
each containing two major components, colistin A and B and polymyxin B1 and B2, which differ by
one carbon at the fatty acyl tail (Figure 1). The fatty acyl tail is essential for the antibacterial activity
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of polymyxins, since polymyxin nonapeptide (PMBN) (produced by proteolytic removal of the fatty
acyl-Dab1 from the N-terminus of the polymyxin) is inactive [8–10]. These structural features of the
polymyxin core scaffold are critical for interaction with the initial target, lipid A of the outer membrane.

 

Figure 1. Structures of polymyxin B, colistin, MIPS-9541 and the novel fluorescent polymyxin probes
FADDI-285 and FADDI-286.

Commercial probes (e.g., dansyl- and BODIPY-polymyxin B) have been utilized in polymyxin
mechanistic studies, however, they lack antimicrobial activity due to the blockage of multiple Dab
residues (potentially up to all five); therefore, these compounds are not structurally representative
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of the parent polymyxin [11]. Our group has previously reported the design and synthesis of
regio-selectively mono-dansylated polymyxin B probes such as MIPS-9541 (Figure 1) for exploring
polymyxin mechanisms of action and imaging of polymyxin interactions with kidney proximal tubular
cells [12]. In the current study, we build on our novel design strategy generating the novel fluorescently
labelled polymyxin probes, FADDI-285 and FADDI-286 (Figure 1) which are representative of the
native polymyxins, and retain antimicrobial activity. These novel fluorescent polymyxin probes
should have improved in vivo utility and help facilitate medicinal chemistry strategies to ameliorate
unwanted nephrotoxicity and resistance that limit the clinical efficacy of these important last-line
lipopeptide antibiotics.

2. Methods

2.1. Chemical Reagents

Diisopropylethylamine (DIPEA) was obtained from Auspep (Melbourne, Australia).
Fmoc-L-OctGly-OH and Fmoc-Dab(Boc)-OH were obtained from Try-lead Chem (Hangzhou, China).
Fmoc-Dab(ivDde)-OH, Fmoc-D-Leu-OH, 1H-Benzotriazolium-1-[bis(dimethylamino)methylene]-5-chloro
hexafluoro- phosphate-(1-),3-oxide (HCTU) and 1,1,1,3,3,3-Hexafluoro-2-propanol (HFIP) were obtained
from Chem-Impex International (Wood Dale, IL, USA). Fmoc-Thr(tBu)-OH, Fmoc-Ala-OH and
Fmoc-Gly-OH were obtained from Mimotopes (Melbourne, Australia). N-Fmoc-Amido-dPEG2-OH
was obtained from Peptides International (Louisville, KY, USA). Dichloromethane (DCM),
dimethylformamide (DMF), diethyl ether and acetonitrile were obtained from Merck (Melbourne,
Australia). Fmoc-Thr(tBu)-TCP-Resin was obtained from Intavis Bioanyltical Instruments (Köln,
Germany). Piperidine, triisopropylsilane (TIPS), trifluoroacetic acid (TFA), dansyl-chloride, ethanedithiol
(EDT) and diphenylphosphorylazide (DPPA) were obtained from Sigma-Aldrich (Castle Hill, Australia)
Polymyxin B sulfate and colistin sulfate were research grade and obtained from BetaPharma
(Shanghai, China).

2.2. HPLC Purification and LC-MS Analysis

Peptides were purified by RP-HPLC on a Waters Prep LC system incorporating a Waters 486
tuneable absorbance detector set at 214 nm and a Phenomenex Luna C8(2) column (250 × 21.2 mm ID,
100 Å, 10 micron). Peptides were eluted with a gradient of 100% Buffer A (0.1% TFA/water) to 60%
Buffer B (0.1%TFA/acetonitrile) over 60 min at a flow rate of 15 mL/min. Fractions collected were
analysed by LC/MS on a Shimadzu 2020 LCMS system. LC analysis was carried out at 214 nm using a
Phenomenex Luna C8(2) column (100 × 2.0 mm ID, 100 Å, 3 micron), eluting with a gradient of 100%
Buffer A (0.05% TFA/water) to 60% Buffer B (0.05%TFA/acetonitrile) over 10 min at a flow rate of
0.2 mL/min. Mass spectra were acquired in positive ion mode with a scan range of 200–2000 m/z.

2.3. Synthesis FADDI-285

Synthesis of the protected linear peptide precursor was conducted on a Protein Technologies
Prelude automated peptide synthesizer using pre-loaded Fmoc-Thr(tBu)-TCP resin (0.1 mmol scale).
Fmoc deprotection was conducted using 20% piperidine in dimethylformamide (1 × 5 min, 1 × 10 min)
at room temperature. Coupling of the Fmoc-amino acids for 50 min at room temperature using 3 molar
equivalents of the Fmoc-amino acid and HCTU in DMF activated in situ, using 6 molar equivalents of
DIPEA. The N-terminal dansyl group was coupled using 3 molar equivalents of dansyl-chloride in
DMF in the presence of 6 molar equivalents of DIPEA for 50 min at room temperature. The resin was
then treated with 3% Hydrazine/ DMF (4 × 15 min) to remove the ivDde group. The protected linear
peptide was then cleaved from the resin by treating the resin with 10% HFIP in DCM (1 × 30 min,
1 × 5 min). This solution was concentrated in vacuo to produce the protected linear peptide as a
residue. The protected linear peptide was dissolved in DMF (10 mL) to which DPPA 0.3 mmol,
0.65 μL (3 molar equivalents relative to the loading of the resin) and DIPEA 0.6 mmol, 104 μL (6 molar
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equivalents relative to the loading of the resin) were added. This solution was stirred at room
temperature overnight. The reaction solution was then concentrated under vacuum overnight to give
the crude protected cyclic peptide as a residue. The resulting residue was taken up in a solution of
2.5% EDT/5% TIPS/TFA and shaken at room temperature for 2 h. To this solution 40 mL of diethyl
ether was added. The resulting precipitate was collected by centrifugation and washed twice more
with diethyl ether (40 mL) then air-dried in a fume hood to give the crude cyclic peptide as a solid.
The resulting solid was taken up in Milli-Q water (5 mL) and de-salted using a Vari-Pure IPE SAX
column. The eluent containing the crude cyclic peptide was acidified with TFA (10 L) and subjected to
RP-HPLC purification as described above. Fractions collected were analysed by LC-MS as described
above. Fractions containing the desired product were freeze-dried to give the FADDI-285 TFA salt as
a pale-yellow solid in a yield of 57.2 mg (>95% purity). Molecular weight was confirmed by ESI-MS
analysis; m/z (monoisotopic) calculated: C65H111N19O16S 1446.82, [M + 2H]2+ 723.91, [M + 3H]3+

482.93; observed: [M + 2H]2+ 724.30. [M + 3H]3+ 483.50.

2.4. Synthesis FADDI-286

This peptide was synthesized as described above for FADDI-285 to give the FADDI-286 TFA
salt as a pale-yellow solid in a yield of 65.2 mg (>95% purity). Molecular weight was confirmed by
ESI-MS analysis; m/z (monoisotopic) calculated: C70H121N19O18S [M + H]+ 1548.89, [M + 2H]2+ 774.94,
[M + 3H]3+ 516.96; observed: [M + 2H]2+ 775.40, [M+3H]3+ 517.60.

2.5. Determination of MICs

MICs against Pseudomonas aeruginosa, Klebsiella pneumoniae, and Acinetobacter baumannii strains
were determined by the broth microdilution method (CLSI 2013). Experiments were conducted in
96-well polypropylene microtitre plates with all dilutions using cation-adjusted Mueller-Hinton broth
(CaMHB). Bacterial suspension (100 μL, containing ~106 colony forming units (CFU) per mL) was
added to the wells in the presence of increasing concentrations of polymyxins (0 to 128 mg/L). MICs are
defined as the lowest concentration at which visible growth was inhibited after overnight incubation
at 37 ◦C.

3. Results

3.1. Probe Design and Synthesis

Previously we designed the regio-selectively mono-dansylated probe MIPS-9541 in which the
N-terminal fatty acyl group of polymyxin B was substituted with dansylglycine-octanylglycine
(Figure 1) [11]. The hydrophobic dansyl group was utilized as the fluorophore, as its comparatively
small size relative to other fluorophores would help to reduce the likelihood of negative steric effects
on the polymyxin pharmacophore [7]. The L-octylglycine (C8) residue serves to emulate the eight
carbon N-terminal fatty acyl chain of the polymyxins and also provides a point for attachment of the
dansyl fluorophore [11]. It has been previously demonstrated that a variety of hydrophobic groups
are well tolerated at this position and act as mimics of the N-terminal saturated alkyl fatty acyl chains
of polymyxin B [7]. NMR analysis showed that this probe has a similar mode of binding to lipid A,
the initial target of the polymyxins such as the native polymyxin B (Figure 2). One of the concerns
with the design of MIPS-9541, was the increase in the overall hydrophobicity of the scaffold resulting
from the addition of the dansyl fluorophore which may have a negative effect on the ability of the
molecule to closely mimic the native polymyxins. For example, increased hydrophobicity could lead to
increased plasma protein binding leading to poor bio-distribution compared to the native polymyxins,
which would have a negative impact on in vivo studies utilizing the probe [13]. In the current work,
we have made further modification to MIPS-9541 in order to balance the hydrophobicity of the scaffold
and improve its in vivo utility. To this end we incorporated a D-leucine residue at position 6 in
place of D-Phe as seen in colistin and reduced the hydrophobicity at position 7 by substituting the
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leucine residue with a less hydrophobic alanine residue. This resulted in the generation of FADDI-285
(Figure 1). Previously it had been shown that the leucine residue at position 7 could be substituted
with an alanine residue without loss of antibacterial activity against P. aeruginosa [14]. Further to these
modifications, the glycine linker between the dansyl fluorophre and octylglycine residue was replaced
with a PEG linker to generate FADDI-286. This PEG linker would help to decrease the hydrophobicity
of the dansyl-octylglycine N-terminal modification.

Figure 2. NMR derived model of MIPS-9541 in complex with bacterial Kdo2-lipid.

FADDI-285 and FADDI-286 had to be prepared using a total synthesis approach and were
readily synthesized using standard solid-phase peptide synthesis and commercially available chemical
reagents. Pleasingly, the modifications made to the polymyxin structure did not have a negative impact
on the key cyclisation step to generate the heptapeptide cyclic ring, with final products being obtained
in good yield and purity.

3.2. Antibacterial Activity of the Probes

Antibacterial activity of both probes was assessed against the American Type Culture
Collection (ATCC) strains and a panel of clinical isolates of polymyxin-susceptible P. aeruginosa,
K. pneumoniae and A. baumannii (Table 1). Both probes demonstrated antibacterial activity against the
polymyxin-susceptible strains (MICs 2–8 mg/L), comparable to polymyxin B and colistin (MICs
0.5–8 mg/L). Notably, both probes exhibited enhanced activity (MICs ~ 32 mg/L) against the
polymyxin-resistant isolates (polymyxin B and colistin MICs ~ 128 mg/L).
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Table 1. Minimum inhibitory concentrations (MICs) of each dansylated probe, polymyxin B and colistin
against Gram-negative bacteria.
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Peptide MIC (mg/L)
Colistin 1 1 2 >128 >128 8 1 0.5 0.5 128 16 8 1 >128 128 32

PolymyxinB 1 1 1 32 >32 4 1 0.5 1 128 8 16 1 128 >32 16
FADDI-285 2 2 4 >32 2 8 4 4 8 >32 8 8 4 >32 >32 >32
FADDI-286 2 2 4 >32 2 4 4 4 4 >32 8 8 4 >32 >32 >32

4. Discussion and Conclusions

While bacteria have developed resistance to almost all other antibiotics, colistin and polymyxin
B remain at the forefront of last-line therapeutics against MDR Gram-negative “superbugs” [15].
The primary focus of this study was to design and synthesize novel polymyxin fluorescent probes
with the antibacterial activity representative of the native polymyxins.

Polymyxins elicit their antimicrobial activity by first binding to the lipopolysaccharide in the
bacterial outer membrane. The formation of the complex is initiated through the electrostatic interaction
of the cationic Dab side-chains with the negatively charged phosphate groups of the lipid a component
of LPS. This in turn displaces divalent cations (Ca2+ and Mg2+) that bridge adjacent LPS molecules,
thereby de-stabilizing the outer membrane [2,7,16]. Subsequently, hydrophobic interactions occur
between the N-terminal fatty acyl tail and the positions 6 and 7 hydrophobic segment of the polymyxin
molecule and the fatty acyl chains of lipid A. The physical integrity of the phospholipid bilayer
in the inner membrane appears to be subsequently disrupted [16–20]. This ‘self-promoted’ uptake
mechanism is believed to lead to disruption of the cell envelope and bacterial killing [7,17,18,21].
With these principles in mind, we rationally designed the probes FADDI-285 and FADDI-286 via
regio-selective modifications at the hydrophobic N-terminus and position 7, without markedly
compromising antimicrobial activity of the parent colistin compound. Our group has previously
highlighted the pitfalls of directly coupling fluorescent groups such as dansyl directly onto the Dab
side chains in semi-synthetic preparations of dansyl-polymyxin B [11]. Furthermore, as polymyxin
B and colistin are each comprised of two major components (polymyxin B1 and B2; colistin A and
B), there is a strong possibility that either of these components will be substituted at any of the
five Dab side chains resulting in a highly heterogeneous mixture of dansylated derivatives [11].
Indeed our previously reported mass spectrometry analysis of these semi-synthetic dansyl-polymyxin
B preparations indicated the presence of a heterogeneous mixture of mono-, di-, and tri-dansyl
Dab-substituted polymyxin B [11]. Accordingly, there is little value in using these semi-synthetic
preparations as probes for imaging localization, since they lack the native antibacterial activity of the
polymyxin B parent molecule and resultant images would represent the localization of a very complex
array of probe molecules. Both FADDI-285 and FADDI-286 possess antibacterial activity similar to
colistin and polymyxin B against polymyxin-susceptible isolates and notably, 4-fold enhanced activity
against the polymyxin-resistant isolates (Table 1), and as such should prove to be of considerable utility
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as tools for novel polymyxin lipopeptide discovery programs. The utility of these probes in vivo is
being investigated and will be the subject of a future report.
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Abstract: Tuning the sensing properties of spiropyrans (SPs), which are one of the photochromic
molecules useful for colorimetric sensing, is important for efficient analysis, but their synthetic
modification is not always simple. Herein, we introduce an alkyne-functionalized SP, the modification
of which would be easily achieved via Cu-catalyzed azide-alkyne cycloaddition (“click reaction”).
The alkyne-SP was conjugated with a bis(triethylene glycol)-benzyl group (EG-BtSP) or a simple
benzyl group (BtSP), forming a triazole linkage from the click reaction. The effects of auxiliary groups
to SP were tested on metal-ion sensing and cyanide detection. We found that EG-BtSP was more
Ca2+-sensitive than BtSP in acetonitrile, which were thoroughly examined by a continuous variation
method (Job plot) and UV-VIS titrations, followed by non-linear regression analysis. Although both
SPs showed similar, selective responses to cyanide in a water/acetonitrile co-solvent, only EG-BtSP
showed a dramatic color change when fabricated on paper, highlighting the important contributions
of the auxiliary groups.

Keywords: spiropyran; metal ion; cyanide sensing; side-group effect; click reaction

1. Introduction

A range of stimuli (light, temperature, or metal ions) can induce closed forms of well-known
photochromic molecules ie, spiropyrans (SPs), to undergo cis-trans isomerization to give rise to
open-ring isomers or merocyanines (MCs) with vastly different physicochemical properties [1]. Such
transformations of SPs enable their use as colorimetric sensors due to the vivid colors of the MC
forms [2]. SPs are usually modified and functionalized for a certain purpose, such as the development
of polymer sensors or dynamic materials, giving selectivity and sensitivity to external stimuli, such
as metal ions or temperature. Most SPs are synthesized by condensation between indolenine and
benzaldehyde, parts of which are modified to form specific functional groups [3,4]. For example,
Shiraishi et al. reported that a coumarin-conjugated spiropyran showed blue fluorescence after
nucleophilic addition of CN− under UV light [5]. Stubing et al. compared the absorbance and
fluorescence spectra of methyl-1-aza-crown-functionalized SP with different sizes of the aza-crown
moiety [6]. These spectra showed the largest changes upon binding of Li+ (among alkali metal ions).
Perry et al. prepared a pyrene-appended SP receptor for Zn2+-selective binding and non-covalent
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functionalization of carbon surfaces [7]. As described above, evidence from the literature highlights
the importance of the addition functional groups to SPs to tailor SP-containing sensors for specific
applications. In this respect, the method of easy and high-yielding functionalization to SP needs to
be developed. We envisioned that, if an SP has an alkyne moiety [8], the SP can be conjugated with a
variety of azide-containing molecules and materials since Cu-catalyzed alkyne-azide cycloaddition
(CuAAC) is simple, high-yielding and can tolerate various functional groups [9–11]. Therefore,
alkyne-containing SPs should have high utilities for developing novel functional materials.

We can also take advantage of the sensory property of the resulting triazole unit of CuAAC in
conjunction with that of SPs. Triazole and its derivatives have been used for selective sensing of
metal ions [12–17]. Thakur et al. synthesized triazole-tethered ferrocene-anthracene conjugates for
electrochemical and optical sensing of Pb2+ [16]. The compound “turned on” its fluorescence up on
the binding of Pb2+ ions, and also showed a dramatic change from yellow to a greenish-blue color,
allowing naked-eye detection. Kim et al. synthesized a rhodamine triazole-based fluorescent probe for
Pt2+ detection [12]. A triazole moiety aided selectivity and sensitivity of binding to Pt2+ rather than
other metal ions in aqueous solution. The synthesized probe also showed a change from colorless to a
pinkish-red hue upon binding of Pt2+.

In this study, triazole-conjugated SP molecules are tuned by modification of their side groups.
Our strategy was to tune their sensing properties by using a click reaction (CuAAC) between
propargyl-functionalized SP and azido molecules. Since sensing in an aqueous environment is
important, an ethylene glycol moiety was introduced to SP. This modification renders it more
hydrophilic and more sensitive to cyanide in a water environment. We demonstrated that the
SP’s sensing properties for metal ions could be easily tuned by click modification. In addition,
ethylene glycol-incorporated EG-BtSP, in constrast to simple BtSP, could be utilized as a paper-based
colorimetric sensor.

2. Materials and Methods

2.1. General

All the chemicals were purchased from Sigma-Aldrich (Seoul, Korea), Alfa Aesar (Seoul, Korea),
TCI (Tokyo, Japan), Acros Organics (Geel, Belgium), or Samchun Chemical (Seoul, Korea) and were
used as received. 1H and 13C NMR spectra were recorded using a Bruker 500 MHz spectrometer. The
chemical shifts are reported in ppm (δ) with chloroform-d (δ 7.26) as an internal standard, and the
coupling constants (J) are expressed in Hz. UV-VIS absorption measurements were carried out using
a UV-1800 (Shimadzu) spectrophotometer. All the metal ions and the anions used in this research
are in the form of a perchlorate salt and tetra-n-butyl ammonium salt, respectively. High-resolution
mass spectra (HRMS) were obtained on a Bruker Daltonics APEX II 3 T FT-ICR-MS. Mass spectra (ESI)
were obtained on an Agilent Model:1100 LC-MS mass spectrometers. Column chromatography was
carried out using a 100–200 mesh silica gel. Thin layer chromatograph (TLC) analysis was performed
on precoated silica gel 60 F254 slides and visualized by UV irradiation. Deuterated solvents for NMR
were purchased from Cambridge Isotope Laboratories (Tewksbury, MA, USA).

2.1.1. Synthesis of 3,5-Bis[2-[2-[2-methoxyethoxy]ethoxy]ethoxy] Benzyl Alcohol (1)

3,5-bis{2-[2-(2-methoxyethoxy)ethoxy]ethoxy}-, methylester [18] (5.68 g, 12.3 mmol) was dissolved
in dry tetrahydrofuran (THF) (170 mL) in a 250-mL dropping funnel and this solution was added to
LiAlH4 (1.20 g, 24.7 mmol) suspended in a dry THF under N2 atmosphere. The reaction mixture was
stirred under reflux for overnight. The mixture was quenched by adding ice at 0 ◦C, filtered, and the
solvent was then removed under vacuum. The residue was then washed with ethyl acetate (EA) and
brine. Finally, the organic phases were dried over anhydrous MgSO4, filtered and concentrated to
yield 1 (5.36 g, 99%) as a yellow oil. 1H (500 MHz, CDCl3) δ 6.54 (d, J = 2.5 Hz, 2H), 6.41 (t, J = 2.5 Hz,
1H), 4.61 (d, J = 6 Hz, 2H), 4.11 (t, J = 5 Hz, 4H), 3.84 (t, J = 5 Hz, 4H), 3.74–3.72 (m, 4H), 3.69–3.64 (m,
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8H), 3.56–3.54 (m, 4H), 3.38 (s, 6H). 13C (125 MHz, CDCl3) δ 160.1, 143.4, 105.5, 100.9, 71.9, 70.8, 70.7,
70.5, 69.7, 67.5, 65.2, 59.0. MS (HRMS): m/z calculated for C21H36O9 [M]+: 432.2359; found: 432.2361.

2.1.2. Synthesis of 3,5-Bis[2-[2-(2-methoxyethoxy)ethoxy]ethoxy] Benzyl Chloride (2)

A solution of 1 (1.17 g, 2.70 mmol) in dry dichloromethane (100 mL) was added dropwise to the
catalytic amounts of dry dimethylformamide and thionyl chloride (0.45 g, 3.79 mmol) at 0 ◦C. After
stirring at room temperature for 10 h, unreacted thionyl chloride and dichloromethane were removed
under reduced pressure and extracted with ethyl acetate. The combined organic extracts were dried
over Na2SO4, filtered, and evaporated under vacuum. The product was concentrated as a pale-yellow
oil 2 (0.94 g, 77%). 1H (500 MHz, CDCl3) δ 6.54 (d, J = 2.0 Hz, 2H), 6.44 (d, J = 2.0 Hz, 1H), 4.49 (s, 2H),
4.11 (t, J = 5.0 Hz, 4H), 3.84 (t, J = 5.0 Hz, 4H), 3.74–3.72 (m, 4H), 3.69–3.65 (m, 8H), 3.56–3.54 (m, 4H),
3.38 (s, 6H). 13C (125 MHz, CDCl3) δ 160.0, 139.4, 107.4, 101.6, 71.9, 70.8, 70.7, 70.6, 69.6, 67.6, 59.1, 46.3.
MS (HRMS): m/z calculated for C21H35ClO8 [M]+: 450.2020; found: 450.2022.

2.1.3. Synthesis of 3,5-Bis[2-[2-(2-methoxyethoxy)ethoxy]ethoxy] Benzyl Azide (3)

A solution of compound 2 (0.89 g, 2.00 mmol), NaN3 (0.52 g, 8.00 mmol) in dry dimethylformamide
(10.0 mL) were stirred at 60 ◦C for 24 h. The reactant was then cooled to room temperature and
quenched by addition of water. The mixture was evaporated under reduced pressure, and the
residue was added ethyl acetate and washed with water and brine. The organic layer was dried over
Na2SO4, filtered, and concentrated. Compound 3 was obtained as a pale-yellow liquid (0.70 g, 77%).
1H (500 MHz, CDCl3) δ 6.47–6.45 (m, 3H), 4.24 (s, 2H), 4.12–4.10 (m, 4H), 3.86–3.84 (m, 4H), 3.75–3.72
(m, 4H), 3.70–3.67 (m, 4H), 3.67–3.65 (m, 4H), 3.56–3.54 (m, 4H), 3.38 (s, 6H). 13C (125 MHz, CDCl3) δ
160.2, 137.5, 107.0, 101.4, 72.0, 70.9, 70.7, 69.7, 59.1, 31.0. MS (HRMS): m/z calculated for C21H35N3O8

[M]+: 457.2424; found: 457.2422.

2.1.4. Synthesis of
8-Methoxy-3′,3′-dimethyl-6-nitro-1′-(prop-2-yn-1-yl)spiro[chromene-2,2′-indoline] (6)

A mixture of 3,3-dimethyl-2-methylene-1-(prop-2-yn-1-yl)indoline 4 (3.91 g, 125 mmol) was added
to 2-hydroxy-3-methoxy-5-nitrobenzaldehyde 5 (2.70 g, 137 mmol) in ethanol (30.0 mL), and sonicated
for two hours. The residue was then evaporated and diluted in ethyl acetate. The organic layer was
washed with water and brine and dried over Na2SO4. After evaporation, the crude mixture was
purified by column chromatography and obtained compound 6 (2.81 g, 60%). 1H (500 MHz, CDCl3)
δ 7.70 (d, J = 2.5 Hz, 1H), 7.62 (d, J = 2.5 Hz, 1H), 7.20–7.23 (td, J =7.5 Hz, 1H), 7.09–7.11 (dd, J =
7.3 Hz, 1H), 6.90–6.93 (m 2H), 6.81 (d, J = 7.5 Hz, 1H), 5.89 (d, J = 10 Hz, 1H), 4.04 (dd, J = 18 Hz, 2.5
Hz, 1H), 3.86 (dd, J = 18.5 Hz, 2.5 Hz, 1H), 3.76 (s, 3H), 2.10 (t, 1H), 1.23 (s, 3H), 1.12 (s, 3H). 13C (125
MHz, CDCl3) δ 149.1, 147.5, 145.8, 140.6, 136.1, 128.7, 127.7, 121.7, 121.3, 120.2, 118.2, 115.4, 108.0, 107.9,
105.8, 79.7, 71.4, 56.3, 52.5, 32.6, 26.0, 20.0. MS (HRMS): m/z calculated for C22H20N2O4 [M]+: 376.1423;
found: 376.1418.

2.1.5. Synthesis of EG-BtSP

A solution of compound 6 (0.15 g, 0.39 mmol), compound 3 (0.18 g, 0.39 mmol), CuSO4·H2O
(5 mol %), and sodium ascorbate (10 mol %) in a mixture of THF-H2O (1:1 v/v) was stirred for 12 h at
room temperature. The residue was evaporated under vacuum, dissolved in chloroform and washed
with water and brine. The organic layer was dried over Na2SO4 and concentrated to afford the crude
product. The product (0.19 g, 56%) was purified by column chromatography (silica gel; eluent, Hexane:
EA = 1:10). 1H (500 MHz, CDCl3) δ 7.67 (d, J = 2.5 Hz, 1H), 7.54 (d, J = 2.5 Hz, 1H), 7.44 (s, 1H),
7.04–7.08 (m, 2H), 6.88 (d, J = 10.5 Hz, 1H), 6.82–6.85 (m, 1H), 6.41–6.40 (m, 2H), 6.23 (d, J = 2 Hz,
2H), 5.86 (d, J = 10 Hz, 1H), 5.36 (d, J = 15.5 Hz, 1H), 5.29 (d, J = 15 Hz, 1H), 4.71 (d, J = 17 Hz, 1H),
4.58 (d, J = 17 Hz, 1H), 3.95–3.99 (m, 3H), 3.79 (t, J = 5 Hz, 4H), 3.70–3.72 (m, 4H), 3.64–3.68 (m, 12H),
3.53–3.55 (m, 4H), 3.37 (s, 6H), 1.29 (s, 3H), 1.18 (s, 3H). 13C (125 MHz, CDCl3) δ 160.3, 148.7, 147.0,
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145.7, 145.6, 140.5, 137.0, 135.8, 128.6, 127.5, 122.7, 121.9, 121.7, 119.6, 118.2, 115.5, 107.8, 107.7, 106.4,
106.2, 101.1, 71.9, 70.8, 70.6, 70.5, 69.5, 67.5, 59.0, 56.1, 53.9, 53.0, 39.6, 26.3, 19.9. MS (ESI): m/z calculated
for C43H56N5O12 [M + H]+: 834.93; found: 834.47.

2.1.6. Synthesis of BtSP

A solution of compound 6 (0.16 g, 0.43 mmol), benzyl azide (0.06 g, 0.43 mmol), CuSO4·H2O
(5 mol %), and sodium ascorbate (10 mol %) in a mixture of THF-H2O (1:1 v/v) was stirred for 12 h at
room temperature. The residue was evaporated under vacuum, dissolved in chloroform and washed
with water and brine. The organic layer was dried over Na2SO4 and concentrated to yield the crude
product. The product was purified by column chromatography (silica gel; eluent, Hexane: EA = 3:1;
0.10 g, 48%). 1H (500 MHz, CDCl3) δ 7.66 (d, J = 2.5 Hz, 1H), 7.51 (d, J = 2.5 Hz, 1H), 7.46 (s, 1H),
7.29–7.30 (m, 3H), 7.04–7.08 (m, 4H), 6.83–6.87 (m, 2H), 6.38 (d, J = 7.5 Hz, 1H), 5.85 (d, J = 10 Hz, 1H),
5.47 (d, J = 15.5 Hz, 1H), 5.39 (d, J = 15.5 Hz, 1H), 4.72 (d, J = 17 Hz, 1H), 4.58 (d, J = 16.5 Hz, 1H), 3.60
(s, 3H), 1.29 (s, 3H), 1.18 (s, 3H). 13C (125 MHz, CDCl3) δ 218.3, 148.7, 147.0, 145.7, 145.6, 140.5, 135.9,
135.1, 129.0, 128.6, 128.5, 127.6, 127.3, 122.7, 121.9, 121.7, 119.6, 118.3, 115.5, 107.8, 107.7, 106.4, 56.1, 53.9,
53.0, 39.6, 26.3, 19.9. MS (HRMS): m/z calculated for C29H27N5O4 [M]+: 509.2063; found: 509.2062.

2.2. UV-VIS Spectrum Measurement for Absorption Spectra

2.2.1. Metal Screening of EG-BtSP and BtSP

Separate EG-BtSP (c = 5 × 10−5 M), BtSP (c = 1 × 10−4 M) and metal (c = 1 × 10−2 M)
stock solutions (perchlorate salts in acetonitrile) were prepared for UV-VIS measurements. UV-VIS
absorption spectra were obtained with SP solutions (2 mL) 30 min after the addition of 1 equiv. of each
metal ion solution.

2.2.2. Dielectric Constant

EG-BtSP and BtSP compounds (c = 5 × 10−5 M and 1 × 10−4 M, respectively) were prepared
in nine solvent mixtures using water/acetonitrile (total 2 mL), varying the water composition up
to 90% water (v/v) in acetonitrile. After 30 min, UV-VIS absorption analysis was performed on the
soluble samples.

2.2.3. Anion Screening of EG-BtSP and BtSP

For UV-VIS anion screening, the stock solutions of EG-BtSP and BtSP (c = 2 × 10−5 M) were
prepared in a water/CH3CN mixture (9/1 and 1/1 v/v, respectively) along with each of anion solution
(c = 5 × 10−2 M) as a n-Bu4N+ salt. UV-VIS spectrophotometric measurements were performed with
SP solutions (2 mL) 30 min after addition of each anion solution (40 μL, about 50 equiv.).

2.2.4. Paper-Based Sensor Test of EG-BtSP and BtSP

For the paper sensor test, we prepared a 10−1 M SP stock solution in acetonitrile, and filter paper
cuts (1 cm × 1 cm) were coated with this solution via a dipping method. After drying for 24 h, the
SP-loaded paper was dipped into aqueous cyanide solutions at different concentrations (1 mM, 10 mM,
20 mM, 50 mM, 100 mM, and 500 mM). The paper was then dried in air at room temperature.

3. Results and Discussion

Since azide-containing molecules can be easily conjugated with alkyne-functionalized SP via
Cu-catalyzed azide-alkyne cycloaddition (CuAAC), bis(triethylene glycol)-attached benzyl azide 3

was prepared from the corresponding alcohol 1 via reduction [19], chlorination [20], and nucleophilic
substitution [21] (Scheme 1). The propargyl-functionalized SP 6 was synthesized by condensation
between propargyl indole 4 and 2-hydroxy-3-methoxy-5-nitrobenzaldehyde 5 according to a published
method [8]. The CuAAC of propargyl-SP 6 with azide 3 gave rise to a good yield (56%) of a
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bis(triethylene glycol)-functionalized SP with a triazole linkage EG-BtSP, as illustrated in Scheme 1.
BtSP, which does not have ethylene glycol moieties, was also prepared by a similar method. Our
hypothesis was that addition of ethylene glycol moieties would render SPs hydrophilic, enhancing
their sensing abilities in aqueous environments.

Scheme 1. Synthesis of EG-BtSP and BtSP from an Azide-Functionalized Spiropyran. (i) SOCl2, DMF,
DCM, room temperature, 10 h, 77%; (ii) NaN3, DMF, 60 ◦C, 24 h, 85%; (iii) EtOH, sonication, 2 h, 60%;
(iv) CuSO4·5H2O (5 mol %), sodium ascorbate (10 mol %), THF/H2O (1:1 v/v), room temperature,
12 h, 56% (EG-BtSP) and 48% (BtSP).

The photochromic behaviors of EG-BtSP and BtSP were investigated in acetonitrile. The initial
solutions of EG-BtSP and BtSP in acetonitrile (~0.10 mM) were colorless. When 365-nm UV light was
illuminated on the solutions of SP molecules, the color of both solutions changed to blue, showing
the same new absorption peak at around 600 nm. UV irradiation caused the C-O bond cleavage of
SP molecules, resulting in an open MC form, as also seen in evidence from the literature [22] The
spontaneous reverse isomerization from MC to SP occurred under visible light. Understandably, this
result showed that the photochromic property of EG-BtSP and BtSP comes from the SP moiety, not
from the auxiliary chains.

Interestingly, the modification of the auxiliary chains appeared to exert slight, but important
effects on the sensory property of SP, especially for sensing Ca2+. The absorption spectra of EG-BtSP
(0.050 mM) and BtSP (0.10 mM) in acetonitrile before and after the addition of 1.0 equiv. of Ca2+,
Cd2+, Co2+, Fe2+, Mg2+, Ni2+, Zn2+, and Li+ metal ions are shown in Figure 1a,b. When certain metal
ions (especially Zn2+, Mg2+, and Ca2+) were added, SP molecules switched to the colored forms,
presumably due to complex formation with metal ions. The absorption maximum of the complex
(~500 nm) was blue-shifted from that of the open MC form (~600 nm), which indicated binding of
metal ions to the cleaved phenoxide moiety of SP. To compare the reactivities of SPs based on their
auxiliary group, the absorbance at 495 nm, which was normalized to the absorbance at 310 nm to
correct for the concentration difference and plotted as a function of different metal ions (Figure 1c).
Both SPs showed high selectivity toward Zn2+, then to Mg2+, among the metal ions tested. Although
the general trends for sensory properties of EG-BtSP and BtSP were very similar, EG-BtSP showed a
more sensitive and selective response toward Ca2+ than BtSP. The only structural difference between
EG-BtSP and BtSP was the presence and absence of a glycol moiety, respectively. However, they
showed quite different selectivity and sensitivity to Ca2+ metal ions. The above results indicate that
metal ions could be selectivity regulated by the choice of the auxiliary group to SP molecules and the
click reaction to a propargyl-SP 6 should be useful for introducing various functional groups.
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Figure 1. (a,b) Absorption spectra of EG-BtSP (a, 5 × 10−5 M) and BtSP (b, 1 × 10−4 M) after
addition of 1.0 equiv. of Ca2+, Ma2+, Zn2+, and Ma2+, Zn2+ metal perchlorates in CH3CN at 293 K,
respectively; (c) Comparison of the absorbance at 495 nm of EG-BtSP and BtSP normalized with
the absorbance at 310 nm (the isosbestic point); (d) Job’s analysis of the EG-BtSP-Zn2+ complex
([EG-BtSP] + [Zn2+] = 5 × 10−5 M) and BtSP-Zn2+ complex ([BtSP] + [Zn2+] = 1 × 10−4 M) in CH3CN;
(e,f) Absorption titration at 493 nm of a solution of EG-BtSP (d, 5 × 10−5 M) and BtSP (e, 1 × 10−4 M)
after increasing the concentration of Zn2+ in CH3CN; (g) Schematic illustration of the equilibria of the
EG-BtSP-Zn2+ complex. The first equilibrium constant K1 is much larger than the second K2. Although
the maximum possible coordination number for Zn2+ is 6, the coordination occupied by any solvent
molecule(s) were omitted for clarity.

Stoichiometries of binding of metal ions to EG-BtSP and BtSP determined by Job plots, a
continuous variation method (Figure 1d, Figures S1 and S2). Figure 1d shows that the Job plots of
EG-BtSP and BtSP toward Zn2+ deviated from normal triangular shapes and appeared as hyperboles.
Since the Job plot is based on the assumption that only one complex HnGm (H: host, and G: guest
molecule) is formed, it may indicate that SP-M2+ complexes with several stoichiometries could be
present in the solution, or that the binding constants are relatively small [23] Nevertheless, the Job
analyses showed that the simple BtSP appeared to have an absorption maximum at a molar fraction of
~0.5, which indicates 1:1 binding to Zn2+. The triethylene glycol-functionalized EG-BtSP showed a
slight shift toward a higher molar fraction of Zn2+ (~0.6), which suggests a predominantly 1:1 binding,
but it is also possible that more than one Zn2+ may bind to EG-BtSP.

For a better understanding of SP-metal ions binding modes, a UV-VIS spectroscopic titration
was performed for EG-BtSP-Ca2+, -Mg2+, -Zn2+ and BtSP-Mg2+, and -Zn2+ (Figure 1e,f and Figures
S3–S7). To the solutions of SP host molecules, various equivalents of metal ions were added, and the
absorbance at 495 nm was monitored for each SP-metal ion combination. The absorbance datasets were
then subjected to non-linear regression analysis, following a procedure developed by Thordarson’s
group [24,25]. Briefly, the datasets were fitted for 1:1 (SP:M2+) and 1:2 binding systems and the results
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were qualified by “covfit” values. The covfit values are insensitive to the number of parameters used in
the fitting process, and showed a numerical representation of experimental data scatter about the fitted
lines. Then the “covfit factor”, which is the covfit value of the 1:1 binding divided by the covfit value of
the 1:2 binding, can be used to determine which binding model can provide the best explanation of
the experimental data (Table 1). Based on the analyses, all SP-M2+ complexes formed at ratios of 1:2
rather than 1:1, as judged by the covfit factors, although the second binding constants (K2) were much
smaller than the first ones (K1). In addition, triethlyene glycol-functionalized EG-BtSP seems to bind
to metal ions slightly stronger when compared to BtSP (which lacks the ethylene glycol moiety): for
Zn2+, K1 for EG-BtSP = 85,000 vs. K1 for BtSP = 72,000, and for Mg2+, K1 for EG-BtSP = 12,000 vs. K1

for BtSP = 10,000, which corresponds to 0.4~0.5 kJ/mol difference in ΔG (Tables S1–S5). We attributed
this difference to the participation of the triethylene glycol moiety in the binding of metal ions. In our
previous research, we have shown that the phenoxide and methoxy groups in the MC form interact
with the metal ion, as well as the triazole part of the open isomer. It is reasonable to assume that
lone pair electrons of oxygens in the triethylene glycol moiety would favorably interact with metal
ions, resulting in a slightly higher binding constant for EG-BtSP. It should be noted here that the
triethylene-glycol auxiliary group of EG-BtSP plays an important role in the Ca2+ binding, the binding
constant of which is larger than that of Mg2+, while the simple BtSP showed little interaction to Ca2+.

Table 1. Plausible binding model, K1, K2, and interaction parameter (α), and relative quality of fit for
the complexation of EG-BtSP and BtSP toward metal ions obtained from UV-VIS spectroscopy at 298 K
in acetonitrile a.

Spiropyran-Metal Binding Model covfit Factor b K1 (M−1) K2 (M−1) α c

EG-BtSP
Ca2+ 1:2 22.8 4.73 × 104 1803 0.161
Mg2+ 1:2 11.7 1.20 × 104 353 0.118
Zn2+ 1:2 64.7 8.52 × 104 868 0.041

BtSP
Mg2+ 1:2 34.8 9.95 × 103 172 0.074
Zn2+ 1:2 48.0 7.20 × 104 636 0.034

a The data here are the rounded averages of the triplicate measurements. The fittings with the experimental data are
shown in detail in Supporting Information (Tables S1–S5). b The relative quality of the fit could be expressed in
terms of covfit factor = covfit for the 1:1 model divided by the covfit for the 1:2 model, where covfit is the (co)variance
of the residuals divided by the (co)variances of the raw data. c The interaction parameter α = 4K2/K1 with α > 1
indicating positive cooperativity, α < 1 negative cooperativity, and α = 1 no cooperativity [24,25].

Based on the analyses above, we proposed the binding scheme of EG-BtSP with Zn2+ in Figure 1g.
When the first Zn2+ ion binds to EG-BtSP, the SP form is transformed to the MC form, and the phenoxy,
methoxy, and triazole groups all participate in the binding, as well as the triethylene glycol moiety.
When the second Zn2+ ion binds to the first complex, we assume that the triazole and triethylene
glycol moiety are responsible for binding of the second ion, while the MC form retains the first ion.
Since the second binding requires the breaking of triazole- and triethylene glycol-Zn2+ interactions,
although they are weak, K2 is much smaller than K1 (negative cooperativity). We do not know the
exact conformation of the triethylene glycol moiety in the binding process, but it is certain that the
auxiliary group plays an important role.

Modification by an auxiliary group can significantly enhance the utility of SP, especially in
an aqueous environment. It was shown that EG-BtSP could be dissolved in the solvent at a
water/acetonitrile ratio of up to 9:1. As shown in Figure 2a, EG-BtSP was transformed to the MC form
with increasing amounts of water in the co-solvent system. We attributed this transformation to the
higher dielectric environment of water, which can enhance the stabilization of strong dipoles of the
open MC form (zwitterion). BtSP could also be isomerized to the MC form by increasing the amount
of water. However, BtSP was precipitated at water/acetonitrile ratios of 60/40 (60%), indicating poor
solubility in water (Figure 2b). As shown in Figure 2c, the dielectric constant of the co-solvent system
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increased the transformation of both SPs to their MC form. However, the ethylene-glycol auxiliary
chain clearly helped the transformation and the stability of EG-BtSP in an aqueous environment.

Figure 2. (a,b) UV-absorption spectra of EG-BtSP (a, c = 5 × 10−5 M) and BtSP (b, c = 1 × 10−4 M)
in different water/CH3CN mixtures from 1/1 to 9/1 (v/v) at 25 ◦C. Color changes of the solutions
were also presented; (c) Relative molar absorptivities of EG-BtSP and BtSP at 564 nm were compared
according to the volume fraction of water in CH3CN.

The enhanced stability of EG-BtSP in an aqueous environment by auxiliary-chain modification
enabled the fabrication of paper-based colorimetric sensors for a cyanide ion. As reported in the
literature, the zwitterionic MC form has an electrophilic site that nucleophiles (e.g., cyanide ion)
can attack [26]. However, most SP sensors for the cyanide ion have been tested in organic solvents
and only a few examples have been tested in water/acetonitrile co-solvent, as previously reported
elsewhere [26–28] Moreover, no paper-based sensor with SP molecules has been developed yet. We
investigated the sensory responses of EG-BtSP and BtSP toward various anions in solution. For
screening, the absorption spectra of EG-BtSP (0.020 mM) in a 9:1 water/acetonitrile co-solvent system
were measured after addition of F−, Cl−, Br−, I−, ClO4

−, NO3
−, HSO4

−, OAc−, and CN− (50 equiv.).
As shown in Figure 3a, only the addition of CN− induced the blue-shift of λmax in the absorption
spectrum of EG-BtSP (from 560 nm to 453 nm); the violet color of the initial EG-BtSP solution turned
to a yellowish hue. Due to the poor solubility of BtSP in water, we tested its sensory response at a
concentration of 0.02 mM in a 1:1 ratio of water:acetonitrile. As shown in Figure 3b, BtSP also showed
a selective response to the cyanide ion. It should be noted here that, unlike BtSP, EG-BtSP showed
its cyanide-selective response in a mostly aqueous environment. The effect of auxiliary modification
was mostly reflected in the fabrication of SP-utilized paper-based sensors. Pre-cut filter papers were
dip-coated with a solution of EG-BtSP or BtSP (100 mM) and then exposed to different concentrations of
aqueous cyanide solutions (from 1 mM to 500 mM). As shown in Figure 3c,d, the EG-BtSP-incorporated
paper sensors showed apparent color changes (bluish-violet to yellow) after applying aqueous cyanide
ions. However, the BtSP-incorporated paper sensors showed very little sensory responses toward
aqueous cyanide ions, even at a concentration of 500 mM. In solution, BtSP also operated as a cyanide
sensor (Figure S8) similar to EG-BtSP, but on the paper, its sensory response was minimal. When we
performed the CN− sensing test for BtSP in acetonitrile-water 1:1 mixture, a distinct color change was
observed over 50 mM of CN− (Figure S9). This is because the insolubility issue of BtSP was somewhat
resolved in the acetonitrile-water mixture. However, it should be noted here that the purpose of our
study was to detect CN− in a purely aqueous environment. Due to its limited solubility in water,
BtSP did not respond to CN− in water only, which highlights the importance of the auxiliary group.
The EG-BTSP-incorporated paper sensor showed a dramatic color change toward cyanide ions with
the help of the hydrophilic auxiliary chain of triethylene glycols. Interesting CN−-selective paper
strip-based sensors with probe molecules based on benzothiazolyl-malononitrile by Hong group [29]
and densyl-triazole-glucopyranosyl conjugates by Rao group [30] were separately reported, but they
are based on new fluorescence emission or its enhancement, respectively, upon addition of CN−.
However, our paper-based SP sensors were colorimetric, which is easy to apply and rapidly detects
in a cost-effective manner. Furthermore, our paper-based SP sensor could work in purely aqueous
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environment. Chow, Tang, and coworkers reported effective colorimetric paper-based sensor with an
ethenyl-allylpyridinum derivative, but they utilized an acetonitrile-water (95:5, v/v) mixture [31].

Figure 3. (a,b) UV-VIS absorption spectra of EG-BtSP (a, 2 × 10−5 M) and BtSP (b, 2 × 10−5 M)
measured with 50 equiv. of respective anion (as a n-Bu4N+ salt) in a water/CH3CN mixture (9:1 or
1:1 v/v) at 25 ◦C. The spectra were obtained 30 min after addition of the anion to the SP solution.
Photographs of the solutions were also presented: from left F−, Cl−, Br−, I−, ClO4

−, NO3
−, HSO4

−,
OAc−, CN−, without any anion; (c,d) Colorimetric changes of the papers with SP probes, EG-BtSP
(c) and BtSP (d); upon the application of cyanide in H2O. From left to right: probe only, H2O, 1 mM,
10 mM, 20 mM, 50 mM, 100 mM, and 500 mM of cyanide; (e) Schematic illustration of paper-based
colorimetric detection of cyanide with EG-BtSP.

4. Conclusions

The triethylene glycol-functionalized EG-BtSP and the simple BtSP were synthesized from
propargyl-SP 6 via a click reaction, and both SPs were investigated their new sensory properties
following the regulation of the SP auxiliary group. Both SPs showed similar sensitivities to Mg2+ and
Zn2+, but EG-BtSP demonstrated a better sensitivity to Ca2+ than BtSP. Higher dielectric constants
of the solvent mixtures (water/acetonitrile) were associated with the presence of more zwitterionic
forms of both SPs. However, BtSP precipitated at ratios of water/acetonitrile of over 60/40, while
EG-BtSP remained stable at ratios of water/acetonitrile of up to 90/10, due to improved hydrophilicity
conferred by the presence of a triethylene-glycol auxiliary group. Additionally, in solution, both
EG-BtSP and BtSP showed similar selective sensory responses to cyanide. However, when fabricated
on paper, only EG-BtSP showed an apparent color change. We showed that the sensory properties
of SP molecules could be easily tuned by auxiliary groups, and click chemistry enabled the facile
introduction of appropriate auxiliary groups from propargyl-functionalized SPs.

Supplementary Materials: The Supplementary Materials are available online at http://www.mdpi.com/1424-
8220/17/8/1816/s1.
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Abstract: Herbicides may damage soybean in conventional production systems. Chlorophyll
fluorescence imaging technology has been applied to identify herbicide stress in weed species
a few days after application. In this study, greenhouse experiments followed by field experiments
at five sites were conducted to investigate if the chlorophyll fluorescence imaging is capable of
identifying herbicide stress in soybean shortly after application. Measurements were carried out
from emergence until the three-to-four-leaf stage of the soybean plants. Results showed that maximal
photosystem II (PS II) quantum yield and shoot dry biomass was significantly reduced in soybean by
herbicides compared to the untreated control plants. The stress of PS II inhibiting herbicides occurred
on the cotyledons of soybean and plants recovered after one week. The stress induced by DOXP
synthase-, microtubule assembly-, or cell division-inhibitors was measured from the two-leaf stage
until four-leaf stage of soybean. We could demonstrate that the chlorophyll fluorescence imaging
technology is capable for detecting herbicide stress in soybean. The system can be applied under
both greenhouse and field conditions. This helps farmers to select weed control strategies with less
phytotoxicity in soybean and avoid yield losses due to herbicide stress.

Keywords: herbicide stress; phytotoxicity; soybean; chlorophyll fluorescence imaging

1. Introduction

Soybean (Glycine max (L.) Merr.) is a worldwide cultivated crop. More than 80% of
overall soybeans production originates from the USA, Brazil, and Argentina [1]. Since 1996,
the Roundup-Ready (RR) Soybean cultivars have been introduced in the USA, Brazil, and Argentina.
Farmers can apply glyphosate as a simple, selective, and effective method for weed control without
being concerned about crop injury. In the European Union, weed control in soybean is only performed
with conventional herbicides and non-chemical methods. For example, the production of soybean has
increased more than 10 times in Germany since 2009 [1]. Pre- and post-emergent herbicide applications
are a conventional and effective approach for weed control in soybean cultivations. Occasionally,
the herbicides can also damage the crops, delay crop growth, and reduce crop yield when applied
under unfavorable soil conditions, weather conditions such as rainfalls and low temperature, or with
incorrect timing or mixture [2,3]. Early identification of herbicide stress can contribute to testing the
soybean’s genotype sensitivity. It can also help to test the management practices, soil, and weather
conditions in order to minimize crop damage, and adjust herbicide dose or select proper herbicide for
specific conditions.
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Conventional estimation of herbicide damage on crops is usually conducted by visual
assessments [4]. For instance, the soybean yield loss can be correlated with the injury symptoms
of the stressed plants [5,6]. Advances in computer and photography technology enabled a quantitative
assessment method by measuring crop ground cover [4]. A linear relationship was presented
between the relative soybean yield and percentage of ground cover. The light reflectance is also
used to evaluate the herbicide injury to herbicide [7]. However, these methods evaluate the crop
healthiness according to the visible features. That usually requires a relatively long period of time so
that the phytotoxic symptoms can be identified on the plants or the plants can grow large enough
for the distinction of the ground cover rates. Chlorophyll fluorescence imaging technology is a
non-destructive method to investigate the physiological reaction of the photosystem II (PS II) of
plants. The approach of chlorophyll fluorescence imaging is very sensitive to abiotic and biotic
stress detection on plants [8–10]. Some laboratory and greenhouse research demonstrated that, after
herbicide application, the chlorophyll fluorescence quantum yield of sensitive weeds was markedly
higher than the resistant populations [11–17]. Wang, Peteinatos, Li, and Gerhards [18] successfully
practiced this technology in fields for a survey for resistance profiles of 40 Alopecurus myosuroides
populations. By applying the chlorophyll fluorescence imaging technology, herbicide efficacy on
weeds was observed within five days in the above research. However, the studies and measurements
were carried out to distinct herbicide injured sensitive weeds from unstressed resistant population.
In that case, herbicide would damage the photosystem II of sensitive weeds. Thus, the variation of
chlorophyll fluorescence response can be significant. Recovery of herbicide stress in crops has not
been investigated.

The objective of this study was to test if the herbicide stress and the respective recovery can
be identified on the photosystem II of the soybean plants. The question was whether or not this
identification can be performed shortly after the herbicide application, and if so what was the
time relation between the induction and the identification of the stress. Furthermore, can this
identification be performed both under greenhouse and field conditions using the chlorophyll
fluorescence imaging technology.

2. Materials and Methods

2.1. Experimental Design

2.1.1. Greenhouse Experiment

A greenhouse experiment was conducted in the University of Hohenheim (Stuttgart, Germany)
from November 2013 until April 2014. Soybeans (Sultana, R.A.G.T. Saaten, Herford, Germany) were
sown in pots (15 × 15 × 15 cm) filled with 6.5 kg soil mixture of 50% clay, 25% silt, and 25% sand.
The depth of the soil mixture was about 80 mm. The soybeans were sown in a depth of 45 mm with
three seeds per pot (equivalent to 96 seeds m−2). Plants were grown in a light cycle of 16 h day and 8 h
night. The temperature was kept at 25 ◦C during the day and 15 ◦C at night. All pots were placed in a
complete randomized block design with four blocks. The following three herbicide combinations with
recommended dosages were selected for the treatments:

(i) 0.3 kg ha−1 Sencor® WG (700 g a.i. kg−1 metribuzin, WG, Bayer CropScience) + 0.25 L ha−1

Centium® 36 CS (360 g a.i. L−1 clomazone, CS, Cheminova Deutschland GmbH) + 0.8 L ha−1

Spectrum® (720 g a.i. L−1 dimethenamid-P, EC, BASF);
(ii) 2.0 kg ha−1 Artist® (175 g a.i. kg−1 metribuzin, 240 g a.i. kg−1 flufenacet, WG, Bayer CropScience),

Harmony® SX® (500 g a.i. kg−1 thifensulfuron, SG, Du Pont);
(iii) Harmony® SX® (500 g a.i. kg−1 thifensulfuron, SG, Du Pont) + Basagran® (480 g a.i. L−1

bentazon, SL, BASF), Harmony® SX® (500 g a.i. kg−1 thifensulfuron, SG, Du Pont) + Fusilade®

MAX (125 g a.i. L−1 fluazifop-P-butyl, EC, Syngenta).
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Additionally, for the above herbicide combinations, applications with the half recommended
dosages were also sprayed as separate treatments. Untreated control pots with and without hand
weeding were included respectively in each block. Herbicide treatments were performed pre- and
post-emergence depending on the registrations of the products. The application time is given in Table 1.
A laboratory track sprayer chamber mounted with a single flat fan nozzle was used for herbicide
application (8002 EVS, TeeJet Spraying System Co., Wheaton, IL, USA). The sprayer was calibrated for
an applying volume of 200 L ha−1. The applications were performed 500 mm above the soil surface.

2.1.2. Field Experiment

Five field experiments were conducted in 2015. The field trials were located in Southwest Germany
at Böblingen, Calw, Nürtingen, Renningen, and Tübingen. All the herbicide combinations were selected
according to the local practice of the farmers during the last three years. Seeds of soybeans (Sultana,
R.A.G.T. Saaten, Herford, Germany) were sown at a depth of 45 mm between 14 April and 15 May.
Approximately 70 seeds m−2 were sown with row distance of 170 mm in the fields. The experiments
were set up as a randomized complete block design with four blocks and five treatments per block.
The size of each plot was 2 × 5 m. The herbicide application was carried out three days after sowing
with the following herbicides per treatment,

(i) 2.0 kg ha−1 Artist® (175 g a.i. kg−1 metribuzin, 240 g a.i. kg−1 flufenacet, WG, Bayer CropScience);
(ii) 1.5 kg ha−1 Stomp® Aqua (455 g a.i. L−1 pendimethalin, CS, BASF) + 2.0 L ha−1 Quantum®

(600 g a.i. L−1 pethoxamid, EC, Cheminova Deutschland GmbH);
(iii) 0.4 L ha−1 Sencor® Liquid (600 g a.i. L−1 metribuzin, SC, Bayer CropScience) + 0.25 L ha−1

Centium® 36 CS (360 g a.i. L−1 clomazone, CS, Cheminova Deutschland GmbH);
(iv) 0.4 L ha−1 Sencor® Liquid (600 g a.i. L−1 metribuzin, SC, Bayer CropScience) + 0.25 L ha−1

Centium® 36 CS (360 g a.i. L−1 clomazone, CS, Cheminova Deutschland GmbH) + 0.8 L ha−1

Spectrum® (720 g a.i. L−1 dimethenamid-P, EC, BASF).

An untreated control was included in each block at all sites. Herbicides were sprayed with an
electrically motorized plot boom sprayer with Lechler IDK 120-02 nozzles (Metzingen, Germany).
The spraying volume was calibrated to 200 L ha−1. No rainfall was recorded within 24 h after treatment.

2.2. Chlorophyll Fluorescence Sensor

The mobile fluorescence sensor, WEED-PAM® system (Figure 1, Heinz Walz GmbH, Effeltrich,
Germany), was used to measure the chlorophyll fluorescence in this research. It contains 40 dark
adaption cover boxes, a camera head, a tablet computer, and a central control unit. LED lights emitting
light at a wavelength of 460 nm were mounted on the camera head to induce chlorophyll fluorescence.
The camera detects fluorescence excitation at above 680 nm after an optical red long pass filter.
The efficiency of photosystem II (PS II) of soybeans was determined by measuring the maximal PS II
quantum yield (Fv/Fm). It is calculated as

Fv/Fm = (Fm − F0)/Fm, (1)

where F0 is the minimum fluorescence yield, Fm is the maximal fluorescence yield [8].
The WEED-PAM® system was operated by the software “ImagingWin” (Heinz Walz GmbH, Effeltrich,
Germany). With this software, the background noise can be removed as described by Kaiser, Menegat,
and Gerhards [16].
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Figure 1. The field chlorophyll fluorescnce sensor WEED-PAM®. 1© A picture of the sensor. It consists
of the camera control unit and the computer including software; 2© The software interface when
measuring a herbicide treated leaf of soybean. The purple and blue pixels represent leaf area with
higher Fv/Fm values, while the red pixels represent leaf area with lower Fv/Fm values. Blue color
represents high Fv/Fm values and healthy tissues while the yellow and red color represents pixels with
low Fv/Fm values and plant damage; 3© Dark adaption cover box distribution when conducting the
first measurement at the one-leaf stage of soybeans at site Böblingen; 4© Measurement at the two-leaf
stage of the soybeans at site Nürtingen.

2.3. Measurements and Data Analysis

For the greenhouse experiment, all measurements with the WEED-PAM® system were conducted
19, 21, 26, 31, 38, and 47 days after sowing (at least one plant had emerged in each pot). One plant per
pot was selected for the measurement. All the plants were dark adapted with the dark adaption cover
boxes for 30 min before measuring. Whole plants of soybeans were collected and washed 67 days after
sowing. The root and aboveground biomass were cut and dried separately. After 48 h drying in a
drying chamber under 80 ◦C, the dry biomass was measured.

For the field trials, three measurements were taken at each site, respectively, when the soybeans
were at one-leaf stage (BBCH 10), two-leaf stage (BBCH 11), and three-leaf stage (BBCH 12).
Ten soybean plants were measured in each plot. All the plants were dark adapted with the dark
adaption cover boxes for 25–30 min before measuring. Values of all 40 plants (four blocks) were
averaged. During the measurement, each plant was marked with an orange stick and label, so that the
same plants were measured during the experiments. Aboveground biomass was cut on 15 July 2015
(10 to 12 weeks after sowing) at all five sites. Plants were cut in each plot from an area of 0.5 m2. The dry
aboveground biomass of soybean was weighted after 48 h drying in a drying chamber under 80 ◦C.

Data were analyzed with R (Version 3.0.2) and the package agricolae and lawstat [19]
(R Development Core Team, 2008). The significance of herbicide effect on soybean plants was
determined by performing an ANOVA (p > 0.05). In order to separate the treatments, a Tukey’s HSD

71



Sensors 2018, 18, 21

test (p > 0.05) was used. All the datasets were proved to be normally distributed using Shapiro–Wilk
test (p > 0.05). Homogeneity of variances was analyzed by Levene’s test (p > 0.05).

3. Results

3.1. Greenhouse Experiment

In the greenhouse test, at least one plant emerged in each pot at the performance of the
measurements (19 days after sowing). As it can also be seen in Table 2, all three herbicide combinations
reduced the Fv/Fm value of the soybean plants (several results were ignored because of overexposure
during the measurement). The Fv/Fm of soybeans with pre-emergent herbicide treatments were
significantly lower than the control plants during the first three weeks after application. However,
the Fv/Fm of plants with post-emergent herbicide application dropped to the lower level only
for one week after treatment. Meanwhile, soybeans in treatments with half of the recommended
dosage mostly presented no significantly different PS II reaction level than the untreated control
plants. Both early and late applications of herbicide led to an Fv/Fm reduction of the soybean plants.
Dry biomass measurements (Figure 2) demonstrated that the soybean plants in the untreated group
without hand-weeding had the lowest weight. The soybean plants in the untreated group with
hand-weeding had relatively high biomass. However, the difference from the herbicide treated groups
was not significant.

Table 2. The results of chlorophyll fluorescence measurements (Fv/Fm means) of the greenhouse
experiment. H1, herbicide combination 1; H2, herbicide combination 2; H3, herbicide combination 3;
E, early application; L, late application; D1, recommended dosage; D0.5, half recommended dosage;
ConH, control with hand weeding; Con, control without hand weeding; significant differences between
mean values are indicated by different letters (Tukey’s HSD Test, p < 0.05).

Treatments
Days after Sowing

19 21 26 31 38 47

H1ED1 0.264 b 0.241 cd 0.271 cd 0.484 bc 0.717 a 0.724 a
H1ED0.5 0.425 ab 0.520 abc 0.483 abc 0.608 abc 0.739 a 0.731 a
H1LD1 0.330 b 0.386 bcd 0.361 bcd 0.605 abc 0.740 a 0.725 a

H1LD0.5 0.463 ab 0.466 abcd 0.405 abcd 0.577 abc 0.708 a 0.716 a
H2ED1 0.296 b 0.285 cd 0.295 cd 0.476 bc 0.723 a -

H2ED0.5 0.420 ab 0.419 abcd 0.336 cd 0.515 abc 0.720 a 0.697 a
H2LD1 0.235 b 0.201 d 0.152 d 0.432 c 0.720 a 0.705 a

H2LD0.5 0.306 b 0.267 cd 0.345 cd 0.567 abc 0.727 a 0.714 a
H3ED1 0.655 a 0.695 a 0.425 abcd 0.644 abc 0.737 a 0.724 a

H3ED0.5 0.652 a 0.690 a 0.537 abc 0.679 ab 0.746 a 0.729 a
H3LD1 0.641 a 0.691 a 0.667 a 0.668 ab 0.666 a 0.705 a

H3LD0.5 0.616 a 0.671 ab 0.650 ab 0.673 ab 0.707 a 0.722 a
ConH 0.641 a 0.674 a 0.694 a 0.720 a - 0.751 a
Con 0.636 a 0.636 ab 0.643 ab 0.672 ab - 0.733 a
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Figure 2. The root and shoot dry biomass per soybean plant on 67 days after sowing. H1, herbicide
combination 1; H2, herbicide combination 2; H3, herbicide combination 3; E, early application; L, late
application; D1, recommended dosage; D0.5, half recommended dosage; significant differences between
mean values for the root and the shoot independently are indicated by different letters (Tukey’s HSD
Test, p < 0.05).

3.2. Field Experiment

The results of the Fv/Fm values and the soybeans’ biomass are presented in Table 3, and their
relative change to plants in control groups after herbicide treatment was shown in Table 4.

Table 3. The results of chlorophyll fluorescence (means of Fv/Fm values) and dry biomass
measurements of the field experiment. MoA, Mode of Action; C1, Inhibition of PS II; F4, Inhibition of
DOXP synthase; K1, Inhibition of microtubule assembly; K3, Inhibition of cell division (VLCFA); *, stress
efficacy indicated by significantly different Fv/Fm values and biomass in both measurements; significant
differences between mean values are indicated by different letters (Tukey’s HSD Test, p < 0.05).

Sites Treatment MoA
Fv/Fm Biomass

(g m2)
Stress Efficacy

Date 1 Date 2 Date 3

Böblingen

Control - 0.575a 0.587a 0.666a 310b
i C1 K3 0.423b 0.503a 0.681a 394b *
ii K1 K3 0.543a 0.607a 0.639a 476a
iii C1 F4 0.490ab 0.567a 0.674a 450a
iv C1 F4 K3 0.428b 0.524a 0.639a 356b *

Calw

Control - 0.584a 0.558ab 0.672a 40b
i C1 K3 0.575a 0.524bc 0.645ab 296a
ii K1 K3 0.585a 0.571ab 0.647ab 226ab
iii C1 F4 0.596a 0.464c 0.563c 130b *
iv C1 F4 K3 0.585a 0.593a 0.627b 248ab
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Table 3. Cont.

Sites Treatment MoA
Fv/Fm Biomass

(g m2)
Stress Efficacy

Date 1 Date 2 Date 3

Nürtingen

Control - 0.586a 0.602a 0.722a 580a
i C1 K3 0.629a 0.531ab 0.706a 548a
ii K1 K3 0.586a 0.516b 0.644b 490b *
iii C1 F4 0.583a 0.592a 0.714a 558a
iv C1 F4 K3 0.601a 0.577ab 0.709a 526a

Renningen

Control - 0.411a 0.472a 0.645ab 102b
i C1 K3 0.440a 0.513a 0.613b 206a
ii K1 K3 - 0.474a 0.666a 242a
iii C1 F4 0.498a 0.490a 0.426c 136b *
iv C1 F4 K3 - 0.514a 0.632ab 216a

Tübingen

Control - 0.545a 0.545a 0.662a 85b
i C1 K3 0.529a 0.478a 0.659a 147a
ii K1 K3 0.555a 0.472a 0.663a 125a
iii C1 F4 0.517a 0.518a 0.658a 150a
iv C1 F4 K3 0.545a 0.520a 0.667a 110a

Table 4. The relative change of the Fv/Fm values and the dry biomass to the untreated control plants
of each site and measuring date in the field experiment. The relative Fv/Fm values were calculated on
the average Fv/Fm values of the treated plants by the average Fv/Fm values of the relative untreated
control plants. MoA, Mode of Action; C1, Inhibition of PS II; F4, Inhibition of DOXP synthase; K1,
Inhibition of microtubule assembly; K3, Inhibition of cell division (VLCFA); *, stress efficacy on biomass
correlated to significantly different Fv/Fm values in both measurements.

Sites Treatment MoA
Relative Fv/Fm

Relative Biomass
Date 1 Date 2 Date 3

Böblingen

i C1 K3 0.736 0.857 1.023 1.271*
ii K1 K3 0.944 1.034 0.959 1.535
iii C1 F4 0.852 0.966 1.012 1.452
iv C1 F4 K3 0.744 0.893 0.959 1.148*

Calw

i C1 K3 0.985 0.939 0.96 7.4
ii K1 K3 1.002 1.023 0.963 5.65
iii C1 F4 1.021 0.832 0.838 3.250*
iv C1 F4 K3 1.002 1.063 0.933 6.2

Nürtingen

i C1 K3 1.074 0.882 0.978 0.945
ii K1 K3 1 0.857 0.892 0.845*
iii C1 F4 0.995 0.983 0.989 0.962
iv C1 F4 K3 1.026 0.958 0.982 0.907

Renningen

i C1 K3 1.071 1.087 0.95 2.02
ii K1 K3 - 1.004 1.033 2.373
iii C1 F4 1.212 1.038 0.66 1.333*
iv C1 F4 K3 - 1.089 0.98 2.118

Tübingen

i C1 K3 0.971 0.877 0.995 1.729
ii K1 K3 1.018 0.866 1.002 1.471
iii C1 F4 0.949 0.95 0.994 1.765
iv C1 F4 K3 1 0.954 1.008 1.294

At Böblingen, the Fv/Fm of soybean seedlings in the treatment i and iv were significantly lower
than in the untreated control plants already at the first measurement. However, the plants recovered
until the second measurement. The biomass weight of soybean plants with treatment i and iv were
significantly lower than the soybean plants of all the other treatments. The biomass of soybean in the
plots without herbicide treatment was lowest probably due to weed competition.

At Calw, the soybean plants presented lower photosystem efficiency in treatment iii.
Unlike Böblingen, the herbicide stress on PS II appeared, when plants produced the second leaf.
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Moreover, the stress lasted until the end of the measurement. Biomass measurements showed the
significantly lower weight of soybean in the control and treatment iii than in the other treatments.

A significant response of PS II was observed in treatment ii at Nürtingen. The Fv/Fm values
of the soybeans in treatment ii was reduced from the second measuring date until the end of the
measurements similar to the trial at Calw. Weed infestation at this site was very low. Therefore,
the biomass of soybeans was not reduced in the untreated plots.

First measurement results of treatment ii and iv at Renningen were lost due to the unexpected
power failure when exporting the data from the sensor. At this site, Fv/Fm reduction occurred in
treatment iii. However, the difference could only be distinguished until the third leaf of soybeans was
produced. The biomass measurements also showed the lower weight of soybeans in the control group
and under treatment iii.

At Tübingen, except in the biomass of soybeans in untreated plots, no differences in the PS II
quantum yield and the biomass were observed between the treatments.

4. Discussion

The chlorophyll fluorescence measurements showed herbicide induced stress on PS II of young
soybeans plants in all treatments in the greenhouse, as well as at four sites out of the five field trials.
Herbicides with six modes of action were included in the study, which were: PS II inhibition, DOXP
synthase inhibition, microtubule assembly inhibition, cell division inhibition, ALS- and ACCase
inhibition. Several authors support our findings, that most herbicides reduce light reactions of
photosystems shortly after application. Especially when the herbicide dose absorbed by the plants
exceeded a certain critical threshold, the plants’ will not be able to metabolize the active ingredients
anymore [18,20,21].

Metribuzin rapidly inhibits the PS II after treatment by binding at the QB site of plastoquinone
and interrupting the electron transfer flow [22]. Most cultivars of soybean are tolerant to metribuzin.
Therefore, metribuzin provides selective weed control in soybean [23,24]. Sultana, which was selected
for this research, is a metribuzin tolerant cultivator. According to Falb and Smith [25], tolerant soybean
cultivators can detoxify metribuzin within 106 hours after treatment. These finding corresponded
to our chlorophyll fluorescence imaging measurements revealing a rapid recovery from metribuzin
treatments mainly in the field trial at Böblingen. In treatment iii of the greenhouse test, the stress could
also be induced by the PS II inhibitor bentazon, as the separated application of thifensulfuron and
fluazifop-P-butyl caused no effect on the Fv/Fm of the soybean plants. Biomass assessment showed
that post-emergent ALS- and ACCase-inhibiting herbicides did not cause any stress to soybeans.
However, their activity against weed species is limited as well. That is why pre-emergent herbicides in
soybean production play a major role in weed management.

In the greenhouse study, early occurrence and long duration of stress effect took place after the
treatment of herbicide combinations 1 and 2. Apart from the PS II inhibitor-, DOXP synthase-, and cell
division- inhibitors were also included in the herbicide mixtures. Thus, another stress mechanism
might take place as well in these groups.

In the field experiments, inhibition of PS II of soybeans at site Calw and Renningen also occurred
later and lasted longer than the photosystem regulation at site Böblingen. Besides metribuzin,
clomazone (inhibitor of DOXP synthase) was also involved in the stressed treatments. Non-mevalonate
1-deoxy-D-xylulose-5-phosphate (DOXP) pathway is a main biosynthesis approach for plastidic
isoprenoids, such as carotenoids, phytol (a side-chain of chlorophylls), plastoquinone-9, isoprene,
mono-, and diterpenes [26]. Most of the biosynthesis proceeded inside the chloroplast [27]. Chlorophyll
production could be reduced as less phytol was provided due to the DOXP synthase inhibition.
Therefore, the photosystem efficiency of DOXP synthase stressed soybeans was lower than the
unstressed ones when the plants grew larger. The Fv/Fm reduction of soybean plants in treatment iii
at site Calw and Renningen could be attributed to the application of clomazone.
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The combined application of pendimethalin (microtubule assembly inhibitor) and pethoxamid
(cell division inhibitor) induced stress on PS II at site Nürtingen. Dinitroaniline herbicides like
pendimethalin bind to α-tubulin [28]. Thus, the free tubulin could not group into polymerization as
microtubule. Several publications noted that dinitroanilines could interfere with the photosystem
II dramatically by oxygen evolution [29,30]. Chloroacetamides inhibits the very-long-chain fatty
acids (VLCFA) synthase. The herbicide markedly reduces VLCFA content in the plasma membrane
and results in cell death [31]. Some chloroacetamides (e.g., carbetamide) could inhibit electron
transport up to 50% as a secondary effect of membrane destabilization [21,32]. Therefore, the
chlorophyll fluorescence of plants can be altered. This hypothesis correlated well with the Fv/Fm
regulation of soybean under the treatment ii combination of metribuzin and flufenacet in the
greenhouse test. However, metribuzin was not to be the only compound causing stress in soybean.
As the herbicides inhibiting either cell division or VLCFA synthase might induce the regulation on
photosystem, the stress mechanism in the treatment ii at site Nürtingen still could not be clearly
explained. Furthermore, considering the long period stress on soybeans under the treatment i in the
greenhouse experiment, it could also be induced by the combined effect of DOXP synthase- and cell
division-inhibitors after the effect of PS II inhibitor metribuzin.

The biomass assessment on herbicide treated soybean significantly distinct the stressed or
non-stressed groups in the field. Apparently, the biomass assessment results were similar to the
sensor measurements. A similar relationship was also observed in the greenhouse study.

Beside using the Fv/Fm values, several other parameters of chlorophyll fluorescence
measurements, such as ΦPSII (effective quantum yield of photochemical energy conversion in PSII)
and NPQ (non-photochemical dissipation of absorbed energy), are also common for stress assessment
of plants.

ΦPSII can be measured without dark adaption. However, the measurements require steady-state
photosynthesis lighting conditions, which means that plants in the field should be in the full sunlight,
and not under any canopy cloudy conditions [8]. As the measurements with Weed-PAM® usually
take more than two hours for each site, the weather conditions cannot be ensured for such a long
period. Moreover, the system is designed for early herbicide stress detection, the measurements should
be conducted within seven days no matter if the weather is sunny, cloudy, or rainy. Thus, spending
20 min for dark adaption and measuring the parameter Fv/Fm should be more appropriate for the
sensors field practice.

The other common parameter of chlorophyll fluorescence measurements, NPQ, also can be
measured while the plants had a dark adaption period. Yet NPQ is more heavily affected by
non-photochemical quenching that reflects heat-dissipation of excitation energy in the antenna system.
Thus, it is more often used to indicate the excess radiant energy dissipation to heat in the PSII antenna
complexes [33].

WEED-PAM® technology allows quantifying soybean response to herbicide treatments.
The variation of plants’ chlorophyll fluorescence emission could be detected shortly after treatment.
Thus, herbicide damage to soybean can be avoided by proper selection of products. Since soybean
cultivars respond differently to herbicides, WEED-PAM® technology can help to select the most
tolerant cultivars.

5. Conclusions

Herbicides interfere directly or indirectly with the photosystem of plants and can reduce quantum
use efficiency of PSII in soybean plants and result in lower biomass. With the chlorophyll fluorescence
imaging technology, we were capable to identify the herbicide stress rapidly in the young growth
stages of the soybean plants. This achievement will help farmers to avoid herbicide combinations that
reduces crop growth. Besides, this study showed that the Fv/Fm values of the untreated soybean
plants were different at each experiment site. A normalized model should be applied in the further
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development of the sensor system so that a unified assessment of the stress effect on plants can be
created and comparisons can be performed.
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Abbreviation

ANOVA Analysis of Variance
BBCH Biologische Bundesanstalt, Bundessortenamt und Chemische Industrie
C1 Inhibition of Photosystem II
CS Capsule Suspensions
DOXP 1-Deoxy- D-xylulose 5-phosphate
EC Emulsifiable Concentrates
F4 Inhibition of DOXP Synthase
Fm Maximal Fluorescence Yield
Fo Dark Fluorescence Yield
Fv/Fm Maximal PS II Quantum Yield
HSD Honest Significant Difference
K1 Inhibition of Microtubule Assembly
K3 Inhibition of Cell Division
LED Light-Emitting Diode
MoA Mode of Action
PAM Pulse Amplitude Modulation
PS II Photosystem II
QB a Protein-bound Plastoquinone
SC Suspension Concentrates
SG Soluble Granules
SL Soluble (liquid) Concentrates
VLCFA Very Long Chain Fatty Acid
WG Water-Dispersible Granules
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Abstract: Gold nanoclusters (Au NCs) have been considered as novel heavy metal ions sensors due
to their ultrafine size, photo-stability and excellent fluorescent properties. In this study, a green and
facile method was developed for the preparation of fluorescent water-soluble gold nanoclusters with
methionine as a stabilizer. The nanoclusters emit orange fluorescence with excitation/emission peaks
at 420/565 nm and a quantum yield of about 1.46%. The fluorescence of the Au NCs is selectively
and sensitively enhanced by addition of Cd(II) ions attributed to the Cd(II) ion-induced aggregation
of nanoclusters. This finding was further used to design a fluorometric method for the determination
of Cd(II) ions, which had a linear response in the concentration range from 50 nM to 35 μM and a
detection limit of 12.25 nM. The practicality of the nanoprobe was validated in various environmental
water samples and milk powder samples, with a fairly satisfactory recovery percent.

Keywords: methionine; gold nanoclusters; fluorescence; enhancing; cadmium ion; water; milk

1. Introduction

Heavy metal ions are prevalent in agriculture, industry and drinking water, causing serious
environmental problems. Specifically, cadmium ions (Cd2+), which exist widely in air, soil, and
water [1], are extremely toxic, not only causing serious environmental and health problems,
but also being listed by the U.S. Environmental Protection Agency (EPA) as one of 126 priority
pollutants [2]. Several methods have therefore been established to detect Cd2+ ion, such as atomic
absorption spectrometry (AAS) [3], atomic fluorescence spectrometry (AFS) [4] and inductively coupled
plasma–atomic emission spectroscopy (ICP–AES) [5]. Though they have acceptable sensitivity and
selectivity, the operating conditions are normally cumbersome and costly, which inherently limits
their wider application. Therefore, it is critical to explore a low-cost and simple method for the
determination of Cd2+ in real samples.

In recent years, fluorescent sensors have attracted much attention in the detection of Cd2+ due to
their excellent properties of easy operation, high sensitivity, selectivity, and real-time monitoring [6–9].
In the past few decades, a great variety of fluorescence probes have been reported for the determination
of Cd2+, including organic dyes [10–13] and quantum dots (QDs) [14–17]. However, those QDs
are limited by the potential leakage of heavy metal elements, where the organic dyes suffer from
small Stokes shifts and poor photo-stability [18,19]. Consequently, developing alternative and
environmentally friendly materials is of great significance.

Noble metal nanoclusters (NCs), as a star in the family of metal nanomaterials, are gradually
coming into view [20]. Owing to their ultrafine size (usually less than 2 nm) [21], which is equivalent
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to the electronic Fermi wavelength, NCs possess the nature of molecules, including discrete energy
level, strong light luminescence, good light stability, biocompatibility and other unique physical
and chemical properties, thus exhibiting great potential in the field of sensing and imaging [22–24].
The use of NCs to detect Cd2+ has been studied by several groups. In 2016, Niu et al., developed a
dumbbell-shaped CQDs/Au NCs nanohybrid as a ratiometric fluorescent sensor for Cd2+ through
a “turn-off” method [25]. In 2017, Naaz and Chowdhury synthesized a photoluminescent Ag NCs
through fine tuning of sunlight and ultrasound to detect thiophilic metal ions (including Cd2+ ion),
which is also based on fluorescence quenching [26]. However, such “turn-off” modes inevitably
produce false results, which is not preferable in practice because other quenchers or environmental
stimulus may also cause fluorescence quenching, and thus affect the sensitivity and authenticity of the
test [27]. Although considerable progress has been made, finding new rapid and efficient nanoprobes
to selectively recognize Cd2+ is still of great importance.

Herein, we demonstrated a green and facile strategy to prepare water-soluble, stable
orange-emitting gold nanoclusters by using methionine as a stabilizer. The presence of Cd2+ ions leads
to the aggregation of nanoclusters with enhancement of fluorescence intensity (Figure 1). Moreover, the
nanoprobe was successfully applied to detect Cd2+ in various real samples with impressive efficiency
and satisfactory recovery, showing great potential in practical application.

Figure 1. Schematic illustration of the Gold nanoclusters’ (Au NCs) formation and the Cd2+ induced
fluorescence enhancing of Au NCs.

2. Materials and Methods

2.1. Chemicals and Reagents

Chloroauric Acid (HAuCl4·3H2O, 99.9%), DL-methionine (C5H11NO2S, 99.9%) were obtained
from Adamas-beta and Ascorbic Acid (C6H8O6, 99.9%) was obtained from Sigma-Aldrich (Shanghai,
China). All competitive metal ions and anions used in selectivity testing were acquired from Sinopharm
Chemical Reagent Co. Ltd. (Shanghai, China). All the reagents were used as received without further
purification. Ultrapure water (resistivity: 18.2 MΩ·cm) was obtained from a Millipore purification
system (Shanghai, China).

2.2. Instruments

UV-vis absorption spectra were recorded on a Shimadzu UV-1800 spectrophotometer (Kyoto,
Japan). Fluorescence spectra were performed on a Hitachi F-7000 fluorescence spectrometer (Tokyo,
Japan). X-ray photoelectron spectroscopy (XPS) measurements were carried out using an ESCALAB
250Xi spectrometer (Thermo Fisher Scientific, Waltham, MA, USA). High-resolution transmission
electron microscopy (HR-TEM) and energy-dispersive X-ray spectroscopy (EDX) data were obtained
on a FEI Tecnai G2 F20 S-TWIN transmission electron microscopy instrument operating at 200 kV
(Hillsboro, OR, USA). Electrospray ionization mass spectrometry (ESI-MS) measurements were
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conducted on a QSTAR elite liquid chromatography-mass spectrometry (LCMS, SCIEX, Toronto,
ON, Canada), equipped with a common ESI source. Time-resolved luminescence intensity decay was
recorded on a Horiba JY Fluorolog-3 molecule fluorometer (Paris, France), and samples were excited by
a 375 nm laser light source. Inductively coupled plasma-optical emission spectrometry (ICP-OES) data
were obtained on VISTA-PRO CCD Simultaneous ICP-OES (Varian, Palo Alto, CA, USA). Dynamic
light scattering (DLS) was determined using a Nano-ZS90 (Malvern Instruments, Malvern, UK).

2.3. Synthesis of Au NCs

All glassware used in the following procedures was thoroughly cleaned with freshly prepared
aqua regia (3:1 conc. HCl/HNO3 v/v) and rinsed with ultrapure water prior to use. In a typical
procedure, 3.88 mL of HAuCl4 aqueous solution (2.5 mM) was mixed with 8 mL of methionine solution
(80 mM) and 1.2 mL of NaOH (0.5 M) for 30 min, and then 3 mL of L-ascorbic acid (20 mM) was added
into the solution at 50 ◦C within 9.5 h, obtaining yellow solutions. Afterwards, the reaction solution
was centrifuged at 8000 rpm for 10 min to discard large particles and dialyzed with water via a dialysis
membrane (1000 Da) for 48 h to remove the free ions and ligand. The resulting solution was stored in
the dark at 4 ◦C for use. At the same time, the solid powder can be obtained by freeze-drying.

2.4. Fluorescent Detection of Cd2+

CdCl2·5/2H2O was used for the study of Cd2+ detection. A 10 mM stock solution of
CdCl2·5/2H2O was prepared, from which various Cd2+ concentration were prepared by serial dilution.
The fluorescence spectra were recorded to observe the fluorescence intensity change in the presence of
Cd2+ at different concentrations. To evaluate the sensitivity toward Cd2+, 100 μL of Cd2+ solution of
various concentrations was added into 1.9 mL of the prepared Au NCs solutions, and the mixtures were
incubated at room temperature for the specified time before spectral measurements. The fluorescence
spectra were recorded at room temperature with the maximum excitation wavelength at 420 nm; both
the excitation and emission slit widths were 5 nm.

2.5. Selectivity Measurement

To check the selectivity of Au NCs, a series of competitive metal ions and anions with the identical
concentration of 1 mM (100 μL), including Na+, K+, Mg2+, Ba2+, Pb2+, Ca2+, Al3+, Cr3+, Fe3+, Sn2+, Cl−,
H2PO4

−, Br−, SCN−, NO3
−, CO3

−, IO3
−, SO4

2−, NO2
−, I− and ClO4

−, were respectively introduced
to a group of Au NCs solutions (1.9 mL) to measure the change of fluorescence intensity. The resulting
solutions were studied by fluorescence spectra at room temperature with excitation wavelength at
420 nm, both the excitation and emission slit widths were 5 nm. For enhancing efficiency measurement,
the change of fluorescence (F/F0) was determined by comparing the intensity of the fluorescence
emission of different solutions. F0 represents the fluorescence intensity of the Au NCs in the absence of
metal ions, and F is the fluorescence intensity of the Au NCs in the presence of different concentrations
of Cd2+ or different interfering ions.

2.6. Analysis of Real Samples

To evaluate the applicability of the Au NCs to real samples, tap water, lake water, milk powders
and camel milk powders were spiked with Cd2+ and tested in the assay. Tap water was collected from
our laboratory (Urumqi, China) and river water from Hong Lake (Urumqi, China). All water samples
were freshly collected and filtered with 0.45 μm micropore membrane prior to analysis. Milk powders
and camel milk powders were purchased from different food manufacturers and pretreated according
to the previous Huang’s report [28]. The obtained sample filtrates were adjusted the pH to 8, then
analyzed with the proposed strategy and ICP-OES method. A recovery test was performed by spiking
the pre-treated samples with the standard solutions of Cd2+ ions (3, 5 and 10 μM) and subsequently
analyzing them by the aforesaid procedure.
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3. Results and Discussion

3.1. Characterization of Au NCs

In the present work, we chose methionine as a stabilizer and chloroauric acid (HAuCl4·3H2O)
as metal precursor to prepare Au NCs. The synthetic conditions were systematically optimized,
as depicted in Figure S1; the fluorescence intensity of the Au NCs reached its maximum when
the concentration of methionine was 80 mM, NaOH was 0.5 M, and ascorbic acid was 20 mM,
reaction at 50 ◦C within 10 h. The spectral characteristics of Au NCs were studied by UV–Vis and
luminescence spectrometer. As shown in Figure 2A, the spectrum of as-prepared Au NCs displays
insignificant absorption peaks, and does not have the characteristic surface plasma resonance (SPR)
peak of larger Au NPs (normally around 520 nm). As previously reported, the ultra-small sizes of
methionine-stabilized Au NCs demonstrated molecular-like properties, which were different from
relatively large-sized metal nanoparticles [29]. From Figure 2B, it can clearly be observed that the
as-prepared Au NCs exhibit strong fluorescence emission at 565 nm with maximum excitation at
420 nm. The Stokes shift of the Au NCs was calculated to be 145 nm. A Stokes shift of less than
150 nm can be attributed to interband transitions of electrons in the Au NCs [30]. The fluorescence
emission spectra of Au NCs upon excitation in the range of 360–460 nm showed constant peaks
(Figure S2), indicating that the optical signal was actual luminescence from the Au NCs, rather than
light scattering [31]. The as-prepared methionine-stabilized Au NCs were highly dispersed in aqueous
solution, and exhibited obvious yellow suspension in the room light (inset a of Figure 2B) and emitted
intense orange fluorescence (inset b of Figure 2B) under UV light irradiation with the excitation at
365 nm. In addition, a solid powder could be obtained by freeze-drying, which also appeared bright
orange in room light (inset c of Figure 2B) and showed an intense yellow fluorescence (inset d of
Figure 2B) under UV light. Furthermore, the quantum yield of as-prepared Au NCs was calculated to
be about 1.46% (rhodamine B in ethanol was used as reference), which is comparable to other NCs
prepared using amino acid as stabilizer [32,33]. Moreover, there was no obvious change in the position
of the emission peak of Au NCs after storing in the dark at 4 ◦C for three months and quenching of the
fluorescence intensity (Figure S3), indicating that the Au NCs are suitable for long-term use.

Figure 2. UV–vis absorption spectra (A) and fluorescence excitation (black) and emission (red) spectra
(B) of the as-synthesized Au NCs. The insets of B show photographs of the Au NC aqueous solution in
room light (a) and UV light (b), and powder in room light (c) and UV light (d).

The morphology and size distribution of the Au NCs were observed by HR-TEM. Figure 3A,B
shows the typical TEM images of the Au NCs and their size ranges, it can be seen that the size of
samples is less than 2 nm, and no aggregation appears. The hydrodynamic diameter of Au NCs
measured using DLS was approximately 4.24 nm (Figure S7), which further verified the successful
synthesis of ultrasmall Au NCs. In addition, the elemental composition of the Au NCs can be confirmed
by EDX. From Figure S4 and Table S1, the results indicate that the atomic content of Au in the sample
is of 47.10%.
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Figure 3. Representative high resolution transmission electron microscopy (HRTEM) images of the
as-synthesized luminescent Au NCs (A); the particle-size distribution histogram of Au NCs (B); Au NCs
in the presence of 50 μM Cd2+ (C); and particle-size distribution histogram (D).

Furthermore, the fluorescence decay response of the prepared Au NCs showed three components
at 246.92 ns (87.76%), 13.19 ns (7.48%) and 1.39 ns (4.76%); the average fluorescence lifetime of Au NCs
was calculated to be 217.74 ns (Figure 4A). As reported in previous research, the long fluorescence
lifetime might result from the Au(I)-S complex structure [34], which might have the possibility for
fluorescence lifetime imaging in future [35]. Moreover, XPS measurement was performed to verify
the valence state of the metal elements in the prepared Au NCs. As exhibited in Figure 4B, it can
be seen that the binding energy of Au 4f appeared at 84.3 and 88.1 eV, respectively, which indicated
that Au(0) and Au(I) coexist in Au NCs. The Au(I) on the surface of nanoclusters plays a vital role
in stabilizing the nanoclusters [36]. In order to further determine the composition of the metal core
from as-synthesized Au NCs, ESI-MS was applied. The mass spectrum of Au NCs (negative mode) is
displayed in Figure S5, the main charges appearing at 1003.4, 1019.4 Da are assigned to [Au6L6-2Cl]2−

and [Au6L6-Cl-H]2− (“L” refers to “methionine”), suggesting the Au NCs are mainly composed of
Au6 clusters.

Figure 4. Fluorescence lifetimes of Au NCs in aqueous solution (A); data were collected at 565 nm with
excitation at 375 nm. X-ray photoelectron spectroscopy (XPS) spectra of Au 4f of Au NCs (B).
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3.2. Optimization of Sensing Conditions

It is interesting that the fluorescence intensity of the as-prepared Au NCs was significantly
enhanced in the presence of Cd2+ ions. In order to obtain a highly sensitive response for the detection of
Cd2+, the optimization of pH values, ionic strength and incubation time was carried out systematically.
The pH value of the reaction solution could greatly influence the interaction between Au NCs and
Cd2+ ions. The fluctuating pH values in the range of 4.0–11.0 were investigated. As displayed
in Figure 5A, the fluorescence intensity increased significantly with the increasing solution pH,
and reached its maximum when pH reached 8.0. A possible explanation for this is that the pH
influences the Cd2+ ion speciation in solution [37]. Therefore, pH 8.0 was selected as the optimum pH
value for Cd2+ ion detection. Meanwhile, to explore the potential application of the sensing system
under high-ionic-strength environments, the stability of the Au NCs was investigated in the presence
of various concentrations of NaCl (0.01 mM to 1.0 M). As shown in Figure 5B, the fluorescence intensity
of Au NCs in the different salt-containing solutions remained almost unchanged compared with that in
the absence of NaCl, indicating the high stability of Au NCs. In addition, the effect of reaction time on
the fluorescence intensity was also studied. It can be seen from Figure 5C that the fluorescence intensity
increased rapidly, and reached its maximum at around 1 min, after which it remained relatively stable.
Therefore, a reaction time of 1 min was chosen in this experiment.

Figure 5. The effect of pH (A), concentration of NaCl (B) and incubation time (C) on fluorescence
intensity of Au NCs upon addition of Cd2+ ions at different concentrations (35 μM (a); 10 μM (b); and
0 μM (c)), respectively.

3.3. Au NCs Fluorescent Sensing of Cd2+

Under the optimized reaction conditions, the sensing properties were examined in the presence
of Cd2+. As shown in Figure 6A, the fluorescence intensity of Au NCs gradually increased with
increasing concentration of Cd2+, accompanied with the color changes of the solution from faint orange
to bright orange under UV irradiation (Figure S6). Moreover, Figure 6B shows the relationship between
fluorescence intensity and Cd2+ concentration, and the inset picture represents the linear response over
the Cd2+ concentration range from 50.0 nM to 35.0 μM; the correlation coefficient R2 was calculated as
0.9923, and the limit of detection (LOD) was determined to be 12.25 nM, which was lower than the
maximum safety level of Cd2+ (ca. 44 nM) in drinking water permitted by the U.S. Environmental
Protection Agency (EPA) [38]. In comparison with other previously reported methods, the proposed
nanoprobe exhibits comparable or more efficient properties for Cd2+ detecting (Table S2).
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Figure 6. (A) The fluorescence response of the Au NCs in the presence of various concentrations of
Cd2+ (0.0025, 0.005, 0.025, 0.05, 2.5, 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 75, 100 μM); (B) Relationship
between fluorescence intensity and Cd2+ concentration. The inset picture shows the linear detection
range for 0.05–35 μM of Cd2+.

3.4. Selectivity of the Detection System

In order to investigate whether the synthesized probe is specific for Cd2+, the fluorescence
response of this sensing system was also tested by other competitive metal cations and anions (Na+, K+,
Mg2+, Ba2+, Pb2+, Ca2+, Al3+, Cr3+, Fe3+, Sn2+, Cl−, H2PO4

−, Br−, SCN−, NO3
−, CO3

−, IO3
−, SO4

2−,
NO2

−, I− and ClO4
−) under the same conditions. As shown in Figure 7A, no significant increase

was observed by adding other ions into the Au NCs solution, only Cd2+ showed a fluorescence
enhancement phenomenon—about a twofold photoluminescence (PL) increment. It can be clearly
seen that only the Cd2+-containing Au NCs solution exhibited greatly enhanced luminescence under
UV light irradiation with excitation at 365 nm (Figure 7B). All these results confirm that the present
fluorescent probe exhibits the high selectivity required for Cd2+ ion assays in real samples.

Figure 7. (A) Selective experiments of Au NCs for other competitive metal ions and anions;
(B) Photographs of Au NCs under UV light after being incubated with various ions.

3.5. Mechanism of the Sensing System

The corresponding mechanism of the as-prepared Au NCs for fluorescence-enhanced Cd2+ sensing
was also explored. In general, both the metal core and the ligand shell of the NCs can be used as
recognition components, as they are able to specifically interact with analytes [22]. High resolution
transmission electron microscopy (HRTEM) was used to evaluate the differences of as-prepared
Au NCs in the absence and presence of Cd2+ ions. As displayed in Figure 3A, the Au NCs are
well-dispersed irregular spherical shapes with an average size of 1.80 ± 0.34 nm (Figure 3B). After
incubation with 50 μM Cd2+, the average size of Au NCs showed an obvious enlargement (Figure 3C)
and was about 4.76 ± 0.28 nm (Figure 3D). In addition, as indicated in Figure S7, the hydrodynamic
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diameter of the Au NC solution obtained from DLS was 4.24 nm, and then increased to 27.63 nm after
addition of 50 μM Cd2+ into the solution. Therefore, we speculate that the Cd2+ ions might link Au
NCs via chelating bonds with a carboxyl group or an amino group in methionine adsorbed on the Au
nanoclusters, as the ligand shell contributes many surface-related properties to the NCs [22]. However,
the detailed mechanisms require further study.

3.6. Real Sample Analysis

To evaluate whether the fluorescent Au NCs probe is applicable to natural systems; tap water,
lake water, milk power and camel milk powders were investigated. Analytical results showed that
the fluorescence tests were affected in the real samples due to the complex matrix. However, the
fluorescence Au NC probe exhibited excellent performance. The average recoveries of four spiked
samples ranged from 95.33% to 106.21%, with RSDs of 0.51–3.56% (n = 3) at three spiked levels
(Table 1), and these results were in good agreement with those obtained by ICP-OES, which indicated
the practicality and reliability of the Au NC probe for the detection of Cd2+ in various samples.

Table 1. Analytical results for Cd2+ sensing in real samples.

Sample
Detected

(μM)
Spiked
(μM)

Found
(μM)

Recovery
(%)

RSD (%)
(n = 3)

ICP-OES
(μM)

Tap water ND 1
3.00 2.89 96.33 2.56 2.97
5.00 5.10 101.95 3.56 5.07

10.00 10.62 106.21 1.45 10.08

Lake water ND 1
3.00 2.86 95.33 2.37 3.02
5.00 4.84 96.74 2.15 5.06

10.00 10.41 104.14 0.51 10.08

Milk powders ND 1
3.00 2.96 98.66 2.56 2.92
5.00 5.06 101.29 1.68 5.03

10.00 10.43 104.32 1.56 10.05

Camel milk
powders ND 1

3.00 2.87 95.67 2.79 2.95
5.00 4.96 99.23 2.31 5.04

10.00 10.26 102.62 1.87 10.09
1 Not detectable.

4. Conclusions

In summary, we successfully prepared water-soluble orange-emitting Au NCs using methionine
as stabilizer. The synthesis process is simple, green and environmentally friendly, without using
any toxic organic reagents. The resulting Au NCs exhibited impressive properties, such as ultrafine
size, long fluorescence lifetime and excellent stability. Au NCs were further used as fluorescence
nanoprobe to selectively, sensitively and efficiently recognize Cd2+, with response times of as low as
1 min. Moreover, the sensing system is verified by detecting Cd2+ ions in water and milk samples,
the average recoveries are in the range of 95.33% to 106.21%, suggesting this strategy may be extended
to the efficient detection of Cd2+ in various conditions.

Supplementary Materials: The following are available online at http://www.mdpi.com/1424-8220/18/2/658/s1,
Figure S1: Optimization of synthesized conditions of Au NCs, Figure S2: Emission spectra of fluorescent Au
NCs prepared in a typical synthesis with different excitation wavelengths, Figure S3: The fluorescence spectra
of Met-Au NCs storing in dark at 4 ◦C before and after three months, Figure S4: EDX spectrum for as-prepared
Au NCs, Figure S5: ESI mass spectra (negative mode) of as-synthesized Au NCs, Figure S6: The color change of
Au NCs under UV irradiation when exposed to different concentration of Cd2+ ions, Figure S7: Hydrodynamic
diameter measured using DLS of Au NCs (A) and Au NCs in the presence of 50 μM Cd2+ (B) at neutral pH,
Table S1: Quantification Results of EDX from Au NCs, Table S2: Comparison of this method with other reported
approaches for the detection of Cd2+ using different optical systems.
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Abstract: A light-up fluorescent probe for the detection of adenosine was constructed with an
AIE (aggregation-induced emission) molecule and a DNA aptamer. The AIE molecule was used
as a signal generator, and the DNA aptamer was used as a recognition element for adenosine.
The emission of the AIE molecule was due to its intramolecular rotation restriction induced
by the aptamer upon binding of adenosine. The optimal component ratio of the probe was
AIE molecule/DNA aptamer = 100 (μM/μM). The calibration curve of adenosine detection showed
a linear range of 10 pM to 0.5 μM with an R2 of 0.996, and the detection limit of the probe was
10 pM. The probe exhibited a good selectivity to adenosine against its analogs (uridine, guanosine,
and cytidine). The probe was used to detect adenosine in urine samples, a recovery from 86.8% to
90.0% for the spiked concentrations of adenosine (0.01, 0.05, 0.1 μM). The relative standard deviation
from 1.2% to 2.0% was obtained. The intra-day and inter-day tests also showed good precisions,
with measurement RSD values of 2.3% and 2.1%, respectively.

Keywords: aggregation-induced emission; aptamer; adenosine; 1,2-bis[4-(triethylammoniomethyl)phenyl]-
1,2-diphenylethenedibromide (TPE-2N+)

1. Introduction

Aggregation-induced emission (AIE) [1] is a phenomenon that a luminescent molecule is
non-emissive when it is dissolved in a solution. However, it becomes emissive when it is in an
aggregation state. The unique photo physical phenomenon was first discovered by Tang and his
colleagues in 2001. They later explained that the unique phenomenon was caused by a restriction of
intramolecular rotation (RIR) of AIE molecules. Light-up probes are more preferred than light-off
probes because they give less false-positive responses, so that interests are drawn to design and
synthesis of AIE probes for bio-detection purposes [2–7]. In principle, if an analysis target can induce
the restriction of intramolecular rotation of an AIE molecule, it will light up the fluorogen: the AIE
molecule will give a fluorescent response to the analysis target. To restrict the intramolecular rotation of
an AIE molecule, an interaction between the AIE molecule and the target molecule is usually required.
Therefore, elements with high affinity for the analysis target must be provided to AIE probes. However,
having a high affinity is not enough. AIE probes must also have specificity for their targets. In order
to improve the specificity of AIE probes, AIE molecules of different structures have been designed
and synthesized to conjugate recognition functional groups or associate with recognition elements to
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improve the affinity and selectivity of the probes. In this work, we used an adenosine-specific aptamer
as the recognition element for the target molecule, adenosine.

Aptamers [8] are single-stranded oligonucleotides that have specific recognition function for
peptides, proteins, and small organic molecules. The specific recognition function of aptamers for
target molecules is based on their unique sequences and three-dimensional folded structures. Aptamers
can undergo significant conformational changes into hairpins, stem-loops, or G-quadruplexs after they
bind to their targets. The Aptamer that can specifically bind adenosine has been found. It is a G-rich
oligonucleotide and can form G-quartets structures in the presence of adenosine [9,10].

Adenosine (A) [11] is an endogenous nucleoside that plays important roles in many biochemical
processes, such as energy transfer by forming molecules like adenosine triphosphate (ATP) and
adenosine diphosphate (ADP) and signal transduction by forming signally molecules like cyclic
adenosine monophosphate (cAMP). It is also a neuromodulator that plays roles of promotion of sleep
and suppression of arousal. In addition, adenosine regulates the blood flow to various organs through
vasodilation. In recent years, it was found that adenosine’s concentration in the extracellular tissue
surrounding tumors was higher than that under healthy conditions. This phenomenon was due to
the hypoxic microenvironment of tumors that trigger a strong inflammatory response. Therefore,
adenosine is a possible biomarker for cancer [12] and may be used for monitoring progress of diseases.

In this work, a fluoresce probe by the combination of an AIE molecule: 1,2-bis[4-
(triethylammoniomethyl)phenyl]-1,2-diphenylethenedibromide (TPE-2N+) and an adenosine-specific
aptamer (ABA) for the determination of adenosine in urine samples was described. When adenosine
was present, the aptamer bound to the target molecule and formed a G-quadruplex that could bind
and aggregate the TPE-2N+. The AIE molecule thus lighted up and gave response to adenosine.

2. Materials and Methods

2.1. Materials

Adenosine (A), cytidine (C), uridine (U), and guanosine (G) were purchased from Shanghai source
leaf Biological Technology Co., Ltd. (Shanghai, China). 1,2-bis[4-(triethylammoniomethyl)phenyl]-
1,2-diphenylethenedibromide (TPE-2N+) were obtained from the chemistry department, Wuhan
University. Three hydroxymethyl aminomethane (Tris) and HCl were bought from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China). The oligonucleotides were synthesized by Sangon
Biotechnology Co. Ltd. (Shanghai, China) with the following sequences:

Adenosine aptamer (ABA): 5′-ACCTGGGGGAGTATTGCGGAGGAAGGT-3′;
All chemicals used were analytical grade, and the ultrapure water was deionized to 18.25 MΩ·cm

in a water purification system from Angel Electric Appliance Co., Ltd. (Wuxi, China).

2.2. Measurements

An LS-55 fluorescence spectrometer of PerkinElmer (Shanghai, China) was used to record the
fluorescence spectra. The emission spectra were recorded in the range from 350 to 600 nm with
both excitation and emission slits of 10 nm. All fluorescence detections were carried out under
room temperature.

2.3. The Emission Behavior of (TPE-2N+) in Tris Buffer

The emission of (TPE-2N+) in Tris buffer was measured under an excitation wavelength of 400 nm,
the dependence of the fluorescence intensity at the maximum emission wavelength on the concentration
of the fluorogen was investigated within a concentration range of 5–100 μM. The variation of TPE-2N+
fluorescence intensity over a time period of 30 min was detected under two concentrations of 5 and
50 μM. The recipe of the (TPE-2N+) solutions is provided in Table S1.
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2.4. The Viability of (TPE-2N+) + ABA Probe

To verify the feasibility of the proposed probe, the fluorescence intensity of the following systems
was measured:

(1) 10 mM Tris-HCl;
(2) 10 mM Tris-HCl + 10 μM (TPE-2N+);
(3) 10 mM Tris-HCl + 10 μM (TPE-2N+) + 0.1 μM ABA;
(4) 10 mM Tris-HCl + 10 μM (TPE-2N+) + 0.1 μM A;
(5) 10 mM Tris-HCl + 10 μM (TPE-2N+) + 0.1 μM ABA + 0.1 μM A.

The samples were prepared according to the recipe in Table S2. The stock solutions were 100 μM
(TPE-2N+), 100 μM ABA, and 1 μM adenosine and 10 mM pH 7.4 Tris-HCl up to 200 μL.

2.5. Optimization of the Concentration and the Concentration Ratio of the (TPE-2N+) and the ABA

The component of the probe was optimized by varying the concentrations of (TPE-2N+) and
ABA, and their ratio. (TPE-2N+) solutions of 5 μM, 10 μM, and 20 μM and ABA of 0.1 μM, and 0.3 μM,
0.5 μM were prepared by diluting the stock 100 μM (TPE-2N+) and 100 μM ABA with Tris-HCl buffer,
respectively. The concentration ratio of (TPE-2N+): ABA (μM:μM) was adjusted to 5:0.5, 10:0.1, 10:0.3,
10:0.5, and 20:0.5. Adenosine solutions of 0, 0.01, 0.05, 0.1, 0.2, and 0.5 μM were prepared by diluting a
1μM adenosine solution into the detection systems. The fluorescence intensity of the systems was then
measured under the same conditions as described in the above sections.

2.6. The Calibration Curve of Adenosine Detection

Solutions of adenosine were prepared with a final concentration of 0, 1 × 10−5, 5 × 10−5, 1 × 10−4,
5 × 10−4, 1 × 10−3, 5 × 10−3, 1 × 10−2, 5 × 10−2, and 1 × 10−1 μM. (TPE-2N+) and ABA were
added into the adenosine solutions with the optimal ratio with a concentration of 10 μM and 0.1 μM,
respectively. The fluorescence intensity of the systems was then measured.

2.7. Specificity of (TPE-2N+)-ABA Detection System

The specificity of the probe for adenosine was examined using cytidine, uridine, guanosine,
and the mixture of the nucleotides as the controls. The nucleotide samples were prepared according to
the recipe in Table S3. The stock solutions were 100 μM of TPE, 100 μM of ABA, 1 μM of nucleotides,
and 10 mM pH7.4 Tris-HCl.

2.8. Analytical Application to Urine Samples

To investigate the practical application of the probe in more complicated conditions, the detection
of adenosine was carried out in human urine samples. A healthy urine was used as the blank sample;
adenosine was added to prepare the spiked samples. The spiking concentrations were 0.01, 0.05,
and 0.1 μM. The sample solutions were diluted 100 times before the detection. A working curve was
also made using the healthy urine, and a linear regression equation for adenosine was obtained from a
calibration curve using concentrations from 0 to 0.1 μM. A number of detections were carried out to
investigate the precision and recovery of the probe.

3. Results and Discussions

3.1. The Detection Principle

(TPE-2N+) is an amino functionalized derivative of tetraphenylethene (TPE). With the amino
functional groups, the solubility of (TPE-2N+) in an aqueous solution is improved so that it can
be applied as a probe for bio-samples. Being an AIE molecule, (TPE-2N+) shares the common
(AIE) characteristics of aggregation-induced emission. Therefore, any process or molecules that
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cause the restriction of intramolecular rotation of (TPE-2N+) will light it up. It has been reported
that 1,1,2,2-tetrakis[4-(2-triethylammonioethoxy)phenyl]ethene tetrabromide (TPE-4N+), one of
(TPE-2N+)’s structure similar, could bind to a guanine-rich DNA strand and was highly affinitive to
the G-quadruplex structure of the DNA strand. The high affinity of the TPE-4N+ to G-quadruplex
was associated with a geometric fit aided by an electrostatic attraction. Upon the electrostatic
attraction, the TPE’s intramolecular rotation was restricted and its emission was turned on. A K+

biosensor was developed using TPE-4N+ because it was specific to the K+-induced and -stabilized
G-quadruplex [13]. Similarly, the adenosine-specific aptamer (ABA) used in this work is also a G-rich
repeat sequences. It was evidenced that in the presence of adenosine, ABA bound adenosine and
performed a conformational change to a G-quadruplex [9,10]. Several aptasensors based on this
conformational change had been seen reported [14–18]. However, the combination of ABA with an
AIE fluorogen has not been reported. The sensing principle is shown in Scheme 1. In the absence of
adenosine, ABA takes a random conformation, and its negatively charged phosphate groups may
attract the positive TPE-2N+ via an electrostatic interaction. Upon the electrostatic attraction, at least
one rotation of the benzene groups of TPE-2N+ is restricted and emission of the TPE-2N+ is turned
on. However, the conformation of ABA is random in the absence of adenosine, so that the ABA-TPE
interaction is random and the emission is random. In the presence of adenosine, the aptamer will
undergo a conformational change to G-quadruplex. As was reported in previous works, TPE amino
functionalized derivatives had strong affinity for G-quadruplex structures. The strong affinity was due
to the geometric fit between the TPE molecule and the DNA G-quadruplex, which was aided by the
electrostatic attraction between amino groups of the TPE molecule and the DNA phosphate groups
and a hydrophobic interaction between the aromatic core of the TPE and the deoxyribose regions of
the DNA [19]. The intramolecular rotation of the TPE molecule was strongly restricted and a large
enhance in emission was observed. Since the formation of ABA G-quadruplex is specifically induced
by adenosine, TPE-2N+ can be used as a bio-probe to detect adenosine.

Scheme 1. Analytical principle of the tetraphenylethene (TPE)-aptamer probe for adenosine detection.
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3.2. The Emission Behavior of TPE Fluorogen in Tris Buffer

The fluorescence intensity of TPE-2N+ in Tris-HCl buffer was measured, the result indicated that
under an excitation of 400 nm, the fluorogen gave an emission at 470 nm. The emission intensity
was increased gradually with the increase of the fluorogen’s concentration (Figure 1A), and a linear
relationship was obtained from 0 μM to 100 μM (Figure 1B). The stability of TPE fluorescence in
Tris-HCl buffer was also examined, and a variation of TPE fluorescence intensity was measured over a
time-period of 30 min. As shown in Figure 2, there is no obvious change in fluorescence intensity for
the selected concentrations 5 μM and 50 μM of TPE-2N+ which suggested the TPE fluorogen had a
favorable stability in Tris-HCl buffer.

A B 

Figure 1. (A) Fluorescence emission spectra of different concentrations of TPE-2N+ in Tris-HCL buffer.
From bottom to top: 0, 5, 10, 20, 50, 100 μM. (B) The linear relationship between the fluorescence
intensity and the concentration of TPE-2N+ in Tris-HCL buffer.

Figure 2. Fluorescence intensity of a: 5 μM and b: 50 μM of TPE-2N+ in Tris-HCL buffer over a time
period of 30 min.

3.3. The Viability of (TPE-2N+) + ABA Probe

To verify the feasibility of the present approach, fluorescence intensity of solutions with different
components was measured. The fluorescence spectrum of these solutions are presented in Figure 3. Tris
buffer exhibited a very low fluorescence intensity (Figure 3, spectrum a). Upon addition of TPE-2N+,
fluorescence intensity of the system increased (Figure 3, spectrum b). Further addition of the aptamer
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ABA, fluorescent intensity of the system is seen to be enhanced. We attributed the enhancement to the
restriction of intramolecular rotation of TPE-2N+ caused by the electrostatic attraction of the negative
phosphate groups on the DNA strand (Figur 3, spectrum c). In the absence of the aptamer, TPE-2N+
gave only a small fluorescence response to adenosine that only a small increase in fluorescence intensity
upon the addition of the target molecule is observed (Figure 3, spectrum d). As there was no specific
interaction between (TPE-2N+) and adenosine, the presence of the target molecule did not cause strong
restriction of intramolecular rotation of the fluorogen thus did not cause strong fluorescence response.
When the adenosine-specific ABA was added, the aptamer would bind to the target and undergo a
secondary conformational change. The G-quadruplex structure of ABA induced by adenosine could
attract and restrict the intramolecular rotation of the fluorogen so that the fluorogen become highly
emissive (Figure 3, spectrum e). Since the fluorescence response was generated based on the specific
recognition between the aptamer and adenosine, the system of TPE-2N+/ABA could be developed as
a biopeobe for adenosine sensing.

 

Figure 3. Fluorescence response of the system under different conditions. a: 10 mM Tris-HCL; b: 10 mM
Tris-HCL + 10 μM TPE-2N+; c: 10 mM Tris-HCL + 10 μM TPE-2N+ + 0.1 μM ABA; d: 10 mM Tris-HCL
+ 10 μM TPE-2N+ + 0.1 μM Ade; e: 10 mM Tris-HCL + 10 μM TPE-2N+ + 0.1 μM ABA + 0.1 μM Ade.

3.4. Optimization of the Optimal Ratio of TPE-2N+ and ABA Concentration

In order to get the best response signals, concentrations of TPE-2N+ and ABA and their ratio in
the detect system were optimized. A series of concentrations of 5 μM, 10 μM, and 20 μM and 0.1 μM,
0.3 μM, and 0.5 μM, respectively, for TPE-2N+ and ABA were tested. Plots of Figure 4a,d,e show the
fluorescent response to adenosine under fixed concentration of ABA (0.5 μM) and vary concentrations
(5 μM, 10 μM, and 20 μM) of TPE-2N+, respectively. Under condition a, the detection system does
not show an adenosine-dependent fluorescence response; in cases of d and e, the fluorescence signal
show an adenosine concentration dependence within 0–0.2 μM. Although the fluorescence response is
higher with a higher TPE-2N+ concentration, the background is also higher, so that concentration of
10 μM was chosen for TPE-2N+ for the later experiments. At fixed concentration of TPE-2N+ (10 μM),
the fluorescence responses under 0.1, 0.3, and 0.5 μM of ABA were measured and the results are shown
respectively in Figure 3b–d. As can be seen, the fluorescence response of the detection system increase
with the increase of ABA’s concentration. However, the background value also increase, considering
the best signal-to-noise level, condition of b is chosen.

The concentration ratio (TPE-2N+): ABA (μM:μM) of the detection system was also optimized.
The ratio of (TPE-2N+): ABA as 5:0.5, 10:0.1, 10:0.3, 10:0.5, and 20:0.5 were investigated. As shown
in Figure 2, in cases of 5:0.5 and 10:0.5, the fluorescence response shows little dependence on the
concentrations of adenosine (Figure 4). The adenosine concentration dependence of fluorescence
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response was observed under (TPE-2N+): ABA ratio of 10:0.1, 10:0.3 and 20:0.5 (Figure 4, curve b, c
and e), the fluorescence intensity of the systems increase greatly within the adenosine concentration
range of 0–0.2 μM. Although the fluorescence intensity is higher under (TPE-2N+): ABA ratio of 10:0.3
and 20:0.5 (Figure 4, curve c and e), the background value was much greater than b. Hence 10:0.1 was
chosen as the optimal condition for the probe.

 
Figure 4. The fluorescent response toward the concentration of adenosine (0, 0.01, 0.05, 0.1, 0.2, and
0.5 μM) under different ratio of TPE-2N+ and ABA concentration, a: 5:0.5; b: 10:0.1; c: 10:0.3; d: 10:0.5,
and e: 20:0.5.

3.5. The Sensitivity of the Probe

The ability of this fluorescence aptasensor for the quantitative detection of adenosine was studied
under the optimized conditions. Figure 5A shows the different fluorescence responses to adenosine of
various concentrations. As can be seen from Figure 5B, the fluorescence response increased dramatically
when the concentration of adenosine increases from 0 to 0.1 μM. A linear relationship between the
fluorescence response and the concentration of adenosine is obtained according to the equation of
Y = 42.32 + 2.189X, where Y is the relative fluorescence intensity, and X is the logarithm of adenosine
concentration Figure 5C. The linear concentration range is 10 pM to 0.5 μM with an R2 of 0.996. So that
the detection limit of the aptasensor for adenosine can be 10 pM.

Figure 5. Cont.
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Figure 5. (A) Fluorescence emission spectra of the sensing system in the presence of different
concentrations of adenosine. From bottom to top: 0, 0.00001, 0.00005, 0.0001, 0.001, 0.005, 0.01, 0.05,
and 0.1 μM. (B) The relationship between fluorescence intensity and the concentration of adenosine.
(C) A linearity curve (R2 = 0.996) was confirmed as the logarithm of adenosine concentration changed
from 10 pM to 0.5 μM. The error bars are standard deviations of three repetitive measurements.

3.6. Specificity of TPE-ABA Detection System

The selectivity of the probe toward adenosine was examined by measuring the fluorescence
responses of several adenosine analogs (uridine, guanosine, and cytidine) under the same experimental
conditions. As shown in Figure 6, the TPE-2N+/ABA probe only gives a small fluorescence response
to the adenosine analogs and does not show a concentration dependence of the adenosine analogs.
However, it gives distinct fluorescence response to adenosine, and the fluorescence response increases
with the increase of the concentration of adenosine. This result suggested that uridine, guanosine,
and cytidine did not induce a conformational change of the ABA strand, so that the intramolecular
rotation of TPE-2N+ was not restricted, and the emission was not turned on. The fluorescence response
of TPE-2N+/ABA to adenosine in the presence of cytidine, guanosine and uridine does not show much
affect by the adenosine analogs. This result indicated that the TPE-2N+/ABA probe had a sufficient
specificity to adenosine against other adenosine analogs.

 

Figure 6. The fluorescent response of the proposed aptasensor towards adenosine and the three analogues:
guanosine, uridine and cytidine, and the mixture of adenosine with the analogues. The concentration of
all samples were 0.00001, 0.00005, 0.0001, 0.0005, 0.001, 0.005, 0.01, 0.05, and 0.1 μM.
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3.7. Analytical Application to Urine Samples

To demonstrate the applicability of the proposed probe in the detection of adenosine in real
samples, the recoveries of adenosine in human urine samples by the probe was examined. A working
curve was firstly plotted choosing healthy urine as a blank. Adenosine was then spiked to the blank
urine and was 100-fold diluted with Tris-HCl buffer to get final concentrations of 0.005, 0.01, 0.03,
0.05, 0.08, and 0.1 μM. A linear relationship between fluorescence intensity and the concentration of
adenosine (0.05–0.1 μM) was obtained (Figure 7). Urine samples with three spiked concentrations
(0.01, 0.05, and 0.1 μM) of adenosine were measured, and the measurements were quantified by using
the working curve. As listed in Table 1, the obtained recoveries of the adenosine concentrations were
from 86.8% to 90.0% with the relative standard deviation from 1.2% to 2.0%. The intra-day precision
and inter-day precision tests indicated that the RSD values were within 2.3% and 2.1% respectively
(Tables S4 and S5). The precision and recovery of this proposed method applied in complex biological
samples are satisfactory. Although K+, a physiological component, was well known to stabilize
G-quadruplex structure, it has been demonstrated by previous works [9,16] that K+ had little effect on
the recognition and binding of the adenosine-specific aptamer to adenosine, in another word, it is not
competitive to adenosine to bind the aptamer, so that the sensing based on the aptasensor was less
affected by this cation even at a much higher concentration.

Figure 7. (A) The linear relationship between the change of fluorescence intensity and the concentration
of adenosine in the urine. (B) shows the fluorescence spectra of ABA+TPE in urine diluted with
Tris-HCL buffer after put in 0, 0.005, 0.01, 0.03, 0.05, 0.075, 0.1, and 0.12 μM of adenosine with an
excitation wavelength of 470 nm.

Table 1. Determination of adenosine in urine samples using the proposed probe.

Samples Adenosine Spiked (μM) Adenosine Found (μM) Recovery (%) RSD (%, n = 6)

1 0.01 0.0090 90.0 1.9
2 0.05 0.0434 86.8 1.2
3 0.1 0.0892 89.2 2.0

4. Conclusions

A light-up fluorescent probe was developed by the combination of an AIE molecule and a
DNA aptamer for the detection of adenosine. The probe device was simple compared with other
aptamer-based probes in that the detection did not involve an enzyme strategy. Besides, the DNA
strand was label free, and no fluorescent compound was required to conjugate on the DNA strand.
This reduced the complications of the work and the expense on the DNA strand. On the other hand,
the AIE molecule was also not required to function with a recognition group. The probe showed
a lower detection limit when compared with other reported data. The good recovery results and
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precision of the probe for the urine samples suggested that the device might be further developed into
test kit for clinic applications.

Supplementary Materials: The following are available online at www.mdpi.com/1424-8220/17/10/2246/s1,
Table S1: The recipe of different concentrations of the TPE-2N+ solutions for the examination of the emission
behavior of TPE fluorogen in Tris buffer; Table S2: The recipe for investigation of the viability of (TPE-2N+) +
ABA probe; Table S3: The recipe of different concentrations of nucleotide samples for the specificity experiment;
Table S4: The intra-day precision of the detection by the probe for urine samples; Table S5: The inter-day precision
of the detection by the probe for urine samples.
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Abstract: In this study, the oxazine 170 perchlorate (O17)-ethylcellulose (EC) membrane was
successfully exploited for the fabrication of creatine- and creatinine-sensing membranes. The sensing
membrane exhibited a double layer of O17-EC membrane and a layer of enzyme(s) entrapped
in the EC and polyurethane hydrogel (PU) matrix. The sensing principle of the membranes was
based on the hydrolytic catalysis of urea, creatine, and creatinine by the enzymes. The reaction
end product, ammonia, reacted with O17-EC membrane, resulting in the change in fluorescence
intensities at two emission wavelengths (λem = 565 and 625 nm). Data collected from the ratio of
fluorescence intensities at λem = 565 and 625 nm were proportional to the concentrations of creatine
or creatinine. Creatine- and creatinine-sensing membranes were very sensitive to creatine and
creatinine at the concentration range of 0.1–1.0 mM, with a limit of detection (LOD) of 0.015 and
0.0325 mM, respectively. Furthermore, these sensing membranes showed good features in terms of
response time, reversibility, and long-term stability. The interference study demonstrated that some
components such as amino acids and salts had some negative effects on the analytical performance of
the membranes. Thus, the simple and sensitive ratiometric fluorescent sensors provide a simple and
comprehensive method for the determination of creatine and creatinine concentrations in urine.

Keywords: creatine; creatinine; fluorescent sensing membrane; O17-EC membrane; ratiometric calculation

1. Introduction

Creatine, a non-essential nutrient, plays an important role by supplying energy to muscle cells [1].
In the early 1990s, there was a great interest among consumers and researchers concerning therapeutic
applications of creatine and benefits of using creatine as a dietary supplement [2]. In healthy adults,
creatine levels in biological fluids such as serum or plasma are typically around 0.04–0.15 mM which
may rise to above 1 mM under certain pathological conditions such as muscle disorders. Creatine is
taken as an ergogenic supplement at a daily dose of 7–30 mM (or up to 140 mM) by athletes to increase
their body mass [3]. During oral supplementation, some part of the consumed creatine may be excreted
through urine. The difference between the amount of urinary creatine and ingested creatine dose
indicates the amount of creatine absorbed by the muscles. Therefore, monitoring creatine levels is
important in clinical diagnosis [4].

To our knowledge, few studies have been directed toward the development of
creatine sensors/biosensors and the commercially available creatine kits are very expensive.
Creatine biosensors have been studied for several decades and are based on the hydrolysis of creatine
by creatinase and urease to produce ammonia. Ammonia is usually detected by any pH or ion-selective
electrodes [5,6]. Alternatively, a second enzyme-catalyzed hydrolysis of creatine mediated by sarcosine
oxidase results in the production of hydrogen peroxide (H2O2) as the end product, which can be
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detected with a chronoamperometric technique [7–9]. Creatine detection has been also performed
with flow-injection analysis (FIA) systems combined with immobilized enzyme reactors [10] and
more expensive analytical tools such as high-performance liquid chromatography [10,11], capillary
electrophoresis [12], and mass spectrometry [13]. However, the use of creatine sensors and other
analytical tools is associated with practical issues related to sensitivity, reproducibility, stability,
and interferences.

Creatinine is the end product of creatine metabolism in mammalian cells [1]. Muscular creatine is
converted to creatinine, which diffuses out of the cells and is excreted by the kidney into the urine.
Therefore, creatinine levels in biological fluids are clinically important for the diagnosis of renal,
thyroid, and kidney dysfunctions. The normal concentration of creatinine in human blood ranges
from 0.04 to 0.15 mM and these values may rise to 1 mM or more in chronic kidney disease patients.
A typical urine sample of an adult contains creatinine at 2.5–23 mM concentration [14]. The ratio
of creatinine in human serum and urine sample is an important indicator of the kidney function.
Therefore, it is important to monitor creatinine concentrations in biological fluids, including urine, for
clinical diagnosis [15].

There has been a tremendous improvement in the quality of creatinine biosensors. Some review
articles on creatinine biosensors have been published in recent years [16–20]. Creatine and creatinine
may interact in a reversible pathway depending on the type of enzymes involved. Therefore, creatine
and creatinine biosensors are based on the same principles. Ammonium ion or H2O2, the final product
of the hydrolysis reaction of creatinine catalyzed by one or three enzymes, is often measured to
determine creatinine concentrations. Transducers such as amperometry [21,22], potentiometry [23,24],
ion-sensitive field effect transistor [25–27], or spectrophotometry [28] may be used based on the type
of the final reaction products. Among these biosensors, the amperometric method was the first system
to be successfully commercialized [17].

The use of other biosensors for the determination of creatine and creatinine is still limited. So far,
traditional photometric methods based on Jaffe’s reaction have been widely used [29], however,
colorimetric methods suffer from interferences during analysis. A diamond paste-based biosensor
for creatine and creatinine detection is a rapid and simple sensor, but its measurement ranges are too
low, 1–500 pM for creatine and 0.01–100 nM for creatinine [30]. The ratiometric fluorescence method
offers some advantages over photometric and amperometric methods in terms of high sensitivity, good
selectivity, and reproducibility, while enzyme immobilization allows high specificity, stability, and
wide detection range to biosensors. Thus, we have developed ratiometric fluorescence biosensors
using immobilized enzymes for the detection of creatine and creatinine.

Creatine detection is based on the hydrolysis of urea and creatine catalyzed by two enzymes,
urease and creatinase, to produce ammonia in the following reactions:

Creatine + H2O Creatinase−−−−−→ Urea + Sarcosine

Urea + H2O Urease−−−→ NH4
+ + CO2

The enzyme creatinine deiminase catalyzes the conversion of creatinine to ammonia and
N-methylhydantoin, as depicted in the following reaction:

Creatinine + H2O Creatinine deiminase−−−−−−−−−−−→ NH4
+ + N-methylhydantoin

Ratiometric fluorescence biosensor is based on a fluorescent sensing membrane, which is a
double-layer membrane of oxazine 170 perchlorate (O17) and ethylcellulose (EC) as an optical
transducer and a layer of enzymes entrapped in the matrix of ethylcellulose (EC) and polyurethane
hydrogel (PU) [31,32].

In this study creatine- and creatinine-sensing membranes were prepared (Scheme 1) and their
properties were investigated. The sensing membranes were also characterized in terms of their response
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to creatine and creatinine using ratiometric calculation. These creatine and creatinine biosensors were
evaluated for their ability to determine the concentration of creatine and creatinine dissolved in
artificial urine solution (AUS).

Scheme 1. Structure of the creatine sensor (left) and creatinine sensor (right).

2. Materials and Methods

2.1. Materials

Oxazine 170 perchlorate (O17), ethylcellulose (EC), urease (59,400 U/g solid, from Canavalia
ensijormis (Jack bean)), creatinase (15 U/mg solid, from Actinobacillus sp.), creatinine deiminase
(20 U/mg solid, microbial), creatine, creatinine, glycine, histidine, phenylalanine, tryptophan, and urea
were purchased from Sigma-Aldrich Chemical Co. (Seoul, Korea). Tris buffer was obtained from USB
Co. (Cleveland, OH, USA) and PU from AdvanceSource Biomaterials Co. (Willmington, MA, USA).
Other analytical-grade chemicals such as sodium phosphate, potassium phosphate, sodium chloride,
potassium chloride, sodium hydroxide, hydrochloric acid, sodium bicarbonate, magnesium sulfate,
sodium sulfate, and calcium chloride were used without further purification.

2.2. Preparation of Creatine- and Creatinine-Sensing Membranes

We prepared O17-EC membranes as previously described [31] by mixing O17 stock (15 μL,
2 mg/mL) with EC (300 μL, 10 wt %) in ethanol. The mixture was incubated for 4 h at room temperature
and coated on the bottom of each well of a 96-well microtiter plate (NUNC Co. Copenhagen, Denmark).
O17-EC membrane was dried at 60 ◦C for 12 h. In the next step, 20 μL of the mixture of 10 wt % EC
and 10 wt % PU in ethanol and water (9:1 in v/v%) was coated onto O17-EC membrane, followed by
the addition of the solution of a given amount of urease and creatinase dissolved in 10 mM phosphate
buffer (pH 7.4). The enzymes were entrapped in the polymer matrix of EC and PU and immobilized
over O17-EC membrane. The creatine-sensing membrane immobilized with enzymes was incubated
for 24 h at 4 ◦C. Surface morphologies of O17-EC and creatine-sensing membrane were identified by
atomic force microscopy (AFM). The preparation of the creatinine-sensing membrane was similar to
that of the creatine-sensing membrane. Only one enzyme, creatinine deiminase, dissolved in 10 mM
phosphate buffer (pH 7.4) was immobilized on O17-EC membrane.

2.3. Measurements of Creatine and Creatinine

Concentrations of creatine and creatinine for measurements were in the range of 0.1 to 10 mM. Data
were collected from the fluorescence intensity of the sensing membranes at two emission wavelengths
(λem = 565 and 625 nm) with an excitation wavelength of 460 nm (λex = 460 nm). The fluorescence
spectra for the detection of creatine and creatinine were measured using a multifunctional fluorescence
microtiter plate reader (Safire2, Tecan Austria GmbH, Wien, Austria).
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2.3.1. Creatine Measurements

The optimization of creatinase amount for immobilization was performed with 3.5, 7, 14, 28,
and 42 unit (U) of creatinase and a fixed amount of urease (10 U). The immobilization efficiency of
urease and creatinase in the creatine-sensing membrane was calculated by dividing the amount of
immobilized enzymes with the total amount of enzymes used for immobilization. The amount of the
immobilized urease and creatinase was determined by subtracting the amount of the un-immobilized
urease and creatinase from the total amount of the enzymes used. The un-immobilized urease and
creatinase were separated from the immobilized urease and creatinase in one well by washing several
times with 10 mM phosphate buffer (pH 7.4). The protein values of the washed, un-immobilized
urease and creatinase were determined by Bradford method. The kinetic parameters, maximal reaction
rate (Vmax) and Michaelis-Menten constant (Km), of the enzymes co-immobilized on the supporting
material of EC and PU were determined from the Hanes plot using the ratio of fluorescence intensities
at λem = 565 and 625 nm. The sensitivity of creatine-sensing membranes with different amounts of
creatinase was evaluated through the slope value (SI), i.e., the ratio of the fluorescence intensities
at two emission wavelengths (λem = 565 and 625 nm) with respect to creatine. The reversibility of
the creatine-sensing membrane was tested in distilled water and 1.0 mM creatine prepared in Tris
buffer. The creatine-sensing membrane was first exposed to distilled water and then to 1.0 mM creatine
solution and the fluorescence measurements were performed on the microtiter plate reader at an
interval of 30 s. In addition, the effects of pH and temperature on the creatine-sensing membrane were
investigated. The creatine-sensing membrane was exposed to 1.0 mM creatine solutions at a pH range
of 5.0–9.0. The membrane was also tested at different temperatures (25, 30, 33, 35, 37, and 40 ◦C) at
creatine concentrations of 0.1–10 mM. The long-term stability of the creatine-sensing membrane
in the presence of creatine at various concentrations was evaluated through the determination
of its repeatability by measuring the fluorescence intensity obtained initially and after 3 months.
The interfering effects of some components in urine samples on the creatine-sensing membrane were
investigated using 1.0 mM creatine and 0.2 mM of glycine, histidine, phenylalanine, tryptophan, and
creatinine as well as their mixture.

2.3.2. Creatinine Measurements

The optimal amount of creatinine deiminase for immobilization on O17-EC membrane was
tested with 2.5, 5, and 7.5 U of creatinine deiminase. The immobilization efficiency of creatinine
deiminase in the creatinine-sensing membrane was evaluated with Bradford method, as described
to measure the immobilization efficiency of enzymes in part Section 2.3.1. The sensitivity of the
creatinine-sensing membrane was also evaluated through SI. The kinetic parameters (Vmax and Km) of
the immobilized creatinine deiminase were determined from the Lineweaver-Burk plot based on the
ratio of the fluorescence intensities at λem = 565 and 625 nm. The reversibility of the creatinine-sensing
membrane was examined with 0.1 and 1.0 mM creatinine dissolved in Tris buffer and the fluorescence
measurements were performed on a microtiter plate at an interval of 30 s. The effects of pH and
temperature on the creatinine-sensing membrane were investigated with 0.4 mM creatinine solution at
a pH range of 5.0 to 10.0 and temperature of 30, 33, 35, 37, and 40 ◦C using creatinine concentrations
from 0.1 to 10 mM. The long-term stability of the creatinine-sensing membrane at various creatinine
concentrations was evaluated by measuring the fluorescence intensity obtained initially and after
1.5 months. The interference effects of some components on the creatinine-sensing membrane were
also investigated using 1.0 mM creatinine and 0.2 mM of glycine, histidine, phenylalanine, tryptophan,
urea, and creatinine as well as their mixture.

2.3.3. Artificial Urine Solution (AUS)

Artificial urine solution containing various concentrations of creatine and creatinine was
prepared, and the concentrations of creatine and creatinine were determined with the creatine-
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and creatinine-sensing membranes, respectively. The AUS comprised 2.5 mM CaCl2, 45 mM NaCl,
3.5 mM KH2PO4, 3.5 mM K2HPO4, 2.5 mM NaHCO3, 1 mM MgSO4, 2.5 mM Na2SO4, and creatine or
creatinine at concentration range of 0.1–10 mM and pH 7.2.

2.4. Ratiometric Method

The ratiometric method for creatine and creatinine biosensors was based on the ratio of the
fluorescence intensities of the creatine- and creatinine-sensing membranes at an excitation wavelength
of 460 nm (λex = 460 nm) and two emission wavelengths (λem = 565 nm [FI565] and 625 nm [FI625])
as follows:

R = FI565/FI625

2.5. Data Analysis

The differences in fluorescence intensity of the sensing membranes at different pH, and
temperature values were assessed by one-way analysis of variance (ANOVA). A value of p < 0.05
was considered as a statistically significant. Statistical tests were performed using the software InStat
(v.3.01, GraphPad Software Inc., San Diego, CA, USA).

3. Results and Discussion

3.1. Enzyme Immobilization for Creatine-Sensing Membrane

The response of the creatine-sensing membrane in the presence of different amounts of
immobilized creatinase is shown in Figure 1a. The creatine-sensing membrane immobilized with 14 U
creatinase showed the highest SI (SI14U = 0.415) at creatine concentrations from 0.1 to 1.0 mM. We failed
to see any increase in the sensitivity of the membrane at higher amounts (28 and 42 U) of creatinase, as
evident from the lower SI at 28 and 42 U (SI28U = 0.104 and SI42U = 0.127) as compared with 14, 7, and
3.5 U creatinase. Results of Bradford protein assay showed that the immobilization efficiency of urease
and creatinase on the second layer of the creatine-sensing membrane was very high at all creatinase
amounts. The immobilization efficiency for the two enzymes was 83.7%, 75.8%, 75.5%, 85.1%, and
91.9% with 3.5, 7, 14, 28, and 42 U creatinase, respectively. The high immobilization efficiency resulted
in the good enzyme-capturing capacity of EC and PU matrix. The immobilization efficiency of urease
(10 U) into the matrix of EC and PU was higher than 90% in preliminary studies. Based on the high
immobilization efficiency of urease (10 U), the immobilization efficiency for creatinase into EC and
PU matrix may be estimated to be higher than 70%. However, the excess of creatinase immobilization
into the matrix of EC and PU may obstruct NH4

+ transport in O17-EC membrane. The high density
of the enzyme-supporting layer obstructed the passage of NH4

+ in O17-EC membrane below the
enzyme layer. Based on these observations, we chose 14 U creatinase to fabricate the creatine-sensing
membrane for further work.

The creatine-sensing membrane included two layers. The first layer was O17-EC membrane,
while the second layer was the membrane comprising urease and creatinase co-immobilized in the
matrix of EC and PU. As seen in AFM images (Figure 1b), O17-EC membrane displayed a smooth
surface with a surface mean roughness (Ra) and root mean square roughness (Rq) of 1.07 and 1.343 nm,
respectively, whereas the surface of the second layer immobilized with urease and creatinase displayed
higher values of Ra and Rq (9.514 and 12.304 nm, respectively). The increase in the roughness of the
sensing membrane resulted from the successful immobilization of the enzymes into EC-PU matrix and
the subsequent formation of PU hydrogel during the reaction with the aqueous enzyme solution.
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(a) 

(b) 

 

Figure 1. (a) The response of the creatine-sensing membrane immobilized with 3.5, 7, 14, 28, and 42 U
creatinase and fixed amount (10 U) of urease in the presence of 0.1 to 1.0 mM creatine (top). SI presents
slope value in the linear detection range of 0.1 to 1.0 mM. The immobilization efficiency for various
amounts of creatinase and 10 U of urease (top); (b) AFM images of O17-EC membrane (top) and the
second layer containing entrapped enzyme(s) (below).
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3.2. Characterization of the Creatine-Sensing Membrane

As shown in Figure 2, the creatine-sensing membrane was very sensitive to ammonia produced
during the hydrolysis reactions of urea and creatine in the presence of urease and creatinase,
respectively. The detection range of creatine based on the ratiometric calculation method could
be divided into two linear ranges of 0.1–1.0 mM and 1.0–10 mM with high regression coefficient
values of r2

0.1–1.0 mM = 0.92 and r2
1.0–10 mM = 0.96, respectively. The relative standard deviation for

1.0 mM creatine was 2.4% (n = 7) based on five repetitive measurements, while the detection limit
(LOD, S/N = 3) was 0.015 mM. According to the response of O17-EC membrane to different ammonia
concentrations [31], the fluorescence intensity of the creatine-sensing membrane would increase at
λem = 565 nm and decrease at λem = 625 nm in the presence of the increasing concentrations of creatine.
However, a small increase in the fluorescence intensity was observed at λem = 625 nm at low creatine
concentrations. This observation may be attributed to the low amount of ammonia, which reacted
with O17 dye as per the following equation

NH4
+OH− + H+Dye−⇔NH4

+Dye− + H2O

A large amount of the dye was in its free state. The reaction mechanism of O17 dye and ammonia
produced from the catalytic breakdown of creatine was explained in our previous research [32].
Some modifications in the original sensor may result in unexpected observations, as evident from
the behavior of the peak at λem = 625 nm, which was different from that observed for the original
O17 dye. However, the ratiometric method may normalize the change in the fluorescence intensities
that are unrelated to the change in the target concentration. Therefore, the values for the ratio of
fluorescence intensities at λem = 565 and 625 nm corresponded well with creatine concentrations.
For fluorescence-based sensors, measurements of fluorescence intensity at a single band edge are
known to be problematic for practical applications [33]. The ratiometric fluorescence method is useful
for the correction of a variety of analyte-independent factors in fluorescent sensors, wherein the
temporal and spatial distribution of the measured fluorescence intensity may typically fluctuate owing
to the unequal distribution of fluorophores within the sensor, variation in dynamics of fluorophores in
different media, and noise in the measurement system (e.g., variations in the illumination intensity).
The self-calibration property of the ratiometric method has led to the development of a wide range
of ratiometric fluorescent sensors that provide precise quantitative analysis. Nakata et al. described
real-time monitoring of saccharide conversion pathway using a seminaphthorhodafluor-conjugated
lectin-based ratiometric fluorescent biosensor [34], whereas Xie et al. exploited the enzymatic reaction
of hyaluronidase and hyaluronan bound to two fluorescent dyes for fluorescence quenching and
dequenching of these dyes before and after enzyme reaction to obtain the proportion between the
ratiometric fluorescence intensity and hyaluronidase level [35]. Other researchers have used ratiometric
fluorescence biosensors for the detection of DNA [36] and nitric oxide [37].

Kinetic parameters of creatinase (14 U) and urease (10 U) co-immobilized on the supporting
material of EC and PU were evaluated with Michaelis-Menten kinetics using the ratio of fluorescence
intensities at λem = 565 and 625 nm. An apparent maximal reaction rate (Vmax

app) of 0.0406 1/min and
apparent Michaelis-Menten constant (Km

app) of 3.441 mM were obtained using Hanes plot. The value
of Km

app was greater than that obtained for creatinase immobilized with chitosan-SiO2-multiwall
carbon nanotubes nanocomposite (Km

app = 0.58 mM, [38]). Km
app is usually dependent upon the

supporting material and immobilization method. The large value of Km
app in this work indicates the

low affinity of creatinase to EC and PU matrix over EC-O17 membrane and may be associated with the
conformation and arrangement of the enzyme during immobilization. The slow reaction rate of the
creatine-sensing membrane may be attributed to the retardation of the reaction product (NH4

+OH)
toward O17-EC layer through the thick enzyme-immobilized layer.

The response time of the creatine-sensing membrane was approximately t95(0.1–0.4 mM) = 1 to
2.5 min, t95(0.6–2 mM) = 2.5 to 3.5 min, and t95(4–10 mM) = 0.5 to 1.5 min. Moreover, the addition of PU to
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the supporting material for enzyme immobilization offered a convenient environment to shorten the
transport time of ammonia passing through the enzyme-immobilized membrane to contact O17-EC
membrane. The use of PU as a supporting material for enzyme immobilization may improve the
response time of the enzyme-immobilized membrane.

Figure 2. (a) Fluorescence emission spectra of the creatine-sensing membrane in the presence of creatine
at 0.1 to 10 mM concentration monitored at an excitation wavelength of 460 nm. (b) Calibration curve
for creatine calculated by the ratio of two fluorescence intensities measured at emission wavelengths of
565 and 625 nm.

As shown in our previous study [32], O17-EC membrane showed high reversibility despite
being coated with a second layer of polymer (e.g., EC) and urease. The fluorescent O17 dye could
offer a proton in the formation of NH4

+OH− by the protonation of ammonia in water and react
reversibly upon reduction of NH4

+OH−. Herein, a sequence of hydrolysis reactions of creatine and
urea resulted in the production of ammonia, which reacted with O17-EC membrane and changed
the fluorescence intensity of O17 dye. This change was easy to recognize upon repeated exposure
of the creatine-sensing membrane to 1.0 mM creatine and distilled water (DW). Figure 3 shows the
reversibility of the creatine-sensing membrane as the ratio of the fluorescence intensities at λem = 565
and 625 nm. The sensing membrane exhibited a very low relative standard deviation of 0.78% and
2.69% in DW and 1.0 mM creatine, respectively.

Figure 3. Reversibility of the creatine-sensing membrane in the presence of 1.0 mM creatine and
distilled water (DW).
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The performance of a biosensor with an enzyme is usually influenced by pH and temperature.
pH determines the activity of the enzyme and the consequent efficiency of the catalytic reaction in the
biosensor. Similar to pH is the influence of temperature, which may increase or decrease the catalytic
reaction rate of the enzyme. The creatine-sensing membrane preferred alkaline (pH range of 7.5 to
pH 9.0) to weakly acidic (pH 5.0 to pH 7.0) medium. The ratio of the fluorescence intensities at λem = 565
and 625 nm obtained for the creatine-sensing membrane in the presence of 1.0 mM creatine failed to
change significantly in the acidic pH range, but considerably increased with an increase in pH from 7.5
to 9.0 (data not shown). Creatine was difficult to dissolve in common aqueous solutions and, hence,
was prepared in 10 mM Tris buffer at pH range of 7.5–8.5. Therefore, the creatine-sensing membrane
worked well under alkaline conditions induced via ammonia produced from the hydrolysis of creatine
and urea or interferences from other alkaline factors. The response of the creatine-sensing membrane
to different temperatures was investigated at various creatine concentrations. The temperature range
of 25 to 35 ◦C had no effect on the creatine-sensing membrane in the presence of 0.1 to 10 mM creatine
(data not shown). However, the sensitivity of the membrane decreased at high temperatures (37–40 ◦C)
and creatine concentration (1.0–10 mM). However, the sensitivity was unaffected by temperature at
low concentrations of creatine (0.1–1.0 mM). Therefore, a temperature of approximately 33 ◦C was
used for creatine measurements to extend the performance of the enzymes as well as the sensitivity of
the creatine-sensing membrane for long-term use.

The creatine-sensing membrane was tested after 3 months of use and storage; its sensitivity was
found to be quite good (Figure 4), as evident from SI of the linear curve with creatine concentration of
0.1 to 1.0 mM (SI0.1–1.0 mM) (0.22 at initial use and 0.242 after 3 months of use). Thus, the creatine-sensing
membrane including O17-EC layer as a transducer and EC and PU matrix layer immobilized with two
enzymes (urease and creatinase) showed excellent stability after long-time use. EC and PU were good
supporting materials for the fluorescent dye O17 and enzyme immobilization. The layer of EC and
PU matrix prevented enzyme leakage [39], but at the same time created an open environment, which
improved the sensitivity of the membrane following ammonia production. The presence of PU in
the enzyme-immobilized layer induced softening of the supporting layer for enzyme immobilization,
thereby allowing higher amount of enzyme immobilization and offering a wider location for the
passing ammonia to react with O7-EC membrane. In addition, we suggest that the covalent binding
between the isocyanate groups of PU and amine groups of the enzymes increased the lifetime of the
sensor. The increase in the background signal was associated with the increased opacity of the sensing
membrane. The change probably occurred owing to the long-term soaking in 10 mM phosphate
buffer solution that increased the reflection of the incident light and fluorescence emission during
creatine measurements.

The recovery capability of a biosensor may suffer from some interferences existing in the sample.
Urine samples may contain several types of carbohydrates, metabolites, and electrolytes, which
may interfere with the fluorescent creatine biosensor developed here. According to the results of
one-way ANOVA with Tukey-Kramer multiple comparison post-test, the measurement for 1.0 mM
creatine in the presence of 0.2 mM histidine showed a significant difference from the sample without
histidine (p < 0.001). The presence of other components such as glycine, phenylalanine, tryptophan,
and creatinine or the mixture of these components containing histidine had no significant effect on
the measurement ability of the creatine-sensing membrane for 1.0 mM creatine (p > 0.05) (Figure 5).
In addition, no significant interference was observed with the mixture of cations such as Ca2+, Na+,
K+, and Mg2+ (data not shown).

For biological samples, the ratiometric fluorescence creatine biosensor showed good analytical
performance as compared with other creatine biosensors (Table 1). The linear detection range was
wide and extended up to 10 mM creatine. The wide linear detection range of the sensing membrane
allows quantification of the amounts of creatine in urine samples. The response time of the sensor
was relatively fast and its stability was good, attributable to the structure of the supporting materials
used for the immobilization of the two enzymes. We speculate the covalent binding between the
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isocyanate groups in the hydrogel PU and the amine groups of the enzymes, leading to the extension
of the shelf-life of the biosensor for several months without any evident loss in the enzyme activity.
The ratiometric fluorescent sensing membrane with good sensitivity and long-term stability may be
applied to the high-throughput analysis of creatine.

Figure 4. Long-term stability of the creatine-sensing membrane in the presence of creatine 0.1 to 10 mM
creatine upon initial use and after 3 months of use (left), and two fluorescence emission spectra of the
creatine-sensing membrane with respect to creatine concentrations at λex = 460 nm.

Figure 5. Response of the creatine-sensing membrane to aqueous solutions of 1.0 mM creatine (Cr)
and 0.2 mM of each of the following components: Gly; glycine, His; histidine, Phe; phenylalanine, Trp;
tryptophan, Crn; creatinine, Mix: mixture of Gly, His, Phe, Trp, and Crn.

Table 1. Summary of the analytical performance of some creatine biosensors.

Detection Method (Enzymes Used) Linear Detection Range
Limit of

Detection
Response

Time
Long-Term

Stability
Ref.

Potentiometry (CTN + URS) 0.1–30 mM 10 μM 1.5–4 min 14 days [5]
Potentiometry (CTN + URS) 0.01–1 mM 10 μM 1–2 min 2 months [6]
Amperometry (CTN + SOD) 0–2 mM 3.4 μM 3 min 3 months [7]
Amperometry (CTN + SOD) 0–3.5 mM n.a. 1 min 8 days [8]
Amperometry (CTN + SOD) 0.2–3.8 μM and 9–120 μM 0.2 μM 10 s 30 days [9]

Ratiometric fluorescence (CTN + URS) 0.1–1 Mm and 1–10 mM 0.015 mM 3.5 min >3 months This work

CTN: creatinase, SOD: sarcosine oxidase, URS: urease, n.a.: not available.
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3.3. Enzyme Immobilization for the Creatinine-Sensing Membrane

The optimal amounts of creatinine deiminase for immobilization into the matrix of EC and PU
are tested and shown in Figure 6. The sensing membrane immobilized with 2.5 U creatinine deiminase
showed the smallest SI (SI5U = 0.109) in the presence of 0.1–1.0 mM creatinine, whereas SI of the
membrane immobilized with 5 or 7.5 U creatinine deiminase (SI10U = 0.833 and SI15U = 0.881) were
much higher than those obtained for the membrane immobilized with 2.5 U creatinine deiminase.
In addition, data collected from Bradford protein assay indicated that the immobilization efficiency of
creatinine deiminase on the second layer of the creatinine-sensing membrane was high at all amounts
of creatinine deiminase used. The percentage immobilization was 47.1%, 52.9%, and 41.3% for 2.5, 5,
and 7.5 U creatinine deiminase. Based on these observations, 5 U creatinine deiminase was used to
catalyze the hydrolysis of creatinine at a concentration range of 0.1 to 1.0 mM to produce ammonia.

Figure 6. (a) The response of the creatinine-sensing membrane immobilized with 2.5, 5, and 7.5 U
creatinine deiminase (CD) in the presence of 0.1 to 1.0 mM creatinine. SI represents slope value.
(b) Immobilization efficiency of various amounts of creatinine deiminase.

3.4. Characterization of the Creatinine-Sensing Membrane

As shown in Figure 7, the linear detection range of creatinine was 0.1–1.0 mM with a high
regression coefficient value of r2 = 0.96, while LOD (S/N = 3) was 0.0325 mM. Given the use of a
single enzyme, creatinine deiminase, the response of the creatinine-sensing membrane was similar to
that of O17-EC membrane to different ammonia concentrations reported in our previous study [32].
The fluorescence intensity of the creatinine-sensing membrane increased at λem = 565 nm and decreased
at λem = 625 nm in response to an increase in creatinine concentrations from 0.1 to 10 mM. Thus, the
sensing membrane with only one enzyme involved in the direct hydrolysis of the analytes to produce
ammonia seems to show higher sensitivity and faster response than that with two enzymes.

The activity of creatinine deiminase immobilized in the matrix of EC and PU was evaluated
via Michaelis-Menten kinetics. Kinetic parameters were calculated from the ratio of two emission
fluorescence intensities at λem = 565 and 625 nm. Lineweaver-Burk plot revealed the maximal reaction
rate (Vmax) and Michaelis-Menten constant (Km) to be 1.1862 1/min and 22.05 mM, respectively.
Studies have shown Km values for free creatinine deiminase to be 1.27 [40] and 0.15 mM [41], while the
Km for the creatinine deiminase immobilized on the polyaniline-copper-nanocomposite was calculated
to be 0.163 mM [42]. The higher Km value observed in our study may be associated with the very
low affinitiy of creatinine deiminase to creatinine in EC and PU matrix as compared with EC-O17
membrane. The low affinity may result from the supporting matrix of EC and PU that was partially
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bound at the active site of the enzyme, owing to its conformational change. The maximal reaction rate
(Vmax = 0.263 1/min) for the immobilized urease reported in our previous study [32] indicates the
strong hydrolysis reaction of creatinine by creatinine deiminase, leading to a short response time of the
creatinine-sensing membrane of about t95 = 1–3 min at all creatinine concentrations.

Figure 7. (a) Fluorescence emission spectra of the creatinine-sensing membrane in the presence
of creatinine at 0.1 to 10 mM concentration monitored at an excitation wavelength of 460 nm.
(b) Calibration curve for creatinine calculated by the ratio of two fluorescence intensities at emission
wavelengths of 565 and 625 nm.

Ammonia was probably produced directly through the hydrolysis of creatinine. Therefore, the
reproducibility of the creatinine-sensing membrane was rapid, as evident from the repeated exposure
of the membrane to 0.1 and 1.0 mM creatinine. Figure 8 shows the reversibility of the creatinine-sensing
membrane based on the ratio of the fluorescence intensities at λem = 565 and 625 nm. The sensing
membrane exhibited a very low relative standard deviation of 1.1% and 1.9% for 0.1 and 1.0 mM
creatinine, respectively.

The creatinine-sensing membrane also preferred an alkaline (pH range of 8.0 to 9.0) to acidic
(pH 5.0 to pH 7.0) medium (data not shown). At 0.4 mM creatinine concentration, the ratio of the
fluorescence intensities of the creatinine-sensing membrane at λem = 565 and 625 nm increased with an
increase in the pH to the basic range. The response of the creatinine-sensing membrane at different
temperatures was also studied with various creatinine concentrations. The temperature range of 30 to
40 ◦C failed to exert any significant effect on the sensitivity of the membrane at creatinine concentration
of 0.1 to 1.0 mM (p = 0.901) (data not shown).

The long-term stability of the creatinine-sensing membrane was tested after 1.5 months of use and
storage. The membrane maintained its high sensitivity to various creatinine concentrations (Figure 9),
as evident from the increase in SI of the linear curve at creatinine concentration of 0.1 to 1.0 mM
(SI0.1–1.0 mM) from 0.832 (initial use) to 0.936 (after 1.5 months). The increase in SI after 1.5 months of
use may be related to the good maintenance of the enzyme activity in the polymers EC and PU [39],
which created a versatile environment for the enzyme catalysis and response of O17-EC membrane
to ammonia produced. In addition, the increase in the background signal of the creatinine-sensing
membrane could be recognized after testing the sensing membrane with different pH solutions. This is
attributed to the slight leakage of O17 dye upon its exposure to strong pH solutions, thereby increasing
the ratio of the fluorescence intensities at λem = 565 and 625 nm. The long-term soaking of the polymer
in the aqueous solution may have contributed to the increase in the reflection of the incident light and
fluorescence emission during creatinine measurements.
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Figure 8. Reversibility of the creatinine-sensing membrane at 0.1 and 1.0 mM creatinine.

Figure 9. Long-term stability of the creatinine-sensing membrane at 0.1 to 10 mM creatinine
concentration upon initial use and after 1.5 months of use (left). Two fluorescence emission spectra of
the creatinine-sensing membrane with respect to creatinine concentrations at λex = 460 nm.

The limitation of the spectrometric method is the interference from a few factors in the
samples [17,18] that have similar absorption and emission wavelengths or the change in the refractive
medium. The influence of some components in urine samples on the creatinine-sensing membrane is
shown in Figure 10. According to the results of one-way ANOVA, the presence of 0.2 mM histidine
in 1.0 mM creatinine sample resulted in a significant difference in the measurement as compared to
samples without histidine (p = 0.003). However, the presence of other components such as glycine,
phenylalanine, tryptophan, urea, and creatine failed to exert any effect on the measurement of
1.0 mM creatinine (p > 0.05); however, the mixture of these components containing histidine also
had a significant effect on the creatinine measurement using the creatinine-sensing membrane (t-test
with p = 0.005). No significant interference was observed with a mixture of cations such as Ca2+,
Na+, K+, and Mg2+ (data not shown). Aside from their influence on the pH of the solution, these
cations seemed to have less effect on the response of the creatinine-sensing membrane. Maintaining
an alkaline medium during creatinine measurements may guarantee the high sensitivity of the
creatinine-sensing membrane.

A few studies have systematically reviewed the techniques of electrochemical
enzymic/non-enzymic and immuno-sensors for creatinine detection [17]. Aside from electrochemical
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transducers, some optical methods based on Jaffe’s reaction or enzyme-catalyzed reactions were also
used for the measurement of creatinine. In Table 2, the analytical performance of some optical methods
for creatinine detection is compared with that of the ratiometric fluorescence creatinine biosensor
developed in this study. The ratiometric fluorescent creatinine biosensor exhibited good analytical
performance in terms of high sensitivity, good selectivity, low-cost, and rapidity. In particular,
many samples can be analyzed simultaneously using a 96-well microtiter plate with immobilized
creatinine-sensing membranes.

Figure 10. Response of the creatine-sensing membrane to aqueous solutions of 1.0 mM creatinine (Crn)
and 0.2 mM of each of the following components: Gly: glycine, His: histidine, Phe: phenylalanine, Trp:
tryptophan, Ur: urea, Cr: creatine, and Mix: mixture of Gly, His, Phe, Trp, Ur, and Cr.

Table 2. Summary of the analytical performance of some optical methods for creatinine detection.

Detection Method (Enzyme or Assay Used)
Linear Detection

Range
Limit of

Detection
Response

Time
Ref.

Light diffraction (CD) 0.01–0.7 mM 6 μM 14 min [43]
Chemiluminescence (H2O2-Co2+) 0.1–30 μM 0.07 μM 1 min [44]

Colorimetry (uric acid-Hg2+-AuNPs) 1–12 μM 1.6 nM 5 min [28]
Colorimetry (citrate-AuNPs) 0.1–20 mM 0.72 mM 24 min [45]

Colorimetry-enzPAD (CNN + CTN + SOD) 0.22–2.2 mM 0.17 mM 11 min [46]
Fluorescence (QDs-CD conj.) 0.3–5 mM n.a. 3–4 min [47]

Ratiometric fluorescence (CD) 0.1–1.0 mM 0.0325 mM 1–3 min This work

CD: creatinine deiminase, AuNP: gold nanoparticles, CNN: creatininase, CTN: creatinase, SOD: sarcosine oxidase,
QD: quantum dots, enz-PAD: enzyme paper-based analytical device.

3.5. Determination of Creatine and Creatinine in Artificial Urine Solution (AUS)

The creatine- and creatinine-sensing biosensors developed for the detection of creatine and
creatinine were used to evaluate their recovery capabilities. The measurement results of creatine
and creatinine in the standard solution prepared in 10 mM phosphate buffer saline (pH 7.2) and
AUS are shown in Figure 11. The difference plot in Figure 11 also shows the recovery percentage
of the concentrations of creatine and creatinine in the AUS. The recovery percentage of two sensing
membranes was quite high (85–115%). The large difference in the two measurement results at low
concentrations of creatine and creatinine (0–0.2 mM) may be associated with the presence of anions
such as SO4

2− in the AUS.
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Figure 11. Comparison of creatine (Cr) and creatinine (Crn) concentrations in standard solution
(STD) and artificial urine solution (AUS) using creatine- and creatinine-sensing membranes, and their
difference plots. The difference represents 100 × (creatine or creatinine in AUS − standard creatine
or creatinine)/(standard creatine or creatinine). The dashed lines indicate the recovery percentage of
85–115% for creatine or creatinine in AUS samples.

4. Conclusions

Enzymatic fluorescence assay techniques are highly specific and sensitive, but their use is restricted
due to enzyme instability and assay complexity. In this study, ratiometric fluorescent biosensors
for creatine and creatinine detection were successfully fabricated. These biosensors showed good
sensitivity in the linear concentration range of 0.1–1.0 mM for creatine and 0.1–1.0 mM for creatinine,
while their LOD was 0.015 and 0.0325 mM for creatine and creatinine, respectively. The sensing
membranes displayed negligible interference from amino acids and salts, with the exception of
0.2 mM histidine. The reproducibility of the sensing membranes for creatine and creatinine was
excellent, with a very low relative standard deviation (<2.67%), and their sensitivity to creatine and
creatinine was retained for at least 2 months. The high recovery percentage of two sensing membranes
in artificial urine samples highlights their potential application for the determination of creatine
and creatinine concentrations in clinical chemistry. In addition, the successful development of the
ratiometric fluorescent biosensors would be of a great significance in high-throughput screening
techniques in analytical biochemistry.
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Abstract: The development of fluorescent sensors for Hg2+ has attracted much attention due to
the well-known adverse effects of mercury on biological health. In the present work, the optical
properties of two newly-synthesized Hg2+ chemosensors based on the coumarin-rhodamine system
(named Pro1 and Pro2) were systematically investigated using time-dependent density functional
theory. It is shown that Pro1 and Pro2 are effective ratiometric fluorescent Hg2+ probes, which
recognize Hg2+ by Förster resonance energy transfer and through bond energy transfer mechanisms,
respectively. To further understand the mechanisms of the two probes, we have developed an
approach to predict the energy transfer rate between the donor and acceptor. Using this approach, it
can be inferred that Pro1 has a six times higher energy transfer rate than Pro2. Thus the influence
of spacer group between the donor and acceptor on the sensing performance of the probe is
demonstrated. Specifically, two-photon absorption properties of these two probes are calculated.
We have found that both probes show significant two-photon responses in the near-infrared light
region. However, only the maximum two-photon absorption cross section of Pro1 is greatly enhanced
with the presence of Hg2+, indicating that Pro1 can act as a potential two-photon excited fluorescent
probe for Hg2+. The theoretical investigations would be helpful to build a relationship between the
structure and the optical properties of the probes, providing information on the design of efficient
two-photon fluorescent sensors that can be used for biological imaging of Hg2+ in vivo.

Keywords: fluorescent Hg2+ probe; time-dependent density functional theory; two-photon absorption

1. Introduction

Mercury is a caustic and carcinogenic element with high cellular toxicity which can pass through
biological membranes easily and cause serious damage to the neurological and endocrine systems [1–3],
which makes the detection of mercuric ion (Hg2+) of great importance in the fields of biology, chemistry
and medicine [4–6]. In the past few years, many analytical methods have been developed to monitor
the concentration of Hg2+. Thereinto, the fluorescence microscopy technique has attracted much
attention due to its high sensitivity and selectivity, a low cost [7,8]. The design of effective fluorescent
probes consequently has become a focus of attention in fluorescence microscopy [9–11].

Until now, several recognition mechanisms have been employed in probe design [4,12,13]. At the
very beginning, the intramolecular charge transfer (ICT) mechanism was employed. For instance,
Srivastava et al. synthesized a fluorescent probe by bridging a benzhydryl moiety and a dansyl
fluorophore through a piperazine unit to detect Hg2+ [14]. Razi et al. designed a fluorescence turn-on
ratiometic probe for Hg2+ by bridging imidazole and benzothiazole moieties through a thiophene
ring [15]. Even though much success has been achieved in the development of ICT-based fluorescent
probes, the shortage of alternatives is evident. It is widely accepted that the detection using ICT-based
fluorescent probes depends highly on the intensity of the single characteristic fluorescent band, which
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is usually affected by the environment and measurement conditions [16–18]. Other than the ICT
mechanism, energy transfer-based mechanisms, including Förster resonance energy transfer (FRET)
and through bond energy transfer (TBET) can eliminate the mentioned interferences by using the
built-in correction provided by two-emission bands. For a probe based on FRET, the donor moiety
and acceptor moiety are linked by a non-conjugated spacer. Consequently, the energy transfers from
the donor to the acceptor rely on the spectral overlap between the donor emission and acceptor
absorption [19,20]. On the other hand, a probe based on TBET is one whose donor is connected to the
acceptor via an electronically conjugated linker. As a result, the energy transfer process occurs through
the bond without the need for spectral overlap [21,22].

To date, considerable efforts have been devoted to developing energy transfer-based Hg2+

fluorescent probes [23–25]. Very recently, Gong et al. designed a coumarin-rhodamine TBET system
(named hereafter as Pro1). They have demonstrated that Pro1 was particularly useful for ratiometric
Hg2+ sensing and bioimaging applications [26]. Adopting the same donor (coumarin) and acceptor
(rhodamine), Wang et al. reported another Hg2+ fluorescent probe in which a m-phenylenediamine
spacer was used as the linker (named hereafter as Pro2) [27]. Although the experimental measurements
show that both Pro1 and Pro2 are promising fluorescent probes for Hg2+, the underlying mechanism of
the probes is insufficiently understood, in particular the role of the spacer in the sensing performance.
Meanwhile, energy transfer rate is a very important parameter for evaluating the efficiency of a
probe. However, there is no standard approach to evaluate the energy transfer efficiency in different
experiments. Thus, comparison between probes’ energy transfer rates on the same theoretical
level basis is needed. More importantly, in the experiments, Pro1 and Pro2 have been excited by
short wavelength one-photon irradiation, which easily results in photobleaching, photodamage and
interference from auto-fluorescence. An efficient method that can overcome the shortcomings of
a one-photon fluorescent probe is to utilize a two-photon fluorescent probe [28–31], therefore, the
potential of the probes Pro1 and Pro2 as two-photon fluorescent Hg2+ sensors should be investigated.

In this paper, theoretical studies on the optical properties, including one-photon absorption (OPA),
one-photon emission (OPE) and two-photon absorption (TPA) of Pro1 and Pro2 in the absence and
presence of Hg2+ were carried out. Special attention has been paid to the analysis of probes’ recognition
mechanisms by illustrating the molecular orbital distributions involved in the photoabsorption and
photoemission processes. Importantly, we report a feasible approach to predict the energy transfer rate
of the probes. The present research should be helpful to understand the response mechanisms of these
fluorescent chemosensors. Most of all, the role of spacer between the donor and acceptor of the probes
is demonstrated, providing guidelines for the design of more efficient two-photon fluorescent probes.

2. Theoretical Method and Computational Details

2.1. Theoretical Method

The detailed theory has been reported in [32]. Here, only the main formulations are briefly
discussed. One-photon absorption and emission strength between the states i and j can be described
by the oscillator strength:

δOPA(OPE) =
2ωij

3

x,y,z

∑
α

|〈i|μα|j〉 |2, (1)

where ωij denotes the energy difference between the states i and j, μα is the electric dipole moment
operator.

The macroscopic TPA cross-section that can directly compare with the experimental value is
defined as:

σTPA =
4π2a0

5αω2g(ω)

15cΓ
δTPA, (2)

where a0 is the Bohr radius, α the fine structure constant, c is the speed of the light, and h̄ω is the
incident photon energy. g(ω) provides the spectral line profile, and the lifetime broadening of the final
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state Γ is assumed to be a typical value of 0.1 eV [33]. δTPA is the microscopic TPA cross-section which
is given by the orientational averaging over the two-photon transition probability.

2.2. Computational Detail

The geometrical structures of all the studied molecules were fully optimized using the
time-dependent density function theory (TD-DFT)/B3LYP exchange functional level with 6-31G(d,p)
basis set. In order to verify the stability of the optimized structures, frequency calculations were
performed and no imaginary frequency was obtained. On the basis of the optimized structures, OPA
properties of the molecules are calculated using the functional of TD-DFT/BLYP and the 6-31G(d,p)
basis set. It should be noted that other functionals, such as B3LYP, M06-2X, PBE0 and wB97X are
also used for the numerical simulations. The results of BLYP functional agree however better with
the experimental measurements. Thus, the BLYP functional was chosen for the property calculations.
Meanwhile, simulations on the OPE properties were carried out by optimizing the first excited state of
the compounds. All the above mentioned calculations are performed utilizing the Gaussian09 program
(Gaussian Inc., Wallingford, CT, USA) [34]. Apart from the OPA and OPE properties, TPA properties
of the studied molecules are also investigated based on the optimized ground state structures using
the quadratic response theory implemented in the Dalton2013 package [35]. Considering that the
experimental measurements are carried out in an aqueous environment, the effect of solvent is taken
into account within the polarizable continuum model (PCM) in all calculations.

3. Result and Discussion

3.1. Molecular Geometry

Figure 1 shows the structures of the studied molecules. Both Pro1 and Pro2 employ rhodamine
moiety as the acceptor, and a coumarin moiety with excellent biocompatibility as the donor. In Pro1,
the acceptor and donor are connected directly, whereas in Pro2, a rigid m-phenylenediamine was
selected as the spacer group.

 
Figure 1. Molecular structures of Pro1, Pro1 + Hg2+, Pro2 and Pro2 + Hg2+.

In the absence of Hg2+, the rhodamine moiety adopts a closed, non-fluorescent spirolactam form,
as shown in Pro1 and Pro2. In the presence of Hg2+, a Hg2+-promoted reaction will induce opening of
the rhodamine moiety as shown in Pro1 + Hg2+ and Pro2 + Hg2+. Optimized ground state molecular
geometries are given in Figure 2. In all molecular structures, the donors are planar, and in the acceptors
both for closed-ring form and open-ring form, the benzene and the xanthene are vertical. Notably, there
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is a large torsion between the donor and acceptor of the molecules. This non-coplanar characteristic of
the probes prevents the molecule from behaving as a conjugated dye, so that the energy can transfer
between the two parts.

Figure 2. Optimized ground state geometries of Pro1, Pro1 + Hg2+, Pro2 and Pro2 + Hg2+ with PCM
simulating the dielectric of water.

3.2. One-Photon Absorption

On the basis of the optimized geometries, OPA properties of the studied molecules in H2O
were calculated. Figure 3 shows the absorption spectra of Pro1, Pro1 + Hg2+, Pro2 and Pro2 +
Hg2+. The details of the OPA peaks, including the one-photon absorption energy, the corresponding
wavelength, the oscillator strength and the transition nature are presented in Table 1. It can be seen
from Figure 3 and Table 1 that Pro1 and Pro2 have one absorption peak at 425 nm and 434 nm, which
agrees well with the experimental data of 420 nm and 440 nm, respectively. When reacts with Hg2+,
both Pro1 + Hg2+ and Pro2 + Hg2+ simultaneously show two absorption peaks, i.e., 486 nm and 520 nm
for Pro1 + Hg2+, 447 nm and 521 nm for Pro2 + Hg2+. In comparison with the maximum OPA for the
free probes, absorption peaks for the compounds upon combing with Hg2+ show redshifts. Predictably,
the absorption peak at about 520 nm for Pro1 + Hg2+ and Pro2 + Hg2+ is dominated by the open-ring
rhodamine. The shift of the absorption peak in the short wavelength range is much larger for Pro1 +
Hg2+ than Pro2 + Hg2+, which is consistent with the trend if the experimental measurements.
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Figure 3. The OPA spectra of (a) Pro1 and Pro1 + Hg2+, (b) Pro2 and Pro2 + Hg2+ with PCM simulating
the dielectric of water.

Table 1. The one-photon absorption energy EOPA (eV), the corresponding wavelength λOPA (nm), the
oscillator strength δOPA (a.u.), and the transition nature of the OPA peaks for Pro1, Pro1 + Hg2+, Pro2
and Pro2 + Hg2+ with PCM simulating the dielectric of water.

Molecule EOPA λOPA λOPA Transition Nature λ
Exp
OPA

Pro1 2.92 425 0.53 HOMO-2 → LUMO 70% 420 a

Pro1 + Hg2+ 2.38 520 0.88 HOMO-1 → LUMO 92% 567 a

2.55 486 0.89 HOMO → LUMO + 1 60%,
HOMO-3 → LUMO 12% 450 a

Pro2 2.86 434 0.64 HOMO-2 → LUMO 98% 440 b

Pro2 + Hg2+ 2.37 521 0.87 HOMO-2 → LUMO 94% 568 b

2.77 447 0.90 HOMO → LUMO + 1 55%,
HOMO-3 → LUMO + 1 30% 440 b

a Measured in 50:50 (v/v) THF-H2O [26] and b measured in 50:50 (v/v) EtOH-H2O [27].

To better explain the spectral phenomena, the molecular orbitals contribute to the transitions
corresponding to each OPA peak (see Table 1) are shown in Figure 4. It can be observed from Figure 4a
that the maximum absorption of Pro1, which originates from the HOMO-2 to the LUMO (HOMO
and LUMO represent the highest occupied molecular orbital and the lowest unoccupied molecular
orbital, respectively) transition, is distributed on the donor moiety. In the presence of Hg2+, the long
wavelength absorption of Pro1 + Hg2+ at 520 nm is attributed to the HOMO-1 to LUMO transition and
localized on the acceptor part. The short wavelength absorption of Pro1 + Hg2+ at 486 nm results from
both the HOMO to LUMO + 1 transition and the HOMO-3 to LUMO transition. It should be noted
that the HOMO and LUMO + 1 of Pro1 + Hg2+ are localized on the donor part, whereas the HOMO-3
and LUMO are localized on the donor and acceptor moiety, respectively. Thus the short wavelength
absorption peak for Pro1 + Hg2+ at 486 nm relates to the charge transfer process between the donor
and the acceptor, which leads to a larger redshift compared with the absorption peak of Pro1. From
Figure 4b, it can be seen that similar change trends are shown for the absorption of Pro2 and the long
wavelength absorption of Pro2 + Hg2+. However, the short wavelength absorption of Pro2 + Hg2+ at
447 nm is contributed by the donor itself, revealing that there is no electronic interaction between the
donor and acceptor for Pro2 + Hg2+ upon excitation due to the m-phenylenediamine spacer. Analyses
on the OPA of the molecules suggest that the donor and acceptor of Pro1 + Hg2+ and Pro2 + Hg2+

can be individually excited at their characteristic absorption peaks, which is conducive to the energy
transfer process.
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Figure 4. Molecular orbitals involved in the transition of the OPA peaks for (a) Pro1 and Pro1 + Hg2+;
(b) Pro2 and Pro2 + Hg2+ with PCM simulating the dielectric of water.

3.3. One-Photon Emission

For a ratiometric fluorescent probe, great changes on the fluorescent signal should be exhibited
when it reacts with the target analyte. Calculations on the OPE properties of the studied molecules in
H2O are performed on basis of the optimized first excited state geometries. The optimized geometries
of Pro1, Pro1 + Hg2+, Pro2 and Pro2 + Hg2+ in the first excited state are shown in Figure 5. Compared
with the ground state geometries, the first excited state geometries show little change.

At the same time, the fluorescence spectra of the molecules in H2O are presented in Figure 6, and
the detailed OPE energy, the corresponding wavelength, the fluorescent intensity and the transition
nature are listed in Table 2. Values in Table 2 show that upon the addition of Hg2+, the fluorescent peaks
of Pro1 and Pro2 locating at 485 nm and 503 nm are greatly redshifted to 605 nm and 608 nm, showing
120 nm and 105 nm shifts, respectively. The calculated results agree well with the experimental data in
trend, despite the quantitative discrepancy which can be attributed to the vibrational contribution,
and the short-range interaction that have not been considered in the calculations, etc. By analyzing
the OPE properties of the molecules, one can predict that these probes can act as excellent ratiometric
chemosensors for Hg2+, and Pro1 is preferable due to its more apparent changes in the fluorescent
wavelength. Considering the difference of the molecular structure, the influence of the connection
between the donor and acceptor on the molecular fluorescence is revealed.

In order to understand the fluorescence spectra phenomenon more clearly, the frontier molecular
orbitals related to the main transitions in the emission process of the molecules are drawn and
illustrated in Figure 7. It can be seen that the transitions of the emission for Pro1 and Pro2 are
contributed by the orbitals localized on the donor moiety, whereas, the emission of Pro1 + Hg2+ and
Pro2 + Hg2+ are dominated by the orbitals distributing on the acceptor part, resulting in the appearance
of a characteristic emission of the acceptor.
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Figure 5. Optimized first excited state geometries of Pro1, Pro1 + Hg2+, Pro2 and Pro2 + Hg2+ with
PCM simulating the dielectric of water.

 

Figure 6. The OPE spectra of (a) Pro1 and Pro1 + Hg2+, (b) Pro2 and Pro2 + Hg2+ with PCM simulating
the dielectric of water.

Table 2. The emission energy EOPE (eV), the corresponding wavelength λOPE (nm), the fluorescent
intensity δOPE (a.u.) and the transition nature of the OPE peaks for Pro1, Pro1 + Hg2+, Pro2 and Pro2 +
Hg2+ with PCM simulating the dielectric of water.

Molecule EOPE λOPE δOPE Transition Nature λ
Exp
OPA

Pro1 2.55 485 0.83 HOMO-3 → LUMO 85% 470 a

Pro1 + Hg2+ 2.05 605 1.02 HOMO-1 → LUMO 98% 580 a

Pro2 2.46 503 0.50 HOMO-2 → LUMO 92% 478 b

Pro2 + Hg2+ 2.04 608 1.01 HOMO-2 → LUMO 94% 587 b

a Measured in 50:50 (v/v) THF-H2O [26] and b measured in 50:50 (v/v) EtOH-H2O [27].

For the probes before and after reacting with Hg2+, the frontier molecular orbitals involved in the
fluorescent emission process are entirely localized on the donor or acceptor moiety. This makes the
generation of separate characteristic emission peaks possible and is in favor of the recognition of Hg2+.
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Figure 7. Molecular orbitals involved in the transition of the OPE peaks for (a) Pro1 and Pro1 + Hg2+;
(b) Pro2 and Pro2 + Hg2+ with PCM simulating the dielectric of water.

3.4. Recognition Mechanism and Energy Transfer Rate

As reported by Gong and Wang, the recognition of Pro1 and Pro2 for Hg2+ pertains to the
TBET and FRET mechanism, respectively. However, theoretical analyses on this issue have not been
carried out yet. Thus, to further rationalize the recognition mechanisms of Pro1 and Pro2, the orbital
distribution diagrams included in the absorptive and emissive processes of the molecules are used
to investigate the responsive process of a molecule upon optical excitation. Careful inspection of the
absorption and emission of Pro1 + Hg2+ (see Figures 4a and 7a) reveals that when excited by the
incident light with the wavelength of 486 nm, Pro1 + Hg2+ can be excited to a higher excited state,
which corresponds to an electronic transition mainly localized on the donor part, whereas, the emission
of the molecule originating from the decay from the first excited state to the ground state is distributed
on the acceptor moiety with a fluorescence wavelength of 605 nm. To summarize, the fluorescence of
the molecular acceptor can be stimulated by exciting the donor moiety, herein a non-radiative energy
transfer process occurs between the molecular donor and acceptor. Similarly, the energy transfer
process occurs for Pro2 + Hg2+ as shown in Figures 4b and 7b. Namely, the emission from the acceptor
moiety of Pro2 + Hg2+ could be obtained by exciting the donor unit. Further taking the connection and
the spectral overlap between the donor and acceptor into consideration, the recognition mechanisms
of Pro1 and Pro2 are confirmed as TBET and FRET, respectively.

For an energy transfer-based system, the energy transfer rate between the donor and acceptor is
an important parameter to evaluate the efficiency of the probe. According to the Fermi’s golden rule,
the energy transfer rate from the donor to the acceptor, which represents the probability of the energy
transfer per unit time, can be described by [36]:

KDA = ∑
i,j

2π

�

∫ ∣∣∣WDi Aj

∣∣∣2δ2
Di

δ2
Aj

Γ2

π2
[
(ε − εDi )

2 + Γ2
][
(ε − εAj)

2 + Γ2
] g(ε)dε, (3)

where εDi(εAj) is the transition energy of the donor(acceptor), δDi(δAj) is the corresponding strength.
g(ε) represents the energy distribution of the incident laser pulse which is assumed to be a Gaussian
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function. WDiAj denotes the electronic dipole-dipole interaction matrix element. Under the dipole
approximation, WDiAj can be defined as:

WDi Aj =
μm · μn

|Rmn|3
− 3

(μm · Rmn)(μn · Rmn)

|Rmn|5
, (4)

here μm(μn) is the transition dipole moment of the molecular fragment m(n), Rmn is the distance vector
from m to n.

Ideally, the transition dipole moments of donor emission and the acceptor absorption should have
large vectors in the same direction, which is beneficial to the long-range dipole-dipole interaction. Here
as shown in Figure 8, the X-axis is set to be perpendicular to the plane of the xanthene in rhodamine,
the Y-axis on the long axis direction of the xanthene, and the Z-axis on the short axis of the xanthene.
After fixing the coordinate direction, the transition wavelength, the corresponding strength and dipole
moments for both the emission of the donors and the absorption of the acceptor (open-ring rhodamine)
are calculated and the results are listed in Table 3. One can see that the emission wavelength of the
donor for Pro2 is much closer to the absorption wavelength of the acceptor part than that for Pro1.
Thus, spectral overlap between the donor emission and the acceptor absorption for Pro2 + Hg2+ is large
while that of Pro1 + Hg2+ is small, proving the recognition mechanisms of Pro2 + Hg2+ to be FRET.
In addition, there are large transition dipole moment vectors in the Z direction for the donors of Pro1
and Pro2, whereas the maximum transition dipole moment of the acceptor part is on the Y direction.

Figure 8. Schematic of coordinate direction.

Table 3. The transition wavelength λ (nm), transition strength δ (a.u.) and the corresponding transition
electric dipole moments μx,y,z (a.u.) of donor emission and acceptor absorption for Pro1 + Hg2+ and
Pro2 + Hg2+ with PCM simulating the dielectric of water.

Molecule λ δ
Transition Electric Dipole Moment

μx μy μz

Pro1-Donor-emission 396 0.69 −0.18 −0.20 −2.98
Pro2-Donor-emission 441 0.98 −0.06 −0.19 3.78
Acceptor-absorption 474 1.00 −0.14 −3.94 −0.24

According to Equation (4), the energy transfer rate from the donor to the acceptor depends
crucially on the distance between the two parts. Table 4 lists the distance vectors between the donor
and the acceptor for Pro1 + Hg2+ and Pro2 + Hg2+. Obviously, the m-phenylenediamine spacer in Pro2
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+ Hg2+ leads to a long distance between the molecular donor and acceptor. As a result, the energy
transfer rate of Pro1 + Hg2+ is six times larger than that of Pro2 + Hg2+, suggesting Pro1 + Hg2+ to
be a more promising energy transfer-based probe. It can be concluded from these results that the
spacer group between the donor and acceptor plays an important role on the efficiency of the energy
transfer-based fluorescent probes.

Table 4. The distance vector Rx,y,z (Å), total distance RDA (Å) and energy transfer rate KDA (106)
between the donor and acceptor of Pro1 + Hg2+ and Pro2 + Hg2+ with PCM simulating the dielectric
of water.

Molecule Rx Ry Rz RDA KDA

Pro1 + Hg2+ 8.28 0.55 2.07 8.55 3.7
Pro2 + Hg2+ 15.74 0.31 1.98 15.87 0.6

3.5. Two-Photon Absorption

The analyses on the one-photon absorption and emission of the molecules demonstrate that Pro1
and Pro2 can efficiently identify Hg2+ through the energy transfer process. This inspired us to further
investigate the utility of the probes as two-photon fluorescent chemosensors. The TPA properties of
the molecules, including the two-photon absorption energy, the corresponding TPA wavelength and
the TPA cross-section are listed in Table 5. In the case of free probes, both Pro1 and Pro2 have one TPA
peak at about 750 nm. The maximum TPA cross section of Pro2 is 573.12 GM, which is six times larger
than that of Pro1. One can expect the different TPA performances of Pro1 and Pro2 are due to their
different spacers. Herein, we analyze the TPA cross-sections of the two probes by a two-level model
with the ground state and the maximum charge transfer state [37] according to the transition natures
of the probes as shown in Table 1. In this model, the peak TPA cross-section is directly proportional
to the square of the transition dipole moment μ01, while inversely proportional to the square of the
energy gap E01, namely, σTPA ∝ μ01

2/E01
2. The numerical results are given in Table 6. From Table 6,

one can see that Pro1 has a smaller transition dipole moment and larger excitation energy compared
with Pro2, thus the TPA cross section of Pro1 is much smaller than that of Pro2.

Table 5. The two-photon absorption energy ETPA (eV), the corresponding TPA wavelength λTPA (nm)
and the TPA cross section σTPA (GM = 10−5 cm4·s/photon) of the lowest nine excited states for Pro1,
Pro1 + Hg2+, Pro2 and Pro2 + Hg2+ with PCM simulating the dielectric of water.

Molecule ETPA λTPA σTPA Molecule ETPA λTPA σTPA

Pro1

2.72 909 3.14

Pro1 + Hg2+

2.38 1040 21.35
2.87 861 3.45 2.55 972 24.34
2.92 850 2.47 2.87 861 135.22
2.98 829 1.99 3.08 802 264.19
3.18 777 94.85 3.19 775 11.26
3.33 742 0.09 3.24 763 33.23
3.42 723 2.24 3.6 686 1059.1
3.56 694 11.7 3.67 673 233.94
3.63 681 0.42 3.79 652 382.14

Pro2

2.86 868 0.03

Pro2 + Hg2+

2.37 1042 1.83
2.88 858 4.71 2.45 1009 0.47
2.92 846 1.87 2.53 977 23.45

3 824 0.41 2.77 894 0.36
3.06 808 8.44 3.09 800 263.31
3.18 777 1.17 3.28 754 275.96
3.34 740 573.12 3.49 708 4.71
3.5 706 0.02 3.54 698 40.68

3.55 696 1.55 3.58 690 85.94
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Table 6. The transition dipole moment μ (Debye) and excitation energy E01 (eV) between the states in
two-level model for Pro1 and Pro2.

Molecule μx μy μz μtot E01

Pro1 0.50 0.03 2.66 2.71 2.92
Pro2 0.51 0.83 2.85 3.02 2.86

With the addition of Hg2+, it can be seen that the TPA peak positions of Pro1 + Hg2+ and Pro2 +
Hg2+ are blue shifted and red shifted, respectively. Importantly, the maximum TPA cross sections of
Pro1 + Hg2+ is largely increased to 1059.10 GM, whereas that of Pro2 + Hg2+ is decreased to 275.96
GM. This demonstrates that the spacer group between the donor and acceptor of the probe induces a
variation in its TPA property. Considering the molecules have no symmetry, the transition probability
between two molecular orbitals is closely related to the overlap of these molecular orbitals [38].
Thus, molecular mainly orbitals involved in the TPA process of the studied molecules are drawn in
Figure 9. In comparison with Pro1, the orbitals of Pro1 + Hg2+ contributing to the TPA process locate
at the same moiety and possess similar distribution. Nevertheless for Pro2 + Hg2+, the overlapped
parts take an opposite distribution, namely, color distribution of the overlapped part is opposite,
resulting in destructive interference of the corresponding wavefunctions. As a consequence, the TPA
cross-section of Pro1 + Hg2+ is enhanced and that of Pro2 + Hg2+ is reduced compared with Pro1 and
Pro2, respectively.

Figure 9. Molecular orbitals involved in the transition of the TPA peaks for (a) Pro1 and Pro1 + Hg2+,
(b) Pro2 and Pro2 + Hg2+ with PCM simulating the dielectric of water.

Undoubtedly, an excellent two-photon fluorescent probe should have a significant enhancement
in the TPA cross-section when identifying the target. Thus, Pro1 is predicted to be a better two-photon
fluorescent probe. For Pro1, using a 777 nm laser as the two-photon excitation light, the probe is excited
and the fluorescence emitted from the donor can be observed because no energy transfer process
occurs. When Hg2+ is present and excited by two-photon irradiation, a TBET process occurs in Pro1 +
Hg2+, and the fluorescence of the acceptor can be observed. In a word, Pro1 can be used as an active
TBET-based two-photon fluorescent Hg2+ probe for live cell imaging.
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4. Conclusions

In this work, the photoabsorption and photoemission properties, recognition mechanisms
and energy transfer rates of two newly-synthesized fluorescent Hg2+ chemosensors were studied
by theoretical calculations. The results demonstrate that obvious changes in the absorption and
fluorescence signal of the probes are observed upon reaction with Hg2+, which is conductive to the
recognition of this cation. The analyses on the energy transfer rate illustrate that Pro1 has a higher
efficiency, therefore, Pro1 is proved to be a more effective energy transfer-based ratiometric fluorescent
probe for detecting Hg2+. Then the effect of spacer group between the donor and acceptor on the
sensing performance and efficiency of the probe is discussed. In particular, the probes show a significant
two-photon response in the near-infrared light region, and the largest TPA cross-section of Pro1 is
greatly enhanced with the presence of Hg2+. As a result, it is deduced that Pro1 can act as a potential
two-photon excited TBET-based ratiometric fluorescent Hg2+ probe. The theoretical investigations
have explained the experimental results and revealed the underlying response mechanism of the
probes. Meanwhile, a new strategy to predict the energy transfer rate of the energy transfer-based
chemosensor on basis of the molecular structure is proposed. The results are intended to give the
structure-property relationships for these probes, providing useful knowledge for designing more
efficient two-photon fluorescent sensors geared toward biological applications.
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Abstract: Conjugated polymers (CPs) have proved to be promising chemosensory materials
for detecting nitroaromatic explosives vapors, as they quickly convert a chemical interaction
into an easily-measured high-sensitivity optical output. The nitroaromatic analytes are strongly
electron-deficient, whereas the conjugated polymer sensing materials are electron-rich. As a result,
the photoexcitation of the CP is followed by electron transfer to the nitroaromatic analyte, resulting
in a quenching of the light-emission from the conjugated polymer. The best CP in our studies was
found to be poly[(9,9-dioctylfluorenyl-2,7-diyl)-co-bithiophene] (F8T2). It is photostable, has a good
absorption between 400 and 450 nm, and a strong and structured fluorescence around 550 nm.
Our studies indicate up to 96% quenching of light-emission, accompanied by a marked decrease
in the fluorescence lifetime, upon exposure of the films of F8T2 in ethyl cellulose to nitrobenzene
(NB) and 1,3-dinitrobenzene (DNB) vapors at room temperature. The effects of the polymeric matrix,
plasticizer, and temperature have been studied, and the morphology of films determined by scanning
electron microscopy (SEM) and confocal fluorescence microscopy. We have used ink jet printing
to produce sensor films containing both sensor element and a fluorescence reference. In addition,
a high dynamic range, intensity-based fluorometer, using a laser diode and a filtered photodiode was
developed for use with this system.

Keywords: conjugated polymers; explosives detection; trace analysis; optical sensor;
luminescence sensor

1. Introduction

Part of the extensive research in conjugated polymers (CPs) and conjugated polyelectrolytes (CPEs)
is motivated by their capacity as sensitive fluorescent materials for chemo- and biosensing. They offer
a broad range of possibilities for transforming analyte receptor interactions, as well as nonspecific
interactions, into observable (transducible) responses [1,2]. Amplified quenching in fluorescent CP
was introduced by Swager and Zhou [3] and opened the way for novel sensory materials using
this important class of conjugated polymers. In 1998, Yang and co-workers [4] used a fluorescence
quenching transduction mechanism together with the amplifying nature of conjugated polymers
to develop a material highly sensitive to 2,4,6-trinitrotoluene (TNT) vapors, the major explosive
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component of landmines. One peculiarity of nitroaromatics which may be used in detection based
on fluorescence techniques is their electron-accepting capability. CPs are promising for redox sensing
because they are normally electron donors. This donor behavior is further enhanced in their delocalized
pi excited states. This excited state delocalization is crucial because the resulting exciton migration
along the polymer chain increases the frequency of interaction with a bound quencher, in this case
the nitroaromatic analytes, which contributes to improve detection sensitivity. For these reasons,
nitroaromatic analytes can efficiently quench the emission of CP by photoinduced electron transfer
process. As a practical result, photoexcitation of the conjugated polymer is followed by electron transfer
to the nitrated organic compounds, resulting in a quenching of the CP fluorescence. Fluorescence
quenching sensing methods are promising for rapid and sensitive detection of explosives vapors,
and possess major advantages, including high sensitivity signal output and operational simplicity [5].

The detection of explosives is a major quest for security in many civilian and military
environments, and is usually carried out through the sensing of the vapor emitted by the explosives,
or of markers present with them. These sensors must satisfy several criteria, such as sensitivity,
reversibility and the capability for real-time signal processing. For nitroaromatic explosives, sensing of
a few parts per billion or less of the analyte vapor is mandatory, and should be accompanied with rapid
and, ideally, reversible changes in the sensor output. Some assessments of explosives containing soils
have been performed, and it has been indicated that the concentration of TNT is around 10–100 ng/kg.
The vapor concentration is even lower, around the 100 pg/kg to 100 fg/kg level [6]. For in-field
detection of such materials, a portable system would be highly beneficial.

In order to address these issues, we have developed a new conjugated polymer-based
optical sensor of trace explosives vapors. For the chemosensory material, we have used hairy-rod
polymers [7], an important class of π-conjugated polymers, such as poly(fluorene-2,7-diyl)s (PFs).
These have excellent photoluminescence quantum yields, good thermal stability, and good solubility
in several solvents [8]. The linear side chain poly[9,9-dioctylfluorene-2,7-diyl] (PFO) and its
homologue poly[9,9-dioctylfluorenyl-2,7-diyl)-co-bithiophene]) (F8T2) were used in this study
(Figure 1). Detailed spectroscopic and photophysical properties of these polymers have been presented
elsewhere [9].

Figure 1. Structures of the CPs used: (A) poly[9,9-dioctylfluorene-2,7-diyl] (PFO); (B) poly[(9,9-
dioctylfluorenyl-2,7-diyl)-co-bithiophene] (F8T2); and (C) poly[(9,9-dioctylfluorenyl-2,7-diyl)-alt-co-
(1,4-benzo-2,10,3- thiadiazole)] (F8BT).

For many practical applications, it is desirable to incorporate CPs in an appropriate porous inert
matrix. In this work, we used ethyl cellulose (EC) to incorporate the CPs. Both CPs exhibit high
sensitivity in ethyl cellulose films when exposed to nitrobenzene (NB) and 1,3-dinitrobenzene (DNB)
vapors. These are chosen as models or markers of more common nitroaromatic explosives, such as
TNT or RDX. EC is the most common insoluble cellulose derivative used and is available in a variety
of viscosity grades, according to the molecular weight range of the products. The molecular weight
affects the mechanical properties, which have fundamental importance for producing intact films,
depending on the application [10]. Plasticizers are generally used to improve the mechanical properties
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of a polymer matrix. This occurs because the plasticizer can decrease the intramolecular forces between
the polymer chains, reducing the glass transition temperature and increasing the permeability of
the polymer matrix to gases or other analytes [11]. In this work, we use polyethylene glycol and
polypropylene glycol with different molecular weights as plasticizers to improve the mechanical
properties and permeability of our polymer matrices.

This contribution is divided in two parts. First, we report absorption, emission spectra,
and fluorescence lifetimes of the PFO and F8T2 in ethyl cellulose films, the structural characterization
of the thin films, and then discuss the ability of these materials to sense TNT model compounds. In the
second part, we study the improved polymer matrices produced by the introduction of plasticizers
which increase the sensitivity to TNT-like compounds when compared with the non-plasticized ones.
We also develop other methods for CP device preparation in the solid matrix, such as ink jet printing
technology: in this case we added an internal reference, a CP whose fluorescence is not quenched
by the TNT-like molecules, to provide potential for ratiometric sensing. In this condition, we print
different zones with the two CPs, and use as “paper” the non-plasticized ethyl cellulose matrix.

2. Materials and Methods

2.1. Materials

Ethyl cellulose of viscosity grade 100 cP, was acquired from Sigma-Aldrich (St. Louis, MO,
USA) and used without any treatment. The conjugated polymers, poly[9,9-dioctylfluorene-2,7-diyl]
(PFO, Mw ≥ 20,000) poly[9,9-dioctylfluorenyl-2,7-diyl)-co-bithiophene]) (F8T2, Mn > 20,000) and
poly(9,9-dioctylfluorene-alt-benzothiadiazole) (F8BT, Mn ± 17,000-23,000) were from Sigma-Aldrich.
Solutions for film preparation were made by dissolving ethyl cellulose and the CPs (200–500 ppm) in
toluene (GPS grade, Carlo Erba Reagents) at room temperature. Nitrobenzene (ACS reagent, 99%) and
1,3-dinitrobenzene (99%) were from Sigma-Aldrich.

2.2. Film Preparation and Ethyl Cellulose Plasticization

Films were prepared by solution casting of a mixture of ethyl cellulose and the CPs (200–500 ppm)
from toluene at room temperature. To ensure good optical quality of the films, the solvent was evaporated
slowly at room temperature (72 h) and the last traces removed in an oven at 60 ◦C for 10 min.
No differences in fluorescence behavior were observed when samples were left at this temperature
for longer times. Plasticized films were obtained by the addition of 1–10 wt % of polyethylene glycol (600
and 3400) and polypropylene glycol (average Mw = 1000) to EC, followed by its dissolution in the solvent.
The thicknesses of the films were 400–600 μm as measured with a micrometer (Etalon Rolle, Switzerland).

2.3. Ink Jet Printing

A FUJIFILM Dimatix Materials printer DMP-2800 Series was used for printing films. This is
suitable for printing the CPs on an appropriate matrix. Toluene solutions of the CPs were used to
fill disposable cartridges that have 16 individually-tunable, piezo-actuated nozzles. Cartridges are
available for dispensing 10 pL or 1 pL drops. Drops were printed by voltage-driven deformations of
a membrane wall of a chamber behind each nozzle. The segments of this action make up a waveform
that is optimized for each ink, as well as the intended print job.

2.4. Luminescence Characterization

The UV spectroscopic measurements were performed at room temperature with a Shimadzu
UV-3101PC UV-VIS-NIR spectrometer, using cells of 1.0 cm optical path length for solution
measurements. The emission and excitation spectra were recorded with a Horiba Jobin-Ivon SPEX
Fluorolog 3–22 fluorescence spectrometer. The Fluorolog consists of a modular spectrofluorimeter with
double-grating monochromators for excitation (200–950 nm range, optimized in the UV with a blaze
angle at 330 nm) and emission (200–950 nm range, optimized in the visible and with a blaze angle at
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500 nm). The bandpass for excitation and emission was 5 nm with a wavelength accuracy of ± 0.5 nm.
The excitation source consisted of an ozone-free 450 W xenon lamp. The emission detector employed
was a Hamamatsu R928 photomultiplier, with a photodiode as the reference detector. The fluorescence
quenching of the film was measured in a sealed cuvette containing the nitrobenzene or 1,3-dinitrobenzene
vapors at room temperature (293 K).

Time-resolved picosecond fluorescence intensity decays were obtained by the single-photon
timing method with laser excitation, with the set-up described elsewhere [12]. Decay data analysis
with a sum of exponentials was achieved by means of a Microsoft Excel spreadsheet specially designed
for lifetime analysis that considers deconvolution with the instrument response function (IRF) [13].

2.5. Structural Characterization

A confocal laser scanning microscope (Leica TCS-SP5) equipped with a CW Ar ion laser (458,
465, 488, 496, and 514 nm) and a pulsed Ti:sapphire (Spectra-Physics Mai Tai BB, 710–990 nm, 100 fs,
80 MHz) was used to obtain images of the films.

SEM was performed with a Hitachi S2400 microscope and the images were recorded by software
Quantax (Bruker; Billerica, MA, USA). Samples were coated with gold and registered at 50× and
500× magnification.

2.6. Sensor Prototype

A portable device (Figure 2) was developed and tested for the study of the fluorescence quenching
of the CP films by the nitroaromatic vapors. A Sony SLD3135 laser diode (405 nm; 50 mW) with
integrated monitoring photodiode was used as excitation source and a Vishay BPW34 Silicon PIN
photodiode covered with a green filter (Edmund Optics #43-934) to avoid excitation light from
reaching the measuring photodiode was used for the detection. The general architecture is described
elsewhere [14].

 

Figure 2. Prototype sensor device.

3. Results and Discussion

The ground-state absorption spectrum of F8T2 was obtained in toluene solution and in ethyl
cellulose films (Figure 3). In the case of the thin film a new band is observed at longer wavelengths
(492 nm). A number of possible explanations exist for this new band. However, detailed analysis
suggests that it is associated with the so-called β phase of the F8T2 [15]. The β phase is a metastable
state with part of the CP in a rigid extended structure, and can be formed through evaporation of
an appropriate solvent, by treatment of the film or one of the other phases by solvent vapor, or by
keeping the polymer in a restricted environment. The β-phase peak was observed originally by
Bradley and co-workers [16] in PFO polystyrene films and PFO solutions in poor solvents (such as
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methylcyclohexane) [17]. We observed this new band at 492 nm in the absorption spectrum of the PFO
ethyl cellulose films (Figure 4), even though F8T2 is a less rigid polymer than PFO, strong support
has been presented from steady-state and time-resolved fluorescence and fluorescence anisotropy
measurements for the formation of the β-phase with this polymer [18].

Figure 3. Absorption spectrum of the F8T2 ethyl cellulose film (solid line) and in toluene solution
(dashed line).

The presence of NB vapor does not change significantly the absorption spectrum (Figure 4) of the
PFT2 or PFO ethyl cellulose films, suggesting the absence of ground-state complexation.

Figure 4. (A) Absorption spectra of the F8T2 film in the presence (dashed line) and absence (solid line)
of nitrobenzene vapor; (B) Absorption spectra of the PFO film in the presence (dashed line) and absence
(solid line) of nitrobenzene vapor. Both CPs are incorporated in an ethyl cellulose matrix.

The F8T2 emission spectrum has a maximum at 545 nm (Figure 5). In the presence of NB vapor
we observed a decrease of the emission intensity of about 42%. In the case of the PFO, the emission
showed a structured fluorescence spectrum between 400 and 600 nm, attributed to at least three
vibronic components. We observed only a 34% drop in the fluorescence emission intensity in the
presence of NB vapor at 445 nm. As mentioned, the CPs are good electron donors and their fluorescence
is quenched by NB through photoinduced electron transfer. The amplifying nature of the exciton
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delocalization in the conjugated polymers makes them highly sensitive materials to quenching by
nitroaromatic vapors.

Figure 5. Fluorescence spectra in the absence (solid line) and presence of saturated NB vapors at room
temperature (dashed line) of: (A) PFO in ethyl cellulose film, λexc = 410 nm, and (B) F8T2 in ethyl
cellulose film, λexc = 490 nm.

Time-resolved fluorescence decays of CPs in thin films of ethyl cellulose recorded at the maximum
emission wavelength are well fitted with sums of three exponentials (Table 1). This agrees with previous
studies [18] showing triple exponential decays of F8T2 in methylcyclohexane (MCH), with lifetimes
of 650 ps, 440 ps, and 20 ps. The longest decay time (650 ps) is assigned to the β-conformation
and the intermediate lifetime (440 ps) to the α-conformation [18]. The shortest time (20 ps) may
result from solvent/conformational relaxation or intramolecular energy transfer from non-ordered to
ordered chain segments. Studies of PFO in toluene solution [19] also show a complex decay, a sum
of two or even three exponentials are being required to obtain good fits. A fast component of about
20 ps is found, and is more important (with greater amplitude) at the onset of the emission band.
An intermediate component is also observed around 90 ps and a predominant decay time around 360 ps
is observed independent of the emission wavelength and attributed to the PFO intrinsic fluorescence
lifetime. In thin films, the decay is again described by a of sum of three exponentials, however, at long
wavelengths, it is dominated by a long component of 3 ns, attributed to the presence of photooxidized
species, such as keto defects and other emissive defects, which are easily populated by efficient energy
migration [20].

Table 1. Decay times and amplitudes of the PFO and F8T2 in ethyl cellulose thin film without NB
vapors and in the presence of NB vapors.

NB τ1/ns (f1 *) τ2/ns (f2 *) τ3/ns (f3 *) τaverage/ns τfluor change (%) **

F8T2
Without 0.03 (0.10) 0.43 (0.55) 0.62 (0.35) 0.40

65With 0.005 (0.07) 0.04 (0.51) 0.29 (0.42) 0.14

PFO
Without 0.16 (0.26) 0.31 (0.63) 1.70 (0.11) 0.43

72With 0.05 (0.37) 0.08 (0.52) 0.55 (0.11) 0.12

* computed from the individual lifetimes and pre-exponential factors: α1, α2 and α3, f1 = α1τ1/(α1τ1 +
α2τ2 + α3τ3), f2 = α2τ2/(α1τ1 + α2τ2 + α3τ3) and f3 = 1 − ( f1 + f2). ** computed as:

(
τaverage without NB vapors−τaverage with NB vapors

τaverage without NB
) × 100.

The drop in the average lifetimes (τ⁄τ0) of F8T2 and PFO, resulting from the presence of NB
vapors, is 35% and 28%, respectively. Comparing these values with those measured in steady-state
conditions, 42% and 34% for F8T2 and PFO, respectively, it is concluded that the quenching induced
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by the nitroaromatics is predominantly a dynamic process. This is important as it favors reversibility
of the sensing system.

To increase the sensitivity towards detection of nitroaromatic vapors of the P8T2 ethyl cellulose
films, we have tested the effect of adding different plasticizers to the ethyl cellulose matrix. Plasticized
films show a very high sensitivity towards nitroaromatics when compared with the non-plasticized
ones, probably due to higher permeability (Figure 6). For example, using only 1% (w/w) of the
plasticizer PEG 3400, we obtained in a short time (three minute) of 2,3-dinotrobenzene, DNB, vapor
exposure a fluorescence quenching of 95% (Figure 6B).

Figure 6. (A) Emission spectra of the F8T2 ethyl cellulose film with 1% (w/w) of PEG 3400 in the
absence (solid line) and after three minutes of exposure to nitrobenzene (8.74 × 10−6 M) vapor
(dashed lines); (B) Emission spectra of the F8T2 ethyl cellulose film with 1% (w/w) of PEG 3400 in the
absence (solid line) and after three minutes of exposure to 2,3-dinitrobenzene (1.83 × 10−5 M) vapor
(dashed lines). Excitation wavelength was 450 nm.

We can see from Figure 6 a stronger fluorescence quenching caused by the DNB vapors.
This higher quenching efficiency may arise from the higher electron affinity of DNB, outweighing its
lower vapor pressure [21]. In all the studied plasticized films, the sensitivity towards nitroaromatic
vapors increases when compared with the neat ethyl cellulose films, as can be seen from the decrease
in fluorescence lifetimes in Table 2.

Table 2. Decay times of F8T2 in ethyl cellulose thin films with different plasticizers in the presence and
in the absence of nitroaromatic vapors.

NB DNB

τaverage without

NB vapors/ns
τaverage with

NB vapors/ns
τfluor.

Decrease (%) *
τaverage without

NB vapors/ns
τaverage with

DNB vapors

τfluor.

Decrease (%) *

Neat Ethyl Cellulose 400 340 15 400 300 25
1% PEG 3400 380 330 13 375 200 47
1% PEG 600 380 300 21 380 180 53

* computed as: (
τaverage without NB or DNB vapors−τaverage with NB or DNB vapors

τaverage without NB or DNB vapors
) × 100.

By comparing the values in the lifetime attenuation for the plasticized and non-plasticized films
(Table 2), we observe that the addition of only 1% by weight of plasticizer to the neat ethyl cellulose
matrix increases the sensitivity of F8T2 towards these nitroaromatic vapors by ca. 5% (NB), 29%, and
35% (DNB). The molecular weight of the plasticizer does not appear to have a significant influence
on the increase in the sensitivity of the CP, but it is noted that a lower molecular weight one seems
to facilitate a slightly stronger quenching with both NB and DNB. This may be a result of better
compatibility with the EC matrix, and, hence, production of a more amorphous structure.

The thermal behavior of these plasticizers films was studied. Neat ethyl cellulose has a glass
transition temperature (Tg) at 130–133 ◦C [22]. As expected, the addition of plasticizer decreases the Tg
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of the samples. For example, using 25% (w/w) PEG 400 the Tg drops to 70 ◦C [21]. This strong decrease
means that there is a good compatibility between the polymer matrix and the plasticizer. In general,
plasticizers reduce polymer interchain interactions by distributing themselves homogeneously within
the polymer, hence increasing the free volume. However, a reduction in the Tg value down to near
room temperature will result in an increase in chain mobility and, consequently, could enhance the
crystallization of films by reducing the energy required for this process. This phenomenon would lead
to structural changes resulting in loss of transparency. The thermal stability of the films was studied
by monitoring the fluorescence intensity with an increase of the temperature. These experiments
(Figure 7) were performed in the absence and in the presence of DNB vapors.

 

Figure 7. Fluorescence attenuation of the F8T2 ethyl cellulose film with 1% (w/w) of PEG 3400 in the
absence (solid line) and presence (dashed line) of DNB vapor with as a function of the temperature.
Excitation wavelength was 450 nm.

It can be seen that the increase of DNB vapor pressure with the temperature is not the major
factor involved. Instead, the temperature dependence appears to result from the decrease in Tg upon
PEG addition.

The morphology of the CP films was studied by confocal fluorescence microscopy. Typical images
obtained from this technique are shown in Figure 8, in which the green spots represent the emission
of the CPs. These films do not exhibit bulk phase separation at the magnifications studied, but some
polymer aggregation can be observed, especially in the ethyl cellulose film containing F8T2.

The surface morphology of the films was studied using scanning electron microscopy (SEM)
(Figure 9). The surface of neat ethyl cellulose film (not shown) is rather smooth, compact,
and featureless. However, in the case of ethyl cellulose, F8T2 blends, phase separated zones are
observed for concentrations above the incorporation capacity of CPEs into ethyl cellulose films,
Figure 9A. The addition of a plasticizer to the neat ethyl cellulose can be seen in Figure 9B to introduce
some porosity. This film has pores with diameters between 1.5 and 3 μm, randomly distributed.
The formation of these pores in the plasticized films may explain, in part, the increased sensitivity to
the nitroaromatic vapors observed by fluorescence quenching of the CPs.
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Figure 8. Typical images of (A) PFO and (B) F8T2 in neat ethyl cellulose film, observed by confocal
microscopy. Excitation wavelength was 458 nm and emission wavelength in the range of 510–700 nm.
These pictures have 512 × 512 pixels, using a pinhole of 1 AU, zoom 4×, and 400 Hz. The scale bars
are 25 μm.

Figure 9. SEM images of ethyl cellulose films containing (A) F8T2 and (B) F8T2 and 1% PEG 600.
The scale bars are 50 μm and 9 μm.

Fluorescence quenching based sensors normally require a reference material, such that the degree
of quenching measured by the ratio of signals from sensor and reference materials. We have produced
such a ratiometric system using ink-jet microprinting (IJMP) (Figure 10). The IJMP allows direct
deposition of minuscule quantities of the CPs onto the ethyl cellulose film substrate (thickness 240 μm).
The diameter and uniformity of the microdot can be controlled by modifying substrate surface
chemistry and ink preparation [21].

We have used F8T2 as sensor material, and have incorporated another CP, F8BT (Figure 1),
which is not readily oxidizable and does not exhibit any fluorescence changes in the presence of DNB
and NB vapors, thereby serving as an internal reference. Table 3 shows the analysis of fluorescence
decays of the imprinted ethyl cellulose sensor by IJMP. In the presence and absence of concentrated
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DNB vapors, we observed that F8BT did not exhibit any significant attenuation of its fluorescence
lifetime, in contrast to the quenching observed with F8T2. In this case, we can use this system as
a sensor with an internal reference for nitroaromatic vapors.

 

Figure 10. Photograph of the P8T2 IJMP imprinted film on ethylcellulose under UV light.

Table 3. Decay times of the F8T2 and F8BT imprinted by IJMP in ethyl cellulose film in presence or
absence of nitroaromatics vapors.

F8T2 F8BT

τaverage without

DNB vapors/ns
τaverage with

DNB vapors/ns
øfluor.

Decrease (%) *
τaverage without

NB vapors/ns
τaverage with

DNB vapors

τfluor.

Decrease (%) *

1. 8 0.86 52 0.79 0.78 1

* computed as: (
τaverage without NB vapors−τaverage with NB vapors

τaverage without NB vapors
) × 100.

If we compare the values in the lifetime attenuation for the F8T2 and F8BT (Table 3), we observe
that the F8T2 lifetime decreases by 52%, whereas there are insignificant changes in the F8BT lifetime.
The measured sensitivity is equivalent to that obtained in plasticized ethyl cellulose films.

The sensor was tested in a dynamic setup composed of two mass flow controllers (MFCs Dwyer
GFC-2102), one controlling the flow of clean air and the other controlling the flow of saturated
nitrobenzene vapor, obtained from a bubbler at constant temperature and constant pressure. Both MFCs
are controlled from MATLAB through a microcontroller (PIC24FV16KM202) that sets the references to
the MFCs, defining the composition of the nitrobenzene-clean air mixture. As expected, the proposed
differential approach guaranteed very good sensitivity and fast response from the electronics side
while providing high-level input signals. Figure 11 shows the sensor response after a 20-second
exposure to minute NB vapors.

For in-field applications, the fast response to the presence of a small concentration of
nitroaromatics is a very positive characteristic. Although the recovery time is rather long (several
minutes), this can be acceptable for scenarios where the detection of frequent changes in the analyte
level is not required.
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Figure 11. Attenuation of the fluorescence emission of the F8T2 in ethyl cellulose when exposed to NB
(1.7 × 10−5 M) vapors for 20 s.

4. Conclusions

We have studied fluorene-based conjugated polymers as fluorescence sensing materials for
nitroaromatic vapors with the overall goal of detecting explosives using such polymers. The best
conjugated polymer in our studies was found to be poly(9,9-dioctylfluorenyl-2,7-diyl]-co-bithiophene]
(F8T2). It is stable, has a good absorption between 400 and 450 nm, a strong and structured fluorescence
around 550 nm. A 96% quenching of fluorescence, accompanied by a corresponding decrease in the
fluorescence lifetime, is seen on exposure of the plasticizer film of F8T2 ethylcellulose to the model
compounds nitrobenzene (NB) and 1,3-dinitrobenzene (DNB) vapors, both from the family of common
explosives vapors.

Furthermore, it was demonstrated that ink-jet microprinting can be used as a convenient approach
to easily and rapidly fabricate films containing these sensors and inert reference materials, with the
same sensitivity of plasticized ethyl cellulose films towards nitroaromatic vapors.

A sensor prototype based on the F8T2 conjugated polymer was developed and tested. The ability
of the sensor to detect small quantities of nitrobenzene was confirmed. The sensor prototype showed
very fast response (a few seconds) to the presence of small concentrations of the target analyte,
but also showed a large recovery time, which limits its potential applications. This slow recovery may
result from the designed sampling chamber and also from the time required for desorption of the
nitrobenzene molecules from the polymer surface. Both of the above aspects will be addressed
in a future designs, optimizing polymer thickness and porosity, and optimizing the shape and
arrangement of the sampling chamber.
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Abstract: A novel fluorescent polymer with pendant triazolyl coumarin units was synthesized
through radical polymerization. The polymer showed reasonable sensitivity and selectivity towards
Cu2+ in acetonitrile in comparison to other tested metal ions with a significant quenching effect on
fluorescence and blue shifting in the range of 20 nm. The blue shift was assigned to the conformation
changes of the diethylamino group from the coumarin moiety which led to planarization of the
triazolyl coumarin units. The possible binding modes for Cu2+ towards the polymer were determined
through the comparison of the emission responses of the polymer, starting vinyl monomer and
reference compound, and the triazole ring was identified as one of the possible binding sites for
Cu2+. The detection limits of the polymer and vinyl monomer towards Cu2+ were determined from
fluorescence titration experiments and a higher sensitivity (35 times) was observed for the polymer
compared with its starting monomer.

Keywords: pendant group; triazolyl coumarin; chemosensor; aggregate; planarization

1. Introduction

The cupric ion (Cu2+) is considered as one of the trace elements in human and other mammal
systems due to its essentiality and very limited quantities in the body [1,2]. Being ranked third after
Fe2+ and Zn2+ in the human body as essential transition metal ions, Cu2+ concentrations beyond the
necessary for biological functions can lead to oxidative stress and cellular toxicity, which are often
associated with serious neurodegenerative diseases such as Alzheimer’s, Parkinson’s, and Wilson’s
diseases [3–5]. In addition, the accumulation of copper in the environment due to the increased release
of this metal from industrial activities presents ecological and human health threats [6,7]. For instance,
an over-ingestion of copper can lead to serious health problems such as gastrointestinal disturbances
and liver or kidney damage [7]. For these reasons, a limited concentration of 1.3 ppm (~20 μM)
was set by the US Environmental Protection Agency (EPA) for copper in drinking water. Due to
the widespread use of copper and the toxicity associated with its higher concentration, there is a
strong need for reliable, inexpensive and simple methods for detecting and quantifying copper ions
in different media for real-time monitoring of the environment, as well as biological and industrial
samples. Typical methods that have been developed and employed for the detection of copper ions
are mainly based on atomic absorption spectroscopy (AAS) [8], inductively coupled plasma-mass
spectroscopy (ICP-MS), inductively coupled plasma-atomic emission spectroscopy (ICP-AES) [9], and
electrochemical sensing methods [10,11]. However, these techniques are costly, extremely tedious and
destructive. Furthermore, sample preparation requires large amounts and the methods are not suitable
for continuous monitoring.
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Due to their simplicity and high sensitivity, fluorescent-based methods showed some potential to
address some problems faced by these methods, and several fluorescent chemosensors with different
fluorophores have been developed. Owing to the excellent properties of the coumarin motif, such
as biocompatibility, high fluorescence quantum yield, and relative ease of synthesis, absorption and
emission tunability via substituent manipulation [12], the coumarin fluorophore is one of the widely
used fluorophores in the synthesis of chemosensors for Cu2+. Nevertheless, most of the currently
developed Cu2+ chemosensors are of low molecular weight and only a few qualify to be in the
macromolecular range.

Owing to low chemical and thermal resistance as well as difficulties in separation and recovery
associated with the low-molecular-weight chemosensors, a physical immobilization support is often
needed for their application [13]. A physical support does not only improve the mechanical properties,
but also minimizes the tendency of the sensing molecules to migrate. To avoid complications associated
with synthesizing probes and immobilizing them on a physical support, polymers with host binding
sites as part of their backbone or as part of their pendant group were found to be better alternatives.
These materials have good thermal and mechanical properties and they also offer an outstanding and
permanent immobilization method which allows them to be processed into end-user materials such
as coatings and films [14–18]. Furthermore, fluorescent polymer-based chemosensors offer crucial
advantages such as higher sensing performance levels (sensitivity and selectivity) compared to their
small-molecule counterparts. So far, several polymer-based chemosensors for various metal ions have
been developed [19–21], but very few showed selective sensitivity towards Cu2+ [22,23].

Herein we describe the chemosensing capability of a novel fluorescent triazolyl coumarin-based
polymer (P1) towards metal ions. The 1,2,3-triazole ring as a receptor was firstly incorporated in
a polymerizable vinyl monomer through Cu(I)-catalyzed azide-alkyne 1,3-dipolar cycloaddition
(CuAAC), archetypal click reaction [24,25]. The absorption and emission properties of P1 were studied
in the presence of different metal ions and selective recognition with a fluorescence quenching response
was observed in the presence of Cu2+. In addition to this, the presence of Cu2+ induced a remarkable
blue shift in the emission spectrum of P1. Emission studies of the starting vinyl monomer and a
reference coumarin-based molecule in the presence of Cu2+ were used to investigate the binding mode
of P1 towards Cu2+.

2. Experimental

2.1. Materials

All chemicals and solvents were purchased from Sigma-Aldrich or Merck and were used
as received without further purification. The 7-(diethylamino)-3-nitro-2H-chromen-2-one (1),
3-amino-7-(diethylamino)-2H-chromen-2-one (2), 3-azido-7-(diethylamino)-2H-chromen-2-one (3), [26]
compound 5 [26] and 7-(diethylamino)-2H-chromen-2-one [27] were prepared according to the
literature. A stock solution of the polymer was prepared by dissolving the polymer in 25 mL acetonitrile
to afford a solution of 3 × 10−2 g/mL. The solution was further diluted to 7 × 10−5. Deionized water
was used to prepare solutions of metal ions and a concentration of 0.05 mol/L was obtained. All metal
ion solutions were prepared using nitrate salts except for Fe2+ where sulphate was used. The titration
experiments were performed using 3 mL of diluted acetonitrile polymer solution in a 3 mL quartz
cuvette. In these experiments, spectroscopic measurements were taken after addition of an aliquot of
selected metal ion solution.

2.2. Measurement

1H NMR and 13C NMR spectra were recorded on a Bruker Avance DPX 400 (400 MHz) using
TMS as an internal standard. FT-IR spectra were recorded in the range 4000–500 cm−1 using Opus
software (version 6.5.6) on a Bruker Platinum Tensor 27 ATR-IR spectrophotometer. Size exclusion
chromatography experiments were performed in DMAc at 40 ◦C (flow rate of 0.5 mL/min) using
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PMMA as a standard for calibration. The elemental analysis for carbon, hydrogen and nitrogen was
performed using a Vario EL (Elementar Analysensystem GmbH) instrument. UV-Vis absorption and
emission spectra were recorded at room temperature on a Perkin Elmer Lambda 35 and Perkin Elmer
LS 45 respectively.

2.3. Polymer Synthesis

2.3.1. Synthesis of Compound 5

A mixture of 7-azido-4-methyl-2H-chromen-2-one (4) (0.1 g, 0.5 mmol), 3-butyn-2-ol (0.06 g,
0.5 mmol), CuSO4·5H2O (0.02 g, 0.054 mmol), sodium ascorbate (0.03 g, 0.15 mmol) and
N,N,N′,N′′,N′′-pentamethyldiethylenetriamine (PMDETA) (0.03 g, 0.15 mmol) in tertahydrofuran
(THF) (20 mL) was stirred at room temperature for 72 h. THF was removed under reduced pressure and
the crude product dissolved in chloroform. The mixture was washed with water and then concentrated
to afford a yellow solid product in 80% yield. m.p. 170–175 ◦C. IR νmax (cm−1): 3152 (C=C-H), 1719.73
(C=O), 1618 (C=C). 1H NMR (CDCl3, 400 MHz): δ = 8.83 (s, 1H), 8–7.98 (m, 2H), 6.47 (s, 1H), 5.46 (d,
J = 4.72 Hz, 1H), 4.82 (q, J = 5.92 Hz, 1H), 2.48 (s, 3H), 1.49 (d, J = 6.48 Hz, 1H). 13C NMR (CDCl3,
400 MHz): δ = 159.95, 154.60, 154.13, 153. 24, 139.18, 127.68, 120.39, 119.73, 115.79, 115.03, 107.66, 61.98,
24.05, 18.56. Anal. Calc. for C17H20N4O3: C: 62.18, H: 6.14, N: 17.06. Found: C: 62.17, H: 6.30, N: 17.59.

2.3.2. Synthesis of Monomer 6

In a two-necked round-bottomed flask equipped with a Dean Stark apparatus, a mixture of
7-(diethylamino)-3-(4-(1-hydroxyethyl)-1H-1,2,3-triazol-1-yl)-2H-chromen-2-one (5) (0.51 g, 1.54 mmol)
and 20% para-toluenesulfonic acid (0.053 g, 0.31 mmol) in toluene (100 mL) were refluxed at 130 ◦C
for 24 h. The reaction mixture was cooled to room temperature and then neutralized with sodium
hydroxide solution (30 mL, 3 M). The organic layer was collected, washed with water (3 × 30 mL)
and dried over anhydrous Na2SO4. The solvent was removed under reduced pressure and the crude
product purified by column chromatography over silica gel (Hexane: EtOAc, 70:30) to afford a yellow
solid in 50% yield. m.p. 149–151 ◦C. 1H NMR (CDCl3, 400 MHz): δ = 8.33 (s, 1H), 7.33 (d, J = 8.52 Hz,
1H), 6.61 (d, J = 8.48 Hz, 1H), 6.48 (s, 1H), 5.92 (d, J = 17.6 Hz, 1H), 5.32 (d, J = 11 Hz, 1H), 8.48 (s, 1H),
3.38 (q, J = 6.36 Hz, 4H), 1.36 (d, J = 6.44 Hz, 3H), 1.17 (t, J = 6.75 Hz, 6H). 13C NMR (CDCl3, 400 MHz):
δ = 156.92, 155.79, 151.56, 146.19, 134.48, 129.98, 125.45, 121, 116.84, 116.39, 110.08, 107.10, 97.03, 45,
12.4. Anal. Calc. for C17H20N4O3: C: 65.79, H: 5.85, N: 18.05. Found: C: 65.76, H: 6.24, N: 18.35.

2.3.3. Synthesis of P1

To a 100 mL Schlenk flask, a mixture of vinyl monomer 6 (0.50 g, 1.61 mmol) and
azobisisobutyronitrile (AIBN) (2 × 10−2 mmol) in dimethylformamide (DMF) (4 mL) was degassed
using a freeze-thaw method (five cycles) followed by flushing with argon. The mixture was heated for
48 h at 70 ◦C and then poured to ethanol (50 mL). The precipitated polymer, after dropwise addition of
a minimum amount of water, was filtered to afford polymers P1 in 45% yield.

3. Results and Discussion

3.1. Synthesis and Characterization P1

In order to incorporate a conjugated triazolyl coumarin unit into a polymer chain, a
monomer with polymerizable functionality and a triazolyl coumarin unit which may act as
both receptor and reporter was prepared. The synthesis was accomplished in five steps from
5-(diethylamino)-2-hydroxybenzaldehyde as shown in Scheme 1. The polymerization of monomer 6
was achieved through controlled radical polymerization, in which a degassed system was required to
avoid oxygen interferences with the free radical species [28]. The structures of P1 were confirmed by
1H NMR, as shown in Figure 1. Notable is the disappearance of the proton signals between 5.2 and
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6.1 ppm in the monomer spectra (characteristic for the vinyl functionality), which are compensated by
the appearance of the alkyl proton signals from the alkyl polymer backbone. The average molecular
weight and polydispersity index of P1 were determined to be 2.17 × 103 and 1.92, respectively.

Scheme 1. Synthesis of polymer P1; (a) Piperidine, ethanol, HCl, AcOH, reflux; (b) Ethyl 2-nitroacetate,
AcOH, piperidine, Butanol, reflux; (c) SnCl2, HClaq, rt; (d) NaNO2, KOAc, NaN3, HClaq;
(e) 3-Butyn-2-ol, CuSO4·5H2O, PMDETA, NaAsc, THF, rt; (f) PTSA, Toluene, 110 ◦C; (g) AIBN, DMF.

Figure 1. 1H NMR spectrum for P1 in CDCl3.

P1 was partially soluble in less polar organic solvents and completely soluble in polar organic
solvents such as acetonitrile, dimethyl sulfoxide (DMSO) and DMF. In order to avoid the interference of
carbonyl and sulfinyl oxygen from DMF and DMSO solvents with the carbonyl group of the coumarin
units, all spectroscopic measurements were performed in acetonitrile solvent. Detailed information
regarding P1 is summarized in Table 1 below.

Table 1. Radical polymerization data and photophysical properties of polymer P1.

Polymer Mw * Mn * PDI * λabs (nm) λex (nm) λemit (nm) Stock Shift (nm)

P1 2.17 × 103 1.19 × 103 1.92 265 and 396 395 484 90

* Determined from SEC experiments (eluent: DMAc, PMMA standard).
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3.2. Absorption Spectra Analysis

The chemosensing capability of P1 towards metal ions was initially investigated by UV-vis spectral
analysis. This was achieved at room temperature in the presence of metal ions (monovalent, divalent
and trivalent) such as Na+, Li+, Ca2+, Ag+, Al3+, Cr3+, Cu2+, Fe2+, Hg2+, Mn2+, Co2+, Zn2+, Cd2+, Ni2+

and Pb2+. As shown in Figure 2, all the metal ions except Cu2+ did not show any significant changes in
the absorption peaks of P1 at 265 nm and 396 nm. The addition of a Cu2+ aliquot induced an increase
in the absorption peak intensity at 265 nm from 0.17 to 0.34 and a red shift to 287 nm. The absorption
peak at 396 nm also showed a blue shift to 381 nm.

Figure 2. Absorption spectra of P1 (4 × 10−3 g/L) in the presence of various metal ions (1.5 × 10−4 M
aliquots) in acetonitrile.

The titration of Cu2+ with P1 (Figure 3a) showed a blue shift in the absorption peak at 396 nm and
a gradual increase in the intensity, accompanied by a red shift in the absorption peak at 265 nm. A clear
isosbestic point was observed at 390 nm, indicating a complex formation between P1 and Cu2+. Using
UV-vis titration data, a plot of A/Ao (where Ao and A are absorbance intensities in the absence and in the
presence of Cu2+) against the concentration of Cu2+ was plotted (Figure 3b). Linearity between A/Ao and
[Cu2+] was found in the 130–190 μmol/L range, with a correlation coefficient of R2 = 0.9989. The detection
limit of P1 was calculated according to the literature and was found to be 9 × 10−6 M [29].

Figure 3. (a) Changes in the absorption spectrum of P1 (4 × 10−3 g/L) in acetonitrile upon the addition
of Cu2+ aliquots (0.05 M); (b) Plots of A/Ao against [Cu2+].

3.3. Emission Spectra Analysis

The selectivity of P1 towards various metal ions was also investigated using emission spectral
analysis under identical conditions as the UV-vis spectral analysis. However, Hg2+and Cu2+ were the
only metal ions that caused significant changes in the emission spectrum of P1 when an aliquot of each
tested metal ion was added to the acetonitrile solution of P1 (Figure 4). The addition of Cu2+ caused a
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blue shift in the P1 emission band from 484 to 469 nm, and a 68% intensity decrease, while the Hg2+

addition caused a 32% intensity decrease with no observable spectral shift. The fluorescent quenching
in the presence of Hg2+and Cu2+ could be respectively attributed to the heavy metal effect [30,31] and
the transfer of excitation energy from the fluorophores to the metal d-orbital or charge transfer from
the fluorophores to the metal ion [32].

Figure 4. Emission spectra of P1 (7 × 10−5 g/L) in the presence various metal ions (10 μL of 0.05 M
solution) in acetonitrile. Excitation was performed at 395 nm.

The addition of Cu2+ aliquots to the P1 solution from 0.8 to 4 μM led to a gradual decrease in
the intensity of the emission peak at 484 nm which was accompanied by a blue shift from 484 to
470 nm (Figure 5a). Surprisingly, additional aliquots beyond 4 μM reversed the fluorescence response
with a small increase in the intensity of the shifted emission band. The fluorescence increase was
attributed to the aggregation-induced fluorescence mechanism (AIE) [33], from the aggregated triazolyl
coumarin units resulting from the addition of Cu2+. This aggregation initiated the AIE process by
restricting the intramolecular rotation of the diethylamino group which deactivates the excited states
of fluorophores [34–36]. However, the process was not strongly expressed due to the presence of the
highly quenching effect from Cu2+. The saturation point was achieved when the concentration of Cu2+

exceeded 10 μM. The maximum emission wavelength of the shifted peak at the saturation point was
observed at 466 nm, suggesting a total shift of ca. 20 nm. A blue shift in the emission spectrum of P1

suggests that the presence of Cu2+ induces the planarization in the triazolyl coumarin unit. In fact,
dyes with electron donor, such as dialkylamino, and electron acceptor groups on the same aromatic
ring form planar intermolecular charge transfer (ICT) structures with partial electron transfer upon
electronic excitation. In polar environments, the dialkylamino group undergoes twisting which results
in perpendicularity between the donor and acceptor orbitals [37]. This allows for the complete transfer
of electrons and the mechanism is known as twisted intermolecular charge transfer (TICT) [38].

In P1, the addition of Cu2+ imposes greater spatial restriction in the triazolyl coumarin unit which
leads to the planarization of the donor (diethylamino) and acceptor (carbonyl-triazole) groups in the
excited state. This restricted planarization reduces the extent of conjugation which results in blue
shifting of the P1 emission band. Furthermore, it was reported that 7-dialkylaminocoumarins show
a drastic reduction in the fluorescence quantum yields and fluorescence lifetimes in highly polar
media due to the increased rate of the TICT process [34–36]. Since the addition of Cu2+ decreases the
rate of TICT through planarization in triazoryl coumarin units, fluorescence quenching due to Cu2+

was opposed by the increasing quantum yield of triazoryl coumarin units which prevented the total
quenching of the P1 emission intensity upon the addition of Cu2+ aliquots. The detection limit was
calculated from the plot of F/Fo (where Fo and F are fluorescence intensities in the absence and in
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the presence of Cu2+) against the concentration of Cu2+ (Figure 5b) in the linear range between 0 and
3.2 μM and was found to be 0.75 μM. This low detection limit compared to the detection limit obtained
from absorption experiments highlights a higher sensitivity associated with fluorescence-based sensing
systems [39,40], and is sufficiently low for the detection of Cu2+ at the sub-millimolar level.

Figure 5. (a) Changes in the emission spectrum of P1 (7 × 10−5 g/L) in acetonitrile upon the addition
of Cu2+ aliquots (1.25 × 10−3 M); (b) plots of F/Fo against [Cu2+]. Excitation was performed at 395 nm.

To investigate the effect of other metal ions on the interaction between the P1 and Cu2+,
we conducted competitive studies with other metal ions in the presence of Cu2+. As shown in
Figure 6, the fluorescence quenching and blue shift induced by the presence of Cu2+ ions in P1 were
not significantly affected by the presence of other metal ions. This indicates that P1 and Cu2+ form a
stable complex which cannot be interfered with the presence of other metal ions.

Figure 6. Fluorescence responses of P1 (7 × 10−5 g/L) in the presence of a mixture of Cu2+ (1.5 × 10−4 M)
and other metal ions (1.5 × 10−4 M). Excitation was performed at 395 nm.

3.4. Sensing Mechanism of P1 with Cu2+

To study the binding mode between P1 and Cu2+, the fluorescence responses of monomer 6
and compound 7 were investigated in the presence of increasing amounts of Cu2+ under the same
conditions as P1 spectral investigations. Similar to P1, the addition of Cu2+ aliquots to the monomer 6
solution induced a gradual decrease in intensity of the emission peak at 489 nm, accompanied by a
blue shift from 489 to 458 nm (Figure 7a), while in compound 7 only a gradual decrease in emission
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intensity was observed (Figure 7b). These observations indicate that the triazole ring interacts with
Cu2+ which leads to the planarization of the triazolyl coumarin unit in both monomer 6 and P1. Since
compound 7 has only one possible binding site (the carbonyl group), the fluorescence quenching
responses upon the addition of the increasing amount of Cu2+ indicate that the carbonyl group also
takes part in Cu2+ binding. From the fluorescence titration experiments of monomer 6, a detection
limit of 26 μM was calculated. This higher detection limit (~35 times higher than the P1 detection
limit) clearly indicates how the collective properties of the fluorophores in the polymer enhance the
sensitivity in comparison to their monomer counterparts.

Figure 7. Changes in the emission spectra of (a) monomer 6 (5 × 10−12 M) and (b) compound 7
(3 × 10−8 M) in acetonitrile upon the addition of Cu2+ aliquots (monomer 6: 3 × 10−5 M Cu2+;
compound 7: 1.3 μM Cu2+). Excitation was performed at 395 nm.

In order to determine the maximum number of triazole rings which take part in Cu2+ binding
during complexation, a job plot analysis was carried out on monomer 6 using a continuous variation
method [41]. The total concentration of added Cu2+ and monomer 6 was kept constant (6.5 × 10−11 M),
and the plot of the emission intensity versus the molar fraction of Cu2+ at 395 nm is shown in
Figure 8. Notably, the minimum emission intensity was achieved when the molar fraction was
0.5, which suggests a 1:1 stoichiometry of Cu2+:monomer 6 complexation. The association constant
(Ka) of P1 with Cu2+ was evaluated graphically using the Benesi-Hildebrand equation (absorption
method) [42–44]. The calculated value of Ka from the slope and intercept of the line was 2.6 × 103 M.

Figure 8. A job plot for monomer 6-Cu2+ complexation with a constant total concentration of
6.5 × 10−11 M in acetonitrile. Excitation was performed at 385 nm.
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Since the job plot analysis indicated a 1:1 stoichiometry of the Cu2+:monomer 6 complex, the
interaction between Cu2+ and the triazolyl coumarin, which leads to blue shifting in the emission
spectrum of P1 and monomer 6, can be summarized in Scheme 2. To further analyze the Cu2+

interactions in monomer 6 and P1, UV-vis spectral analysis of monomer 6 in the presence of increasing
amounts of Cu2+ was carried out (Figure 9). The addition of Cu2+ aliquots to the monomer 6 solution
induced a gradual decrease in the intensity of the absorption peak at 412 nm, accompanied by a blue
shift to 402 nm and a small absorption enhancement at ~300 nm. The blue shifting of the charge
transfer absorption bands at 412 nm as in P1 confirms the planarization of the triazoryl coumarin
units. Furthermore, the comparison of the absorption spectra of P1 and monomer 6 in the presence of
increasing amounts of Cu2+ suggests that the planarization of triazoryl coumarin units in P1 results
in aggregation between the triazolyl coumarin units due to the increased π–π stacking. This was
supported by a gradual increase in absorbance accompanied by the red shifting in the P1 absorption
band at 265 nm upon the addition of increasing amounts of Cu2+, which is characteristic of J-aggregate
behavior [45]. This feature can be used to distinguish Cu2+ from other metal ions, as no other tested
metal ions induced such a change in the absorption spectrum of P1.

 

Scheme 2. A schematic representation of the Cu2+-triazolyl coumarin unit interaction.

Figure 9. Changes in the absorption spectrum of monomer 6 (2 × 10−5 M) in acetonitrile upon the
addition of Cu2+ aliquots (0.025 M).

3.5. Reversibility and Response Time

In order to examine the reversibility of P1 complexation, the addition of EDTA to the acetonitrile
solution of P1 and Cu2+ was conducted (Figure 10). After the addition of an excess of EDTA to the
solution, the fluorescence at 475 nm increased significantly and was again quenched upon the addition
of Cu2+. These findings indicate that P1 reversibly coordinates to Cu2+. Thus, it is plausible that P1

may be recovered and reused in the laboratory and industrial settings. Although the fluorescence
intensity of P1 was regenerated upon the addition of EDTA, the blue spectral shift caused by the
presence of Cu2+ could not be restored. This suggests that the complex that resulted from EDTA and

154



Sensors 2017, 17, 1980

Cu2+ also promotes the aggregation process of the triazolyl coumarin units. The course of the response
of P1 (7 × 10−5 to 1.7 × 10−4 g/L) in acetonitrile was also investigated. The results showed that the
recognition interaction takes place in 30 s after the addition of Cu2+. Thus P1 can be used for real-time
monitoring of Cu2+ in practical analyses.

Figure 10. Reversibility of the interaction between P1 and Cu2+ upon EDTA addition.

3.6. Preliminary Analytical Application

The applicability of the developed sensor was investigated in practical sample analysis using
tap and lake water samples. The lake water samples were obtained from North End Lake (Eastern
Cape, South Africa). In all samples analyzed using AAS, only tap water showed the presence of Cu2+

with the concentration of 0.275 ppm. The analytical studies of tap water samples using the developed
sensor produced satisfactory results, as shown in Table 2. This indicates that P1 could be used for the
detection of Cu2+ even in complex media.

Table 2. Determination of Cu2+ (ppm) in tap water.

Sample 1 2 3

Concentration (ppm) 0.255 0.317 0.328

4. Conclusions

A novel polymer P1 with triazolyl coumarin units as pendant groups was synthesized through
multiple step syntheses. P1 showed reasonable sensitivity and good selectivity towards Cu2+ in
acetonitrile over a wide range of metal ions with remarkable quenching and blue shifting of the
emission band. The blue shift in the emission band of P1 was assigned to the planarization induced
by the presence of Cu2+ in the triazolyl coumarin side chains and it was not interfered with by the
presence of other metal ions. The investigation of the emission spectra of the starting monomer and
reference compound 7 in the presence of Cu2+ indicated that the triazole ring and carbonyl functional
groups were potential binding sites for Cu2+. From the comparison of the absorption behaviors of
monomer 6 and P1 in the presence of increasing amounts of Cu2+, it was noted that the planarization of
triazolyl coumarin units in P1 results in aggregation between the triazolyl coumarin units, which was
supported by a red shift in the absorption spectrum of P1. The proposed sensor was also successfully
applied in the determination of Cu2+ in real water samples. We believe that the design strategy, the
remarkable photophysical properties of P1 and the underlying mechanisms in the detection of Cu2+

will be useful in the development of novel polymer-based chemosensors which exploit new emerging
signaling mechanisms.
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Abstract: The photoluminescence properties of carbon nanotubes (CNTs), including the large Stokes
shift and the absence of fluorescent photobleaching, can be used as a fluorescent label in biological
measurements. In this study, the performance of CNTs as a fluorescent label for surface plasmon
resonance (SPR)-assisted fluoroimmunoassay is evaluated. The fluorescence of (8, 3) CNTs with
an excitation wavelength of 670 nm and an emission wavelength of 970 nm is observed using
a sensor chip equipped with a prism-integrated microfluidic channel to excite the SPR. The minimum
detectable concentration of a CNT dispersed in water using a visible camera is 0.25 μg/mL, which is
equivalent to 2 × 1010 tubes/mL. The target analyte detection using the CNT fluorescent labels
is theoretically investigated by evaluating the detectable number of CNTs in a detection volume.
Assuming detection of virus particles which are bound with 100 CNT labels, the minimum number
of detectable virus particles is calculated to be 900. The result indicates that CNTs are effective
fluorescent labels for SPR-assisted fluoroimmunoassay.

Keywords: biosensor; carbon nanotube; fluorescent probe; surface plasmon resonance; virus detection

1. Introduction

Carbon nanotubes (CNTs) have attracted considerable attention from researchers because of their
superior electrical, mechanical, and optical properties [1,2]. In recent years, the photoluminescence of
CNTs in the near-infrared region (1000–1400 nm) [3,4] has been utilized to develop fluorescent labels
for biological experiments [5,6]. These CNT labels exhibit a large Stokes shift between the excitation
and emission wavelengths, thus, the noises arising from the stray excitation light and autofluorescence
of sensor chip substrates can be effectively removed using optical filters, and a high signal-to-noise
ratio can be achieved. In addition, CNTs exhibit no fluorescent photobleaching that allows stable
fluorescent measurements. However, a low quantum yield of CNTs, at most several per cent [3,7–9],
limits the performance of fluorescent labels.

Surface plasmon resonance-assisted fluoroimmunoassay (SPRF), or surface plasmon-enhanced
fluorescence spectroscopy (SPFS), is a sensitive biosensing technique that uses a fluorescent label and
surface plasmon resonance (SPR) [10–13]. In SPRF, the luminescence of fluorescent labels is enhanced
by two effects: (i) enhancement of the electric field intensity of the excitation light and (ii) enhancement
of the quantum yield of fluorescent labels. The quantum yield enhancement has a greater effect
when the original quantum yield of a fluorescent label is lower [14]. In addition, for conventional
SPR sensors [15,16], carbon nanomaterials including CNTs and graphene has been used to enhance

Sensors 2017, 17, 2569 159 www.mdpi.com/journal/sensors



Sensors 2017, 17, 2569

the resonance shift signal [17,18]; the combination of CNT and SPR is considered to be promising.
Therefore, the use of CNT fluorescent labels with SPRF is effective in improving the low quantum yield.

The authors reported a norovirus detection system based on SPRF using a CdSe quantum dot
fluorescent label, which exhibits a large Stokes shift similar to CNTs, and demonstrated sensitive
detection of norovirus virus-like particles (VLPs) [19]. Although CdSe quantum dots possess good
optical properties as a fluorescent label, the disposal of quantum dots is problematic due to the presence
of toxic heavy metals. This problem, in some cases, would be critical for practical use. In contrast,
CNTs can be incinerated, and therefore, are more suitable for practical use. CNT fluorescent labels are
thus worth investigating with SPRF.

In this study, the performance of CNTs as a fluorescent label for target analyte detection using
SPRF was evaluated. A V-trench biosensor, which was developed as a miniature and simple SPRF
apparatus [19–21], was used for the evaluation. The sensor is equipped with a V-shaped microfluidic
channel, which functions as a prism to excite the SPR, and it can perform sensitive biosensing based
on SPRF. SPR-induced fluorescence emission on the V-trench was confirmed for fluorescent molecules
and quantum dot fluorescent labels in previous studies [19–21]. Herein, the evaluation of a CNT
fluorescent label using a V-trench biosensor designed for CNTs is presented.

2. Materials and Methods

2.1. CNT Dispersion Preparation

An aqueous dispersion of CNTs was prepared using single-strand deoxyribonucleic acid (DNA;
Sonicated Salmon Sperm DNA, Agilent Technologies, Santa Clara, CA, USA). A 10 mg/L aqueous
solution of the DNA was boiled for 5 min and cooled with ice. CNTs (CoMoCAT SG65, SouthWest
NanoTechnologies, Canton, MA, USA) with a total mass of 20 mg were pre-dispersed in 10 mL of
ethanol by bath sonication for 2 min. The CNTs were washed by repetitive vacuum filtering and
sonic dispersion with 10 mL of ethanol 3 times and 10 mL of boiled water 16 times. The washed
CNTs with a mass of 1 mg and 0.4 mL of the DNA solution were mixed with 10 mL of 50 mM
phosphate buffer (pH 8.0). The mixture was sonicated using a VCX 500 instrument (Sonics & Materials,
Newtown, CT, USA) for 10 min and centrifuged at 171000G for 60 min. In the present experiment,
the supernatant containing monodisperse CNTs was used.

In this study, we focused on (8, 3) CNTs with excitation and emission wavelengths of 670 nm and
970 nm, respectively. (8, 3) CNTs were chosen for the following reasons: (i) the emission at a wavelength
of 970 nm is detectable using a visible charge-coupled device (CCD) camera with a relative response
of several percent; (ii) the excitation at a wavelength of 670 nm is suitable for SPR excitation by
gold, which is stable and is the most commonly used material for SPR. A photoluminescence map of
the dispersion of CNTs measured using a spectrometer (Fluorolog-3-2-iHR320, Horiba Jobin Yvon,
Kyoto, Japan) is shown in Figure 1. From the integrated photoluminescence intensity, the content
ratio of the (8, 3) CNTs in the dispersion was estimated to be approximately 15%. The length of the
CNTs contained in the dispersion was measured using an atomic force microscope (AFM). The AFM
image is shown in Figure S1 in the Supplementary Material. The typical length of the CNT was 1 μm.
The monodispersity of the CNTs was also evaluated using the AFM image, and over 90% of CNTs was
monodisperse in the prepared dispersion.
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Figure 1. Photoluminescence map of the CNT dispersion used here.

2.2. Experimental Apparatus

A schematic diagram of the V-trench biosensor is shown in Figure 2. The optical system consists
of a light source, sensor chip, and camera that are aligned in a straight line. The sensor chip is equipped
with a microfluidic channel having a V-shaped cross section, which functions as a prism to excite
the SPR. The vertex angle of the V-shaped trench determines the incident angle of the excitation
light, and is designed using electric field simulation to maximize the electric field intensity at the
surface (Section 2.3). The analyte is captured at the surface of the V-shaped trench and labeled with
a fluorescent dye. The excitation light enters the sensor chip from the backside and illuminates the
V-trench to excite the SPR, and the fluorescence excited by the SPR is detected using the camera.

Figure 2. Schematic diagram of the V-trench biosensor.

For the measurement of fluorescence from (8, 3) CNTs, a fluorescence imaging instrument
(Light-Capture II, Atto, Tokyo, Japan) equipped with a laser diode with a wavelength of 670 nm
(Shibasaki, Chichibu, Japan) is used. The excitation light, which is 6 mm in diameter, is p- or s-polarized
to perform the fluorescence measurement with or without SPR excitation, respectively. The emitted
light from the CNTs excited by the SPR passes through a long pass filter with a cut-off wavelength of
900 nm (FEL0900, Thorlabs, Newton, NJ, USA) and is detected using a cooled visible CCD camera
(pixel size: 8.4 μm (H) × 9.8 μm (V)).
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2.3. Sensor Chip

The V-trench sensor chip was designed using electric field simulation based on the transfer
matrix method [22]. The vertex angle of the V-trenches and the thickness of a gold film as an SPR
excitation layer were determined to maximize the electric field intensity against the excitation light
with a wavelength of 670 nm. A multi-layer model was used to represent the V-trench sensor chip,
as shown in Figure 3a, which includes, from bottom to top, a polystyrene substrate, an adhesive layer of
chromium with a thickness of 0.6 nm, a gold layer, a protein layer with a thickness of 20 nm, and water.
The protein layer represents the surface modifications to the sensor chip, including immobilized
antibodies and self-assembled monolayers for protein immobilization. The complex refractive indices
at a wavelength of 670 nm were 1.5848 for polystyrene [23], 3.7176 + i4.3666 for chromium [24],
0.16316 + i3.4625 for gold [25], 1.45 for protein, and 1.3302 for water [26]. An electric field enhancement
factor (|E/E0|2) map against the p-polarized excitation light with a wavelength of 670 nm is shown
in Figure 3b, where the values of |E/E0|2 are calculated at the boundary of the protein and water
layers. The maximum value of |E/E0|2 is 23.8, which is obtained at a vertex angle of 45.6◦ and a gold
thickness of 49 nm. Thus, the sensor chip having the V-shaped trench with a vertex angle of 45.6◦

was prepared.

Figure 3. (a) Schematic of the cross section of the V-trench sensor chip surface used in the electric field
simulation of a multi-layer model based on the transfer matrix method; (b) Calculated electric field
enhancement factor (|E/E0|2) against the thickness of the gold layer (t) and the vertex angle of the
V-trench (α). The excitation wavelength is 670 nm, and |E/E0|2 at the boundary between the protein
and water layers is shown. The arrow indicates the point of maximum |E/E0|2.

The substrate of the V-trench sensor chip was fabricated using injection molding (Cluster
Technology, Higashi-Osaka, Japan) of polystyrene (CR-3500, DIC, Tokyo, Japan). The width of
the opening and bottom and the length of the V-trench were 0.3, 0.02, and 10 mm, respectively.
The chromium and the gold layers were formed on the substrate using a vacuum deposition system
(Biemtron, Shirosato, Japan). The setting thicknesses of the deposited chromium and gold films were
0.6 nm and 126 nm, respectively. Under this condition, the thickness of the gold film in the direction
perpendicular to the surface of the 45.6◦ V-trenches becomes 49 nm.

2.4. Fluorescence Measurement of CNTs

The CNT dispersion was directly applied to the V-trenches without any surface modifications.
The intensities of fluorescence of the CNT dispersion samples at various concentrations were measured.

Before applying the samples, the V-trench sensor chips were cleaned using a plasma cleaner
(PDC-32G, Harrick Plasma, Ithaca, NY, USA) at an RF power of 18 W for 30 s. To acquire “Blank”
fluorescent images, the sensor chip filled with 15 μL of Milli-Q water (Merck, Darmstadt, Germany)
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was placed in the V-trench biosensor system, the excitation light was irradiated, and the images were
acquired with an exposure time of 1 min. Then, the Milli-Q water was removed from the V-trench
by blowing nitrogen, and 15 μL of the CNT dispersions samples was applied. The concentration of
the original CNT dispersion was 25 μg/mL, and the CNT dispersion with various concentrations
ranging from 0.063 to 25 μg/mL were prepared by diluting the original dispersion with Milli-Q
water. Under the excitation light irradiation, fluorescent images of the samples were acquired with
an exposure time of 1 min. The luminescence intensity was obtained by integrating the brightness
of each pixel in a defined area (80 × 20 pixels; approximately 7 × 2 mm2 on the actual dimension)
of the fluorescent images. The power density of the excitation light illuminated on the sensor chip
was 11 mW/cm2. It is known that CNTs release heat by the photothermal effect [27,28]. The effect
of heat to the sensor chip and fluorescent signal was not observed for the power density used here
(see Figure S2 in the Supporting Material).

3. Results

The luminescent intensities of the CNT dispersion sample with a concentration of 25 μg/mL
measured using the V-trench biosensor under the p- and s-polarized excitation light are shown in
Figure 4. The bars in the figure indicate the average luminescent intensities obtained from three
fluorescent images, and the error bars indicate the standard errors. The luminescent intensity
measured under the p-polarized light irradiation, where SPR was excited, was 4.4-folds greater
than that measured under the s-polarized light. This result indicates that the SPR was excited on the
V-trench and that the fluorescence of CNTs was excited by the enhanced electric field of SPR.

Figure 4. Luminescent intensities of the CNT dispersion sample with a concentration of 25 μg/mL
measured using a V-trench biosensor. The excitation light was p- or s-polarized. The error bars indicate
the standard errors.

The luminescent intensities of the CNT dispersion samples with various concentrations measured
under the p-polarized excitation light are shown in Figure 5. The symbols in the figure indicate the
average luminescent intensities obtained from three fluorescent images, and the error bars indicate
the standard errors. The fluorescence intensities were positively correlated with the concentration
of the CNTs. By comparing the luminescent intensities of “Blank” and “CNT,” the minimum
detectable concentration of the CNTs in this experiment was 0.25 μg/mL. The intensity is linear
to the concentration at the range of approximately over 1 μg/mL, whereas the gradient of the intensity
decreases below 1 μg/mL. This would be due to the attachment of CNTs to the sensing surface.
Assuming that a density of CNTs at the sensing surface increases due to the attachment, it would
result in increased luminescent intensity and the decreased gradient when the concentration is low.
When the concentration is high, the attachment to the surface would be saturated and the luminescent
intensities become linear.
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Figure 5. Luminescent intensities of the CNT dispersion samples with various concentrations measured
using a V-trench biosensor. The excitation light was p-polarized. “CNT” and “Blank” were measured
by applying the CNT dispersion samples and Milli-Q water into the V-trench, respectively. The error
bars indicate the standard errors.

4. Discussion

For evaluating the potential of CNT fluorescent label, the minimum detectable number of CNTs is
calculated herein, and the minimum detectable number of target analyte, including protein molecules
and virus particles, is discussed accordingly. In the fluorescent measurement described above,
CNTs were considered to be uniformly distributed in the dispersion. Then, the number of CNTs
contained in a detection volume, NCNT, is calculated as:

NCNT = DCNT AH (1)

where DCNT is the number of CNTs in a unit volume, A is the measurement area, and H is the height
of a detection volume. In general, H is related with the height of the illumination by excitation light,
since the dimension of a fluorescent label is smaller than the height of illumination. However, in this
study, the CNT length is considered to be larger than the height of illumination by SPR. Specifically,
the CNT length was typically 1 μm as mentioned in Section 2.1, and from the electric field simulation
described in Section 2.3, the decay length of the electric field of SPR was derived to be 176 nm for
the developed system. In this case, if the height of illumination is employed as H, the number of
CNTs is underestimated. Therefore, the CNT length (1 μm) is herein employed as H. Next, DCNT is
calculated from the concentration of CNT dispersion as follows. For example, when the concentration
of dispersion is 0.25 μg/mL, the concentration of luminous (8, 3) CNTs is 3.8 × 10−2 μg/mL, since the
content ratio of (8, 3) CNTs was approximately 15%, as mentioned in Section 2.1. The structural model
of (8, 3) CNTs yielded the number of carbon atoms in its unit length as 93 atoms/nm. Using the
number of carbon atoms and the CNT length (1 μm), a concentration of 3.8 × 10−2 μg/mL yields
DCNT = 2.0 × 1010 tubes/mL. A is calculated to be 4.3 mm2 for the developed V-trench biosensor using
the excitation light with a diameter of 6 mm and an opening width, a bottom width, and a vertex angle
of the V-trench of 0.3 mm, 0.02 mm, and 45.6◦, respectively. When 0.25 μg/mL is employed as the
minimum detectable concentration, using Equation (1) with DCNT = 2.0 × 1010 tubes/mL, A = 4.3 mm2,
and H = 1 μm, the minimum detectable number of CNTs is calculated to be 9 × 104 tubes.

As mentioned in Section 3, the luminescent intensities shown in Figure 5 reveal non-linearity
at the low concentration region, which would be due to the attachment of CNTs to the sensing
surface. This means that, if the attachment to the sensing surface is avoided, the minimum detectable
concentration would be larger than 0.25 μg/mL. Considering the gradient of the intensities over
1 μg/mL, the minimum detectable concentration without CNT attachment is considered to be greater
up to twice. Thus, the minimum detectable number of CNTs is considered to be in between 9 × 104

and 2 × 105 tubes.
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When considering the detection of target analyte using a CNT fluorescent label, since the CNT
length is larger than the height of illumination and the dimension of target analyte, the detectable
number of target analyte, NT, is simply calculated as NT = NCNT/B, where B is the number of CNT
labels bound to one target analyte. The value of B varies depending on various factors such as
the structure of target analyte, binding effectivity of a CNT label, etc. Figure 6 shows NT against
B for NCNT = 9 × 104 and 2 × 105 tubes. Typical ranges of B for proteins and virus particles are
also indicated. For example, when the CNT label is used for the detection of virus with B = 100,
the minimum detectable number of virus particles is 900–2000. The calculation indicates that CNTs
possess the potential as a fluorescent label for sensitive biosensing using SPRF sensors.

Figure 6. Detectable number of target analyte (NT) against the number of CNT labels bound to one
target analyte (B) for the detectable number of CNTs (NCNT) of 9 × 104 and 2 × 105 tubes. Blue and red
arrows indicates typical ranges of B for proteins and virus particles.

The effect of quenching in the fluorescence measurements should also be discussed. Since the
surface of the V-trench is bare gold, the photoluminescence of fluorescent labels near the surface is
likely quenched. Firstly, it has been reported that CNTs coated with organic molecules are less affected
by quenching [29]. The CNTs used in this study were coated with DNA molecules and thus considered
tolerant against quenching. Secondly, the minimum detectable concentration of CNTs was measured
by including the quenching effect. That is to say, the minimum detectable number of target analyte
evaluated above also includes the quenching effect. Since the CNTs are long, as mentioned above,
even if a part of the CNT is inside the quenching distance, the other part of the CNT would likely be
outside. Other fluorescent labels such as fluorescent molecules and quantum dots are small (<20 nm),
and if these fluorescent labels come close to the surface, their luminescence intensities are significantly
affected by quenching. The tolerability against quenching is an advantage of the CNT compared with
other fluorescent labels.

In the fluorescence measurement, the CNT dispersions were directly applied onto the gold layer
of the V-trenches, whereas, as shown in Section 2.3, the structure of the V-trench sensor chip was
optimized assuming that a protein layer was formed on the gold layer to capture the target. |E/E0|2

of the V-trenches used for the CNT dispersion measurement is considered to be lower than the optimal
condition; the simulation for the V-trenches without the protein layer yields |E/E0|2 = 12.6, which is
half the optimal value. Therefore, in practical target detection using the V-trenches with a protein
layer, the minimum detectable number of CNTs can be better than evaluated above. On the other
hand, under practical conditions, various factors would depress the performance of target detection by
lowering the value of B and generating noise. These factors includes labeling efficiency of the CNT
to the antibody, binding efficiency of the antibody to the target analyte, nonspecific binding of the
CNT-labeled antibody, and content ratio of luminous CNTs. In particular, labeling with antibodies
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is a major challenge for CNTs, because of poor reactivity. Although several techniques have been
reported for CNT labeling [5,30,31], the efficiency, stability, and controllability of the labeling were
insufficient. The binding of the unlabeled antibodies to the target analyte compete with that of the
CNT-labeled antibodies, resulting in depressed sensitivity of target detection. Further investigation
of the labeling techniques would be beneficial for CNT fluorescent labels. Regarding the content
ratio of the CNTs, the CNT dispersion used in this study contained 15% of (8, 3) CNTs that emitted
the observed fluorescence. It is desirable that only (8, 3) CNTs are contained in the fluorescent
labels. In recent years, effective methods of selective growth and purification of CNTs have been
reported [32,33]. These methods are useful to prepare efficient CNT fluorescent labels. In addition,
the performance of CNT fluorescent labels can be further improved by modifying the CNT itself.
For example, the luminescent intensity of CNTs is greatly enhanced by introducing defects using
oxidization or covalent functionalization [34–36]. These techniques improve the potential of CNT
labels even further.

5. Conclusions

The performance of (8, 3) CNTs as a fluorescent label for SPRF was evaluated. The fluorescent
measurement of CNTs was performed using a V-trench biosensor, and its capability for the influenza
virus detection was estimated. A sensor chip optimized for (8, 3) CNTs was designed to enhance
fluorescence with an excitation wavelength of 670 nm. The minimum detectable concentration of
the CNTs was 0.25 μg/mL. The minimum detectable number of CNT labels was evaluated to be
9 × 104–2 × 105 tubes. The detectable number of target analyte was evaluated as the function of the
minimum detectable number of CNTs and the number of CNT labels bound to one target analyte.
Once the challenges such as labeling efficiency are overcome, CNTs are considered as a promising
candidate for use as fluorescent labels for SPRF.

Supplementary Materials: The following are available online at http://www.mdpi.com/1424-8220/17/11/2569/s1,
Figure S1: Atomic force microscope image of the CNT dispersion. Figure S2: Luminescent intensities of the CNT
dispersion sample measured with various powers of the excitation light.
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Abstract: This paper presents a simple, high resolution imaging approach utilizing ratiometric
planar optode for simultaneous measurement of dissolved oxygen (DO) and pH. The planar optode
comprises a plastic optical film coated with oxygen indicator Platinum(II) octaethylporphyrin
(PtOEP) and reference quantum dots (QDs) embedded in polystyrene (PS), pH indicator
5-Hexadecanoylamino-fluorescein (5-Fluorescein) embedded in Hydromed D4 matrix. The indicator
and reference dyes are excited by utilizing an LED (Light Emitting Diode) source with a central
wavelength of 405 nm, the emission respectively matches the different channels (red, green, and blue)
of a 3CCD camera after eliminating the excitation source by utilizing the color filter. The result shows
that there is low cross-sensitivity between the two analytes dissolved oxygen and pH, and it shows
good performance in the dynamic response ranges of 0–12 mg/L and a dynamic range of pH 6−8.
The optode has been tested with regard to the response times, accuracy, photostability and stability.
The applied experiment for detecting pH/Oxygen of sea-water under the influence of the rain drops
is demonstrated. It is shown that the planar optode measuring system provides a simple method
with low cross-talk for pH/Oxygen imaging in aqueous applications.

Keywords: pH; dissolved oxygen; planar optode; ratiometric; sea-water; rain drops

1. Introduction

For decades, microelectrodes have been widely used in underwater observation, enabling the
further understanding of chemical gradients of seawater [1]. However, they can only provide point
measurements with high spatial resolution. Recently, a better technique based on the use of an
optical oxygen indicator for spatial mapping (called planar optode) has been introduced for real time
applications [2,3]. The planar optode based on luminescence of specific indicators allowed multiple
measurement of analytes in a variety of formats, and imaging analysis of larger areas.

So far, the majority of planar optode studies have been focused on pH and oxygen dynamics in
rhizospheres [4–6]; measurements in sea-ice for resolving physical and biologically induced oxygen
dynamics [7]; marine sediments including the investigation of microbial mats and biofilms [8,9];
effects of bioturbating/irrigating fauna [10–12]; and studies of pH two-dimensional in benthic
substrates [13,14]. There is a broad interest in applying a multi-analyte planar optode to environmental
sciences, biological, marine sediments, and medical science benthic communities [15–18], but the
requirements of relatively complicated multi-analyte planar optode, and measuring systems,
have limited the number of users.

The first planar optode systems introduced for aquatic applications were based on pure intensity
measurements [19]. Pure intensity measurements for a planar optode suffer from several disadvantages
and limitations such as the fluorescence intensity being sensitive to variations in excitation light,
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background interference, and inhomogeneous indicator [19–21]. Holst et al. [22] introduced the
superior luminescence life-time-based method to overcome the main disadvantage of the pure intensity
measurements. While the lifetime method was superior and overcame the main limitations of the
intensity-based systems, it required a relatively complex trigger control circuit and high precision
industrial camera [23]. One alternative to the two systems is the ratiometric approach, it can eliminate
the deficiencies caused by varied excitation light, background interference, and inhomogeneous
indicator, while not requiring complex available hardware [24–26].

The previous studies of the ratiometric sensors are mostly based on the DSLR (Digital Single Lens
Reflex) or CCD (Charge Coupled Device) cameras with single CCD. The majority of digital cameras
make use of the bayer color filter, which allows them to separate the incident light into the three
primary colors: red, green, and blue. However, it detects only one-third of the color information for
each pixel. The other two-thirds must be interpolated with a demosaicing algorithm to ‘fill in the gaps’,
resulting in a much lower effective resolution [27]. In this scheme, it could cause two-thirds of light
intensity loss, and affect the sensitivity of the planar optode. In this paper we present an imaging
observation system based on 3CCD camera. The imaging system of 3CCD camera uses three separate
charge-coupled devices (CCDs), each one taking a separate measurement of the primary colors, red,
green, or blue light. The incident light coming into the lens is split by a trichroic prism assembly, which
directs the appropriate wavelength ranges of light to their respective CCDs. Compared to cameras with
single CCD, 3CCD cameras generally provide superior image quality through enhanced resolution
and lower noise. By taking separate readings of red, green, and blue values for each pixel, 3CCD
cameras achieve much better precision than single-CCD cameras, and ensure the spectral intensity.

In order to simultaneously realize the imaging of pH and oxygen chemical parameters, multiple
indicators can be combined within a single planar optode [28,29]. It is very difficult to separate the
emission of the dyes, and this would cause cross-sensitivity between the red, green and blue channel
of a 3CCD camera. Moßhammer et al. introduced a new optical dual-analyte sensor for imaging. It is
a simple way to use a 2CCD camera with near-infrared (NIR) sensitive camera chip to expand the
potential of ratiometric readout [30].

The 3CCD camera can be used to read out one reference dye and two indicator dyes. However,
the principle is limited by the spectral overlap of the traditional dyes possessing broad emission
spectrum. This calls for simpler, lower overlap, good antijamming capability and user-friendly dyes
and measuring setups. Owing to the characteristics of insensitivity, broad spectrum excitation, tunable
emission wavelength, narrow half peak width, good light stability and high quantum yield [31],
quantum dots (QDs) is an excellent reference. Wang et al. introduced a sensing film doped with
modified water-soluble CdTe/CdS quantum dots and PtF20-TPP imbed in sol-gel with two layers
respectively on slides. The thickness of the sensing film is about 70 μm, and it achieved colorimetric
oxygen determination with precise, distinct, and tunable color [32]. In order to improve homogeneity,
mechanical strength and applicability of the sol-gel in extreme condition, we synthesized the oleic acid
modified QDs which was lipophilic and could be imbed in polystyrene (PS) layer without leakage in
aquatic conditions.

In this study, we synthesized the oleic acid modified QDs [33,34] with narrow spectral emission.
It was lipophilic, high-efficiency and pH/oxygen insensitive. By doping the QDs as the reference dye,
a new ratiometric pH/Oxygen planar optode combination with a 3CCD camera was designed for
simultaneous imaging of pH and oxygen. The planar optode used PtOEP as the oxygen indicator with
red emission, 5-Fluorescein as the pH indicator with green emission, and QDs as the reference dye with
blue emission. These three dyes were respectively embedded in polystyrene (PS) and Hydromed D4
matrix. The performance of the planar optode was validated for detecting pH/ Oxygen of sea-water
under the influence of the rain drops [35,36].
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2. Experimental

2.1. Materials Preparation

The oxygen indicator dye PtOEP (CAS number : 31248-39-2), pH indicator dye 5-Fluorescein
(CAS number: 73024-80-3), chloroform, ethanol, octadecene (ODE), TOP (trioctylphosphine) and oleic
acid (OA) were all analytical grade, they were purchased from Aladdin Chemical Company (Shanghai,
China); The matrix PS, D4 were purchased from J&K Chemical Company (Shanghai, China).

2.2. Synthesis of Lipophilic QDs

The oleic acid modified QDs was synthesized according to the literature [37]. Briefly, The 70 mL
clear octadecene (ODE) solution was prepared by mixing t 5.54 g OA, 0.51 g CdO and was heated at
180 ◦C under N2 atmosphere. We could obtain different sizes of QDs by controlling the temperature
respectively, and herein the mixture was heated to 275 ◦C. Fully stirred TOP-Se solution containing
1.3 mmol Se powder, 0.5 g trioctylphosphine and 10 mL ODE, was quickly injected into the three-neck
round-bottom flask. Finally, the resulting stable QDs solution was dispersed in chloroform, and stored
at a temperature of 8 ◦C.

2.3. pH/Oxygen Planar Optode Fabrication

For the oxygen layer, the solution was fabricated by mixing 200 mg of polymer PS, 1 mg of QDs,
1 mg of PtOEP dye in 0.4 mL chloroform. The sensor film was fabricated by utilizing a knife coating
which was a fast and simple method [3]. The solution was coated onto a 125 μm thick polyester
support foil to form the a ~5 μm thick oxygen sensitive layer after solvent evaporation. The solution
containing 200 mg of polymer D4 (ethanol: water, 9:1 w/w), 1 mg of 5-Fluorescein dye in chloroform
was knife coated on top of the oxygen layer, obtaining ~15 μm thick pH sensitive layer. For the optical
isolation layer, the solution containing 1.00% w/w of carbon black in 10% w/w of Hydromed D4
(ethanol: water, 9:1 w/w) was coated onto the pH layer after solvent evaporation (Figure 1).

Figure 1. Schematic drawing of the new ratiometric multiple pH/Oxygen planar optode (the oval part)
and measuring system with JAI AT-200GE 3CCD camera. The oval part indicates the drawing of the
pH/Oxygen sensor composed of a three layer system containing the depicted indictor and reference
dyes. Filter: 455 nm longpass. LED: high power LED (peak wavelength 405 nm) as a light source.
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The ratiometric measuring scheme was sensitive to wavelength-dependent scattering and
reflection from any background behind the transparent sensor. However, a thin translucent D4
layer imbedded with carbon powder solved the problem. Thus, the pH/Oxygen sensitive film was
coated with D4 matrix doped with carbon powder. The dry isolation layer was ~7 μm thick and
semitransparent with a light transmission of ~20%. This ensured that any structures behind the sensor
were still visible during oxygen measurements, without affecting the ratiometric approach.

2.4. Instrument and Method

The pH/Oxygen measuring system is illustrated in Figure 1. For this present work, the
luminescence excitation was provided by 6 high power 405 nm LED (λ-peak = 405 nm, Φ = 400 mW at
IF = 1100 mA) from Tianyao companies, and the LED was powered by a DH171 5A-3 DC stabilized
power supply (Dahua Company, Beijing, China). The relative luminescence intensity was measured
using the Ocean Optics spectrometer USB2000+ and JAI AT-200GE 3CCD camera (Daheng Image
Company, Beijing, China). Emissions filters which were fabricated in front of the 3CCD camera were
440 nm long pass filters (Nantong Optical glass Company, Beijing, China).

The JAI AT-200GE camera provided 2-megapixel resolution (1628 × 1236) based on three
1/1.8-inch CCDs, 1624 (h) × 1236 (v) effective pixels (4.40 μm square) for each CCD. With 3-CCD
technology, a specific R, G, and B value was captured for each pixel. The camera has a GigE
Vision interface and its output can be either 24-bit or 32-bit RGB in TIFF format. The 32-bit RGB
TIFF images were automatically saved onto the computer (exposure time of 15535 μs) and used for
further calculations. Processing of the recorded images was performed with the free software ImageJ
(http://rsbweb.nih.gov/ij/) and analyzed in MATLAB software.

Bayer mosaic color cameras used a pattern of color filters and an interpolation process to estimate
the approximate RGB value of a given pixel. With 3-CCD technology, a specific R, G, and B value was
captured for each pixel (Figure 2). This inherently produced higher color precision in the 3-CCD output.
Furthermore, the spectral curves resulting from the hard dichroic prism coatings were much steeper
than the curves from the soft polymer dyes used in Bayer filters. This enabled the 3-CCD cameras to
produce exceptionally accurate color data without the uncertainty that comes from the overlap regions.
In addition to reducing color precision, the overlap in the color filter response also causes part of each
pixel’s well capacity to fill with photons resulting from the crosstalk, thus decreasing the available
well capacity. Precision response from the dichroic coatings enables each channel to efficiently use the
full well capacity of the pixel, allowing the maximum possible dynamic range.

Figure 2. Schematic drawing of prism based JAI AT-200GE 3CCD camera.
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The oxygen concentrations in 30‰ salinity seawater was controlled by mixing oxygen and
nitrogen, and this process was controlled by gas flow-meters. The pH calibration solution was
confected by the 30‰ artificial seawater containing 10 mM TRIS-HCL buffer. The pH of the seawater
was adjusted by adding either 1 M HCl or 1 M NaOH to the glass tank. The dissolved oxygen
concentration was measured by O2 microelectrode (Unisense O2 Microsensor, Aarhus, Denmark),
and the temperature-compensated pH microelectrode (YSI pH 100A, Shanghai, China) was used to
continuously monitor the pH level of the seawater.

2.5. Simulated Rainfall Experiments

For sea-water measurements, the pH/Oxygen sensitive film was transferred to a custom-made
quartz aquarium (H × L × W: 12 × 12 × 12 cm) that was subsequently filled with natural seawater
collected in the Shilaoren Bay, Qingdao, China. The quartz aquarium was allowed to settle for 24 h
before the presented images were recorded. During this period, the setup was kept at a constant
temperature of 17 ◦C and exposed to a 12/12 h light/dark cycle. We simulated rainfall at the rate of
about 0.5 inch/h for 10 min by experimental rainfall setup in a laboratory. A device with an array
of micro holes of constant sizes (3 mm in diameter) was used to produce rain of constant size drops.
The rainwater (the oxygen concentrations of 8.31 mg/L, pH value 7.2) was collected and stored in the
tank with an air pump, and the air pump is a device for pushing air during this period.

3. Results and Discussion

3.1. Optical Properties of Multiple pH/Oxygen Planar Optode

Figure 3 showed the luminescence spectra of three dyes materials (PtOEP, 5-Fluorescein, and QDs)
at room-temperature. When excited with a 405 nm LED, the planar optode exhibited intense
luminescence emissions at 650 nm, 520 nm, and 460 nm, respectively. The emissions of QDs served as
the reference insensitive to pH and oxygen, and it also acted as an internal donor molecule for
the indicator. Since the emissions of the QDs overlapped with the absorption of 5-Fluorescein,
the brightness of the two indicators, especially the 5-Fluorescein was enhanced by making use of
QDs. The emissions of indicator PtOEP and 5-Fluorescein are respectively sensitive to oxygen and
pH, thus the pH and oxygen can be measured. In addition, by the ratio process, the deficiencies of the
intensity was eliminated by the reference QDs.

Figure 3. Spectra of the dyes (absorption in dashed and emission in solid lines), and the spectral range
of three different channels (red, green, and blue) in JAI AT-200GE 3CCD camera.
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The emission intensity of the three dye materials (PtOEP, 5-Fluorescein, and QDs) respectively
was recorded by the corresponding three spectrum channels (red, green, and blue) of the 3CCD camera.
The pixel intensity of the red, green channel was dominated by the luminescence from the PtOEP and
the 5-Fluorescein, respectively. The blue channel represented the luminescence of QDs and blue LED
excited light, after eliminating the excitation source by utilizing the longpass filter (>455 nm). There
was a negligible spectral overlap between the three dye materials.

3.2. Calibration and Accuracy Evaluation of the pH/Oxygen Planar Optode

Figure 4 showed the fit equations and calibration plots for pH and oxygen in artificial sea water
at a concentration of 30‰ (salinity). For the oxygen calibration, the relationship between intensity and
oxygen concentration was reflected by the modified Stern–Volmer equation [38]:

I
I0

=

(
A +

1 − A
1 + Ksv[O2]

)
(1)

where, I was the intensity ratios of the red and blue channels (R/B) of the planar optode at different
oxygen concentration, I0 expressed the corresponding values at oxygen free condition. Ksv and A
respectively were the constant of calibration curve and the quenching ratio of indicator. In an ideal
quencher system, there is a linear relationship between I0/I and oxygen concentration, so a linear
Stern-Volmer equation can be applied. However, a matrix effected on the quenching properties of
luminescent dyes in solid solutions strongly depends on the polymer used. It is necessary to take into
account the influence of polymer which was attributed to a distribution of quenching rate constants.

(a) (b) 

Figure 4. The calibration curves for (a) oxygen and pH (b) in seawater. (17.0 ± 0.2 ◦C).

For the pH calibration, the relationship between intensity and pH values was fitted by the
four-parametric Boltzmann (sigmoidal) equation [39]:

R = b +
a − b

1 + e
pH−pka

dx

(2)

where, R was the intensity ratios of the green and blue channels (G/B) of the planar optode at different
pH values, a, b and dx respectively express the empirical parameters and the width of the curve, pKa
was the coefficient of center of the calibration curve.

In order to evaluate potential cross-talk for oxygen and pH, the experiments were conducted at
varying condition (Figure 5). Figure 4a presented the calibration curves for the oxygen sensitivity in
the dual pH/Oxygen planar optode system, and these were conducted for three different pH values:
one acidic (pH 4.5), alkalescence (pH 7.4) and one alkaline (pH 9.0).
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(a) (b) 

Figure 5. The emission spectra of ratiometric pH/oxygen planar optode:(a) Emission spectra in
different oxygen concentration at pH 9.0, the different colors of the lines represented the different
oxygen concentration, and the arrow indicates the increasing of oxygen concentration; (b) Emission
spectra at pH values between 4 and 9 under the oxygen concentration of about 9.55 mg·L−1, the different
colors of the lines represented the different pH value, and the arrow indicated the decrease of pH.

The optode’s response for the oxygen showed nonlinear calibration curves with maximum
sensitivity at low oxygen concentrations. The ratio decreases more than 80% when the oxygen
concentration increases from 0 to 8 mg/L. For this oxygen concentration scope, the pH/Oxygen planar
optode retained a highly effective large reduction. This was mainly because of the simultaneous
presence of static and dynamic quenching [40] and the inequality of the microenvironment of the
immobilized dye PtOEP placed within the polymer matrix PS. In the oxygen concentration of 0–6 mg/L,
the calibration curves exhibited no cross interferences caused by changes in the pH. However, a slight
cross-sensitivity toward oxygen was observed in the oxygen concentration of 8–12 mg/L. This can be
explained by the energy transfer to the PtOEP from the luminescence of 5-Fluorescein, the interference
increased with decreased luminescence of PtOEP under hyperoxia condition. The pH response of the
dual pH/Oxygen planar optode followed a sigmoidal pattern with an apparent pKa of around 6.95.
As the Figure 4b showed, a minor cross-sensitivity toward oxygen was observed at pH values around
the pKa. In the pH scope between 6.3 and 7.3, the calibration curves exhibited no cross interferences
caused by changes in the oxygen.

Tables 1 and 2 illustrated the accuracy evaluation between the pH/Oxygen planar optode and
pH/oxygen microelectrode. It was noted that the pH/Oxygen planar optode possessed superior
behavior in oxygen depleted condition for the concentration range of 0–6 mg/L than the supersaturated
condition. For the pH values, the optode with an apparent pKa of around 7.15 showed superior
behavior at pH values between 6 and 8.

Table 1. Comparison of the pH/Oxygen planar optode and electrodes for oxygen measurements. AE:
absolute error; RE: relative error; SD: standard deviation.

Oxygen Electrodes pH/Oxygen Planar Optode

Measured Calculated AE RE SD
0.01 0.0096 0.0004 4.00% 0.0038

4 3.884 0.116 2.90% 0.1244
7 7.432 0.432 6.17% 0.3102

9.34 9.974 0.634 6.79% 0.7352
10.59 9.812 0.778 7.35% 0.6321

175



Sensors 2017, 17, 1316

Table 2. Comparison of the pH/Oxygen planar optode and electrodes for pH measurements. AE:
absolute error; RE: relative error; SD: standard deviation.

pH Electrodes pH/Oxygen Planar Optode

Measured Calculated AE RE SD
4.23 3.92 0.31 7.32% 0.0462
4.89 4.63 0.26 5.32% 0.1487
5.56 5.80 0.24 3.72% 0.1292
6.45 6.27 0.18 2.79% 0.3043
7.75 7.45 0.3 3.87% 0.2945

3.3. Long Term Stability and Photostability

The stability and photostability was a key analytical figure of the pH/Oxygen planar
optode [26,41]. The photostability was tested by placing the ratiometric pH/Oxygen planar optode into
seawater with continuous irradiation by using a USHIO EKE, 150W halogen lamp (Weiguang Company,
Shenzhen, China) equipped with an optical filter at room temperature for around 100 min. The LI-250A
photometer (ECOTEK Company ,Beijing, China)was used to measure the output of halogen lamp,
and the irradiances was 253 μmol photons·s−1·m−2. The relative luminescence intensities of the
reference QDs, 5-Fluorescein, and PtOEP decreased 9.82%, 4.701%, 6.45%, respectively (Figure 6a).
The ration of the Green channel/Blue channel changed 4.67%, and ratios of Red channel/Blue channel
changed 5.25% (Figure 6c).

 

(a) (b) 

(c) (d) 

Figure 6. Photostability and long term stability of the pH/Oxygen planar optode. (a,b) The relative
luminescence intensities of the QDs, 5-Fluorescein, and PtOEP (Platinum(II) octaethylporphyrin).
(c,d) The ration of the pH/Oxygen planar optode: ratios of Green channel/Blue channel, and ratios of
Red channel/Blue channel.
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For the stability test, the experiment was conducted to evaluate the pH/Oxygen planar optode by
putting the planar optode in artificial sea-water (salinity 30‰) at 25 ◦C for a period of 1 week. Figure 6b
showed that there was no obvious leakage for the period time, the relative luminescence intensities of
the reference QDs, 5-Fluorescein, and PtOEP decreased 12.15%, 9.01%, 13.55%, respectively (Figure 6b).
The ration of the Green channel/Blue channel changed 7.43%, and ratios of Red channel/Blue channel
changed 8.38% (Figure 6d). The photostability of the pH/Oxygen planar optode was stable. For the
stability and photostability, the ratio is less unaffected and more superior than the intensity. In the
process of continuous long-term use, in order to assure the accuracy of the measurement result,
the pH/Oxygen planar optode needed regular calibration.

In order to evaluate the possibility of migration of the lipophilic fluorescein into the optical
isolation layer, and into the seawater, experiments were conducted. We analyzed the fluorescence of
seawater used in the quartz aquarium during the stability experiment. The negligible fluorescence was
detected when the seawater was excited by a 405 nm LED, so the effect of migration was negligible.

3.4. Response Time of the pH/Oxygen Planar Optode

In real-time applications measurements, response time (time to reach 90% of the full signal) was a
critical performance factor. The response times of the pH/Oxygen planar optode (from 9.55 mg/L to
0 mg/L) are around ~35 s, ~2 s (from 0 mg/L to 9.55 mg/L), and ~16 s for pH changes (from 5 to 8).
The signal changes of the pH/Oxygen planar optode were fully reversible.

4. Application of the Planar Optode for Imaging oxygen and pH Simultaneously within Seawater

In order to test the applicability of the pH/Oxygen planar optode on the sample, the seawater was
collected (in Shilaoren Bay, Qingdao, China) and analyzed. By applying the pH/oxygen planar optode,
the results in Figure 7 showed the measurement of the two-dimensional pH/oxygen distribution
of sea-water under the influence of the rain drops. The scale of pH and oxygen concentration was
respectively expressed with color bars.

Figure 7. Time series recording of the pH/oxygen distribution. The Line A represented extracted
vertical profiles of the raindrops landing area, the Line B indicated the position of air-water interface.

To analyze the pH and oxygen dynamics of the sea-water under the influence of the rain drops in
more detail, the vertical and horizontal profiles (corresponds to the marked line A, B in Figure 8) of the
pH/Oxygen were extracted from the two-dimensional pH/oxygen figure. The results showed that the
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rainfall could cause significant changes of dissolved oxygen and pH value of the water surface in a
vertical and horizontal direction. On the surface of the water to a vertical depth of 23 mm, the change
of dissolved oxygen was the most obvious: the content of oxygen increased 2.3 mg/L within 40 s after
rainfall, the pH value decreased to 7.2. To a vertical depth of 12 mm, the diffusion of dissolved oxygen
and pH value was slow. It is proved that the change of dissolved oxygen content and pH value in the
process of regulating the surface water was affected by the rain drops in the surface water in the region
with a small variation of wind speed, temperature or pressure. This study provided a new technical
method for understanding the influence of raindrops on the dissolved oxygen concentration and pH
of the surface water in low wind impact areas or static water areas.

(a) (b) 

(c) (d) 

Figure 8. Extraction of time-resolved and depth-resolved dynamics from time series recording
pH/oxygen distribution images in Figure 7. (a,c) The vertical and horizontal pH/oxygen profiles of
Line A in Figure 7; (b,d) The horizontal pH/oxygen profiles of Line B in Figure 7.

5. Conclusions

In this work, a novel dual ratiometric pH/Oxygen planar optode combination with a 3CCD
camera for simultaneous imaging of pH and oxygen was developed and applied on sea-water under
the influence of the rain drops. The planar optode used PtOEP as the oxygen sensitive dye with red
emission, 5-Fluorescein as the pH sensitive dye with green emission, and QDs as the pH/Oxygen
insensitive reference dye with blue emission. These three dyes were respectively embedded in
polystyrene (PS) and Hydromed D4 matrix. The reference QDs and indicator dye was chosen due to
its superior optical property, stability, and high lipophilicity. The results indicated that the pH/Oxygen
planar optode can be an effective simple, high resolution approach for simultaneous measurement
of dissolved oxygen (DO) and pH. This study provides a new technical method for the pH/Oxygen
planar optode. It could simultaneously visualize the dynamic changes in pH and oxygen, and have
a good nolinear response within dissolved oxygen concentration between 0 and up to 12 mg/L and
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a pH range from 7 to 9. These specific properties made the pH/Oxygen planar optode suitable for
applications in the environmental monitoring field.
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Abbreviations

The following abbreviations are used in this manuscript:

DO dissolved oxygen
PtOEP Platinum(II) octaethylporphyrin
PS polystyrene
5-Fluorescein 5-Hexadecanoylamino-fluorescein
D4 Hydromed D4
TOP trioctylphosphine
OA oleic acid
DC direct current
ODE octadecene
QDs Quantumdots

Appendix A. Matlab Script to Generate Colormap Images of Spatial Oxygen and pH

Im=imread('E:13.tif');
Imcut=imcrop(Im,[650,650,499,499]);
Imd=double(Imcut);

Imdr=Imd(:,:,1);
Imdg=Imd(:,:,2);
Imdb=Imd(:,:,3);
h=ones(3,3);
h(1,1) = 0;

h(1,3) = 0;
h(3,1) = 0;

h(1,3) =0;
Imdr = medfilt2(Imdr);
Imdg = medfilt2(Imdg);
Imdb = medfilt2(Imdb);
Imd2=zeros(m5,n5);
for i=1:m5

for j=1:n5
temp1=Imdr(i,j);
temp2=Imdb(i,j);
aver1=mean(temp1(:));
aver2=mean(temp2(:));
Imd2(i,j)=aver1/aver2;~end

end
Idmd2=Imd2./I0;
for i=1:m5

for j=1:n5
if Imd2(i,j)>1

Imd2(i,j)=1;
end

end
end
do2=((1-A)./(Idmd2-A)-1)./K;
for i=1:m5
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for j=1:n5
if do2(i,j)>14

do2(i,j)=14;
end
if do2(i,j)<=0

do2(i,j)=0;
end

end
end
imagesc(do2)
h=colorbar;
set(get(h,'Title'),'string','[O_2](mg/L)');
axis off

clear; clc;
Im=imread('E:12.tif');
Imcut=imcrop(Im,[590,420,500,500]);
Imd=double(Imcut);
m5=500
n5=500
Imdr=Imd(:,:,1);
Imdg=Imd(:,:,2);
Imdb=Imd(:,:,3);

h=ones(3,3);
h(1,1) = 0;

h(1,3) = 0;
h(3,1) = 0;

h(1,3) =0;
Imdr = medfilt2(Imdr);
Imdg = medfilt2(Imdg);
Imdb = medfilt2(Imdb);

Imd2=zeros(m5,n5);
for i=1:m5

for j=1:n5
temp1=Imdg(i,j);
temp2=Imdb(i,j);
aver1=mean(temp1(:));
aver2=mean(temp2(:));
Imd2(i,j)=temp1./temp2;

end
end
for i=1:m5

for j=1:n5
if Imd2(i,j)<0

Imd2(i,j)=0;
end

end
end
pH=7.13719+0.2310*log(-1.47284./(Imd2-2.67781)-1);
pH=real(pH)
imagesc(pH)
h=colorbar;
set(get(h,'Title'),'string','pH');
axis off
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Abstract: The diagnostics of health status and the quality of drinking water are among the most
important United Nations sustainable development goals. However, in certain areas, wars and
instability have left millions of people setting in refugee camps and dangerous regions where
infrastructures are lacking and rapid diagnostics of water quality and medical status are critical.
In this work, microfluidic testing chips and photometric setups are developed in cheap and portable
way to detect nitrate concentrations in water. The performed test is designed to work according
to the Griess procedure. Moreover, to make it simple and usable in areas of low resource settings,
commercially available Arduino mega and liquid crystal display (LCD) shield are utilized to process
and display results, respectively. For evaluation purposes, different local products of tap water,
bottled drinking water, and home-filter treated water samples were tested using the developed setup.
A calibration curve with coefficient of determination (R2) of 0.98 was obtained when absorbance of
the prepared standard solutions was measured as a function of the concentrations. In conclusion,
this is the first step towards a compact, portable, and reliable system for nitrate detection in water for
point-of-care applications.

Keywords: colorimetric; microfluidic; sensor; LOC

1. Introduction

The photometric determination of chemical species is one of the key techniques in chemical
analysis. If the target species does not absorb radiations in the ultraviolet-visible region, it could be
introduced as a limiting reactant in a reaction to produce a colored product. The concentration of the
target analyte could be deduced from its absorbance, which follows the Beer-Lambert law over a wide,
useful range of concentrations [1–3].

Nitrate is an anion of significant interest, since it could be hazardous to public health if
accumulated in human body in concentrations higher than 500 ppm. Through a series of chemical
reactions in the body, nitrate is reduced to nitrous acid, which oxidizes the ferrous ion of the hemoglobin
to the 3+ oxidation state, converting the hemoglobin to methemoglobin (brown) which does not
transport oxygen as efficiently. This causes a disease known as methemoglobinemia or “blue baby
syndrome” that is accompanied with a fast heart rate and shortness of breath, and could result in
death [4–6].

The photometric detection of nitrate is based on the Griess test. In brief, nitrate is reduced to
nitrite by means of cadmium in an acidic solution. Sulfanilamide is added to the nitrite to produce
a cation known as diazonium salt. The last step in the test procedure is coupling the salt with
N-alpha-naphthyl-ethylenediamine to yield the azo dye, which has a pink color. The intensity
of the pink color is correlated to the original nitrate concentration. Photometric (or colorimetric)
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measurements are based on the Beer-Lambert law; in brief, the absorbing ingredient, also known as
chromophore, absorbs portion of the radiant energy emitted by a light source. As a consequence,
the transmitted light is attenuated to an extent that is directly proportional to the amount of the
absorbing species. The key parameters, the absorbance (A) and the concentration (c), are connected via
the relationship: A = ε·b·c, where ε is the absorptivity coefficient and b is the distance the light passes
across the analyte solution [7–10].

Colorimetric determination of chemicals could be more versatile if conducted on a smaller scale,
rather than an industrial scale. For field measurements, it is practical to use portable measuring devices
that could provide the operator with a rapid quantitative determination of the target compounds.
Miniaturization of the lab-scale equipment and measuring devices could be achieved through the
utilization of lab on a chip technology, where mixing processes take place in grooves and/or channels
patterned on paper or plastic templates and the desirable quantitative analysis of the target species is
performed with the assistance of compact electronic circuits that function in a manner similar to that
of the lab-scale measuring instruments [11–13]. In addition, miniaturizing detection systems provides
the advantages of fast analysis, parallelization, low cost, portability, minute reagent consumption,
the possibility of running the system by non-trained public workers, and the option of use in areas of
low resource settings [14].

The detection of nitrate concentration at the micro molar level has been investigated by different
research groups. Optimization of the detection conditions include adjusting the pH of the analyte, its
flow rate, the utilized substrates, and the performance of the light-emitting diode and the photodiode
array systems used for the detection purposes. The fabricated setups have been mainly used for
the determination of nitrate and nitrite concentrations in aqueous systems such as sea water and
wastewater for environmental monitoring purposes [15–20].

In this work, a home-made photometric miniaturized detection system was fabricated and its
performance toward the detection of nitrate in mineral water products supplied locally was examined
and utilized for the colorimetric detection of nitrate in local drinking waters. The fabricated system is
simple in design and operation, and its reported results are reproducible and precise.

2. Microfluidic Platform Design and Fabrication

For this project, a microfluidic chip with a straight-forward design was designed and fabricated.
As can be seen in Figure 1a, the microfluidic chip consists of a curved channel with a 1-mm width and
2-mm depth. The spiral channel has a single inlet hole for sample load and pumping. The channel is
connected to a 10-mm diameter detection chamber where the final chemical reaction and detection
will be performed. The detection chamber has two venting holes to allow air movement (in and out)
during fluid flow process.

The final microfluidic chip design was fabricated on polymethyl methacrylate (PMMA) plastic
(Moden Glas, Bangkok, Thailand). The fabricated chip has three PMMA layers: two 1-mm layers
on the top and bottom of the chip, as well as a 2-mm layer in the middle (see Figure 1b). The main
microfluidic features (the channel and the detection chamber) were cut into the middle 2-mm PMMA
layers. The inlet hole and two venting holes were cut into the top layer, while the bottom PMMA layer
has no features (implemented as a cover only). All the microfluidic features were introduced into the
PMMA layers using Bodor CO2 laser cutter (Bodor, Shandong, China). Afterwards, the machined
PMMA layers pass through different steps of cleaning, washing, and drying before the bonding process
starts. The cleaned PMMA layers were aligned and bonded together using two pressure-sensitive
adhesive (PSA) layers (FLEXcon, Spencer, MA, USA). A 100-μm, texture- and color-free PSA is
implemented in this work to avoid any signal and/or absorbance interruption.
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Figure 1. Microfluidic chip for nitrate detection. (a) Chip design where a 1 mm × 2 mm spiral channel
with one inlet is connected to a final detection chamber; (b) microfluidic chip layers.

2.1. Detection Setup

In this work, a simple and cost-effective colorimetric detection setup that can read the final reaction
results directly from the detection chamber has been designed and developed. The developed detection
setup can facilitate the main goal of the development of a simple, portable, on-site, and cost-effective
method for the detection of chemical compounds. Figure 2 shows a 3D view of the proposed detection
setup. The main setup is located inside a black semi-cubic box that is 80 mm, 84 mm, and 90 mm in
dimension. This black cover has a slot in the front wall for the microfluidic chip to slide in for the final
result-reading process. The box is made of 3-mm PMMA sheets and painted black. The inside view
shows that the used detection setup consists of three layers: a top layer with a green LED (light-emitting
diode) (Farnell, Aschheim, Germany) emits light in the 520–530 nm wavelength range through the
detection chamber. The bottom layer is made with a photodiode (Farnell, Aschheim, Germany) which
is aligned directly under the LED for light observation and analysis. Finally, the middle layer is made
of a specific design to hold and align the detection chamber exactly between the LED and photodiode.
For signal read-out and display, Arduino mega, along with LCD shield were utilized. The Arduino
was also used as a power source for the LED and the photodiode. For each test, the utilized Arduino
takes the voltage signal of the photodiode and displays it on the LCD screen. It was also programmed
to display the average of 100 readings each 5 s. Elevation of the nitrate concentration decreases the
amount of light transmitted to the photodiode and, as a consequence, the corresponding electrical
signal-voltage in this case—decreases. With that, the absorbance (or the transmittance) is correlated to
the measured nitrate concentration.
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Figure 2. Colorimetric detection setup (on the right) external view of the detection setup (on the left)
internal view, top layer with LED, bottom layer with photodiode, and middle layer is the holder for
microfluidic chip

2.2. Chemicals Preparation

Cadmium powder, potassium nitrate, and dihydrogen sodium phosphate were purchased
from Sigma Aldrich, St. Louis, MO, USA. Phosphoric acid was provided by Riedel de haen (now
Honeywell-Riedel de Haen, Morristown, NJ, USA). Benzensulfanylamide (S.A.) was purchased from
Applichem GmbH, Darmstadt, Germany, and N-1-naphthylethylenediamin dihydrochloride (NEDA)
from Carlo Erba reagents, Peypin, France. Potassium hydroxide was ordered from S.D. Fine Chem
Limited, Mumbai, India.

All of the tested solutions were prepared using HPLC grade water obtained from UltraMax 372
Yonglin Water Purification System, Anyang, Korea. Phosphate pH 2.0 buffer solution was employed
as the working solution; the solution was prepared by mixing appropriate amounts of dihydrogen
sodium phosphate and phosphoric acid. The pH of the prepared solution was adjusted using 0.1 M
NaOH aqueous solution.

A 0.5 mM solution of potassium nitrate was prepared and passed through a titration pipette with
the cadmium powder located at the bottom of the pipette atop a cotton bed. The reduced nitrate was
then mixed with 1.0 mM buffer solutions of S.A. and NEDA to produce the desired standard pink
solution. The prepared solution was diluted serially to make standard solutions of lower concentrations.
Absorbance of the prepared solutions was measured using the fabricated detection system.

For the detection of the nitrate content in water samples, suspensions of the three ingredients
were immobilized on the regions shown in Figure 1 using a micropipette. Masses of the ingredients
were selected so that they did exist in excess amounts when compared to the target analyte; the nitrate
and the three ingredients, Cd, S.A., and NEDA, were immobilized on the walls of the microfluidic
channel as aqueous solutions, then dried at 45 ◦C for 1 h. The chips were then sealed and became
ready for the desired detection procedure.

2.3. Operational Concept

The novel microfluidic design which was discussed earlier eliminates the need for any valving
or gating elements to perform the chemical reaction. Instead, the design simply requires a pumping
method (using syringe pump in our case) to drive the sample through the microfluidic channel while
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accurately controlling the flow rate. Figure 3 shows how the experimental process works step-by-step.
The upper part of the graph presents the syringe pump status over time as it changes from OFF (no
liquid flow) to ON (pump the liquid to the next part of the chip). Under each pump status, the process
status and liquid position is presented. For the first time cycle (0 min to 4 min), the syringe pump is
OFF and the sample is located within the first part of the chip, which is coated with Cd. Afterward,
syringe pump is activated for 1 min to drive the sample from Cd-coated part to S.A.-coated part. It can
be noted that we implemented a low flow rate to allow for accurate liquid flow control without the
need for the integration of valving mechanism. At 5 min, the pump is deactivated and liquid is allowed
to react with the S.A. coating for 4 min. At 9 min, the pump is activated again to drive the liquid
to its final destination (the detection chamber). In the detection chamber, the liquid reacts with the
NEDA coating for 4 min, where liquid color turns pink. At the end of the reaction time, the pink color
intensity presents the concentration of nitrate compounds in the processed sample. The microfluidic
chip is then slid into the detection setup for the final result reading. The results will be displayed and
saved on a PC dedicated for this process.

Figure 3. Experimental steps (top part) syringe pump status over time (bottom part) sample position
inside the microfluidic chip over time.

3. Results and Discussion

3.1. The Calibration Curve

The main objective of this part is to establish a calibration curve that correlates the produced dye
absorbance to the nitrate concentration in parts per million (ppm). As shown in Table 1, the extent of
light absorption increases as the nitrate concentration (standard solutions) increases.

Table 1. Dependence of absorbance of the produced dye on the concentration of the standard nitrate solutions.

Standard Solution Concentration in ppm Voltage in mV (N = 6) Absorbance

Blank 0 2845.386667 0.0000
Solution 1 0.033271 2823.436667 0.003363293
Solution 2 0.066541 2803.05 0.006510498
Solution 3 0.166353 2772.118333 0.011329578
Solution 4 0.415882 2689.8 0.024421354
Solution 5 1.039704 2569.236667 0.044337232
Solution 6 2.079408 2416.596667 0.070937171
Solution 7 5.198519 2060.125 0.140247771
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Absorbance of the standard solutions was measured in six repeats using the phosphate buffer
solution as the blank and the fabricated system as mentioned earlier. The reported results are shown
in Figure 4.

Figure 4. Calibration curve for the prepared standard solutions.

The results were obtained based on the 535 nm absorbance maxima of the azo dye. As shown in
Figure 4, the reported R2 value is equal to 0.9842. The limit of detection (LOD) and limit of quantitation
(LOQ) were found to be 0.0782 and 0.237 ppm, respectively. The LOD is estimated to be 3 σ/m,
while the LOQ is calculated as 10σ/m where σ is the standard deviation of the lowest measured
concentration (measured six times) and m is the slope of the calibration curve. These values indicate
that the performed work needs further improvement when compared to the previously reported value
of 0.0016 mg/L [21]. Issues related to quality of the materials used for the chip fabrication, intensity
of the employed incident light, and sensitivity of the used detector must be considered in order to
optimize the experimental conditions.

3.2. The Water Samples

In this work, the nitrate content in eight water samples of different origins was measured using
the fabricated system. The samples were tap water, bottled drinking water, and home-filter treated
water. With the utilization of the fabricated system, the total nitrate content (nitrate and nitrite) was
quantified and the corresponding results are listed in Figure 5. In the tested samples, the nitrate content
was less than the maximum concentration limit (MCL) of 10 ppm (or 1.176 × 10−4 M).

The nitrate content in each sample was measured six times, and the listed results present the
average nitrate content in the water samples. As shown in Figure 5, the nitrate content is below the
MCL value. Unexpectedly, the maximum reported nitrate content is that of a bottled water sample
(Bottled 2), which is even higher than that of the tap water. That reported, and unexpected, value could
be attributed to missing key step during course of the purification, which is the anions removal
process, allowing nitrate along with other anions to exist as species dissolved in the aqueous matrix
with relatively high concentrations. The home-filter treated waters demonstrated moderate nitrate
concentrations. The obtained results are of acceptable credibility, since the lowest detected nitrate
concentration (Bottled 3) is almost twice as high as the limit of quantification.
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Figure 5. Total nitrate concentration in selected water samples.

The reported results point to the total nitrate concentrations, including nitrate (NO3−) and nitrite
(NO2−). The nitrite content could be estimated if the experiments were repeated without the utilization
of cadmium, which is responsible for the nitrate to nitrite reduction. The detection conditions could be
improved with the utilization of a glass light transparent cover that transmits the incident radiations
more efficiently than the PMMA used in this work; with that, adherence to Beer’s law could be
expected in a manner more linear than that shown in Figure 4 (i.e., at R2 = 0.9842).

Compared to the previously reported works, our developed setup is simple in design and
operation, and its reported results are reproducible and precise. In term of fabrication, the developed
microfluidic chip can be fabricated very easily with a basic milling machine or laser cutter with a
doable dimension of microfluidic channel (one that is not very small and does not require highly
accurate machining). The developed chip is cheap and disposable, without any integrated electronic
components such as LED or fiber optics [15,17]. Finally, the developed setup does not need bulky
laboratory equipment and/or components such as a controlling PC, data processors, a bulky AC or DC
power source (a battery is enough), or a micro-valve for flow control. Even sample pumping can be
perfumed manually with a normal pipette or syringe. This makes our setup applicable in low-resource
and extreme point-of-care areas.

4. Conclusions

In this work, microfluidic testing chips and a colorimetric setup were developed in a cheap and
portable way to detect nitrate concentrations in water. The performed test was developed to work
according to the Griess procedure. The microfluidic chip was designed to have a long-coated channel
fabricated using PMMA layers of different thicknesses. On the other hand, the colorimetric setup
mainly consisted of an LED light source, photodiode, Arduino mega, and LCD shield. The developed
setup was evaluated using different water samples including bottled water products. The concept
of colorimetric detection at the micro level and its viability have been proven, and a useful system
for the detection of nitrate in local mineral water products has been fabricated. This chip is easy
to fabricate and use, disposable, cheap, and can be operated by non-trained personnel. However,
much still needs to be done to improve the detection conditions. In the near future, an effort will be
paid to enhance the sensitivity of the spectroscopic detector, thus improving the detection performance
of the fabricated setup.
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Abstract: This work deals with a portable device system applied to detect and classify different
metallic ions as proposed and developed, aiming its application for hydrological monitoring systems
such as rivers, lakes and groundwater. Considering the system features, a portable colorimetric system
was developed by using a multispectral optoelectronic sensor. All the technology of quantification
and classification of metallic ions using optoelectronic multispectral sensors was fully integrated in
the embedded hardware FPGA ( Field Programmable Gate Array) technology and software based
on virtual instrumentation (NI LabView®). The system draws on an indicative colorimeter by using
the chromogen reagent of 1-(2-pyridylazo)-2-naphthol (PAN). The results obtained with the signal
processing and pattern analysis using the method of the linear discriminant analysis, allows excellent
results during detection and classification of Pb(II), Cd(II), Zn(II), Cu(II), Fe(III) and Ni(II) ions, with
almost the same level of performance as for those obtained from the Ultravioled and visible (UV-VIS)
spectrophotometers of high spectral resolution.

Keywords: portable environmental monitoring systems; metallic ions detection; colorimetric system

1. Introduction

Heavy metal ions have presented strong threats to human health as they have a lot of toxic
bio-cumulative properties in the natural environment. Once these ions are thrown into rivers and lakes
near cities, they can affect the vegetables and animals, unbalancing the whole food chain [1]. The main
health problem caused by heavy metal ions and the threshold level in drinking water according to
the World Health Organization (WHO) are summarized in Table 1. To this end, great effort has been
made by the scientific community in order to develop devices and systems for metal ions detection.
Electrochemical devices were initially offered, which have achieved high accuracy and, in some special
cases, also high selectivity by using nanomaterials such as active electrodes [2–4]. However, these
types of devices normally suffer interference from electromagnetic noise sources. In order to avoid this,
many dye molecules or also bio-indicator molecules have been successfully used for signal detection of
the absorption (colorimetric) and fluorescent emission spectra. For example, Anabas testudines were
applied as a bio-indicator for Hg and Pb metal ions detection using an ion exchange chromatography
spectrometer. The experimental setup of this assay needs complex procedures for the separation and
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purification of samples [5]. Aminopyridine shift base molecules were also used for Ni(II), Zn(II), Fe(III)
and UO2(II) ions detection by colorimetric and flourogenic methods as a conventional spectrometer.

All the previous procedures have showed that the colorimetric method allows selectivity for
Ni(II) and Zn(II) ions, the selectivity was only for Zn(II) when applying the fluorescence technique [6].
A sucessful review paper showed that the colorimetric technique is a good suitable procedure for
metal ions detection, especially when functionalized gold is used in a nanoparticle absorption spectra
shift for ions detection [7]. The dyad biodipy–rhodamine molecule was utilized for three-valent ions
(Al(III), Cr(III), Fe(III)) detection by monitoring changes in fluorescence emission due to energy transfer
from biodipy to rhodamine moiety, this dyad molecule did not show any selectivity between these
ions, as was reported. The dyad could also be manipulated as an imaging indicator in the biological
cell culture [8]. A carbon dot ending with carboxylate groups was applied as a chemo sensor for the
detection of many metallic ions, by using the photoluminescence quenching of these dots. However,
only selectivity to Fe(III), Pb(II) and Hg(II) was achieved after buffer solution switching for each kind
of ion [9]. A single pyridine-linked anthracene-based molecule was taken for the detection of various
metallic ions; the change of the photoluminescence emission and its dye also presented selectivity
to Pd(II) ion when an Sodium Dodecyl Sulfate (SDS) surfactant was additionally used in the sample
solution [10]. A portable microfluidic system for a microbial biosensor was reported to detect Pb(II) and
Cd(II) ions, for this purpose the authors used an inverted fluorescence microscopy spectrometer [11].
The Plasmon resonance fiber-optic-based sensor was chosen for metal ions detection, using the peak
resonance shift [12]. A review paper reported many different carbon nanoparticle structures to detect
Hg(II), Cu(II) and Fe(III) ions by fluorescent off, fluorescence on and ratiometric detection mechanisms.
Even though these structures were shown to be a good potential material for metallic ion detection, they
could not be precise in the selection and detection of all the mechanisms described here, as they were
very sensible to buffer usage in the metallic ions solution [13]. The benzothiazolium-derived molecules
were proposed as a colorimetric and fluorescent chemosensor to detect Hg(II) ions; these molecules
showed high selectivity for Hg(II) ions and the colorimetric and fluorescent calibration curves were
achieved by monitoring the peak position changes (i.e., a specific spectral point) of the absorption
spectra and fluorescent spectra respectively [14]. The main challenge in metallic ion detection is to
develop a recoverable system, it was reported for a photonic colorimetric device based in the Bragg
diffraction process. In this work, the sensor was doped with hydroxyquilonine molecules and the
sensor had a selective response for Pb(II) and Cu(II) ions with good reversibility [15]. The selectivity of
optical sensors for metallic ion detection is still an issue to solve. Some authors reported the matrix
array indicators to overcome this problem, the array of 12 different thiophene-based compounds were
used to detect and classify various metallic ions, the authors suggest that 100% classification was
possible when they used the fluorescence signal from the phiophene-based molecules and these signals
were processed by linear discriminant analyses [16].

As we described above, all the systems that used colorimetric or fluorescence techniques used
the conventional test bench spectrophotometer and the selectivity of these systems was specific for
some type of metallic ions. In these contexts, this article presents the development of a portable
colorimetric and fluorescent chemical detection system, for the detection of metallic ions in liquid
media. The system is based on the optoelectronic multispectral sensor as the detector and the white
light emitting diode has been used as an excitation source. All components of the system such as
excitation, detection and test calibration curves, have been controlled by a real-time embedded national
board acquisition system programed with LabVIEW software from the National Instrument Company.
The system was tested using the 1-(2-pyridylazo)-2-naphthol (PAN) molecules as the colorimetric
indicator and the achieved results showed that this system could detect and classify many metallic
ions at the same time (Pb(II), Cd(II), Zn(II), Cu(II), Fe(III) and Ni(II). The portable system proposed,
together with signal processing technique, could apply to metallic ion detection in situ environments
such as rivers and lakes.
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Table 1. Limit of various heavy metal ions in drinking water according to World Health
Organiztion (WHO).

Metal Ions WHO Limit mg/L (ppm) [17] Effects [1]

Cu(II) 2 Alliergies, anaemia, kidney disorder

Zn(II) 3 Respiratore disorder, neuronal disorder, prostate cancer

Ni(II) 0.07 At hig level may be toxic, even carcinogenic

Cd(II) 0.003 Renal toxicity, hypertension, lymphocytosis, pulmonary
fibrosis, lung cancer, osteoporosis, hyperuricemia

Pb(II) 0.05
Penetrates through protective blood brain barrier,
Alzheimer’s disease and senile dementia, neuro
degenerative diseases, kigney damage

Fe(III) 3 At high level may be originated hemochromatosis,
damage cell in the hear liver

As(III) 0.05
Causes effect on central nervous system, cardio vascular
and pulmonary diseases, anorexia, gastrointestinal
disease, hyper pigmentation, skin cancer

Ag(I) 0.1 Argyria, gastroenteritis, neuronal disorder, mental
fatigue, rheumatism

Cr(VI) 0.05 Reproductuve toxicity, embryotoxicity, mutagenicity,
carcinogenicity, lung cancer, dermatitis, skin ulcers

Hg(II) 0.001 Impared neurologic development, effects on digestive
system, immune system, hypertension

2. Experimental Procedures

The portable embedded system for the detection of different metallic ions by the colorimetric
method used a photodetector optoelectronic chip, composed of 18 sets of photodiodes (3 × 6)
encapsulated in a same enclosure, MMCS6CS type, manufactured by the MAZeT company
(Jena, Germany). In this device, there were three groups of six photodiodes symmetrically distributed
in a circular structure of 2 mm diameter. Each group of photodiodes had a spectral dielectric filter that
selects the specific wavelength band so that the complete array of photodiodes covers the spectral
region from 380 nm to 780 nm, where each group with specific filters is sensible to the band centered at
425, 475, 525, 625, 575 and 675 nm respectively. Additionally, there was one group of six photodiodes
that did not have any filter, i.e., unfiltered array (PW). The photodiodes were connected directly to two
integrated transimpedance amplifiers of MTI04CS type, which have four channels with programmable
gains. The amplifiers chips were manufactured by MAZeT company (Jena, Germany). The gain
selection was achieved by combining the three-bit binary entrance of the MTI04CS integrated circuit,
allowing up to eight different stages of amplification levels. After the amplification step, the signals
from the photodiodes are multiplexed and directed to a processing and signal acquisition module in
order to get the electrical signal (VDC) that corresponds to a light intensity that arrived at each groups
of photodiode array of the multispectral sensor. As light source, a white light-emitting diode (LED)
(PMAX = 120 mW, IF = 30 mA), manufactured by the company Laser Roithner Technik (B3B-440-JB)
was used. This source was set up at the front side of the quartz cuvette that contains the sample
solution. The LED was fed with constant current source. The acquisition, control and processing
of the signals was performed based on Field Programmable Gate Array (FPGA) technology, which
was developed based on virtual instrumentation software (NI LabView®), manufactured by National
Instruments, NI model myRIO-1900 (Austin, TX, USA). Figure 1 shows a schematic diagram of the
portable embedded system for the detection of the heavy metal ions (Cu(II), Zn(II), Ni(II), Cd(II), Pb(II),
and Fe(III)) by the colorimetric method using a chromogen reagent and multispectral optical sensor.
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The system manufactured in this way is a portable system that can easily be plugged and played to a
computer. The physical picture of the system is depicted in Figure A7 of the Appendix A.

Figure 1. Schematic diagram of the portable colorimetric system built with a multispectral
optoelectronic sensor.

The solution with different metal ions was prepared with reagents of 99.9% purity. All reagents
were acquired from the Sigma-Aldrich Chemistry (São Paulo, Brazil) and deionized (DI) water was
purified with a Milli-Q system Gradient. Standard solutions for the different metals were prepared in
water DI, with a suitable dilution of 250 ppm of salts of copper sulphate (CuSO4), zinc sulfate (ZnSO4),
nickel chloride (NiCl2), cadmium chloride (CdCl2), lead nitrate (Pb(NO3)2), iron(III) nitrate (FeN3O9).
The pH values of the ionic solutions were read by a pH meter, LUCA-210 model, manufacturer
Lucadema and unmodified according to those values obtained after the process of the dilution of salts
in the water, as is shown in Table 2.

Table 2. The pH values of prepared ionic solutions for colorimetric assays.

Ionic Solution of 250 ppm pH

Cu(II) 4.0
Zn(II) 4.5
Ni(II) 4.5
Cd(II) 4.5
Pb(II) 4.5
Fe(III) 3.0

The chromogen reagent of 1-(2-pyridylazo)-2-naphthol (PAN) was diluted with methanol
in order to get a concentration of 100 μM. Before each data acquisition, a volume of 2.5 mL
of the prepared PAN solution was added into a quartz cuvette and then small additions of
appropriate volumes of the metal ions Cu(II), Zn(II), Ni(II), Cd(II), Pb(II), Fe(III) were performed
in order to get concentrations of 1 to 10 ppm, respectively. It is important to point out that
all ion concentrations were authenticated by the EPA SW-846 Test Method 6010D: Inductively
Coupled Plasma-Optical Emission Spectrometry using a standard of Pb-CGPB1-1 (1000 μg/mL)
in 0.5% HNO3 (v/v) Inorganic Ventures—CAS No.: 7439-92-1, Cd-CGCD1-1 (1000 μg/mL) in
2.0% HNO3 (v/v) Inorganic Ventures—CAS No.: 7440-43-9, Zn-CGZN1-1 (1000 μg/mL) in 2.0%
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HNO3 (v/v) Inorganic Ventures—CAS No.: 7440-66-6, Cu-CGCU1-1 (1000 μg/mL) in 2.0% HNO3

(v/v) Inorganic Ventures—CAS No.: 7440-50-8, Ni-CGNI1-1 (1000 μg/mL) in 2.0% HNO3 (v/v)
Inorganic Ventures—CAS No.: 7440-02-0, Fe-CGFE1-1 (1000 μg/mL) in 2.0% HNO3 (v/v) Inorganic
Ventures—CAS No.: 7439-89-6.

The response of the multispectral sensor MMCS6CS in the presence of metal ions of Pb(II), Cd(II),
Zn(II), Cu(II), Fe(III) and Ni(II) was based on spectral change measurement of the optical transmittance
spectra of a PAN solution, due to the action of different ions. In this case, the light intensity transmitted
and received by the array of photodiodes was converted by transimpedance amplifiers (MTI04CS) into
VDC voltage values and stored by the acquisition, control and processing module (myRIO-1900). The
transmittance was determined relative to the reference signal which corresponded to the response
of each photodiode in different arrays to the transmitted white light through the solvent used in the
preparation of the solution samples.

Before each signal reading, a volume of 2.5 mL of prepared PAN solution (100 μM) was added
into a cuvette of quartz which has square shape of 10 mm each side. After this, a calibrated pipette,
model P100 (20–100 μL), Gilson Pipetman, was used to add a small volume of metal ions diluted
in water in order to get a concentration of ions in the range of 1 to 10 ppm. During the experiment,
the ambient temperature was kept at 26 ◦C.

3. Results and Discussion

In order to compare the performance of our proposed portable colorimeter first, the transmittance
spectra (T) was obtained of PAN (sensitive molecule) and of the solutions of this molecule in
environments containing metal ions of Pb(II), Cd(II), Zn(II), Cu(II), Fe(III) and Ni(II), respectively.
The spectra were obtained by a UV-VIS spectrometer Cary 50 model, Varian and are presented in
Figures A1a, A2a, A3a, A4a, A5a and A6a, which can be seen in the supplementary information
(Appendix A).

Then, the portable colorimeter which was built with the multispectral sensor MMCS6CS was used
to obtain the transmittance spectra of the PAN solution containing the different metallic ions so that
the solutions had the same condition as the ones used with the UV-VIS spectrometer. The transmitted
light signals were detected with the six photodetector output terminals (MAZeT) that correspond to
the responses of the array of photodiodes with band pass optical filters centered at 425, 475, 525, 575,
625 and 675 nm, respectively. These signals were conditioned using the digital LOCK-IN amplification
process. The transmittance spectra were determined comparing the signal from the PAN solution
relative to the signal corresponding to the solvent (methanol) used for the PAN solution preparation.
Equation (1) gives the transmittance relation that was obtained using the detected signals on the
photodiode array.

T =
Isample (λ)

Isolvent (λ)
(1)

where Isample (λ) is the current generated by the photodiode array with an optical filter centered at the
wavelength λ when the samples were the PAN solution without or with metal ions, respectively. Isolvent
is the current generated by the photodiode array with an optical filter centered at the wavelength λ

when the sample only corresponds to a solvent (methanol).
The transmittance spectra for different metal ions and at different concentrations obtained this

way are depicted in the Figures A1b, A2b, A3b, A4b, A5b and A6b in the supplementary information
(Appendix A).

The spectra results with the UV-VIS spectrometer and portable system clearly show that the
presence of metal ions in the solutions of the PAN molecules changes the profile of the transmittance
bands and these changes are related to the change in color of the original solution (PAN solution free
of ions). The color change mechanism could be explained as follows: the PAN molecule is composed
of two aromatic groups, the pyridyl group and naphthol group, joined by azonitrogen. The aromatic
groups act as an optical antenna in the UV-VIS region. The interaction of the PAN molecule and the
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metallic ion in a solution promoted a reaction such that the PAN acts as a tridentate ligand complexing
with metal ions through the ortho-hydroxyl group of naphthol rings and the azonitrogen approach
hetrocyclic nitrogen atom. This reaction promotes changes in the electronic orbital of pyridyl and
naphthol groups which are responsible for the absorption spectrum of the PAN molecule in the UV-VIS
region. Thus, the PAN molecule chelation with metal ions changes its spectral band absorption shape
and these band changes are used as indicators to identify different types of metallic ions [18,19].

The spectra, obtained with the multispectral sensor MMCS6CS, certainly have lower quality
than the spectra obtained with the conventional UV-VIS spectrometer, since the multispectral sensor
system has a discrete number of spectral points (six filtered sensors). However, it can be observed
in the Figures A1b, A2b, A3b, A4b, A5b and A6b that the profiles of the discrete spectra follow the
same trend in the change of spectra that were obtained with the UV-VIS spectrophotometer. It is
important to point out that the spectral range of the set of six filtered sensors was limited to a range
between 380 and 780 nm. In this sense, in order to obtain a more accurate comparison, the region
of the wavelength bands in the ultraviolet region (275–375 nm), seen in the spectra with the UV-VIS
spectrometer, were suppressed for the quantitative analyses.

Before the colorimetric analyses, the sensitivity response of our proposed system was compared
with that obtained with conventional spectrometers. For this proposal, the transmittance coefficient
was analyzed at 525 nm, which is a sensible spectral point that changes significantly with metal ion
concentrations. Thus, we define a response function at this point to both the spectrometer and the
multispectral MMCS6CS system, using the following Equation (2).

Response =
T0 − T

T0
(2)

where T0 and T are the transmittance coefficients of the PAN solution without and with metallic
ions, respectively.

Figures 2 and 3 depict the calibration curves of the responses obtained by UV-VIS spectrometer
and multispectral sensor MMCS6CS, in different concentrations of metals ions, at a wavelength of
525 nm, respectively. It is observed that, for both systems, the response curves for this spectral point
(525 nm) present the same profile, showing the compatibility of the sensitive results of our proposed
system with the results obtained by a conventional UV-VIS spectrometer.

Figure 2. The response curves obtained from the transmittance spectra at 525 nm which were
achieved with the Ultraviolet-visible (UV-VIS) stectrophotometer for different metallic ions at different
concentrations. The measurements were repeated ten times and the fluctuations of each experimental
point were about 0.01%. The error bars were calculated considering the transmittance error of the
spectrometer 2.5%.
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Figure 3. The response curves obtained from the transmittance spectra at 525 nm which were achieved
with a portable colorimetric system based in a multispectral sensor for different metallic ions at different
concentrations. The measurements were repeated ten times and the fluctuations of each experimental
point were about 0.1%. The error bars were calculated considering the error in the photocurrent
measurement of the multispectral sensor 1.7% (in the worst case).

On the other hand, Figures 2 and 3 show that the response curves saturate early, showing the high
sensitivity of PAN molecules to detecting the metal ions studied in this work, except for Pb and Cd
ions. Considering that the response error in our proposed system (MMCS6CS) was about 1.7% (in the
worst case), the limit of detection of our system was estimated by using the slope of the linear part of
the response curves (Figure 3) in Equation (3) [20]. These limits of detection for all the ions studied in
this work are showed in the Table 3.

DL =
3.3σ

S
, (3)

where: S is the slope of response curves (linear region) and σ is the imprecision of the detection
system (error).

Table 3. Detection limit (DL) of the MMCS6CS system.

Metal Ions DL (ppm)

Fe(III) 0.0068
Zn(II) 0.0079
Cu(II) 0.010
Ni(II) 0.011
Cd(II) 0.016
Pb(II) 0.077

The limit of detection for the Pb(II) ion is really close to the limit level for drinking water (Table 1).
However, the limit of detection of the Cd(II) ion is greater in one order of magnitude than to the
limit level for drinking water. The limit of detection for the Fe(III), Z(II), Cu(II) and Ni(II) ions are
much smaller than the limit levels of these ions in drinking water (Table 1). These results showed
that the multispectral portable system proposed in this work could be used successfully to control the
water quality.

The most relevant results reported in this work are related to the classification power of different
metallic ions achieved with the proposed portable colorimeter system. The classification procedure
was achieved by using the Fisher linear discriminant analysis. For this procedure we used a set of
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20 data for each type of ion, of which ten data were used for the training process and the other ten
data were used for the testing process. In the case of the spectra from the UV-VIS spectrometer, first
the transmittance curves were fitted with seven harmonic functions (Equation (4)).

T(λ) = A0 +
7

∑
j=1

[
Ajsin(jKλ) + Bjcos(jKλ)

]
, (4)

where λ is the wavelength of excited light; and K is the fundamental frequency of the harmonic series.
The sixteen parameters K, Aj and Bj (j = 1, 2, . . . , 7) were used as the input data for the linear

discriminant analyses (training and testing process). It is important to point out that different authors
proposed a classification process using the colorimetric technique by using the spectral point where
the significant variation of the transmittance (or absorbance) coefficient happened [9]. This strategy
certainly loses the profile change of all the transmittance bands. In this regard, the fitting process
proposed in this work preserved the intensity and shape variation of the spectral bands on the
classification process.

In the case of the multispectral MMCS6CS portable colorimeter, we have the six spectral points
for the transmittance spectra, so these six transmittance coefficients were directly used as the input
data for the linear discriminant analyses.

The canonical score plots for the training and testing process are depicted in the Figures 4
and 5, respectively.

Figure 4 shows that the training process achieved an excellent classification for the spectra data
obtained with the UV-VIS spectrometer, since the different classes were clearly separated between
them by hyperplanes. This figure also shows that the testing results and the error rates for all metallic
ion recognition were 0%, as is shown in Table 4.

Figure 4. The canonical score plots for the training and testing processes built from the set of spectra
data which were obtained with the Ultravioled-visible (UV-VIS) bench spectrometer. The classification
procedure was obtained by using the linear discriminant analyses.
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Figure 5. The canonical score plots for the training and testing processes built from the set of
spectra data which were obtained with a portable colorimetric system based in multispectral sensors.
The classification procedure was obtained by using linear discriminant analyses.

Table 4. Classification counts and error rates of different metallic ions obtained after processing and
analyzing the fitted parameter of transmittance spectra (obtained with UV-VIS spectrometer) by the
linear discriminant analysis method.

Predicted Group

Cd(II) Cu(II) Fe(III) Ni(II) Pb(II) Zn(II) Total

Cd
20 0 0 0 0 0 20

100.00% 0.00% 0.00% 0.00% 0.00% 0.00% 100.00%

Cu
0 20 0 0 0 0 20

0.00% 100.00% 0.00% 0.00% 0.00% 0.00% 100.00%

Fe
0 0 20 0 0 0 20

0.00% 0.00% 100.00% 0.00% 0.00% 0.00% 100.00%

Ni
0 0 0 20 0 0 20

0.00% 0.00% 0.00% 100.00% 0.00% 0.00% 100.00%

Pb
0 0 0 0 20 0 20

0.00% 0.00% 0.00% 0.00% 100.00% 0.00% 100.00%

Zn
0 0 0 0 0 20 20

0.00% 0.00% 0.00% 0.00% 0.00% 100.00% 100.00%

Total 20 20 20 20 20 20 120

Error Rate

Cd(II) Cu(II) Fe(III) Ni(II) Pb(II) Zn(II) Total
Prior 0.16667 0.16667 0.16667 0.16667 0.16667 0.16667
Rate 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%

The score plot of the training and testing process, which were obtained from the proposed portable
colorimeter, is depicted in Figure 5. The clusters of different classes were almost totally separated by
hyperplanes, except for the clusters corresponding to Cu(II) and Pb(II) ions, where it was not possible
to draw a hyperplane which could separate these clusters. The testing process also shows an error
rate for Cu(II) ion recognition of 10%, as can be seen in Table 3—i.e., 10% of Cu(II) ion samples were
misunderstood as Pb(II) ions. Even though it was not possible to understand the samples for Cu(II)
and Pb(II) ions, all the other metallic ions used in this work were successfully classified with an error
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rate of 0% (Table 5). The classification results obtained with the portable multispectral colorimetric
system almost showed equivalent performance with those obtained with the conventional UV-VIS
spectrometer, the 10% of misunderstood Cu(II) and Pb(II) ions must be due to discrete spectral points
of the multispectral detector of our system, which loses fine details of band shape changes.

Table 5. Classification counts and error rates of different metallic ions obtained after processing and
analyzing the output signal from the multispectral sensor by the linear discriminant analysis method.

Predicted Group

Cd(II) Cu(II) Fe(III) Ni(II) Pb(II) Zn(II) Total

Cd
50 0 0 0 0 0 50

100.00% 0.00% 0.00% 0.00% 0.00% 0.00% 100.00%

Cu
0 45 0 0 5 0 50

0.00% 90.00% 0.00% 0.00% 10.00% 0.00% 100.00%

Fe
0 0 50 0 0 0 50

0.00% 0.00% 100.00% 0.00% 0.00% 0.00% 100.00%

Ni
0 0 0 50 0 0 50

0.00% 0.00% 0.00% 100.00% 0.00% 0.00% 100.00%

Pb
0 0 0 0 50 0 50

0.00% 0.00% 0.00% 0.00% 100.00% 0.00% 100.00%

Zn
0 0 0 0 0 50 50

0.00% 0.00% 0.00% 0.00% 0.00% 100.00% 100.00%
Total 50 45 50 50 55 50 300

Error Rate

Cd(II) Cu(II) Fe(III) Ni(II) Pb(II) Zn(II) Total
Prior 0.16667 0.16667 0.16667 0.16667 0.16667 0.16667
Rate 0.00% 10.00% 0.00% 0.00% 0.00% 0.00% 1.67%

4. Conclusions

In the present work, a portable device system applied in the detection of different metallic ions
was proposed and developed, aiming at its application in the monitoring of hydrological systems
like rivers, lakes and groundwater. A portable colorimetric system was designed and developed,
embedded in the board acquisition of National Instruments. The system functioned as a colorimeter by
using the chromogen reagent of 1-(2-pyridylazo)-2-naphthol (PAN) as an indicator, along with signal
processing and pattern analysis using the linear discriminant analysis method, allowing us to obtain
excellent results in the detection and classification of Pb(II), Cd(II), Zn(II), Cu(II), Fe(III) and Ni(II)
ions, with almost the same level of performance as those obtained from UV-VIS spectrometers with
high spectral resolution. All the technology for the quantification and classification of metallic ions
using optoelectronic multispectral sensors was fully integrated into the embedded hardware FPGA
technology and software based on virtual instrumentation (NI LabView®).

The portable system developed in this work suggests its application for environmental control in
situ and in real time, in such a way that it can be integrated into a network of sensors that can provide
data continuously and receive commands to control environmental monitoring centers. In addition,
the proposed system can be applied for the detection of various types of gases simultaneously, since
the different dye molecules sensitive to different types of gas and with different spectral responses
could be integrated into the active area of multispectral sensors. In this case it will be used for the
absorption or photoluminescence spectra of dye molecules since our portable system provided an easy
process for switching the source of a white-light-emitting diode (used for absorption spectra obtention)
by an emitting laser diode at a specific wavelength, which can be used as a source to excite the dye
molecules for photoluminescence emission.

201



Sensors 2017, 17, 1730

Acknowledgments: The authors thank CNPq, CAPES, FAPESP, INCT, CEPEMA-USP and IFSP campus Cubatão
for resources and technical support offered. In addition, the German company MAZeT for the free supply of
photodetectors and transimpedance amplifiers to carry out the project.

Author Contributions: M.S.B. and W.J.S. conceived and designed the experiment; M.S.B. performed the
experiments; R.F.V.V.J. gave important suggestions for experimental process and helped in the results discussion;
M.S.B. and W.B. analyzed the data; O.F.G. contributed reagents/materials/analysis tools; W.J.S. and M.S.B. wrote
the paper.

Conflicts of Interest: The authors declare no conflict of interest.

Appendix A

Figure A1. The transmittance spectra of the chromogen reagent of 1-(2-pyridylazo)-2-naphthol (PAN)
solution containing Pb(II) ions at different concentrations corresponding to: (a) The UV-VIS Cary®

50-Varian spectrometer (b) the multiespectral MMCS6CS sensor.

Figure A2. The transmittance spectra of the chromogen reagent of 1-(2-pyridylazo)-2-naphthol (PAN)
solution containing Cd(II) ions at different concentrations corresponding to: (a) The UV-VIS Cary®

50-Varian spectrometer (b) the multiespectral MMCS6CS sensor.
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Figure A3. The transmittance spectra of the chromogen reagent of 1-(2-pyridylazo)-2-naphthol (PAN)
solution containing Zn(II) ions at different concentrations corresponding to: (a) The UV-VIS Cary®

50-Varian spectrometer (b) the multiespectral MMCS6CS sensor.

Figure A4. The transmittance spectra of the chromogen reagent of 1-(2-pyridylazo)-2-naphthol (PAN)
solution containing Cu(II) ions at different concentrations corresponding to: (a) The UV-VIS Cary®

50-Varian spectrometer (b) the multiespectral MMCS6CS sensor.

Figure A5. The transmittance spectra of the chromogen reagent of 1-(2-pyridylazo)-2-naphthol (PAN)
solution containing Fe(III) ions at different concentrations corresponding to: (a) The UV-VIS Cary®

50-Varian spectrometer (b) the multiespectral MMCS6CS sensor.
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Figure A6. The transmittance spectra of the chromogen reagent of 1-(2-pyridylazo)-2-naphthol (PAN)
solution containing Ni(II) ions at different concentrations corresponding to: (a) The UV-VIS Cary®

50-Varian spectrometer (b) the multiespectral MMCS6CS sensor.

Figure A7. (a) Picture of the portable system with the detection sensor MMCS6CS set at the front of the
source of a white light-emitting diode (LED). (b) Schematic representation of the portable system.
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Abstract: The multichannel fluorescent sensor array based on nanofibrous membranes loaded with
ZnS quantum dots (QDs) was created and demonstrated for the discriminative detection of explosives.
The synergistic effect of the high surface-to-volume ratio of QDs, the good permeability of nanofibrous
membranes and the differential response introduced by surface ligands was played by constructing
the sensing array using nanofibrous membranes loaded with ZnS QDs featuring several surface
ligands. Interestingly, although the fluorescence quenching of the nanofibrous membranes is not
linearly related to the exposure time, the fingerprint of each explosive at different times is very
similar in shape, and the fingerprints of the three explosives show different shapes. Three saturated
vapors of nitroaromatic explosives could be reliably detected and discriminated by the array at
room temperature. This work is the first step toward devising a monitoring system for explosives
in the field of public security and defense. It could, for example, be coupled with the technology of
image recognition and large data analysis for a rapid diagnostic test of explosives. This work further
highlights the power of differential, multichannel arrays for the rapid and discriminative detection of
a wide range of chemicals.

Keywords: discriminative detection; explosive vapors; sensor array; nanofibrous membranes;
quantum dots

1. Introduction

One pressing concern in antiterrorism and homeland security is explosive detection [1–3]. Among
the current explosive detection methods, fluorescent sensing represents one of the most promising
approaches for trace explosives detection due to possible short response time, excellent sensitivity,
simplicity and low cost [1,4,5]. Great efforts regarding fluorescent materials have been made in order to
conveniently, quickly and effectively detect explosives. Conjugated polymers [1,6,7], organic dyes such
as porphyrinoid and dendrimer [3,8], and microporous metal-organic frameworks [9–11] are proven
to be high-performance fluorescent sensing materials, but their application is always limited by costly
and cumbersome syntheses [4,12]. In comparison with organic dyes such as rhodamine, the fluorescent
quantum dots (QDs) are 20 times as bright and 100 times as stable against photobleaching, showing
better potential applications in various fields [13]. Recently, considerable progress has been made in
the field of explosive detection based on the fluorescent sensors of QDs [14–16] with a high surface

Sensors 2017, 17, 2676 206 www.mdpi.com/journal/sensors



Sensors 2017, 17, 2676

area-to-volume ratio. For example, Itamar Willner reported on the use of chemically modified
CdSe/ZnS QDs as fluorescent probes for the detection of trinitrotoluene (TNT) or trinitrotriazine
(RDX). The sensitivities of the QDs sensors are controlled by the electron donating properties of the
capping layer that modifies the particles, thus allowing the quantitative analysis of the explosive
substrates. Bingxin Liu [17] constructed the dual-luminescence-emission probe of CdTe/ZnS QDs and
a novel ligand containing 8-hydroxyquinoline for selective sensing of the picric acid (PA) in aqueous
solution. The study provides a new insight into highly selective fluorescent sensing of the nitroaromatic
explosive PA with a detection limit of 9 nm. Leyu Wang [18] prepared ZnS:Mn2+@allyl mercaptan
nanocomposites through novel light-induced in situ polymerization to detect sensitively and selectively
nitroaromatic explosives. The fluorescent probe can linearly detect TNT and PA in the range of
0.01–0.5 μg/mL and 0.05–8.0 μg/mL, respectively, barely interfered with by other nitroaromatics such
as 2,4-dinitrotoluene (DNT) and nitrobenzene (NB). Neelotpal Sen Sarma [19] synthesized Poly(vinyl
alcohol)-grafted polyaniline (PPA) and its nanocomposites with 2-mercaptosuccinic acid (MSA)-capped
CdTe QDs and with MSA-capped CdTe/ZnS QDs via a single step free radical polymerization
reaction. The detection limits of PPA, MSA-capped CdTe, and MSA-capped CdTe/ZnS QDs for
PA in aqueous solution are found to be 23, 1.6, and 0.65 nm, respectively, which are remarkably low.
William J. Peveler [7] reported a multichannel array based on multicolored, fluorescent CdTe/ZnS
QDs with surface functionalities for the detection of explosives in a rapid single fluorometric test.
Pattern analysis of the fluorescence quenching data allows for explosive detection and identification,
and five explosives, DNT, TNT, tetryl, RDX and pentaerythritol tetranitrate (PETN), are detected
and differentiated in a multichannel fluorescent platform. Zhongping Zhang [20] embedded the
red-emitting CdTe QDs in silica nanoparticles and covalently linked the green-emitting CdTe QDs to the
silica surface, respectively, to form a dual-emissive fluorescent hybrid nanoparticle. The fluorescence
of red QDs in the silica nanoparticles stays constant, whereas the green QDs functionalized with
polyamine can selectively bind TNT, leading to the green fluorescence quenching due to resonance
energy transfer. The variations of the two fluorescence intensity ratios display continuous color
changes from yellow-green to red upon exposure to different amounts of TNT.

As can be seen from the above representative works, a series of fluorescent probes containing
QDs have also been applied for the detection of explosives, but mainly limited to explosive solutions
and/or particulates (through direct contact) [2,3,21]. Moreover, the vast majority of studies have not
tried to discriminate between multiple types of explosive. Compared to the detection in solution and
solid phases, the detection of explosives in vapor phase is more challenging and desired since most of
them have substantially low volatility [5,22]. Furthermore, QDs in solutions are easy to agglomerate
and precipitate, and the long-term stability is poor, which is not conducive to the effective detection
of explosives. Electrospinning has become a simple, cost-effective and versatile technique for the
preparation of nanomaterial films with high porosity and flexibility, which has great potential for
enhanced explosive detection [23–25]. The combination of QDs and electrospun fibers may provide
a novel possibility for the low-cost, sensitive, discriminative detection of explosives in vapor phase.
Lastly, the preparation of some QDs, such as CdTe and InP, usually needs oil bath with high reaction
temperature and they are easily oxidized in air, while ZnS QDs can be prepared in aqueous solution at
room temperature and have good oxidation resistance, which can be easily combined with electrospun
polymer fibers for the detection of gaseous explosives.

Herein we report a fluorescent sensor array based on nanofibrous membranes loaded with ZnS
QDs followed by the modification of several surface ligands for the detection of explosive vapors.
The synergistic effect of the high surface-to-volume ratio of QDs, the good permeability of nanofibrous
membranes and the differential response owing to the surface ligands was played in the sensing
system. The sensing system is designed to respond to a range of explosives through supramolecular
interactions, such as host-guest binding and electrostatics, causing fluorescence quenching of the QDs,
to create an analytical fingerprint for the sensitive, quick, discriminative detection of explosive vapors
at room temperature.
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2. Materials and Methods

2.1. Materials

Analytically pure sodium sulfide, zinc acetate, manganese acetate, lysine, L-cysteine, trifluoroacetyl
lysine, L-cysteine hydrochloride were purchased from Aladdin Reagent Co., Ltd., (Los Angeles, CA, USA).
Nitrobenzene (NB) was purchased from Sinopharm Chemical Reagent Co., Ltd., (Shanghai China).
Picric acid and 2, 4-dinitrotoluene were used as received from national standard substance Center.
Dimethylformamide (DMF) and methanol solution of 2, 4, 6-Trinitrotoluene (1000 μg/mL, TNT) was
purchased from Sinopharm Chemical Reagent Co., Ltd., (Shanghai China), and TNT was recrystallized to
produce saturated vapor at room temperature. Polyurethane (PU, Mw = 200,000) was supplied by Anhui
Amway synthetic leather Co., Ltd., (Hefei China).

Caution: The highly explosive TNT and PA should be used with extreme caution and handled
only in small quantities.

2.2. Synthesis of Mn2+-Doped ZnS QDs

Sodium sulfide was used at the mole amount equal to that of zinc acetate. Typically, 50 mmol
of zinc acetate was dissolved in mixed solution of ethanol and deionized water (volume ratio = 1:1).
An amount of 2.5 mmol of manganese acetate was added into the above solution, and the mixture
was ultrasonicated for 20 min at room temperature. After the mixture solution was refluxed in a flask
under nitrogen, 10 mL of aqueous solution containing 50 mmol of sodium sulfide was added dropwise
into the reaction system, and the mixture was vigorously stirred for 5 h. The resultant Mn2+ doped
ZnS QDs were centrifuged and washed with deionized water several times.

2.3. Preparation of Electrospun Nanofibrous Membrane

The preparation of PU electrospun nanofibrous membrane was performed as follows: an electrospun
solution was initially prepared by dissolving 1.2 g of PU and 0.18 g of zinc acetate in 10 mL of DMF.
The prepared solution was transferred into a 10 mL syringe mounted on the electrospinning apparatus
(SS-2535H). A high-voltage power supply generated direct-current voltage up to 18 kV. The electrospun
solution was fed at a constant rate of 0.8 mL/h by a syringe pump. Nanofibers were collected on aluminum
foil with a collection time of 120 min, and were then dried in an oven at 50 ◦C for 12 h to remove the
residual organic solvent. The electrospun membranes were recorded as PU-0.

2.4. Preparation of Fluorescent Nanofibrous Membranes

The preparation of membranes loaded with ZnS QDs was prepared as follows.
First, 50 mmol of zinc acetate was dissolved in 50 mL mixed solution of ethanol and deionized

water (volume ratio = 1:1). Second, 2.5 mmol of manganese acetate was added into the above mixed
solution, followed by a ultrasonic dispersion process for 20 min and a reflux for 1 h under nitrogen
protection. Third, the PU-0 membranes were immersed in the mixed solution with slow stirring and
the reaction device was kept in an ice water mixture for 5 h. Fourth, 10 mL of aqueous solution
containing 50 mmol of sodium sulfide was added dropwise into the reaction system, and stirred for 4,
8, and 12 h, respectively. Last, the PU-0 membranes loaded with ZnS QDs were washed with deionized
water several times and the resultant electrospun membranes corresponding to 4, 8, and 12 h were
recorded as PU-1, PU-2 and PU-3, respectively.

The preparation of membranes including ZnS QDs was performed as follows.
First, an electrospun solution was initially prepared by dissolving 0.25 g of ZnS QDs as

fluorescence probes and 1.2 g of PU as the supporting polymer in 10 mL of DMF. Second, the prepared
solution was transferred into a 10 mL syringe mounted on the electrospinning apparatus (SS-2535H).
Third, the electrospun solution was fed at a constant rate of 0.8 mL/h by a syringe pump with a 20 kV
direct-current voltage. At last, nanofibers were collected on aluminum foil with a collection time of

208



Sensors 2017, 17, 2676

120 min, and then dried in an oven at 50 ◦C for 12 h to remove the residual organic solvent. The sample
was recorded as PU-4.

2.5. Surface Modification of Fluorescent Nanofibrous Membranes

For the further surface modification, an amount of 0.25 mmol of lysine, cysteine, trifluoroacetyl
lysine, cysteine hydrochloride (Structural formula shown in Figure S1) was dissolved in 50 mL
of mixed solution of ethanol and deionized water (volume ratio = 1:1), respectively. Then the
fluorescent membranes (PU-1) were immersed in the above mixture solutions with slow stirring
for 24 h, respectively. Mercapto groups of cysteine and cysteine hydrochloride tightly attached onto
the surface of the QDs due to the excess of metal ions with respect to sulfide ions at the surface of
the QDs [26]. As shown in Figure S2, the infrared bands located at about 3500 cm–1 are due to the
–OH stretching on the surfaces of ZnS QDs. The strong bands located at about 3500 cm-1 indicates the
presence of a large number of hydroxyl on the surface of ZnS QDs. Similarly, lysine and trifluoroacetyl
lysine also tightly attached onto the surface of the QDs due to the interaction between carboxyl groups
of lysine and trifluoroacetyl lysine and hydroxyl groups at the surface of the QDs [27]. The modified
fluorescent membranes were washed with ethanol several times to remove the residue and were
dried at 50 ◦C for use. PU-1 membranes treated by lysine, cysteine, trifluoroacetyl lysine and cysteine
hydrochloride were recorded as PU-1L, PU-1C, PU-1TL and PU-1CH, respectively.

2.6. Quenching Tests of Fluorescent Nanofibrous Membranes towards Nitroaromatic Explosives

Before quenching tests, the fluorescent nanofibrous membranes were placed under an ultraviolet
(UV) lamp for 12 h to make the fluorescence intensity stable. Small granules of nitro analytes were
placed on the bottom of a sealed testing box with four quartz windows and a slot. Meanwhile, a small
amount of cotton gauze was tucked into the testing box to help maintain a constant vapor pressure of
analyte. After the slot was sealed, the vapor of nitro compound was up to saturation in the testing box
for 48 h at room temperature (25 ◦C). The nanofibrous membranes were fixed onto the sample shelf
tightly matched with the slot of the testing box and promptly inserted into the testing box filled with
saturated vapor through the slot. The evolution of fluorescence spectra was recorded for specific time
intervals after exposing the films to the vapor of analytes.

2.7. Characterization

Steady-state luminescence spectra were acquired under excitation at 300 nm on a Hitachi F4600
luminescence spectrometer (Hitachi, Tokyo Japan). The UV-Vis absorbance spectra were recorded
with a UV-3900H spectrometer (Hitachi, Japan). Thermal gravimetric analysis (TGA) was carried
out using a 200F3 thermal gravimetric analyzer (Netzsch, Gebrüder Germany) at a heating rate of
10 ◦C/min under air condition. Transmission electron microscope (JEM-2100F) and field emission
scanning electron microscopy (FE-SEM, S-4800, Hitachi, Japan) was used to characterize morphology
of samples. Contact angles of the films with deionized water drop were measured with a contact angle
goniometer (G-1, Erma) at room temperature. Infrared spectra of the ZnS QDs was recorded on a
VERTEX 70 Fourier transform infrared spectrometer (Bruker, Karlsruhe Germany).

3. Results and Discussion

3.1. Preparation and Surface Modification of Fluorescent Nanofibrous Membranes

As shown in Figure 1a,b, the PU-0 nanofibrous membrane is consisted of fibers between 150 and
200 nm in diameter, and their surfaces are basically smooth. Similarly, the PU-4 nanofibrous membrane
is consisted of smooth fibers between 50 and 250 nm in diameter, and there are no ZnS QDs on the
fiber surfaces (Figure 1c,d), indicating that the ZnS QDs are mainly distributed in the inner part of
the nanofibers. To further analyze the surface properties of two kinds of fiber membranes, the static
contact angle test was performed. Their static contact angles of PU-0 and PU-4 are 96 ± 2.2◦ and
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123 ± 2.4◦, respectively (inserts in Figure 1). While the static contact angle of pure PU nanofibrous
membrane is about 125◦ (Figure S3), which is very close to that of PU-4. The result indicates that
the incorporation of ZnS QDs has not changed significantly the surface properties of PU-4 compared
to the pure PU nanofibrous membrane. The surface properties of PU-0 are changed significantly
because of the incorporation of hydrophilic zinc acetate, which is conducive to the growth or load of
the hydrophilic QDs on the PU-0 membrane.

 
Figure 1. Scanning electron microscopy (SEM) images with different magnification of (a,b) PU-0,
(c,d) polyurethane (PU)-4 nanofibrous membrane, the insets in (b,d) show images of water drops and
the corresponding contact angles.

As shown in Figure 2a–f, compared with the PU-0, the fiber diameter of PU-1, PU-2 and PU-3
membranes loaded with ZnS QDs did not change significantly because of the tiny particle size, but the
surfaces of fibers become rough. Further observations show that the surfaces of the fibers are loaded
with a layer of ZnS QDs and more and more ZnS QDs are loaded on the fiber surface from PU-1
to PU-3. The static contact angles of PU-1, PU-2 and PU-3 also have obviously changed, reaching
93, 82 and 68◦, respectively. The significant change of surface properties of nanofibers should be
attributed to the hydrophilicity of the hydroxyl groups of ZnS surfaces (Figure S2). These results
indicate that ZnS QDs are effectively loaded on the fiber surfaces, which could be illustrated by a
schematic diagram. As a result, the rough topography of fibers loaded with ZnS QDs shown in
Figure 2 is formed. As shown in Figure S4, when PU-0 membranes are immersed in the mixture of
manganese and zinc ions with slow stirring, the zinc ions in the solution are adsorbed on the surface
of the nanofibers owing to the high surface-to-volume ratio of nanofibers, forming a large number of
reactive sites. With the increase of soaking time, the zinc ions in the nanofiber inner migrate to the
surface of the fiber and also form the reactive sites. At the same time, the ice bath is used to control the
reaction temperature, thus controlling the reaction rate. When the aqueous solution of sodium sulfide
is slowly added, the sulfide ion combines with the reactive sites of the fiber surface to form ZnS QDs
and ZnS QDs continue to grow or agglomerate together with the increase of reaction time, forming
larger QDs agglomerates on the fiber surfaces.
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Figure 2. SEM images with different magnification of (a,b) PU-1, (c,d) PU-2, and (e,f) PU-3 nanofibrous
membrane, the insets in (b,d,f) show images of water drops and the corresponding contact angles.

Figure 3. Transmission electron microscope (TEM) images of ZnS quantum dots (QDs) (a) on the
fiber surfaces of PU-2, (b) in the fiber inner of PU-4 (the red dotted curves in Figure 4a,b show the
boundary between ZnS and the polymer layer), (c) ultraviolet (UV)-vis absorption spectrum (the green
and red dotted lines show the transition points of UV-Vis absorption of the PU-0 and ZnS), (d) thermal
gravimetric analysis (TGA) curves of samples.
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In order to qualitatively and quantitatively determine the amount of ZnS QDs on the nanofiber
surfaces, TEM, UV-Vis absorption and TGA were performed. As shown in Figure 3a, ZnS QDs are in a
state of agglomeration and there is no polymer layer on the surface of ZnS QDs for PU-2. For PU-4,
although ZnS QDs are also in a state of agglomeration because of the large amount of ZnS addition,
ZnS QDs are coated with a polymer layer of about several nanometers in thickness (as shown by the
red dotted curve in Figure 3b). The results also show that ZnS QDs are distributed in the inner part of
the PU-4 nanofibers, which is consistent with the observation of SEM in Figure 1. As shown by the red
and green dotted lines in Figure 3c, the transition points of UV-Vis absorption of PU-0 and ZnS QDs
are about 300 and 325 nm, respectively. Also, the absorption intensity of ZnS QDs is obviously higher
than that of the PU-0 in the range of 240-500 nm. It is worth pointing out that the transition points of
UV-Vis absorption of PU-1, PU-2, PU-3 and PU-4 are very close to that of ZnS, showing the similar
absorption characteristics to ZnS. The increase of absorption intensity in the ultraviolet region from
PU-1 to PU-3 indicate that the amount of ZnS loaded on the nanofiber surface also increase with the
increase of reaction time. This result is further demonstrated by TGA tests. TGA was performed in a
nitrogen atmosphere to prevent the oxidation of ZnS at elevated temperatures. As shown in Figure 3d,
the residue of all the samples is basically stable after 500 ◦C, and the residue weight of PU-0, PU-1,
PU-2, PU-3, PU-4 and ZnS is 7.8, 18.5, 33.3, 42.5, 35.2 and 87.6% at 800 ◦C, respectively. Compared with
PU-0, the residue weight of PU-1, PU-2, PU-3 and PU-4 is increased by about 10.7, 25.5, 34.7 and 27.4%,
respectively, due to the introduction of ZnS QDs. The TGA results also illustrate the effective load of
ZnS on the nanofiber surfaces, facilitating the preparation of fluorescent nanofibrous membrane array
for explosive sensing.

3.2. Fluorescent Nanofibrous Membrane Array for Explosive Sensing

In order to evaluate the quenching effect of fluorescent nanofibrous membranes with different
loading amounts of ZnS towards nitroaromatic explosive vapors, time-dependent fluorescence
emission spectra were performed. As shown in Figure 4, the fluorescence intensity of PU-1, PU-2 and
PU-3 increase significantly with the increase of loaded ZnS before exposure to TNT vapor, reaching
about 1180, 1900 and 3000. Because the loading amounts of ZnS in PU-4 is close to that of PU-2,
the fluorescence intensity of PU-4 is close to that of PU-2, reaching about 1700 due to the coating of
polymer layers. And one can see that from Figure 4 and Figure S5, the fluorescence quenching rate
gradually decreases from PU-1 to PU-3 due to the increase of loaded ZnS. It is worth pointing out
that although PU-4 does not have the most loads of ZnS, the fluorescence quenching rate of PU-4 is
the slowest, which should be attributed to the coating of ZnS by the polymer layer. The coating of
polymer layer effectively prevents the contact of ZnS and TNT vapor, causing the slow quenching
rate. Based on the quenching performances of the above fluorescent membranes, PU-1 is selected as an
ideal fluorescent sensing membrane for the detection of nitroaromatic explosive vapors. Furthermore,
the reproducibility of fluorescent nanofibrous membranes were evaluated. The fluorescence quenching
efficiencies (presented as (1–I/Io), where Io is the initial fluorescence intensity in the absence of analyte,
I is the fluorescence intensity in the presence of analytes) of the above four kinds of membranes
towards TNT vapor as a function of time among three batches were comparable (Figure S5). The results
indicated that the fluorescent nanofibrous membranes show satisfactory reproducibility for application
to the detection of explosives.
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Figure 4. Time-dependent fluorescence emission spectra of the nanofibrous membranes (a) PU-1,
(b) PU-2, (c) PU-3, and (d) PU-4 upon exposure to 4 ppb of trinitrotoluene (TNT) vapor.

 

Figure 5. Variation of the quenching percentage for (a) PU-1C, (b) PU-1CH, (c) PU-1L and (d) PU-1TL
as a function of the exposure time to the saturated air of TNT, 2,4-dinitrotoluene (DNT), picric acid
(PA) and nitrobenzene (NB) at room temperature.

In order to realize the differential quenching of fluorescent membranes towards explosives,
PU-1 membranes are modified by lysine, cysteine, trifluoroacetyl lysine and cysteine hydrochloride,
recorded as PU-1L, PU-1C, PU-1TL and PU-1CH, respectively. After modification, mercapto groups
of cysteine and cysteine hydrochloride tightly attached onto the surface of the QDs due to the
excess of metal ions with respect to sulfide ions at the surface of the QDs [26]. Similarly, lysine and
trifluoroacetyl lysine also tightly attached onto the surface of the QDs due to the interaction between
carboxyl groups of lysine and trifluoroacetyl lysine and hydroxyl groups at the surface of the QDs [27].
When fluorescent membranes are exposed to the explosive vapors, the ligand should bind the explosive,
and an electron-transfer mechanism between the QD and the electron-deficient explosive causes QD
fluorescence quenching. Figure 5 shows the variation of the quenching percentage as a function of
the exposure time to TNT, DNT, PA and NB. The response curves of fluorescent membranes towards
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different analytes are displayed in Figure S6 and S7. As for PU-1C, after about 12 min, the quenching
percentage is ~43, 38, 56 and 36% (Figure 5) for saturated TNT (4 ppb) [26], DNT (180 ppb [28] or
200 ppb [26]), PA (0.0077 ppb) [26,28] and NB (3 × 105 ppb [28] or 4 × 105 ppb [26]) vapors at 25 ◦C,
respectively. Because the vapor pressures of TNT and DNT are about 520 and 2.3~2.6 × 104-fold that of
PA, respectively, the quenching percentage for PA is thus surprisingly larger than that expected from the
relative vapor pressure of these analytes. In terms of molecular structure (Figure S8), PA is a stronger
acid than TNT, and a stronger acid-base pairing interaction thus occurs between PA and amino ligands,
resulting in the formation of PA anions at the surface of amine-capped ZnS QDs [26]. However, it is
well known that the DNT molecules with two nitro groups are much weaker Lewis acids and electron
acceptors than TNT molecules. This suggests that it is less likely to form a Mesienheimer complex with
the amine for DNT by the relatively weak basic amine groups. Therefore, the enhanced sensitivity
toward PA vapor originates from the extremely strong adsorption of PA species at the amino of QDs
and the larger quenching efficiency due to the high electron-accepting ability. Moreover, the high
surface-to-volume ratio of QDs [29,30] and the good permeability of nanofiber membranes [5,31,32]
are further advantageous to the enhancement of the interaction between nitroaromatic explosive
vapors and the amino ligands, helping maximize the quenching efficiency. The fluorescent membranes
of PU-1CH show the differential responses towards explosives owing to the different molecular
structures of ligands, after 12 min the quenching percentage was ~60, 42, 47 and 36% for saturated
TNT, DNT, PA and NB vapors at 25 ◦C, respectively. Lysine has two amino groups, but the response of
PU-1L is not as we expected it to be. The quenching percentage towards TNT, DNT and PA vapors does
not increase simultaneously, only reaching 36 and 45% for DNT and PA, respectively. Trifluoroacetyl
lysine has an amino group, an amino group and three substituted fluorine atoms and the quenching
percentage of PU-1TL towards saturated TNT, DNT, PA and BN vapors at 25 ◦C is ~45, 61, 37 and 39%,
respectively. It is possible that the high quenching percentage towards DNT should be attributed to the
polarity interaction of DNT and trifluoroacetyl lysine brought by the fluorine atoms. It is worth noting
that although the vapor pressure of NB is much higher than TNT and PA, the fluorescence quenching
efficiency is still lower than TNT and PA. This should be attributed to the weaker electron-withdrawing
ability of BN with only one electron-withdrawing nitro group, compared with TNT and PA with three
electron-withdrawing nitro groups. As a result, the differential quenching of fluorescent membranes
towards nitroaromatic explosives is basically achieved by the surface modification of QDs, which lays
a good foundation for the recognizable detection of nitroaromatic explosives.

3.3. Discriminative Detection Based on Fluorescent Nanofibrous Membrane Array

In order to evaluate the recognizable detection of the fluorescent sensor array towards explosives,
the quenching responses at different times of the sensor array including four fluorescent sensors were
used to obtain the fingerprints of four nitroaromatic explosives. Figure 6 shows the transformation of
fingerprints of four nitroaromatic explosives along with time. Interestingly, although the quenching of
the fluorescent membranes is not linearly related to the exposure time (Figure 6), the fingerprint of
each explosive at different times is very similar in shape and the fingerprints of the four explosives
show different shapes. For example, the fingerprints of TNT, DNT, PA and NB corresponding to 2 min
are not significantly different from those corresponding to 6 or 8 min, so it is possible to discriminate
the explosives based on the fingerprints at 2 min or even shorter time. Thus, the fingerprints of the
four explosives are clearly different because of the differential quenching of fluorescent membranes
towards nitroaromatic explosives, which means that the recognizable detection of explosives by the
fluorescent sensor array has been realized. More importantly, because of the stable relationship
between fingerprints and time, the detection time of explosives can be effectively shortened, so as
to achieve the recognizable detection of explosives in a shorter period of time. Or it can be used to
determine unidentified explosives by monitoring the changes in the fingerprints along with time.
It could, for example, be coupled with the technology of image recognition and large data analysis for
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a rapid diagnostic test of explosives, which is very important for the rapid and recognizable detection
of explosives.

 

Figure 6. Fingerprints of three nitroaromatic explosives according to the quenching percentage of the
sensing array based on fluorescent membranes as a function of time (a) 2 min, (b) 4 min, (c) 6 min,
(d) 8 min.

3.4. Homogeneity, Stability and Recoverability of Fluorescent Nanofibrous Membranes

Homogeneity, stability and recoverability are known to be important for fluorescence sensors,
therefore, these properties of fluorescent nanofibrous membranes are also evaluated. As shown in
Figure 7a, the fluorescent homogeneity of 10 test points of fluorescent nanofibrous membranes is also
investigated and both the modified nanofibrous membranes (PU-1C, PU-1CH, PU-1L and PU-1TL)
and the pre-modified nanofibrous membranes (PU-1, PU-2, PU-3) show good fluorescent uniformity.
The time stability of PU-1 and PU-2 membranes was tested at room temperature with the 40% relative
humidity and the peak values at about 603 nm were collected every minute for 1 h (Figure 7b). Figure 7b
shows that the fluorescent intensity of PU-1 and PU-2 membranes decreased by 4.3% and 3.4% after
1 h, respectively, showing the good time stability. The good time stability should be attributed to the
UV irradiation treatment of the fluorescent nanofibrous membranes for 12 h to make the fluorescence
intensity stable before quenching tests. Figure 7c illustrates the normalized fluorescence reversible
investigation of PU-1C membrane with five cycles of PA detection between the saturated PA vapor
at room temperature and the air at 50 ◦C. The PU-1L membrane shows a reversible fluorescent
performance after five cycles of being immersed in the saturated PA vapor at room temperature for
10 min, heated in an oven at 50 ◦C for 20 min to detach the PA molecules. Evidently, this good recovery
cycles demonstrate that the fluorescent nanofibrous membranes are reusable after a simple desorption
process by heating.
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Figure 7. (a) Fluorescent homogeneity of 10 test points of fluorescent nanofibrous membranes
(error bars represent the standard deviation of 10 test points of fluorescent membranes), (b) time
stability of PU-1 and PU-2 membranes (relative humidity is 40%), (c) the normalized fluorescence
recovery cycles of PU-1C membrane.

4. Conclusions

We have created and demonstrated the multichannel fluorescent sensor array based on nanofibrous
membranes loaded with ZnS QDs for the discriminative detection of explosives. The array was constructed
from nanofibrous membranes loaded with ZnS QDs featuring several surface ligands, playing a synergistic
effect of the high surface-to-volume ratio of QDs, the good permeability of nanofiber membranes and the
differential quenching introduced by surface ligands. The almost invariant transformation of fingerprints
of four nitroaromatic explosives along with time was discovered. Four saturated vapors of nitroaromatic
explosives could be reliably detected and discriminated by the array at room temperature. This work is the
first step toward devising a monitoring system for explosives in the field of public security and defense.
It could, for example, be coupled with the technology of image recognition and large data analysis for a
rapid diagnostic test of explosives. This work further highlights the power of differential, multichannel
arrays for the rapid and recognizable detection of a wide range of chemicals.

Supplementary Materials: The following are available online at http://www.mdpi.com/1424-8220/17/11/2676/
s1, Figure S1:Structural formula of lysine, cysteine, trifluoroacetyl lysine and cysteine hydrochloride, Figure S2:
The infrared spectrum of ZnS QD, Figure S3: SEM images with different magnification of (a, b) pure PU nanofibrous
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membrane, the inset in (b) shows image of water drops and the corresponding contact angles, Figure S4: Schematic
diagram of ZnS QDs loading on nanofiber surfaces, Figure S5: Reproducibility of the quenching sensitivity of the
nanofibrous membranes, Figure S6: Time-dependent fluorescence curves of the sensing array based on fluorescent
membranes towards saturated TNT, DNT and PA vapors at room temperature, Figure S7: Time-dependent fluorescence
curves towards the saturated NB vapor at room temperature (a) PU-1C, (b) PU-1CH, (c) PU-1L and (d) PU-1TL,
Figure S8: Structural formula of TNT, PA, DNT and NB.
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Abstract: A graphene nanoplate-supported spinel CuFe2O4 composite (GNPs/CuFe2O4) was
successfully synthesized by using a facile thermal decomposition route. Scanning electron microscopy
(SEM), high resolution transmission electron microscopy (HRTEM), Electron Dispersive Spectroscopy
(EDS), X-ray diffraction (XRD) and X-ray Photoelectron Spectroscopy (XPS) were employed to
characterize the prepared composite. The arsenic adsorption behavior of the GNPs/CuFe2O4

composite was investigated by carrying out batch experiments. Both the Langmuir and Freundlich
models were employed to describe the adsorption isotherm, where the sorption kinetics of arsenic
adsorption by the composite were found to be pseudo-second order. The selectivity of the adsorbent
toward arsenic over common metal ions in water was also demonstrated. Furthermore, the
reusability and regeneration of the adsorbent were investigated by an assembled column filter
test. The GNPs/CuFe2O4 composite exhibited significant, fast adsorption of arsenic over a wide
range of solution pHs with exceptional durability, selectivity, and recyclability, which could make
this composite a very promising candidate for effective removal of arsenic from aqueous solution.
The highly sensitive adsorption of the material toward arsenic could be potentially employed for
arsenic sensing.

Keywords: graphene-supported CuFe2O4 composite; graphene nanoplates; spinel CuFe2O4; arsenic
removal; graphene-oxide hybrid material

1. Introduction

Arsenic is highly toxic in the +3 and +5 oxidation state, and is widely present in the environment
through leaching from soils, mining activities, fertilizers, industrial wastes, biological activity, and
naturally occurring As containing minerals [1,2]. Long-term ingestion and drinking of arsenic
contaminated food or water are linked to kidney, skin and lung cancers [3–6]. Therefore, it is of
continued importance to remove arsenic from contaminated water, and to provide safe drinking water
below the maximum concentration recommended by WHO (<10 ppb). Many approaches have been
used for arsenic removal from contaminated water, including adsorption, ion exchange, chemical
treatment, reverse osmosis, electrochemical treatment, membrane filtration, and co-precipitation [7–10].
However, due to its simplicity, low cost and high efficiency, adsorption is widely employed and studied
as a promising technology for effectively removal of arsenic from contaminated water. The simplicity
of these materials is especially important when it is recognized that As contamination is common in
the developing world, where treatment processes must be convenient and affordable.
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Many adsorbents based on agriculture and industrial waste, surfactants, carbon-base materials,
polymers and metal oxides have been employed for arsenic adsorption [11,12]. Among these, metal
and metal oxides such as TiO2 [13–15], nano zero-valent iron [16,17], Fe2O3 [3,18,19], Fe3O4 [20],
CeO2 [21], CuO [22,23], CaO [24] and ZrO2 [25,26] have been extensively studied for arsenic treatment
in aqueous solution because of their high affinity to arsenic species, low cost, and the tunability of
adsorption capacity [12,27]. Recently, considerable attention has been focused on the development of
adsorbent composites containing two or more metals as metal oxides, to maximize arsenic adsorption.
For instance, Zhang and co-workers synthesized a nanostructured Fe-Cu binary oxide with high
adsorption capacity for arsenic [28].

Fe-Mn binary oxides were also successfully fabricated by Shan et al. with a high adsorption
capacity toward arsenic [29]. In another report, Yu et al. presented Fe–Ti binary oxide magnetic
nanoparticles which combined the photocatalytic oxidation property of TiO2 with the high adsorption
capacity and magnetic properties of γ-Fe2O3, for arsenic treatment [30]. Basu et al. found that
Fe(III)-Al(III) mixed oxides and Fe(III)-Ce(IV) oxides have a high adsorption capacity toward
arsenic [31,32].

Graphene, a two-dimensional (2D) material, has been attracting significant interest in the past
decade, due to its exceptional chemical and physical properties which can be applied to many
different areas including, but not limited to, electronic devices, energy storage and conversion, sensors,
adsorption, and composites [33–38]. Most recently, graphene has gained tremendous interest as a
supporting material for enhancement of adsorption properties of adsorbents, due to its large surface
area, high conductivity, ionic mobility, and superior mechanical flexibility. For example, Ganesh et al.
reported a smart magnetic graphene that removed heavy metals from drinking water [39]. A hybrid
of monolithic Fe2O3/graphene was also fabricated, and showed favorable properties for arsenic
removal [40]. Reduced graphene oxide-supported mesoporous Fe2O3/TiO2 nanoparticles synthesized
by a sol-gel route showed high adsorption towards arsenic [41]. Kumar et al. synthesized single-layer
graphene oxide with manganese ferrite magnetic nanoparticles for efficient removal of arsenic from
contaminated water [42].

In our previous work, we successfully fabricated a graphene nanoplates (GNPs) -supported
Fe-Mg binary oxide composite by a simple hydrothermal method. This adsorbent showed a very high
adsorption capacity toward arsenic [43]. In continuation of our efforts to this end, herein we report a
simple one-pot hydrothermal method to prepare a graphene nanoplates-supported spinel CuFe2O4

(GNPs/CuFe2O4) composite. The optimized Cu:Fe molar ratio to fabricate the spinel CuFe2O4 for
arsenic adsorption was adopted from Zhang’s work, which is 1:2 [28]. TEM, SEM, EDS, TGA, XPS
and XRD were used to characterize the prepared composite. The arsenic adsorption capacity of the
material was carefully studied. The effects of parameters including graphene loading, initial arsenic
concentration, adsorption time and solution pH on arsenic adsorption, selectivity, and recyclability
were investigated through batch experiments and a column test.

2. Materials and Methods

2.1. Materials

Graphene nanoplates (GNPs) were obtained from VNgraphene. Dry acetone, ethanol, sodium
hydroxide (NaOH), posstasium hydroxide (KOH), sodium persulfate (Na2S2O8), As2O5, anhydrous
CuCl2 and FeCl3 were purchased from Ajax Finechem. All chemicals were used as received.

2.2. Synthesis of GNPs/CuFe2O4 Composite

GNPs/CuFe2O4 composites were fabricated by a simple one-pot hydrothermal strategy. Firstly,
CuCl2 and FeCl3 with various Cu:Fe molar ratios of 1:2 were dissolved in 50 mL of ethanol. Then
graphene nanoplates with different loadings were dispersed in the mixture solution by sonication
for 10 min, and then stirred for 1 h. Subsequently, a 2 M NaOH solution was added dropwise to
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the solution under vigorous stirring until a pH of ~8–9 was reached. After 1 h of further stirring,
the reaction solution was transferred and sealed in a Teflon-lined autoclave, and placed in an oven
pre-heated to 150 ◦C, for 2 h. Then the solution was cooled to room temperature, and the precipitate
was filtered and washed three times each with ethanol and distilled water. The sample was dried
overnight at a temperature of 60 ◦C in air to obtain the GNPs/CuFe2O4 composites.

2.3. Characterization

The morphology and mapping elemental composition of samples were studied by an
EDS-equipped (Oxford Instruments plc, Abingdon, Oxfordshire, UK) scanning electron microscope
using an FEI Nova NanoSEM (Hillsboro, AL, USA) operating under high vacuum with an accelerating
voltage of 30 keV and an Everhart Thornley Detector (ETD). HRTEM images were obtained on a
JEOL 2010 TEM instrument operated at an accelerating voltage of 100 kV. A BrukerAXS D8 Discover
instrument with a general area detector diffraction system (GADDS) using a Cu Kα source was utilized
to obtain XRD patterns. X-ray photoelectron spectra (XPS) were obtained on a K-Alpha XPS instrument
using monochromated aluminum as the X-ray source. The C 1s, Fe 2p, Cu 2p, As 3d and O 1s core level
spectra were recorded with an overall resolution of 0.1 eV. The core level spectra were background
corrected using the Shirley algorithm, and chemically distinct species were resolved using a nonlinear
least square fitting procedure.

2.4. Adsorption Studies

A stock solution of 1000 ppm As(V) was prepared by dissolving As2O5 in water. Arsenic
concentrations were determined using an Agilent 4200 microwave plasma-atomic emission
spectrometer (MP-AES). All samples were analyzed within 24 h of filtration.

2.4.1. Effect of GNPs Loading on Arsenic Sorption

Adsorption experiments were carried out in closed glass vessels. Typically, 24 mg of each
adsorbent prepared from different GNP loadings were added into glass vessels containing 50 mL of
10 mg/L arsenic solution at a pH of 4. The solution was kept shaking at 200 rpm at room temperature
for 24 h. Then, all samples were filtered by vacuum filtration to remove the adsorbent, and the
concentration of arsenic in the residual solutions was analyzed.

2.4.2. Adsorption Isotherm

A total of 10 mg of optimally fabricated adsorbent was added to 50 mL of As(V) solution with
initial concentrations ranging from 5 to 90 mg/L in glass vessels. The adsorption was carried out at a
solution pH of 4 at room temperature, shaking at a speed of 200 rpm for 24 h. The mixtures were then
filtered by vacuum filter and analyzed for residual arsenic by microwave plasma—atomic emission
spectrometry (MP-AES).

2.4.3. Adsorption Kinetics

In a typical experiment, 40 mg of GNPs/CuFe2O4 composite was mixed with 200 mL of 40 mg/L
arsenic in a glass vessel. The mixed solution was shaken on an orbital shaker at a speed of 200 rpm at
room temperature and solution pH of 4. At certain time intervals, 10 mL of the mixture was taken,
filtered by vacuum filter and analyzed for arsenic.

2.4.4. Effect of Solution pH

10 mg of GNPs/CuFe2O4 composite was added to 50 mL of 10 mg/L arsenic at various solution
pH values ranging from 4 to 11 (the pH values were adjusted by dilute HCl and NaOH solutions).
The suspensions were shaken at a speed of 200 rpm at room temperature for 24 h. Then, all samples
were filtered by vacuum filter and residual arsenic concentrations were determined.
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2.4.5. Selectivity Test

10 mg of GNPs/ CuFe2O4 adsorbent was added to 50 mL of a solution containing 3 mg/L of each
ion such as As(V), Na+, K+, Ca2+ and Mg2+. The mixed solution was shaken on an orbital shaker with
a speed of 200 rpm at room temperature and solution pH of 7 for 12 h. The mixtures were then filtered
by vacuum filter and analyzed for residual ions by MP-AES.

2.4.6. Recyclability Test

The reusability of the prepared adsorbent was studied by a column test. The GNPs/CuFe2O4

oxide composite was assembled as a part of a filter column. Other parts included a glass tube with
both ends wrapped with a few layers of filter papers and cotton. The filter column was regenerated by
washing several times with 2 M NaOH after each arsenic adsorption cycle before implementing the
next experiment.

3. Results and Discussion

The morphology of the obtained graphene nanoplates (GNPs) was studied by SEM (Figure 1).
It can be clearly seen in Figure 1a,b that the GNPs had a crumpled, wrinkled morphology with a
diameter of tens of microns and a thickness of <20 nm [44].

 
Figure 1. Low (A) and high (B) scanning electron microscopy (SEM) images of graphene nanoplates.

It is believed that the Fe3+ and Cu2+ ions firstly physically adsorbed on the GNPs, and then
these ions reacted under the hydrothermal conditions to form Fe-Cu binary oxides on the GNPs.
The morphology of the as-prepared GNPs/Fe-Cu binary oxides material was investigated by SEM
and HRTEM studies. Figure 2a,b and Figure S1 show low and high resolution of SEM images of the
composites on a silicon wafer. The SEM images confirmed that the Fe-Cu binary oxides were uniformly
dispersed on the surface of the GNPs. The low resolution HRTEM image shown in Figure 2C and
Figure S2, also confirmed a good distribution of oxides on the GNPs. When the composite was viewed
at the high resolution of HRTEM (Figure 2D), it can be clearly seen that Fe-Cu binary oxides were
well-separated, with particle sizes of approximately 5 nm in diameter. The uniform distribution of
Fe-Cu binary oxides on the GNPs was further confirmed by EDS mapping (Figure 3). The distribution
of Cu and Fe elements on the surface of graphene (elemental C) was uniform and homogeneous.

The EDS study also confirmed that the atomic ratio of Cu:Fe:O is approximately 1:2:4, which
was consistent with the theoretical formula of the spinel CuFe2O4, or a mixture of CuO and Fe2O3

oxides formula of obtained binary oxides. In order to further confirm the formation of metal oxides,
XRD diffraction patterns were obtained. Figure 4A shows the XRD pattern of the pure CuFe2O4 and
GNPs/Fe-Cu binary oxides composite. In the XRD spectrum of the pure CuFe2O4, the diffraction
peaks at 2θ = 30.56, 36, 43.7, 51.8, 56.6, and 63.1◦ could be indexed to the (220), (311), (400), (422),
(511), and (440) planes of cubic spinel CuFe2O4 (PDF 06-0545) [45]. When incorporated onto the GNPs
surface, the metal oxides mainly formed the cubic spinel structure of CuFe2O4, as the main diffraction
peaks matched with the pure CuFe2O4. The peaks with asterisks were attributed to the crystallites of
the supporting graphene nanoplates [44,46].
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Figure 2. (A) and (B) SEM images and (C) and (D) transmission electron microscopy (TEM) images of
the GNPs/CuFe2O4 composite.

Figure 3. Electron dispersive spectroscopy mappping of the GNPs/CuFe2O4 composite.

The core level XPS spectra of C 1s, Fe 2p and Cu 2p were obtained to probe the chemical
environment and oxidation states of C, Fe and Cu in the GNPs/CuFe2O4 composite, as exhibited in
Figure 4B–D. The deconvoluted core level of C 1s (Figure 4B) revealed two major peaks at 284.1 and
284.8 eV corresponding to graphenic carbon with C=C (sp2) and C-C (sp3) bonds [47], respectively.
In the Figure 4C, the Fe core level XPS spectrum had two dominant peaks at 711.18 and 724.28 eV
with small satellite, which was consistent with the Fe 2p3/2 and Fe 2p1/2 of the Fe3+ state in the
spin-orbit of CuFe2O4, respectively [48]. Figure 4D showed the binding energy of core level Cu 2p.
The fitting revealed peaks at around 933.78 and 953.78 eV with a broad satellite at around 942 eV,
which corresponded to the Cu2 2p3/2 and 2p1/2, respectively, of Cu2+ in the spinel CuFe2O4 [48]. All of
these results further confirmed the formation of CuFe2O4 on the GNPs.

It is of note that the As(V) sorption by the Fe-Cu binary oxide reaches a maximum when the
molar ratio of Cu:Fe is 1:2 [28]. Hence, in this study, we have chosen this molar ratio as an optimal
condition when preparing the spinel CuFe2O4. We then investigated the effect of graphene loading on
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the arsenic sorption capacity by the GNPs/CuFe2O4 composite with an initial As(V) concentration
of 24 mg/L, adsorbent dose = 200 mg/L, pH = 4, at room temperature (Figure 5A). It was seen from
Figure 5 that the As(V) adsorption was enhanced along with an increase in the GNPs loading, and
reached a maximal sorption capacity of about 58 mg/g at the GNPs:CuFe2O4 weight ratio of 1:1 (6:6 in
the figure). However, the sorption capacity dramatically dropped as GNPs loading increased above
1:1, and without CuFe2O4, the As(V) sorption capacity by pure GNPs was only 2.38 mg/g. These
results demonstrated a significant improvement in As(V) adsorption with the incorporation of GNPs
with CuFe2O4.

Figure 4. (A) X-ray diffraction (XRD) patterns of pure spinel CuFe2O4 and GNPs/CuFe2O4 composites;
(B–D) core level X-ray Photoelectron Spectroscopy pectra of C 1s, Fe 2p and Cu 2p, respectively,
obtained from the GNPs/CuFe2O4 composite.

Figure 5B shows the effect of pH on As(V) adsorption by the GNPs/CuFe2O4 composite at an
initial As(V) concentration of 10 mg/L, and adsorbent dose = 200 mg/L at room temperature. It is
obvious that the sorption capacity of As(V) strongly depended on the solution pH. Arsenic adsorption
occurred strongly in acidic conditions with a maximum capacity of 39 mg/g at pH = 4. When the
solution pH increased, the adsorption significantly decreased. The change in As(V) adsorption capacity
was negligible in the solution pH range of 5 to 9 before declining greatly when the solution pH further
increased. This phenomenon may be ascribed to the dependence of adsorption of strong acid anions
by metal oxides and hydroxides oxide in solution pH [28]. The pKa1, pKa2, pKa3 of As(V) are 2.1,
6.7, 11.2, which is present in a negative ionic form under most pH conditions. Since the electrostatic
attraction is the main force, which is responsible for the adsorption of As(V) on graphene-metal oxide
composites [49,50], the change of electrostatic force between As(V) and the GNPs/CuFe2O4 composite
may explain the effect of pH on As(V) adsorption. At a low pH, the GNPs/CuFe2O4 adsorbent has a
net positive charge due to protonation of –OH groups in the spinel CuFe2O4. As a result, they attract
the negatively charged As(V) ions (AsO4

3−), which leads to the greater adsorption. When the pH
increases, the positive charge decreases, resulting in a decrease of As(V) adsorption.
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The leaching of Fe and Cu in the GNPs/CuFe2O4 composite at different pH values was also
recorded, as shown in Figure 5B. The release of Fe and Cu was low compared to As(V) adsorption,
which indicated that the GNPs/CuFe2O4 composite was a stable and effective adsorbent for arsenic.

Figure 5. Effect of graphene nanoplates (GNPs) loading (A) and solution pH (B) on As (V) adsorption
by GNPs/CuFe2O4 composites.

The adsorption isotherm was obtained in order to assess the arsenic adsorption and determine
the maximum As(V) adsorption capacity by the GNPs/CuFe2O4 composite. The amount of arsenic
adsorbed on the composite at equilibrium (qe) was calculated from different concentrations of arsenic
with the following equation:

qe =
(C0 − Ce)× V

m
(1)

where C0 (mg/L) is the initial concentration, Ce (mg/L) is the equilibrium concentration, V (L) is the
solution volume, and m (g) is the mass of the GNPs/CuFe2O4 adsorbent.

Figure 6 shows the arsenic adsorption capacity by the composite at equilibrium with various
As(V) concentrations in the range of 5–90 mg/L, at an adsorbent dose of 200 mg/L, pH 4 under room
temperature. Both adsorption isotherms for the Langmuir and Freundlich models were used to fit the
data as expressed in Equations (2) and (3), respectively:

qe =
qmaxKLCe

1 + KLCe
(2)

qe = KFCn
e (3)

where qe is the amount of arsenic adsorbed on the solid phase at equilibrium (mg/g), qmax (mg/g) is
the maximum arsenic adsorption capacity per unit weight of adsorbent, Ce is the equilibrium arsenic
concentration (mg/L), KL is the equilibrium adsorption constant represented by the affinity of binding
sites (L/mg), KF is the Freundlich constant, and n is the heterogeneity factor.

The obtained As(V) adsorption constants are presented in Table 1. The higher correlation
coefficient (0.966) values of As(V) from the fitted Freundlich plots compared to that of Langmuir
plots (0.95) suggested that the Freundlich model was more suitable for representing the adsorption
behavior of As(V) by the GNPs/CuFe2O4 composite. The low calculated heterogeneity factor (n = 0.56
for As(V)) also suggests that the Freundlich was the more favorable model. These results indicate that
As(V) was heterogeneously adsorbed on the composite surface, suggesting the simultaneous existence
of graphene and iron-copper binary oxides in the solid phase. The maximum As(V) adsorption
capacity by the GNPs/CuFe2O4 determined from the Langmuir model was 172.27 mg/g, which was
a very effective adsorbent for the removal of arsenic. The maximum As(III) adsorption capacity by
the GNPs/CuFe2O4 was also determined from the Langmuir model as 236.29 mg/g (Figure S3 and
Table S1).
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Figure 6. Adsorption isotherm for As(V) by the GNPs/CuFe2O4 composite.

Table 1. Langmuir and Freundlich isotherm parameters for As(V) adsorption on the GNPs/
CuFe2O4 composite.

Langmuir Model Freundlich Model

Qm (mg/g) KL (L/mg) R2 KF n R2

As(V) 172.27 0.02 0.95 10.31 0.56 0.966

Table 2 compares the As(V) adsorption capacity between the GNPs/CuFe2O4 composite with
other adsorbents from the literature. It can be seen from the table that the sorption capacity of the
GNPs/CuFe2O4 composite was superior to most of the other adsorbents, which could make the
GNPs/CuFe2O4 composite a practical adsorbent for arsenic removal.

Table 2. Comparison of maximal arsenic adsorption capacity by various adsorbents.

Absorbates pH qmax (mg/g) References

Mg0.27Fe2.5O4 7 83.2 [51]
Fe3O4-GO (MGO) 6.5 59.6 [49]

FeMnOx/RGO 7 22.22 [52]
CeO2-grahene composite 4 1.019 [53]

GO-ZrO(OH)2 5–11 84.89 [50]
nZVI/graphene 7 29 [54]

Magnetic graphene 4 3.26 [39]
Fe3O4/graphene/LDH 6 73.1 [39]

Magnetic-GO 4 38 [55]
Magnetic-rGO 4 12 [55]

MnFe2O4 3 94 [56]
CoFe2O4 3 74 [56]

CuFe2O4 binary oxide 7 82.7 [28]
GNPs/Fe-Mg Oxide 7 103.9 [43]

GNPs/CuFe2O4 4 172.7 This work

In order to further understand the adsorption behavior of As(V) on the GNPs/CuFe2O4 surface,
the adsorption kinetics of As(V) adsorption were obtained with an initial As(V) concentration of
40 mg/L (adsorbent dose of 200 mg/L, pH 4 and at room temperature), and sorption capacities
were determined at different time intervals (Figure 7). The adsorption quickly reached equilibrium
within 2 h. The pseudo-second-order model was applied to describe the kinetic data as expressed in
Equation (4):
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qt =
Kq2

e t
1 + Kqet

(4)

where qt (mg/g) is the amount of arsenic adsorbed on the solid phase at time t (hr), qe (mg/g) is the
amount of arsenic adsorbed on the solid phase at equilibrium, and K is the adsorption rate constant
(g mg.h). According to the adsorption kinetic values listed in Table 3, the experimental data was
well-fitted, with a correlation coefficient of 0.916. This result implies that the adsorption process may
have occurred through chemical adsorption and/or electrostatic attraction, accompanied by electron
exchange between the composite and arsenic [57]. The adsorption capacity at equilibrium of the
composite with an initial As(V) concentration of 40 mg/L calculated from the pseudo-second-order
model was 84.46 mg/g.

Figure 7. Adsorption kinetics of As(V) on the GNPs/CuFe2O4 composite.

Table 3. Adsorption kinetics parameters for As(V) adsorption on GNPs/CuFe2O4 composite.

Pseudo-Second-Order Model

qe (mg/g) K (h−1) R2

84.46 0.331 0.916

The XPS As 3d core level spectrum was recorded to verify the presence and chemical state of
arsenic on the surface of adsorbent (Figure 8). The appearance of As 3d XPS peak confirmed the
presence of arsenic on the surface of the GNPs/CuFe2O4 composite. The core level XPS revealed
one dominant peak at 45.5 eV, which was consistent with the binding energy of As(V) [28,58]. As a
result, it was obvious that there was no change in oxidation state of As(V) during the sorption process.
This further confirmed that arsenic was adsorbed onto the GNPs/CuFe2O4 surface by chemical
adsorption and/or an electrostatic attraction mechanism.

Figure 8. Core level XPS spectra of As 3d obtained from the GNPs/CuFe2O4 composite after adsorption.
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Graphene with a large surface area, high conductivity, ionic mobility and superior mechanical
flexibility, can be an excellent supporting material for the enhancement of adsorption properties
of adsorbents. In this case, GNPs/CuFe2O4 adsorbent showed enhanced adsorption capacity in
comparison with free standing CuFe2O4 (qmax = 82.7 mg/g). Based on well-documented understanding
and from the discussion above, we proposed a possible adsorption of arsenic by GNPs/CuFe2O4

(Figure 9). When adding adsorbent into arsenic-containing solution, arsenic is adsorbed on the
CuFe2O4 surface by chemical adsorption and/or electrostatic attraction. The presence of graphene
increases the surface area of adsorbent, and as a consequence increases the absorption sites for arsenic.

Figure 9. Possible adsorption mechanism of GNPs/Cu2FeO4 toward arsenic.

Figure 10A shows the selectivity of GNPs/CuFe2O4 adsorbent towards arsenic in the presence of
common positive ions in drinking water such as Na+, K+, Ca2+ and Mg2+, with an initial concentration
of As(V) and other ions at 3 mg/L. It can be seen that while more than 98% of arsenic was adsorbed,
there was an insignificant amount of Na+, K+ and Ca2+ ions adsorbed on the GNPs/CuFe2O4

composite, indicating that this adsorbent can be effectively and selectively used for arsenic removal.
The adsorption capacity of GNPs/CuFe2O4 composite toward arsenic was also higher than other
heavy metals such as lead ions (Figure S4).

Figure 10. Selectivity (A) and recyclability (B) of the GNPs/CuFe2O4 composite for As(V) removal in a
column test.

To evaluate recyclability, a filter column with a diameter of 2 cm and a height of 10 cm was
assembled, as shown in Figure S5. The mass of the GNPs/CuFe2O4 composite used was 200 mg.
The adsorption process was carried out with 10 mL of flow solution (pH 7) of 3 mg/L As(V). After
adsorption, the filter column was washed with 20 mL of 2 M NaOH solution to regenerate the

228



Sensors 2017, 17, 1292

adsorbent before the next test cycle. The adsorption-regeneration process was repeated for five cycles.
The result in Figure 10B shows an insignificant decrease of removal efficiency (less than 4%) after
5 cycles, suggesting that the GNPs/CuFe2O4 composite has high durability for arsenic removal.

4. Conclusions

A graphene-supported spinel CuFe2O4 composite was conveniently synthesized by
co-precipitating graphene nanoplates with iron and copper ions in ethanol solution. The CuFe2O4

was crystallized and well-dispersed on the graphene surface. The prepared GNPs/CuFe2O composite
showed fast, high adsorption capacity toward As(V), with a maximum adsorption capacity of 172.27
mg/g at pH 4, which is superior to the majority of reported adsorbents. This adsorbent showed
excellent selectivity toward arsenic ions over common metal ions such as Na+, K+, Ca2+ and Mg2+.
The arsenic adsorption by the GNPs/CuFe2O composite was very effective over a wide range of
solution pHs. Moreover, the absorbent could be readily regenerated and recycled for arsenic removal.
With these excellent results, it could be concluded that the GNPs/CuFe2O composite could be
considered a promising candidate for practical arsenic removal from aqueous solution. Furthermore,
the GNPs/CuFe2O composite can be potentially used as a sensor probe of arsenic, based on its high
sensitive adsorption toward arsenic.

Supplementary Materials: The following are available online at http://www.mdpi.com/1424-8220/17/6/1292/s1,
Figure S1: SEM images of the GNPs/CuFe2O4 composite, Figure S2: TEM images of the GNPs/CuFe2O4
composite, Figure S3: Adsorption isotherm for As(III) by GNPs/CuFe2O4 composite, Table S1: Langmuir and
Freundlich isotherm parameters for As(III) adsorption on GNPs/CuFe2O4 composite, Figure S4: Adsorption of
10 mg GNPs@Fe2CuO4 composite toward 3 mg/L of As5+ and Pb2+ for 2 hours, Figure S5: Filter column with a
diameter of 2 cm and a height of 10 cm for recyclability.
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Abstract: In this work, uniformly-dispersed platinum nanoparticles (PtNPs) were synthesized by a
simple chemical reduction method, in which citric acid and sodium borohydride acted as a stabilizer
and reducer, respectively. An ultrasensitive colorimetric sensor for the facile and rapid detection of
Ag+ ions was constructed based on the peroxidase mimetic activities of the obtained PtNPs, which can
catalyze the oxidation of 3,3’,5,5’-tetramethylbenzidine (TMB) by H2O2 to produce colored products.
The introduced Ag+ would be reduced to Ag0 by the capped citric acid, and the deposition of Ag0

on the PtNPs surface, can effectively inhibit the peroxidase-mimetic activity of PtNPs. Through
measuring the maximum absorption signal of oxidized TMB at 652 nm, ultra-low detection limits
(7.8 pM) of Ag+ can be reached. In addition to such high sensitivity, the colorimetric assay also
displays excellent selectivity for other ions of interest and shows great potential for the detection of
Ag+ in real water samples.

Keywords: platinum nanoparticles; peroxidase-mimic activity; colorimetric sensor; silver
ions detection

1. Introduction

Peroxidase is a hemin-containing oxidase that can catalyze the chemical reactions in a variety
of biological processes by binding electrons to specific substrates. Since the peroxidase is capable
of catalyzing the formation of colored products in very low concentrations, it has become the most
frequently used enzyme in enzyme-linked immunosorbent assay and widely used in the detection of
various substances through the combination with other enzymes to form multi-enzyme systems [1].
However, the inherent defects of natural enzymes, such as limited source, low stability, complex
purification processes, and expensive purification costs, restricted their production and application.
Therefore, great efforts have been made to synthesize mimetic enzymes. In virtue of chemical reactions
that happen mainly on the surface of nanozymes, different surface modification methods are studied
to improve catalytic activity, substrate specificity, and stability [2]. Since the first discovery of Fe3O4

nanoparticles [3], many inorganic nanomaterials with enzyme-mimic activities are explored and widely
used in biomedical and environmental monitoring, such as glutathione-capped palladium or platinum
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nanoparticles [4,5], AuPt nanoparticles [6], gold nanoparticles@carbon shells [7], cobalt oxyhydroxide
nanoflakes [8], g-C3N4/Pt nanoparticles [9], and MoS2 nanosheets [10].

Silver ions (Ag+), as one of the heavy metal ions, is highly toxic to bacteria, viruses, algae, and
fungi. Due to the unique antibacterial properties, Ag+ has been widely used in cosmetics, building
materials and medical products [11,12]. The excessive uptake of Ag+ may lead to many serious diseases,
including cytotoxicity, organ failure, and mitochondrial dysfunction [13]. Due to the hazardous effects
of Ag+, the maximum allowable level of Ag+ in drinking water is limited by the U.S. Environmental
Protection Agency (EPA) to about 900 nM [14]. The U.S. EPA reported that the concentration of
Ag+ higher than 1.6 nM is toxic to fish and micro-organisms [15]. Hence, it has become increasingly
important to develop a simple method for the sensitive detection of Ag+ in the environment and
biological samples.

Over the past decades, many analytical methods have been developed to detect Ag+

with high sensitivity and selectivity, involving inductively-coupled plasma mass spectrometry
(ICP-MS) [16], atomic absorption spectroscopy (AAS) [17], and atomic emission spectrometry
(AMS) [18]. The requirements of large instruments, highly-trained operators, and lengthy sample
preparation procedures in these methods, impede their capacity to routine and in situ detection.
In contrast, chemical sensors provide an excellent platform to make up for the deficiency [19]. A novel
silver-specific RNA-cleaving DNAzyme has been selected in vitro for sensitive fluorescence detection
of Ag+ [20]. Colorimetric sensors offer great potential for simple, rapid, low-cost, non-destructive,
on-site, and real-time tracking of various analytes, with the advantages of being easy to miniaturize,
visual detection results, and lacking the need of expensive equipment, complex pretreatment processes,
and toxic fluorescence probes, etc. The variety of enzyme-mimic nanomaterial-based colorimetric
sensors have been developed for the detection of heavy metal ions, such as Hg2+ [21], Cu2+ [22],
Ag+ [23], and Fe2+ [24]. However, the detection limits of these sensors are restricted only to micromolar
(μM) or nanomolar (nM) levels.

In this paper, a simple chemical reduction method was performed to generate uniform-sized
PtNPs using citrate as the capping molecule. An ultrasensitive and selective colorimetric sensor for
the rapid detection of Ag+ was developed with a detection limit down to the picomolar (pM) level
based on the peroxidase-mimetic activity of PtNPs. The oxidation of TMB catalyzed by PtNPs could
be inhibited by the reduced Ag0. As a result, the quantitative detection of Ag+ would be obtained by
recording the UV absorption of oxidized TMB. To the best of our knowledge, the proposed sensor
showed the highest sensitivity for Ag+ detection compared to recently-reported colorimetric sensors.
The practical application of the colorimetric sensor for the detection of Ag+ in real water samples was
also investigated and satisfactory results were obtained.

2. Materials and Methods

2.1. Materials and Instruments

3,3’,5,5’-tetramethylbenzidine dihydrochloride (TMB·2HCl) was purchased from Beyotime
Biotechnology Co., Ltd. (Shanghai, China). All the other chemicals, such as chloroplatinic acid
(H2PtCl6), NaBH4, citric acid, AgNO3, and ethylene diamine tetraacetic acid (EDTA) etc., were
purchased from Sinopharm Chemical Reagent Co., Ltd. (Beijing, China). The reagents were of
analytical grade and used as received without further purification. The solutions were prepared using
ultrapure water purified by Milli-Q biocel from Millipore China Ltd. (Shanghai, China).

The UV–VIS absorption spectra and kinetic studies were performed on a UV-2450 UV-VIS
spectrometer (Shimadzu, Tokyo, Japan). Terephthalic acid (TA) assay was carried out by an F-4600
fluorescence spectrofluorometer (Hitachi, Tokyo, Japan). Transmission electron microscopy (TEM)
images were characterized by a high-resolution transmission electron microscopy (HRTEM) on a
Philips Tecnai G2 F20 microscope (Philips, Amsterdam, The Netherlands) with an accelerating voltage
of 200 kV. Before measurement, samples were prepared by dropping the PtNPs suspension on
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the surface of carbon-coated copper grid and drying it in air. X-ray photoelectron spectra (XPS)
characterization was measured by the ESCALAB 250Xi X-ray photoelectron spectroscopy (Thermo
Fisher Scientific, Waltham, MA, USA) using monochromatic Al Ka radiation (hv = 1486.6 eV). X-ray
diffraction (XRD) characterization was performed by a Rigaku X-ray diffractometer (D/Max-3C,
Tokyo, Japan).

2.2. Synthesis of Citric Acid-Modified PtNPs

Typically, 1 mL of chloroplatinic acid (16 mM), 1 mL of sodium citrate (40 mM) and 38 mL
deionized water were added into a 50 mL beaker and stirring for 30 min at room temperature.
After that, 200 μL of NaBH4 (50 mM) was introduced to the mixture drop by drop. The solution
changed from colorless to brownish-yellow during the reaction process. Finally, citric acid-modified
PtNPs were obtained after continuous stirring at room temperature for 1 h.

2.3. Colorimetric Detection of Ag+

Briefly, 8 μL of PtNPs (1.25 mg/L), 40 μL different concentrations of Ag+, and an appropriate
amount of deionized water were added into a 0.6 mL centrifuge tube. After reacting for 2 min, 200 μL
of TMB (1.6 mM) and 100 μL of H2O2 (2 M) were added into the solution to initiate the chromogenic
reaction. The total reaction volume was 400 μL and the reaction was continued for a further 10 min.
Finally, the absorption spectra of the resulting solutions were recorded in the range from 500–800 nm,
the highest absorption at 652 nm was used as detection signal. The specific experiment was performed
as above, except that other ions were used instead of Ag+.

3. Results and Discussion

3.1. Sensing Principle of the Ag+ Colorimetric Sensor

The schematic diagram of the Ag+ colorimetric sensor was shown in Scheme 1. By the use of citric
acid as a stabilizer, chloroplatinic acid can be reduced by NaBH4 to generate stable and uniform PtNPs.
The obtained PtNPs exhibit excellent peroxidase-mimic activity, which can catalyze the oxidization
of TMB by H2O2 to produce a colored product. After addition of Ag+, the introduced Ag+ would be
reduced by the capped citrate and deposited on the surface of PtNPs, which led to significant inhibition
of the peroxidase-like activity of PtNPs. The specific Ag-Pt interaction provides the excellent selectivity
toward Ag+ over other ions. Through measuring the maximum absorption of the oxidized TMB at
652 nm, an ultrasensitive, facile, and rapid colorimetric Ag+ sensor was established.

 

Scheme 1. Schematic of the Ag+ colorimetric sensor based on citrate-modified PtNPs.
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3.2. Characterization of the Formed PtNPs

Transmission electron microscopy was used to investigate the morphological characteristics of
the synthesized citric acid-modified PtNPs. As shown in Figure 1A, uniformly-dispersed PtNPs with
narrow size distribution (diameter~2.5 nm) are observed. From the HRTEM image (inset Figure 1A),
obvious lattice fringes of PtNPs can be noticed, which proves that the synthesized PtNPs have good
crystal form. The measured lattice spacing is 0.223 nm, corresponding to the (1 1 1) facet of the Pt
crystal [25]. The XRD patterns of the PtNPs are shown in Figure 1B. The diffraction peaks at angles of
39.8◦, 46.3◦, and 67.7◦ can be assigned to the (1 1 1), (2 0 0), and (2 2 0) facets of the face-centered cubic
structures of platinum crystals ((JCPDS No. 4-802)) [26].

Figure 1. (A) TEM image of citric acid-modified PtNPs (Inset: HRTEM image of citric acid-modified
PtNPs); and (B) XRD patterns of the PtNPs.

XPS spectra were further performed to characterize the citric acid-modified PtNPs. Figure 2A
shows the whole XPS spectrum of citrate-capped PtNPs. It can be seen that the elements of C, O, Na
and Pt existed, indicating that the citric acid has been successfully modified on the surface of PtNPs.
The binding energy of Pt 4f was shown in Figure 2B, the Pt 4f7/2 peak can be divided into two peaks
with binding energy of 71.44 eV and 72.16 eV, corresponding to Pt0 and Pt4+, respectively. The Pt 4f5/2
peak also can be divided into two peaks at the binding energies of 74.88 eV and 75.97 eV, corresponding
to Pt0 and Pt4+, respectively [27]. The ratio of Pt0 (59.7%) and Pt4+ (40.3%) on the PtNPs surface is
determined as 1.48.

 
Figure 2. (A) The whole XPS spectrum of citrate-modified PtNPs; and (B) XPS spectrum showing the
binding energy of Pt 4f.
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3.3. Catalytic Activity of PtNPs for TMB Oxidation

A series of control experiments were conducted to investigate the catalytic ability of
citrate-modified PtNPs for the oxidation of TMB. As shown in Figure 3, the absorption signal was
very small in the presence of TMB and H2O2 (curve a) or TMB and PtNPs (curve b) only, and the
color of the solution is almost colorless (inset a, b). On the contrary, the absorption signal was
remarkably increased when PtNPs, TMB, and H2O2 were coexistent in the solution (curve c), the color
of the solution became deep blue (inset c). These experimental results showed that citrate-modified
PtNPs have good peroxidase-mimetic properties to catalyze the oxidation of TMB by H2O2 effectively.
Terephthalic acid (TA) was used to evaluate the effects of PtNPs on ·OH signal intensity, in which
the added TA will react with ·OH to form a highly-fluorescent product, 2-hydroxyterephthalic acid
(TAOH) [28]. As shown in Figure 4, a gradual decrease of the fluorescence intensity was observed
while increasing the concentration of PtNPs, suggesting that the PtNPs reduced the ·OH radical
signal, which is similar to the behavior of reported Co3O4 NPs [29], C-Dots [30] and MnO2 NPs [31].
In addition, experiments showed that the addition of high concentration of PtNPs into the mixture
of TA and H2O2 resulted in a lot of bubbles (data not shown), indicating the PtNPs accelerated the
decomposition of H2O2 to produce oxygen. These results and TA assays prove that PtNPs behave
analogously to enzymes [32].

Figure 3. UV-VIS absorption spectrum of (a) TMB + H2O2; (b) TMB + PtNPs and (c) TMB + H2O2 +
PtNPs (inset: the corresponding photographs).

Figure 4. The effect of PtNPs on the formation of hydroxyl radicals in the H2O2/TA system. Samples
were a mixture of 0.25 mM TA, 10 mM H2O2, and various concentrations of PtNPs (a) 0, (b) 5, (c) 12.5,
(d) 25 and (e) 125 μg/L.
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3.4. Inhibitory Effect of Ag+ on Catalytic Activity

In order to examine the feasibility of the designed colorimetric sensor for the detection of Ag+,
the absorption signals before and after addition of Ag+ were investigated. From Figure 5, it can be
observed that a dark blue color solution was produced (inset a) with a strong absorption signal in
the absence of Ag+ (curve a). After addition of 1.5 nM Ag+, the absorption signal was significantly
decreased (curve b). At the same time, the color of the solution became lighter (inset b). When the Ag+

concentration was increased to 3.0 nM, the absorption signal was further inhibited (curve c), along
with the color of the solution becoming shallower (inset c). These results indicated that the catalytic
activities of PtNPs can be effectively inhibited by trace amounts of Ag+. Thus, a simple colorimetric
sensor can be established for Ag+ detection with high sensitivity. The peroxidase-like activity of
the PtNPs in the absence and presence of Ag+ was further investigated using steady-state kinetics
(Figure 6). The apparent kinetic parameters were calculated based on the Michaelis-Menten equation:
v = Vmax × [S]/(Km + [S]), where ν is the initial velocity, Vmax is the maximal reaction velocity, [S] is
the concentration of the substrate, and Km is the Michaelis constant. Km is an important parameter to
evaluate the enzyme affinity to substrate. As shown in Table 1, the Km value of the PtNPs increased,
while the Vmax value decreased after interaction with Ag+. These results indicated that Ag+-treated
PtNPs have lower affinity to the substrates and weaker catalytic activity.

Figure 5. UV-VIS absorption spectrum of TMB at different concentrations of Ag+ (a) 0; (b) 1.5 nM; and
(c) 3.0 nM.

Table 1. Comparison of the kinetic parameter of PtNPs before and after being treated with Ag+.

Ag+ (nM) TMB (Km/mM) TMB (Vmax/M S−1) H2O2 (Km/mM) H2O2 (Vmax/M S−1)

0 0.0995 1.201 × 10−8 230.8 1.656 × 10−7

0.5 0.1077 1.045 × 10−8 255.9 1.372 × 10−7

2.0 0.1652 0.872 × 10−8 283.6 1.215 × 10−7
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Similar with the interaction between Ag+ and gold nanoclusters, the possible mechanism of Ag+ to
inhibit the catalytic activity of PtNPs could be related to a Pt-Ag metallic bond [33,34]. The added Ag+

can first interact with Pt to form a metallic bond, then be reduced by the modified citrate and deposited
on the surface of PtNPs. We have performed an XPS spectrum of the citrate-modified PtNPs after being
treated with Ag+ to investigate the inhibition mechanism. After interaction with Ag+, a new peak of
Ag 3d could be observed in the XPS spectrum of PtNPs (Figure 7A). In addition, two well-characterized
peaks appeared in the Ag 3d electron spectra of PtNPs after being treated with Ag+ (Figure 7B). The two
signals of Ag 3d5/2 and Ag 3d3/2 that arose at binding energies of 367.70 and 373.72 eV corresponded
to Ag0 [35,36]. Theoretically, Pt0 cannot be oxidized by Ag+ under conventional conditions due to the
inert noble metal properties. The XPS spectra (Figure 7C) also indicated that addition of Ag+ do not
have great effect on the ratio of Pt0 (58.7%) and Pt4+ (41.3%) on the PtNPs surface. Citrate is a thermal
reduction reagent (reduction at near-boiling temperature), and the reduction of Ag+ with citrate is
difficult to proceed at room temperature due to the weak reducibility [37,38]. Surprisingly, the citrate
adsorbed on the surface of PtNPs could trigger Ag+ reduction catalyzed by the very reactive Pt surface
atoms under mild conditions, which is similar to previous studies that showed the reduction of Hg2+

can be catalyzed by citrate-coated gold nanoparticles [39]. These results confirmed that the introduced
Ag+ has been reduced to metallic Ag0 by the modified citrate, thereby causing changes in the surface
chemistry of PtNPs and inhibiting the catalytic activity.

 
Figure 7. (A) The whole XPS spectrum; (B) Ag (3d) and (C) Pt (4f) XPS spectra of citrate-modified
PtNPs after being treated with Ag+.

3.5. Optimization of Experimental Conditions

In order to obtain the best sensing performance, some experimental conditions were optimized.
The absorption difference between A0 and A (recorded as ΔA) was used to evaluate the sensing
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performance, where A0 and A represent the absorption signal without and with the addition of 2.0 nM
Ag+, respectively. We found that the amount of PtNPs has a great effect on the absorption signal
(Figure 8A). The ΔA value was increased with the increase of PtNP volume up to 8 μL. However, with
a further increase in the volume of PtNPs, the ΔA value started to decrease. According to these results,
8 μL PtNPs was used in subsequent experiments. The effect of H2O2 concentration on the developed
sensor has also been investigated. H2O2, which acted as an oxidant, has played an important role in
the oxidation of TMB. The ΔA value was remarkably increased with increasing H2O2 concentration
from 0.05 to 0.5 M, then tends to decrease when the concentration of H2O2exceeds 0.5 M (Figure 8B).
Therefore, 0.5 M H2O2 was used during the sensing process. The reaction time between Ag+ and PtNPs
was also investigated. As shown in Figure 8C, the effect of Ag+ reaction time on the ΔA value is very
small, which reflects that the interaction between Ag+ and citrate-modified PtNPs is fast. Taking into
account the efficiency of the detection and ease of operation, we chose 2 min as the reaction time of Ag+.

Figure 8. The effect of experimental conditions on the sensing performance (A) the volume of
citrate-modified PtNPs; (B) the concentration of H2O2; and (C) the reaction time between Ag+

and PtNPs.

3.6. Sensitivity of the Ag+ Sensing System

To evaluate the sensitivity and dynamic range of the proposed colorimetric sensor for Ag+

detection, various concentrations of Ag+ were tested under the optimal conditions. As shown in
Figure 9A, the absorption signal at 652 nm decreased with increasing concentration of Ag+. The more
Ag+ that was added, the more Ag0 was formed, which greatly inhibits the catalytic activity of
citrate-modified PtNPs. We obtained a good linear response of the absorption signal against the
concentrations of Ag+ in the ranges from 0.01 to 3.0 nM with a correlation coefficient of 0.997 (Figure 9B).
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According to triplicate standard deviation over the blank response (3σ), the detection limit of (LOD)
Ag+ was estimated to be 7.8 pM, which was sensitive enough for Ag+ detection in drinking water.

Figure 9. (A) Absorbance curves of the sensor for Ag+ at various concentrations; and (B) the
corresponding calibration plot of absorbance values against the Ag+ concentrations (the error bars
represent the standard deviation of three measurements).

The analytical performance of the present sensor was compared with other Ag+ detection methods.
As shown in Table 2, the sensitivity of the proposed sensor was higher than that of recently-reported
colorimetric, fluorescent and electrochemical methods. Such high sensitivity was attributed to the
highly inhibitory effect of Ag+ on the catalytic activity of PtNPs. The proposed sensor is simple, rapid
and economical due to the mild synthesis of PtNPs without the need of special reagents, such as
nucleic acid and fluorochrome. The whole sensing process can be finished within twelve minutes.

Table 2. Comparison of our present work with other methods for Ag+ detection.

Methods Probes Linear Range LOD References

Colorimetric Peptide-AuNPs 10~1000 nM 7.4 nM [40]
Colorimetric Au@PtNPs 5~100 nM 2.0 nM [41]
Colorimetric DNA-AuNPs 1~1000 nM 0.24 nM [42]
Colorimetric AuNPs 1~9 μM 0.41 μM [43]
Colorimetric BSA-Au clusters 0.5~10 μM 204 nM [23]
Fluorescence Proflavine-DNA/MnO2 30~240 nM 9.1 nM [44]
Fluorescence DSAI/C-rich DNA 0~4.0 μM 155 nM [45]

Electrochemistry DNA/AuNPs 0.1~40 nM 0.05 nM [46]
Electrochemistry DNA/Fe3O4-AuNPs 10~150 nM 3.4 nM [47]

Colorimetric Citrate-modified PtNPs 0.01~3.0 nM 7.8 pM This work

3.7. Selectivity and Recovery Performance

In order to investigate the selectivity of the proposed sensor, an interference study was performed
with other metal ions that exist in the environment. The absorption intensity was tested under the
same conditions, except that other metal ions were used instead of 10 nM Ag+. As shown in Figure 10,
the absorption signal was greatly inhibited by Ag+. No significant decrease of the absorption signal
was observed in the presence of above 100-fold concentration of other ions, except Hg2+. Due to
the similar ionic radius and reduction potential between Hg2+ and Ag+, Hg2+ could be adsorbed on
citrate-capped PtNPs and be reduced by the modified citrate [48,49]. Thus, Hg2+ would interfere with
the detection. For Ag+ sensing, EDTA was chosen as a masking agent because it could form more stable
complexes with Hg2+ than that with Ag+. After interaction with EDTA, the influence of Hg2+ was
effectively eliminated. The absorption intensity in the presence of Ag+ is completely irreversible after
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the introduction of an excess concentration of EDTA, indicating that Ag+ interacts with PtNPs through
stronger interaction forming an Ag-Pt metallic bond, similar to the Ag-Au metallic bond [33,50].
Therefore, specific detection of Ag+ can be accomplished by the citrate-modified PtNP-based assay.
More importantly, the results of selective experiments are visible to the naked eye, thus no special
instruments are required to distinguish the presence or absence of Ag+.

 
Figure 10. Selectivity investigation of the proposed sensor for Ag+ detection (the concentration of K+,
Na+, Mg2+, Ca2+ : 0.5 mM, Ag+ and Hg2+: 10 nM, other ions: 1.0 μM).

The practical application of the designed colorimetric sensor was also tested through
determination of Ag+ in river water samples by the standard addition method. The collected Minjiang
River water samples were filtered with a 0.22 μm membrane to remove insoluble matter before Ag+

detection. Spiked samples were prepared with the further addition of different concentrations of
standard Ag+ to the river water. Each Ag+ spiked sample was repetitively measured three times. The
results are shown in Table 3. The recovery values ranging from 98.0% to 105.0% were obtained, and
the relative standard deviation (RSD) was lower than 7%. These results revealed that the developed
sensor has acceptable accuracy and reproducibility for the sensing of Ag+ in real samples.

Table 3. The analysis of Ag+ in the real water samples.

Sample Add (nM) Found (nM) Recovery (%) RSD (%)

River water
0.20 0.21 105.0 6.7
1.00 1.03 103.0 5.4
2.00 1.96 98.0 5.1

4. Conclusions

In summary, a facile and simple colorimetric sensor was successfully developed for the
ultrasensitive detection of Ag+ with a detection limit down to the pM level. Through efficient and
specific inhibition of the peroxidase-mimic activity of citrate-modified PtNPs, highly sensitive and
selective detection of Ag+ in real water samples can be achieved. The whole test can be completed
within twelve minutes. There is no need of any expensive regents, complicated separation, or labeling
processes during the sensing procedure. Thus, the fabricated sensor is rapid and economical. More
importantly, through analysis of Ag+, the fabricated sensor can provide a new general, high-throughput,
and portable sensing platform for indirect detection of various analytes.
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Abstract: Simple analytical methods are needed for determining the cadmium (Cd) content of brown
rice samples. In the present study, we developed a new analytical procedure consisting of the
digestion of rice using HCl, Cd purification using anion exchange resin, and then determining the Cd
content using fluorescence spectroscopy. Digestion with 0.1 M HCl for 10 min at room temperature
was sufficient to extract Cd from the ground rice samples. The Cd in the extract was successfully
purified in preference to other metals using Dowex 1X8 chloride form resin. Low concentrations of Cd
in the eluate could be determined using fluorescence spectroscopy with a fluoroionophore. Overall,
the actual limit of quantification value for the Cd content in rice was about 0.1 mg-Cd/kg-rice,
which was sufficiently low compared with the regulatory value (0.4 mg-Cd/kg-rice) given by
the Codex Alimentarius Commission. We analyzed authentic brown rice samples using our new
analytical procedure and the results agreed well with those determined using inductively coupled
plasma optical emission spectrometry (ICP-OES). Since the fluoroionophore recognized Zn2+ and
Hg2+ as well as Cd2+, a sample containing high concentration of Zn2+ or Hg2+ might cause a false
positive result.

Keywords: cadmium; rice; simple analytical method; fluorescence spectroscopy; pretreatment

1. Introduction

In recent years, the contamination of agricultural land by heavy metals, such as cadmium (Cd) [1],
mercury [2], chromium, copper (Cu), zinc (Zn) and lead [3] has become a major problem worldwide.
This has increased the risks to food safety and hence human health because heavy metals can easily
be absorbed from the soil by agricultural crops and then transferred into the human body through
consumption. Among the heavy metals contaminating agricultural crops, Cd in rice is a great problem,
especially in Asian countries [1,4,5]. Compared with other agricultural crops, rice tends to accumulate
Cd readily [6] and thus can be a major source of dietary Cd intake for humans living in Asian countries
where rice is a staple food [7]. Cd has toxic effects on humans leading to many serious diseases
and some cancers [8]. In Japan, Itai-Itai disease occurred from the 1910s to the 1970s because rice,
vegetables and drinking water had been contaminated with Cd [9]. Currently, China is also facing a
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similar situation [1]. In 2006, the Codex Alimentarius Commission set the international standard value
of Cd contained in polished rice at 0.4 mg-Cd/kg-rice. Thus, a reliable method for determining the Cd
content in rice samples has now become more important.

Currently, the most common analytical procedure for determining the Cd content of rice is
a sample pretreatment followed by instrumental analysis using atomic absorption spectrometry
(AAS), inductively coupled plasma optical emission spectrometry (ICP-OES), inductively coupled
plasma mass spectroscopy (ICP-MS), atomic fluorescence spectrometry (AFS), or electrodes [10–15].
Although their sensitivity is high, these methods are time-consuming and require expensive
instruments and complex operations. In contrast, simple analytical methods, based on colorimetry,
ultraviolet–visible spectroscopy, and immunoassay have recently been developed to determine Cd
in rice samples [16–18]. However, these methods lack a simple pretreatment, have low sensitivity,
and are not yet adequate for application to real samples. Fluorescence spectroscopy is an alternative
method which has attracted a great deal of attention because of its high sensitivity, simplicity,
and versatile instrumentation [19]. Like the other simple methods mentioned above, determining
Cd using fluorescence spectroscopy depends largely on the characteristics of the indicator used
(e.g., a fluoroionophore)—its sensitivity, selectivity, photo-physical properties, and water solubility.
Because no indicator has perfect selectivity towards the target analyte, samples must be purified before
determining the Cd content. Zhang et al. have determined the Cd2+ content in rice samples using a
solid phase extraction (SPE)-assisted fluorometric paper sensor [20]. They purified and preconcentrated
the Cd2+ using SPE then determined its content using a fluoroionophore immobilized on the test
paper. For this method, the limit of detection (LOD) was poor (56 μg-Cd/L-solution) and the digestion
method used for pretreating the rice, consisting of microwave irradiation with mixed acid solution,
was complicated. Therefore, we have proposed a new analytical procedure consisting of rice digestion,
Cd purification, followed by Cd determination using fluorescence spectroscopy as a simple method
of analysis for Cd in rice. In the present study, we aim to develop a simple digestion method using
0.1 M HCl, a Cd purification method using anion-exchange resin, then the ratiometric determination
of Cd using fluorescence spectroscopy.

2. Materials and Methods

2.1. Standard Methods of Rice Digestion and Metal Determination

Brown rice samples were obtained from rice farmers. The brown rice standard sample (NMIJ CRM
7531-a) was purchased from the National Metrology Institute of Japan (Tsukuba, Japan). Milli-Q water
(18.2 MΩ·cm) was used in all experiments described below. Rice digestion and metal determination
were conducted based on Japanese standard method (Japanese Ministry of Health). Briefly, a sample
of ground rice (10 g) was added to 10.4 M of HNO3 (50 mL) then the suspension was gently
heated. The suspension was cooled to room temperature then concentrated H2SO4 (2 mL) was added.
The suspension was heated again until its color changed to light yellow or colorless. After cooling
to room temperature, the solution was transferred to a volumetric flask (100 mL) and 0.1 M HNO3

was made up to the mark. The concentrations of Cd, Zn, Cu and Iron (Fe) were determined using an
ICP-OES instrument (ICPE-9000, Shimadzu Corporation, Kyoto, Japan).

2.2. Hydrochloric Acid Digestion of Rice Samples

Rice samples (20 g) were ground for 10 s using a laboratory-scale mill (Labo Milser LM-PLUS,
Osaka Chemical Co., Ltd., Osaka, Japan). The sample powder was then added to 0.1 M HCl (80 mL)
and the mixture stirred at room temperature for 10 min. Following centrifugation at 8000 g for 10 min,
the supernatant was filtered through a 1.0-μm-pore-size cellulose ester membrane (A100A047A,
Advantec Toyo Kaisha Ltd., Tokyo, Japan) to obtain the extract. The extract solution (9 mL) and
concentrated HNO3 (1 mL) were added in 10 mL-test tubes then ICP-OES measurements were
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conducted. The Cd concentration of the extract determined using ICP-OES was compared with
that determined by the standard method to evaluate the extraction efficiency.

2.3. Purification of Cd by Anion-Exchange Resin

We adopted the method by Kallmann et al. [21] to purify Cd from other metals. It uses the
difference in stability between the negatively-charged chloro-complex of Cd and other metals in a HCl
solution (Cd chloro-complex is more stable than the chloro-complexes of other metals) and separates
Cd from other metals using an anion-exchange resin.

Dowex 1X8 chloride form (44340, Sigma-Aldrich Japan K.K., Tokyo, Japan) was used as the
anion-exchange resin. The resin was washed three times with Milli-Q water (10 times the volume
of the resin) then soaked in Milli-Q water overnight. A disposable polypropylene column (5 mL;
29922, Thermo Fisher Scientific K.K., Yokohama, Japan) held the resin. The column was washed with
Milli-Q water then filled with 10% ethanol to obtain the surface hydrophilicity of the column. A frit
was introduced at the bottom of the column then 0.5 mL of the prepared resin was added to give a
column volume (CV) of 0.5 mL. Finally, the resin was capped with another frit then washed with
Milli-Q water (20 mL) to remove the ethanol completely. The prepared columns were preserved at
4 ◦C in a refrigerator before use.

For the Cd purification process, water (2 mL) and 0.1 M HCl (5 mL) were passed through the
column sequentially before adding the sample. The rice extract solution (40 mL = 80 CV) was passed
through the column and the flow-through fraction was obtained. Then, 0.1 M HCl (40 mL = 80 CV)
was passed through the column to remove organic compounds and metals (except Cd) to obtain
the washout fraction. Finally, water (30 mL = 60 CV) was passed through the column and the Cd
was extracted in the elution fraction. The Cd, Zn, Cu, and Fe concentrations of the flow-through,
washout and elution fractions were determined using ICP-OES to estimate the elution efficiency.

2.4. Determination of Cd by Fluorescence Spectroscopy

The fluoroionophore, 2,2′:6′,2′ ′-terpyridine-substituted BODIPY (BDP-TPY), designed in our
laboratory, was synthesized according to a previously reported method [22]. The chemical structure of
BDP-TPY is shown in Figure 1. Since 2,2′:6′,2′ ′-terpyridine (TPY) acts as a heavy metal ion receptor,
the fluorescence color of BDP-TPY changes upon binding of heavy metals to TPY [22]. A stock solution
of BDP-TPY (2 μM) was prepared in acetonitrile. The test solutions were prepared by adding BDP-TPY
stock solution (5 mL) to a volumetric flask (10 mL), followed by the elution fraction (4.5 mL) and 80 mM
Tris buffer (0.5 mL, pH 10.2). The solutions were then transferred to quartz cells and the fluorescence
spectra recorded by a spectrofluorometer (FP-6600, JASCO Corporation, Tokyo, Japan). The Cd
concentrations of the elution fraction obtained were compared with those determined using ICP-OES.

 

Figure 1. Chemical structure of 2,2′:6′,2”-terpyridine-substituted BODIPY (BDP-TPY).

3. Results and Discussion

3.1. Acid Digestion of Rice Samples

Rice samples require acid digestion before the metal contents can be determined. In the first step,
we optimized the time for grinding the samples. Figure 2 shows the efficiency of extracting Cd from a
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brown rice sample as a function of grinding time. Standard methods (Section 2.1) were used to digest
the rice and determine the metal content. Around 90% of the Cd content was extracted after only 5 s
grinding. After 10 s, the extraction efficiencies for Cd reached 100% so this was selected. Therefore,
we set grinding time as 10 s for the subsequent experiments. The samples could be ground into a fine
powder after 10 s of grinding using a laboratory-scale mill.

Figure 2. Extraction efficiency of Cd from brown rice samples as a function of grinding time. Error bars
indicate the standard deviation, which was determined using three replicates.

The standard method for rice digestion is complicated and time-consuming. Therefore,
we developed a simpler method with fluorescence spectroscopy using 0.1 M HCl solution (Section 2.2)
which was appropriate for the following purification and fluorescence determination steps [22].
The Cd concentrations in the rice extracts were determined by the standard and our methods (Figure 3).
There was an excellent correlation with a determination coefficient of 0.996 between the concentrations
determined by the two different methods. This indicated that our simple digestion method was
adequate for extracting Cd from the ground rice samples. After 10 min of HCl treatment, the fine rice
powder became sticky.

 

Figure 3. Relationship between Cd concentrations extracted by the standard (ICP-OES) and our
developed methods.

3.2. Metals in Column Fractions

The rice extract solutions were run through a polypropylene column packed with anion-exchange
resin to purify the Cd. As well as the Cd concentration, we determined the Zn, Cu, and Fe
concentrations in each column fraction because these other metals may inhibit the determination of Cd
when using fluorescence spectroscopy [23]. Figure 4 shows the fractional amount of these four metals.
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In the first step, the negatively-charged chloro-complex of Cd formed during the extraction process
was ion exchanged with Cl− so that the complex was retained on the resin. In contrast, most of
the other metals, which were in the free ionic form, passed through the column and collected in the
flow-through fraction. During the washout step, 0.1 M HCl solution was passed through the column
to remove any residual Zn, Cu, Fe, and organic compounds, especially soluble starch, into the washout
fraction. During the elution step, Cd2+ was eluted from the column by passing through Milli-Q water.
H2O might exchange chloride anion in the chloro-complex of Cd and convert the Cd complex to free
Cd ion, which was then washed out by leaving chloride anion on the column. This was collected in the
elution fraction because of the decomposition of the chloro-complex form, which was then analyzed
during the following fluorescence determination step. It should be noted that the Cd was purified and
its concentration was concentrated 1.33 times during these processes.

Figure 4. Relative amounts of Cd, Zn, Cu, and Fe from a real rice sample in each column fraction.
Inj.: injection; F.T.: flow-through fraction; W.: washout fraction; Elu.: elution fraction. Error bars
indicate the standard deviation, which was determined using three replicates.

We determined the Cd and Zn contents in each fraction because Zn can strongly inhibit the
determination of Cd using BDP-TPY [23]. The flow-through fraction contained most of the Zn (87%)
and the first 20 CV of the washout fraction the remaining Zn content (Figure 5). Cd was rarely detected
in the flow-through and washout fractions. Most of the Cd was found in the first 20 CV of the elution
fraction and the residual Cd was recovered in the later elution fractions.

Figure 5. Amounts of Cd and Zn from a real rice sample in each CV of each column fraction.
Inj.: injection; F.T.: flow-through fraction; W.: washout fraction; Elu.: elution fraction. Error bars
indicate the standard deviation, which was determined using three replicates.
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3.3. Determination of Cd by Fluorescence Spectroscopy

We established a calibration curve for Cd by fluorescence spectroscopy with BDP-TPY. Since the
fluorescence spectra of BDP-TPY can be affected by pH value due to the protonation reaction [23],
fluorescence titration experiments of BDP-TPY with Cd to generate a calibration curve were carried
out in Tris buffer. BDP-TPY had a sharp fluorescence peak at 539 nm and its spectra changed as the
Cd concentrations of the standard solutions increased. The height of the original fluorescence peak
at 539 nm (F539) gradually decreased then a new fluorescence peak at 562 nm (F562) appeared
and increased because of the transfer of intramolecular charges (Figure 6A) [22]. This shift in
the spectra allowed the ratiometric measurement of Cd by calculating the fluorescence intensity
ratio (F539/F562) [24]. The ratiometric measurement has advantages, such as, independency of
results on probe concentration, bleaching, optical path length, illumination intensity, etc. F539/F562
increased linearly with Cd concentrations up to 112 μg-Cd/L-solution (1 μM) (Figure 6B), with the
regression equation of y = 0.0027x + 0.32 (R2 = 0.978). The LOD (3s/slope) and limit of quantification
(LOQ, 10 s/slope) values for Cd were determined based on the standard deviations of 11 blank
solutions. The LOD and LOQ values were estimated to be 3.8 μg-Cd/L-solution (0.03 μM) and
12.7 μg-Cd/L-solution (0.11 μM), respectively. These values were relatively low compared with
those of simple analyses previously reported [18,20]. Furthermore, a dynamic range of BDP-TPY
was investigated. The linear range of Cd was up to 224 μg-Cd/L-solution (2 μM) (Figure S1 in the
Supplementary Material of this paper).

 

 
Figure 6. (A) Spectra and (B) calibration curve for Cd by fluorescence spectroscopy. Error bars indicate
the standard deviation, which was determined using three replicates.
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Since the elution fraction of the rice extract solutions was acidic, we had to optimize the
composition of the buffer solution for the fluorescence determination. Figure S2 in the Supplementary
Material of this paper shows the effects of Tris concentrations on the pH of the analytical samples.
The pH values of the elution fraction were acidic after the addition of 20 and 60 mM Tris buffer.
Above 70 mM, the pH was approximately neutral so we decided to use 80 mM Tris buffer for the
fluorescence determination.

We investigated the interfering effect of Zn on Cd determination using fluorescence spectroscopy.
Figure 7 shows the relationship between the fluorescence intensity ratio and the Zn concentration
while the Cd concentration was kept constant at 33.6 μg-Cd/L-solution (0.3 μM). The ratios gradually
increased and an interfering effect was observed at Zn concentrations above 19.5 μg-Zn/L-solution
(0.3 μM). Although no Zn was detected in the elution fraction, the Zn concentration should be kept
below 19.5 μg-Zn/L-solution when using this method.

 
Figure 7. Effect of Zn concentrations on fluorescence intensity ratio (F539/F562) in the sample
containing Cd (0.3 μM).

We then investigated the applicability of fluorescence spectroscopy for measuring the Cd content
of rice samples both by the standard method using ICP-OES and by our procedure consisting of
HCl digestion, column purification and fluorescence spectroscopy. The Cd contents of fifteen brown
rice samples were determined using the standard and our methods (Figure 8), revealing an almost
linear relationship with a slope of 1.09 and a determination coefficient of 0.964. For most samples,
the relative errors in the Cd contents determined by these two methods were within 20%. We thus
concluded that Cd contents could be successfully determined in rice samples with complex matrices
using our developed procedure. Overall, the actual LOQ value of the Cd content in brown rice was
about 0.1 mg-Cd/kg-rice based on the results shown in Figure 8 Since the calibration error exceeded
20% of the calibration span value below 0.1 mg-Cd/kg-rice of Cd contents in brown rice. These values
were sufficiently low compared with the regulatory value (0.4 mg-Cd/kg-rice) given by the Codex
Alimentarius Commission. Therefore, our method would be suitable for the simple screening of the
Cd content in rice samples.
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Figure 8. Relationship between concentrations of Cd in brown rice samples determined by fluorescence
spectroscopy with the fluoroionophore and by ICP-OES.

4. Conclusions

In the present study, we have developed a simple analytical procedure for determining the Cd
content of brown rice samples. We have revealed that digesting a rice sample with 0.1 M HCl for
10 min at room temperature effectively extracted Cd from a ground rice sample. The Cd in the extract
was successfully purified in the presence of Zn, Cu, and Fe using a Dowex 1X8 chloride form resin.
The Cd content in the elution fraction could be determined using fluorescence spectroscopy with
a fluoroionophore with LOD and LOQ values of 3.8 μg-Cd/L-solution and 12.7 μg-Cd/L-solution,
respectively. We analyzed authentic brown rice samples using our developed method and the results
agreed well with those measured using ICP-OES. Overall, the actual LOQ value for Cd content in
brown rice was about 0.1 mg-Cd/kg-rice. Based on these results, we concluded that our developed
method would be suitable for the simple screening of the Cd content in rice samples. Nevertheless,
as we reported previously, BDP-TPY is a fluoroionophore with high selectivity for Zn, Cd and Hg
ions [22]. We also revealed that a chemical structure of an ion receptor of the BODIPY derivative
determined the selectivity of it [22] and substitution at the 5-position of an asymmetric BODIPY cation
sensor affected the selectivity of it [25]. Based on these results, at present we are trying to develop
a novel BODIPY derivative with high selectivity for Cd.

Supplementary Materials: The following are available online at http://www.mdpi.com/1424-8220/17/10/2291/
s1. Figure S1: Calibration curve for Cd by fluorescence spectroscopy, Figure S2: Effect of Tris concentration of the
buffer solution on the pH of the solution under analysis.
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Abstract: A new fluorescent arrayed biosensor has been developed to discriminate species
and concentrations of target proteins by using plural different phospholipid liposome species
encapsulating fluorescent molecules, utilizing differences in permeation of the fluorescent molecules
through the membrane to modulate liposome-target protein interactions. This approach proposes
a basically new label-free fluorescent sensor, compared with the common technique of developed
fluorescent array sensors with labeling. We have confirmed a high output intensity of fluorescence
emission related to characteristics of the fluorescent molecules dependent on their concentrations
when they leak from inside the liposomes through the perturbed lipid membrane. After taking
an array image of the fluorescence emission from the sensor using a CMOS imager, the output
intensities of the fluorescence were analyzed by a principal component analysis (PCA) statistical
method. It is found from PCA plots that different protein species with several concentrations were
successfully discriminated by using the different lipid membranes with high cumulative contribution
ratio. We also confirmed that the accuracy of the discrimination by the array sensor with a single shot
is higher than that of a single sensor with multiple shots.

Keywords: biosensor; fluorescence; liposome; protein; array; interaction; cholesterol; principal
component analysis (PCA)

1. Introduction

Important biomolecules such as DNA, RNA, proteins and so on are commonly detected by
fluorescence techniques based on labeling and staining [1–3]. Both the fluorescent antibody and the
immunofluorescent technique are major techniques in the field of biochemistry because they offer high
detectability, stability and safety. Especially, immunofluorescence methods such as enzyme-linked
immunosorbent assays (ELISA) have been used to detect various proteins [4–6] with high sensitivity.
However, ELISA methods involve quite complicated operations, user proficiency, large device size
and so on. Therefore, we have attempted to develop new simplified and label-free fluorescent sensing
techniques, utilizing phospholipid membrane liposomes, although several immune assays based on
liposomes have been reported so far such as a liposome immunosorbent assay and a liposome immune
lysis one [7,8].

We have reported preliminary results on an arrayed biosensor utilizing liposomes to encapsulate
fluorescent molecules and the time course analysis of the fluorescence [9]. The phospholipid bilayer of
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the liposome is used as a model cell membrane sensing biomolecule to detect and discriminate external
target biomolecules. It is known that the encapsulated molecules leak from the internal aqueous phase
after the interactions [10,11]. The phenomenon has been used to characterize the membrane properties
and evaluate the interaction against external biomolecules such as proteins [12,13], peptides [14] and
the others [15]. In the operation of the fluorescent liposome biosensor, the leakage of fluorescent
molecules increases the fluorescence intensity.

Therefore, it is further required: (1) to achieve a higher and more stable output intensity of
fluorescence emission; (2) to investigate more different types of liposome phospholipid to improve the
sensitivity and discrimination capability between different target biomolecules, and (3) to analyze the
arrayed data statistically to increasing the accuracy of the analyzed results.

In this work, we firstly considered a proper concentration of fluorescent calcein molecule
for encapsulation in the liposome, as calcein encapsulation is often used to evaluate membrane
permeation [16–18]. It is necessary to know the proper calcein concentration in order to emit enough
fluorescence when the calcein leaks from the liposome by the liposome-target molecule interaction.
Secondly, an important component of cell membrane, cholesterol, was newly incorporated into
the liposome membrane because the membrane fluidity changes significantly by incorporation of
cholesterol [19,20], which influences on the interaction between the membrane and target molecules.
Thirdly, we also evaluated the interaction strengths of different phospholipid liposome species with
target molecules to identify the most effective phospholipids. Finally, we proceeded to apply principal
component analysis (PCA) for statistical data analyses [21], since most of the microarray techniques
need comprehensive analysis because those techniques obtain multi-dimensional data and extract
characteristic results. Using PCA, we examined the feasibility and applicability of arrayed sensors
with single shots in comparison with single microwell sensors with multiple shots.

2. Materials and Methods

2.1. Materials

The phospholipids we used were 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC,
MW = 734.04), 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC, MW = 790.15). Besides, we used
DPPC incorporating cholesterol (MW = 386.65) (DPPC:cholesterol = 66 mol%:33 mol%). DPPC, DSPC,
and cholesterol were purchased from Avanti Polar Lipids (Alabaster, AL, USA). Target proteins we
used were bovine carbonic anhydrase (CAB, MW = 28,400) and lysozyme (MW = 17,307), which
were purchased from Sigma Aldrich (St. Louis, MO, USA). The fluorescent molecule encapsulated
in liposomes was calcein (MW = 622.53), which was also purchased from Sigma Aldrich. Silpot184
and Silpot184 CAT (hardener) purchased from Toray Dow Corning (Tokyo, Japan) were used for
the fabrication of polydimethylsiloxane (PDMS)-based chips. The gel beads, Sepharose 4B, which
are used for filtering out the free calcein during liposome preparation, were purchased from GE
Healthcare (Uppsala, Sweden). The filtration buffer, phosphate buffered saline (PBS), were purchased
from Thermo Fisher Scientific (Yokohama, Japan). All the chemical reagents were of analytical grade.

2.2. Preparation of Liposomes

Three kinds of liposome were prepared using DPPC, DSPC, and DPPC incorporating cholesterol
(DPPC:cholesterol = 66 mol%:33 mol%) in the same manner as previously reported [10–12,22]. In brief,
three kinds of lipid solutions were prepared in chloroform. They were dried in round-bottom flasks by
rotary evaporation under reduced pressure. The obtained homogeneous lipid films were kept under
vacuum for more than 3 h and then hydrated with 100 mM calcein solution to form multilamellar
vesicles. After five cycles of freezing-thawing treatment, the liposome size was adjusted by the
extrusion of liposome suspension through a polycarbonate membrane (pore size: 100 nm). Finally,
the free calcein was removed by gel permeation chromatography on Sepharose 4B.
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2.3. Fabricated Photometric System

We constructed a photometric system in order to take fluorescent images of array sensor chips.
Figure 1 shows a cross-sectional view of the microwells of the sensor array with an illustration of the
fluorescence photometric system. Figure 2 shows a fluorescence image from the array sensor. In the
measurement, each microwell was filled with a common liposome suspension (10 mM) encapsulating
calcein (100 mM) together with a target protein of different species and concentration from each other,
thereafter the array was covered with a transparent cover glass. Calcein excitation light (around
495 nm in wavelength) emitted from a blue Light-Emitting Diode (LED) (λ = 495 nm), is reflected by
a dichroic beamsplitter and reaches the arrayed microwells. Owing to liposome-protein interaction,
calcein molecules leak from the internal aqueous phase of the liposomes, thereafter the fluorescence of
the leaked calcein is emitted from the arrayed microwells, passes through the dichroic beamsplitter
and a 502 nm longpass filter, successively, and is finally detected by a CMOS imager (WAT-01U2,
Watec. Co., Ltd., Tsuruoka, Japan). We evaluated the liposome-protein interaction by investigating the
change of intensity of fluorescence emissions using our developed software for analysis [23].

Figure 1. A cross-sectional view of microwells of array sensor with illustration of the fluorescence
photometric system. Polydimethylsiloxane (PDMS); Light-Emitting Diode (LED).

Figure 2. A fluorescent image from the array sensor. Along the horizontal direction, the microwells
were filled with different phospholipid liposome species, and along the vertical direction, they were
provided with different concentrations of the same kind of target protein. 1,2-dipalmitoyl-sn-glycero-
3-phosphocholine (DPPC); 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC).
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3. Results and Discussions

3.1. Optimization of Fluorescence of Calcein in Arrayed Microwells

It is known that fluorescence intensity depends on the fluorescent molecule concentration,
especially for calcein [24,25]. In our case, the calcein molecules are released depending on how
much the liposome membrane permits their permeation. Thus, it is important to prepare calcein with
a proper concentration encapsulated in the liposome for increasing and optimizing the fluorescence
intensity. To investigate the dependence on the concentration, we prepared calcein solutions diluted
by phosphate buffered saline (PBS) with concentration of 0.001, 0.01, 0.1, 0.5, 1, 5, 10, 50, and 100 mM,
respectively. After the calcein solutions were introduced into the arrayed microwells, fluorescence
measurements were carried out using a fluorescent microscope (BX51, OLYMPUS, Tokyo, Japan) and a
halogen lump (U-HGLGPS, OLYMPUS) as an excitation light source filtered at 460–495 nm.

Figure 3 shows the fluorescent intensity measured in the arrayed microwells as a function
of calcein concentration. The fluorescent intensity of calcein solution increases rapidly and
linearly in low concentration range (as seen in the inset) and is maximum at around 2 mM.
For concentrations higher than 2 mM, the fluorescent intensity decreases with increase in concentration.
In particular, the fluorescent intensity became almost zero when the concentration increased to 100 mM.
This phenomenon where calcein is quenched at high concentrations is called ‘self-quenching’ [24–26].
Accordingly, we set the calcein concentration encapsulated in liposome as high as 100 mM. In this
experiment, based on our our previous results the calcein molecules are estimated to leak by less
than a few percent, so the fluorescence intensity of the leaked calcein is much higher than that of the
liposomed encapsulating 100 mM calcein.

Figure 3. Fluorescent intensity dependence on calcein concentration.

3.2. Effect of Cholesterol on Liposome-Protein Interaction

We measured the liposome-protein interaction by the developed photometric system,
and investigated the effect of incorporating cholesterol on the interaction. The suspension of liposome
encapsulating 100 mM calcein added with target protein (CAB or lysozyme) was introduced into
the arrayed microwell, thereafter the surface of the array chip was sealed by a transparent cover
glass. The fluorescence image from the array is shown again in Figure 2. Along the horizontal
direction, the microwells were filled with different phospholipid liposome species, and along the
vertical direction, they contained different concentrations of the same kind of target protein. Differences
in fluorescent intensity among the microwells can be observed dependending on the phospholipid
species and concentration of target protein. We investigated the time course of the fluorescence
intensity of leaked calcein caused by the interaction between liposomes incorporated with cholesterol
and target proteins for 60 min by the photometric system. Moreover, we calculated relative change of
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fluorescence intensity against the initial intensity (at the start of the measurement). The relative change
of fluorescence intensity, defined as RF, is calculated as shown in Equation (1):

RF =
ΔI
I0

=
I − I0

I0
(1)

Here I is fluorescence intensity after 60 min from the start, and I0 is the initial fluorescence intensity
(at 0 min). Table 1 lists averaged RF’s of liposome suspensions of DPPC and DPPC/cholesterol added
with 100 μM and 300 μM CAB after 60 min from the start. Regardless of the different liposomes used,
RF increases with the increase in CAB concentration. This means that the amount of leaked calcein
molecules increases with the concentration of target protein. Also, the RF of DPPC/cholesterol is
higher than that of DPPC for the same concentration of CAB. We consider reasonable that incorporating
cholesterol into the phospholipid membrane improves the fluidity of liposome. This would lead the
observed improvement in sensitivity.

Next, Figure 4 shows the time course of RF’s of DPPC/cholesterol added with different target
proteins at the same concentration (300 μM), also including the result of a control sample without
the presence of those proteins. As mentioned in 3.1, it is noted for the control sample that the
calcein molecules are estimated to leak by less than about 2%. From the figure, it is found that RF
increased with time and the liposome-CAB interaction is larger than the liposome-lysozyme interaction.
We consider that the difference in the behavior of liposome-protein interaction originates from that
in the molecular structures of the proteins such as different amount of disulfide (S-S) bonds [27–29].
It is reasonable that the number of S-S bonds influences the intensity of interactions. The lysozyme
molecule has four disulfide bonds, thus it has high structural stability and exposing its hydrophobic
groups is difficult. However, CAB molecules have no disulfide bond, so the hydrophobic groups of
CAB are easily exposed. Therefore, the hydrophobic interaction between the liposome and CAB is
stronger than that between the liposome and lysozyme.

Table 1. Averaged RF’s of liposome suspension of DPPC and DPPC/Cholesterol added with 100 μM
and 300 μM CAB after 60 min from the start.

Target Protein (Conc.) RF(%) for DPPC RF(%) for DPPC + Cholesterol

CAB (100 μM) −1 ± 2 −1 ± 2
CAB (300 μM) 2 ± 1 8 ± 2

1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC); bovine carbonic anhydrase (CAB).

Figure 4. Time course of RF’s of DPPC/cholesterol added with different target proteins (300 μM) for
60 min, including the results of control sample without those proteins.

261



Sensors 2017, 17, 1630

3.3. Effect of Phospholipid Species on Liposome-Protein Interaction

We investigated the time course of RF’s of liposome suspensions of DPPC, DPPC/cholesterol,
and DSPC added with target proteins for 60 min. In the measurement, we selected 30, 100, 300,
and 500 μM as the concentration of CAB, and also 70, 300, 500, and 700 μM as the concentration of
lysozyme, respectively. Figure 5 plots the averaged RF’s of DSPC vs. that of DPPC measured after
60 min from the initial addition of the target proteins. From Figure 5, it is clear that the RF plots of each
different target protein are well separated. Moreover, the plots are also separated and discriminated
between the different concentrations. The difference in RF between different phospholipid liposomes is
reasonably due to the structure of phospholipid: DPPC and DSPC are composed of saturated fatty acids,
which carbon numbers are 16 and 18, respectively. Since the structural stability of lipid molecules with
long saturated fatty acid chains is high and the corresponding fluidity becomes low [30], the interaction
strength of DPPC is larger than that of DSPC. It is noted from Figure 5 that the RF values of DPPC
are relatively higher than those of DSPC, suggesting that the difference of liposome-target protein
interaction was caused by that between the species of phospholipid. On the other hand, in Figure 5,
it should be noted that the highest RF corresponds to a median concentration, not the highest one.
One of the reasons is considered to be that chronological behavior of the calcein leakage would not
be always a monotonous increase with time and not proportional to the concentration. It is possible
that the behavior would show a specific state of interaction between each different phospholipid and
target protein. Another reason may be also due to the fluctuations between different measurements
with the same phospholipid species and target protein. Therefore, the above result suggests that it is
questionable whether we can obtain a reliable correlation from only simple RF plots. We think that an
effective approach is to improve the statistical procedure.

Figure 5. Scatter plot of averaged RF’s of DSPC and DPPC after 60 min from the initial addition of
target proteins.

The PC group shows neutrality and no electrostatic interaction ability, therefore it is inert to many
proteins, suggesting low sensitivity, although we have used the neutral PC membrane because of the
simplicity of its experimental treatment and application in sensor devices. As one of effective method,
we have proposed the addition of cholesterol into the PC membrane, mentioned above. The exploration
and development of different species and surface modification of phospholipid membranes are still
preliminary at the present stage.

Here we should consider an osmotic effect due to the high levels of proteins found in the
extravesicular environment. Firstly, the possibility of osmotic effect due to the addition of high levels
of proteins cannot be ruled out from all our experiments. Osmotic effects depend on the protein
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concentration according to the van’t Hoff equation: Π = CprRT where Π, osmotic pressure; Cpr, protein
concentration; R, gas constant; T, absolute temperature. If the calcein leakage observed in this work
was simply induced by the osmotic effect due to the addition of proteins, the RF value obtained
for CAB (300 μM) should be same as that for lysozyme (300 μM). Meanwhile, the time course of
RF value for CAB showed was different from that seen for lysozyme, as shown in Figure 4. Thus,
the difference in RF value between CAB and lysozyme suggests a difference in the corresponding
protein-liposome interactions.

We have previously investigated the protein-liposome interaction by other techniques.
We immobilized PC-liposome entrapping calcein into gel beds. CAB and lysozyme were loaded
into the PC-liposome-immobilized gel bed. The elution time of CAB was definitely different from
lysozyme under strong chemical conditions (such as pHs or denaturants) although small differences
in elution time between both was observed under mild conditions (neutral pHs) [31]. Under such
mild conditions, we detected the protein-liposome interaction using dielectric dispersion analysis [32].
Protein-liposome interaction (protein 10 μM, lipid 10 mM) could be detected by the reduction of
headgroup mobility of PC in the liposomal interface. The dielectric dispersion analysis made it
possible to detect the interaction under mild conditions, although this technique requires experimental
conditions that include high lipid concentrations and low ion strength conditions. Consequently,
we considered that the protein-liposome interaction, that might involve the osmotic effect to a certain
extent, could be detected even in the case of high levels of proteins (300 μM).

3.4. Evaluation by Principal Component Analysis

Next, we tried to analyze the obtained data by principal component analysis (PCA). PCA is
a dimension reduction approach that has widely used to visualize high dimensional data in
metabolomics [33,34]. PCA is a statistical procedure that transforms the data with many variables into a
few composition variables without correlation with each other. We select several principal components
from the greatest dispersions and analyze the components. The aim of PCA is grouping those
correlated variables and replacing the original descriptors by new set called principal components [35].
The principal component scores are described as in Equation (2), where ωij is weighted proportion
with the condition of Equation (3) [10,11]:

PCi = ωi1RFDPPC + ωi2RFDSPC + ωi3RFDPPC/Chol. (2)

ωi1
2 + ωi2

2 + ωi3
2 = 1 (3)

We used a correlation matrix to analyze the measured RF by PCA, thereby we calculated principal
component score and finally we created a PCA score plot. Figure 6 shows a PCA score plot, where
averaged results (N = 3) are plotted for each protein as a parameter of concentration. It is found
that the two target proteins with different concentrations are clearly discriminated. As cumulative
contribution ratios larger than 90% are obtained for both PC1 and PC2, we consider that this analyzed
result is sufficient to discriminate between the species and concentrations of target proteins.
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Figure 6. PCA score plot (N = 3) from averaged RF’s of DPPC, DSPC and DPPC/cholesterol after
60 min from the initial addition of target proteins by a single-shot of arrayed microwells.

3.5. Performance Analysis of the Array Sensor

Moreover, we examined the performance of arrayed microwells by comparing them with a
single microwell. We measured the dispersion across multiple single microwell shots and that
across a single-shot of arrayed microwells. Multiple single microwell shots were carried out by
sequentially measuring targets in the central microwell of the array chip, focusing on the dispersion
that is dependent on different measurements. Single-shots of arrayed microwells were done by
simultaneously measuring 9 (=3 × 3) targets in all the microwells of the array, focusing on the
dispersion that was dependent on the spatial position of each microwell. Then we compared the
dispersions obtained by the two methods. Firstly, we compared the results of the two different
measurements analyzed by PCA. Figure 7a shows the result of multiple shots of a single microwell
(N = 3). Figure 6 shows again the result of single-shots of arrayed microwells (N = 3). In the case of
multiple single microwell shots (Figure 7a), it cannot discriminate the species of target proteins along
PC1, because CAB 100 μM cannot be separated from lysozyme 500 μM. The discrimination of the
species along PC2 is not good for CAB 100 μM, lysozyme 300 μM, lysozyme 500 μM and no protein.
Thus, it is clear that the dispersion dependence on different measurements with single microwells is
considerably high. On the other hand, in the case of a single-shot of arrayed microwells in Figure 6,
the species are more clearly discriminated along PC1 than the case in Figure 7. Therefore, the results
suggest that the dispersion of single-shot arrayed microwells is larger than that of multiple shots of a
single microwell in terms of PCA.

Next, we considered the number of measurements for the single-shot of arrayed microwells.
Figures 6 and 7b show the results of single-shot of arrayed microwells with N = 3 and 1. For the case of
N = 1 (Figure 7b), the protein discrimination is unclear not only along PC1 but also PC2 because some
points gather in the center area. However, for N = 3 (Figure 6), the discrimination of target proteins is
clearer than that for N = 1, as the plots for CAB maintain a sufficient distance from those for lysozyme.
Accordingly, it becomes possible to discriminate the target species and also their concentrations by a
single-shot of the array sensor because RFs are well averaged as the number of measurements increases
from N = 1 to 3. We again note that the discrimination of protein is more feasible by the arrayed
microwells than the single microwell.
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Figure 7. (a) PCA score plot (N = 3) of averaged RF’s for multi-shots of single microwell; (b) PCA
score plot (N = 1) of RF’s for single-shot of arrayed microwells. The RF’s are for DPPC, DSPC and
DPPC/Cholesterol after 60 min from the initial addition of target proteins.

At the present stage, we have only detected and discriminated high concentrations of
target proteins, much different from the detection level possible with ELISA. The sensitivity and
discriminability (specific interaction strength) of phospholipids against target molecules is intrinsic
and the most important among all the components of this sensor system. Therefore, the work on
exploration and development of specific phospholipid and/or surface modification with functional
biomolecules such as specific antibodies, sugar chains and so on should be continued. Also, it is
inevitably necessary to increase the number of different targets to prove the specificity of this sensor,
as we have discriminated only two types of proteins.

4. Conclusions

A fluorescent array sensor utilizing different phospholipid liposomes encapsulating calcein
molecules was fabricated to discriminate target proteins and their concentrations. The fluorescence of
calcein leaked from inside the liposomes as a result of liposome-protein interactions was detected by a
developed photometric system. We examined the proper concentration of calcein encapsulated in the
liposome by measuring the fluorescence intensity of calcein as a function of its concentration. Owing
to the individual liposome-target protein interactions, the fluorescence intensity time courses obtained
from different phospholipid liposomes became different.

We confirmed that: (1) incorporating cholesterol into the phospholipid membrane is an effective
way to improve the fluidity of the membrane and the resultant fluorescence, and (2) the fluorescence
behaviours of different liposome phospholipids are different. From the measured RF’s, PCA successfully
discriminated the species and concentration of target proteins (CAB and lysozyme). Also, the protein
discrimination by the arrayed sensor with a single-shot was better than that with multiple shots of a
single microwell. At the present stage the system capability allows one to approximate the order of
concentration of samples, therefore, we hope the next step is to figure out the concentration of unknown
tested samples. Finally, we believe that the developed label-free liposome fluorescent arrayed sensor is
effective to discriminate different target proteins with different concentrations.
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Abstract: A semiconducting water-soluble core-shell quantum dots (QDs) system capped with
thiolated ligand was used in this study for the sensitive detection of glucose in aqueous samples.
The QDs selected are of CdSe-coated ZnS and were prepared in house based on a hot injection
technique. The formation of ZnS shell at the outer surface of CdSe core was made via a specific
process namely, SILAR (successive ionic layer adsorption and reaction). The distribution, morphology,
and optical characteristics of the prepared core-shell QDs were assessed by transmission electron
microscopy (TEM) and spectrofluorescence, respectively. From the analysis, the results show that
the mean particle size of prepared QDs is in the range of 10–12 nm and that the optimum emission
condition was displayed at 620 nm. Further, the prepared CdSe/ZnS core shell QDs were modified by
means of a room temperature ligand-exchange method that involves six organic ligands, L-cysteine,
L-histidine, thio-glycolic acid (TGA or mercapto-acetic acid, MAA), mercapto-propionic acid (MPA),
mercapto-succinic acid (MSA), and mercapto-undecanoic acid (MUA). This process was chosen
in order to maintain a very dense water solubilizing environment around the QDs surface. From
the analysis, the results show that the CdSe/ZnS capped with TGA (CdSe/ZnS-TGA) exhibited
the strongest fluorescence emission as compared to others; hence, it was tested further for the
glucose detection after their treatment with glucose oxidase (GOx) and horseradish peroxidase (HRP)
enzymes. Here in this study, the glucose detection is based on the fluorescence quenching effect of
the QDs, which is correlated to the oxidative reactions occurred between the conjugated enzymes and
glucose. From the analysis of results, it can be inferred that the resultant GOx:HRP/CdSe/ZnS-TGA
QDs system can be a suitable platform for the fluorescence-based determination of glucose in the
real samples.

Keywords: Cdse-ZnS; core-shell quantum dots; semiconducting; glucose sensing; surface modification

1. Introduction

In general, the nanomaterials maintain the special characteristics, which include the substantial
surface area, superior reaction surface activity, and higher catalytic efficiency, to mention some [1]. For
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these reasons, the nanomaterials are considered to be the prospective transducers in enzyme-based
bioconjugated sensor-related purposes. The substantial surface area of nanomaterials allows for
the efficient adsorption of enzymes to the solid surfaces, in addition to minimizing the enzyme
aggregation and protein unfolding, thereby supporting the formation of a more stable enzyme-loaded
nanoparticulate system [2,3]. For the majority of biosensor-related applications, the previously reported
nanomaterials include gold [4], carbon nanotubes [5], magnetic iron oxide [6], titania [7], silica [8], and
quantum dots (QDs) [9–14]. Among all these nanomaterials, QDs have been found to be more favorable
for sensor applications as they exhibit broad excitation and narrow emission wavelengths, in addition
to allowing their emission wavelengths to be fine-tuned. Additionally, the other attractive features of
QDs, i.e., their extremely luminescent and photoresistant properties (due to high surface-to-volume
ratio, catalytic efficiency, and reaction activity surface), might be particularly useful in the biosensors
sector [1]. The water-soluble QDs have given rise to an increasing passion towards the biosensors and
bioimaging because of their biocompatible characteristics in the physiological medium. In addition,
the utilization of QDs for the development of enzyme-conjugated systems help in two different ways,
i.e., (1) by providing a strong solid support for the immobilization of the enzymes and (2) by acting as
a fluorescence sensing probe while taking advantage of the changes in fluorescence intensity [15]. The
fluorescence emission wavelengths of QDs are mostly influenced by the changes in particle sizes and
surface covered ligands as the charges are strongly inclined by the nature of ligands and all of which
finally responsible for the biomolecule interactions [16].

In healthcare and biomedical sector, most of the scientific work reported to date deals with the
usage of QDs for diagnostic and biosensory systems such as cancer cell labelling [17], diseased cell
imaging [18], drug delivery, and virus detection [19], to mention some. Apart from that, QDs are also
the most familiar agents for the sensory detection of glucose levels, and one most popular QD material
in that aspect is the CdSe/ZnS core-shell QDs. It was reported that the CdSe/ZnS core-shell QDs are
extremely high fluorescence intensity agents in the visible spectrum and that their enhancement in the
chemical and photostability is mainly due to the ZnS outer layer [20–22]. The common method for the
synthesis of CdSe/ZnS core-shell QDs involves a high temperature organic solvent method, where the
particles formed are stabilized in hydrophobic solvents like trioctyl phosphine oxide (TOPO) and oleic
acid (OA). Since the QDs formed by this approach result in the generation of hydrophobic particles
and in order to avoid this, several methods have been studied to substitute TOPO and/or OA groups
with other organic ligands with a hydrophilic nature. However, the exchange of TOPO and/or OA
with other organic ligands has been found to generate problems such as a lower quantum yield, a
loss of fluorescence intensity, larger-sized particles, and a compromising of biocompatibility [23–26].
Gill et al. (2005) previously reported that the quantum yield of their synthesized QDs was reduced
to 50% as the CdSe/ZnS QDs were modified with mercapto-propionic acid (MPA) [24]. In a similar
way, Stsiapura et al. (2006) found from their studies that the quantum yield of their synthesized QDs
depreciated twofold when mixtures of mercapto-succinic acid (MSA) and thioglycolic acid (TGA; or
mercapto-acetic acid (MAA)) were used as ligand exchangers [25]. In addition to quantum yield loss,
the QDs were also reported to exhibit less colloidal stability, as they have a greater tendency to form
aggregates rather than residing individually in the dispersing medium.

Based on the facts about the synthesis and stability of QDs in the colloidal medium, the present
work is aimed to prepare the CdSe/ZnS core-shell QDs with water-soluble behavior and can be
developed to serve as a glucose biosensor. For that, we first prepared the CdSe/ZnS core-shell QDs
using a high temperature organic solvent method that uses hydrophobic TOPO and OA as capping
agents in order to stabilize the particles as soon as they are formed [26]. Further, to enhance their
dispersibility in aqueous solutions, the ligand exchange method was applied to modify the surface
of QDs, in addition to fine-tuning the surface to match for biosensing applications. For that, the
heterobifunctional ligands such as the mercapto-carbonic acid and thiolated ligands were used to
replace the TOPO/OA, where the mercapto or thiolated end is bound to the surface of QDs so that the
carboxyl moiety remains free and can offer enough water solubility [19,27]. In general, the presence
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of high molecular weight compounds on the surface restricts the usefulness of the core-shell QDs
towards biosensing applications, and this is due to the blockage of electron transfer reaching the core
QDs. In our case, the coating of QDs with mercapto-carbonic or thiolated ligands helps to prevent such
limitations of electron movement, thereby serving as the best water solubilizing shell to the CdSe/ZnS
QDs. Thus, the formed composite was thoroughly characterized by means of transmission electron
microscopy (TEM), fluorescence measurements, and further tested to see their effects for the detection
of glucose following the QDs loading with that of glucose oxidase enzyme (GOx) and horseradish
peroxidase (HRP) enzymes.

2. Materials and Methods

2.1. Chemicals

N-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC), N-hydroxy sulfosuccinimide
(sulfo-NHS), glucose oxidase (GOx), and horseradish peroxidase (HRP) were purchased from Sigma
(Selangor, Malaysia). The solution of PBS buffer, pH 7, were prepared in house by the addition of
disodium hydrogen diphosphate (Na2HPO4) and sodium dihydrogen phosphate (NaH2PO4) until it
reaches pH 7. Both Na2HPO4 and NaH2PO4 were purchased from Scharlau (Selangor, Malaysia). All
the starting materials for enzyme conjugation and glucose detection ordered were of highest grade
and were used directly without any further purification.

2.2. Synthesis of CdSe/ZnS-TGA QDs

For the synthesis, we first started with the preparation of 0.1 M Cd and Se precursor solutions
separately; and for that about 150 mg of Se powder was dissolved in 20 mL of tri-n-octylphosphine
(TOP), stirred at 200 ◦C temperature in nitrogen atmosphere until the solution becomes clear. Similarly,
the Cd precursor was prepared by mixing 160 mg of cadmium oxide (CdO), 3.5 mL of OA and 10 mL of
1-octadecene (ODE) for 30 min at 150 ◦C and further heated up to 280 ◦C in nitrogen atmosphere. When
we see the solution becoming clear, the temperature was reduced to 225 ◦C and then added about 5 mL
of Se precursor solution to the hot flask, stirred for 10 min and stopped the heating process. Now we
added about 15 mL of methanol to the reaction mixture so as to stop the size growth and then washing
with acetone solution was continued in order to remove any organics, and the washing process was
repeated until the solution becomes opaque. The solid precipitate obtained after the centrifugation at
5000 rpm for 15 min was collected by discarding the supernatant, dried in vacuum before using for the
shelling process. Similarly, 0.1 M of zinc precursor solution was prepared by adding 0.13 g of ZnO
to the mixture of OA and ODE (1.5 mL and 13.5 mL respectively) at 200 ◦C. Additionally, the sulfur
precursor solution (0.1 M) was prepared by dissolving sulfur (0.02 g) in ODE (15 mL) at 200 ◦C. All the
precursor solutions were maintained under nitrogen atmosphere until further use.

For obtaining the CdSe/ZnS (core/shell) QDs, about 0.1 g of CdSe (dissolved in hexane) was
added to a solution mixture containing 0.6 mL of ODE and 0.2 mL of OA in a 25 mL reaction vessel,
heated up to 100 ◦C for 30 min. Following the period, nitrogen flow was maintained into the reaction
vessel for another 1 h at 100 ◦C so as to remove the hexane and any other undesired materials of low
vapor pressure, and then the solution was heated to 160 ◦C to allow for shell growth. The amounts of
solutions injected into the reaction mixture at each step were as follows: We started with 0.2 mL of
Cd and S solutions for the first layer and the temperature was slowly raised to ~180 ◦C for 5 min. For
the second layer, 0.4 mL of each solution and the temperature was slowly raised to ~200 ◦C for 5 min,
and similarly 0.6 mL of each solution for the third layer at ~220 ◦C temperature for ~5 min, 0.8 mL of
each solution for the fourth layer at ~240 ◦C for 5 min, and 1 mL of each for the fifth layer at 260 ◦C for
30 min. For each injection, small aliquots were extracted from the mixture after 5 min and mixed with
toluene to record the absorption spectrum. Methanol was added to stop the growth, and the mixture
was purified using the same method as the core.
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In order to convert CdSe/ZnS QDs containing OA ligand (organic soluble) into aqueous
dispersible, we first dissolved the CdSe/ZnS powder in toluene, which was then supplemented
with ethanol in a 1:1 ratio (i.e., 1 mL of CdSe/ZnS in toluene with 1 mL of ethanol) followed by shaking.
After that, the solution mixture was centrifuged at 3000 rpm for 15 min, the supernatant was discarded,
and the precipitate was washed with ethanol, and the centrifugation process was repeated 2–3 times.
After the required centrifugation, the precipitated product was collected and re-dissolved in toluene;
to this, a QD solution, an excess amount of thiol-terminated ligands (L-cysteine, L-Histidine, TGA,
MPA, MSA and MUA), was added and sonicated for 30 min. After the sonication, the mixture was
kept at room temperature for one day and then centrifuged at 5000 rpm for 5 min and the obtained
precipitate was dried in a vacuum desiccator for 1 h. Finally, the CdSe/ZnS-capped thiolated ligands
were dissolved in the PBS pH 7, and the mixture was then centrifuged at 5000 rpm for 5 min, the
supernatant was removed, and the collected precipitate was dried in a vacuum desiccator for 1 h.
Thus, the obtained CdSe/ZnS capped with respective ligands with an aqueous dispersible nature was
re-dissolved in PBS pH 7 until further use.

2.3. Conjugation of CdSe/ZnS-TGA QDs with GOx:HRP Enzymes in an Aqueous System

For the conjugation of enzymes to the QDs, we first added 2.3 μL of EDC and 1 mg of NHS to a
beaker containing 5 mL of CdSe/ZnS-TGA. Both solutions were mixed together with a magnetic stirrer
for 30 min and then supplemented with 25 μL of GOx and 10 μL of HRP. The stirring was continued
for another 2 h before the centrifugation process at 12,000 rpm for 10 min. Following the centrifugation,
the supernatant was separated out and the precipitate was re-dissolved in PBS pH 7 and stored at
4 ◦C for the next usage. All characterizations of the GOx:HRP-conjugated CdSe/ZnS-TGA QDs were
performed using the spectrofluorescence technique. The characterization of enzyme conjugation and
interaction were also evaluated using different mixing ratios of QDs and enzyme (1:1, 1:2, 1:3, 1:4) in
the assay system. Further, the analytical performance of the bioconjugated QDs-enzyme system was
evaluated by analyzing the stability, interference, repeatability, and reproducibility.

2.4. Instrumental Analysis

The Ultraviolet–Visible (UV-Vis) absorption spectroscopic measurements were performed on
Perkin Elmer LAMBDA 25 UV/VIS system and the samples were prepared by dissolving the CdSe/ZnS
particles in an aqueous solution and were run in the wavelength range of 300–800 nm with an
absorbance less than 0.1 at a 480 nm wavelength. For the photoluminescence study, the fluorescence
spectrums were recorded using the Ocean Optics QE65000 and Flouromax-4 (Horiba Jobin Yvon)
spectrophotometers in the wavelength range of 500–700 nm. The samples for the spectrofluorescence
study were placed in a quartz cuvette, and the emission spectrum of each sample was measured using
the EFOS Novacure spectrophotometer with a mercury light source; all the samples were excited at a
wavelength of 375 nm. For the transmission electron microscopy (TEM) analysis, a Philips Technai20
instrument connected with an EDAX analyzer was used (operating at 200 KV, 100X to 1000KX range).
The samples for TEM analysis were prepared by placing tiny drops of QD suspension in water on a
carbon-coated 400 mesh copper grid.

3. Results and Discussion

The basic principle for the detection of glucose by involving the CdSe/ZnS-capped TGA
nanomaterials is shown in Figure 1. Here, the determination of glucose in this research depends
on the enzymatic reaction of glucose and the effect of presence of H2O2 on the intensity of QDs
fluorescence. In the presence of glucose, GOx loaded onto the substrate catalyzes the available glucose
into gluconic acid by means of an oxidation process using the oxygen molecule as an electron acceptor
and in turn produces H2O2 simultaneously. The exchange of the electron happens at the outer surface
of the core-shell QDs, whereby H2O2 is reduced to oxygen and H2O, which traps the electron holes
at the surface of the QDs. This further results in the generation of non-fluorescent QDs and in some
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instances causes a reduction in the fluorescence intensity, i.e., the higher glucose concentrations used,
the more H2O2 produced and thus the greater the quenching effect.

Figure 1. Schematic representation of successive reactions involved in the sensitive detection of glucose
by means of GOX:HRP/CdSe/ZnS-TGA QD system.

TEM images of both CdSe core and CdSe/ZnS core-shell QDs are shown in the Figure 2a,b and
from these figures, it can be seen that the sizes of the CdSe and CdSe/ZnS particles are in the range
of 3–3.2 nm and 10–12 nm, respectively. It can also be seen from the images that the particles are
uniform and monodispersed, thereby providing evidence for the successive coating of the QDs with
that of ligands.

Figure 2. TEM results of (a) CdSe core, and (b) CdSe/ZnS core-shell QDs with the magnifications of
100 nm and 50 nm, respectively.

For the photoluminescence (PL) measurements in general, the samples are usually dissolved in
a non-polar solvent, and for this reason, we have chosen hexane solvent as the dispersing medium
for our synthesized QDs. The PL spectrum of the QDs sample before and after its coating with the
ZnS shell is shown in Figure 3a. It can be seen from Figure 3a that the PL peak for the CdSe core
was observed to be around 532.5 nm, and the full width at half maximum (FWHM) was 28.5 nm,
thereby indicating for the formation of the monodispersed nanocrystals. However, the PL peak for
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the CdSe/Zns core-shell QDs was observed at 572.5 nm, and the PL intensity observed to be quite
higher for the encapsulation. Further, the wavelength shifted to about 40 nm between the core and the
core/shell type, which may be due to the reheating of core before encapsulating that cause an increase
in the diameter of core.

Figure 3. (a) Fluorescence intensity peaks for CdSe and CdSe/ZnS QDs when recorded using PL
measurements and (b) fluorescence for the CdSe/ZnS QDs with different surface ligands (TGA, MPA,
MSA, L-Histidine, MUA, and L-Cysteine) using spectrofluorescence measurement.

Further, in order to make the particles water-dispersible, the surface of CdSe/ZnS core-shell
QDs (OA organic capping) was replaced with six different hydrophilic ligands (TGA, MPA,
MSA, L-Histidine, MUA, and L-Cysteine). Figure 3b shows the fluorescence intensities of the
capped CdSe/ZnS-OA (without modification) as well as those of CdSe/ZnS-TGA, CdSe/ZnS-MPA,
CdSe/ZnS-MSA, CdSe/ZnS-L-histidine, CdSe/ZnS-MUA, and CdSe/ZnS-L-cysteine, respectively.
The fluorescent peaks in Figure 3a,b differ in absorption maxima at 572 nm and 620 nm, respectively.
This difference in fluorescent peaks is due to the variation in the equipment used and their principles,
i.e. we used PL measurements for the fluorescence intensity measurements between CdSe (core) and
CdSe/ZnS (core-shell) (Figure 3a), while a spectrofluorometer was employed for the comparison of
fluorescence intensity of CdSe/ZnS coated with different ligands. It is clearly indicated here that the
fluorescent intensity of CdSe/ZnS capped with L-histidine, MUA, and L-cysteine seems to decrease
compared to pure CdSe/ZnS, and the observation of such results is mostly due to the formation of
agglomerated structures and insolubility when they are re-dissolved in PBS buffer, pH 7. However,
the CdSe/ZnS capped with TGA, MPA, and MSA showed no signs of agglomeration and are fully
dissolved in PBS buffer, pH 7, thereby indicating for their high stability in aqueous dispersions. In
general, the fluorescence intensity mostly affected by the presence of surface ligands, i.e. the ligand
with the longest chain or complex structure strongly reduces intensity, as compared to the one with
simple chain or non-bulky group molecules. Here in our case, TGA maintains only two carbons in
its chain and holds a simple structure, which was followed by MPA (three carbon chain), MSA (four
carbons), L-histidine (four carbons and a substituent having ring structure), MUA (11 carbons), and
finally L-cystein (3 carbons with spatial arrangement of groups) [28]. Hence, based on the surface
ligand and its type, the observed order of fluorescence intensities for the CdSe/ZnS QDs with different
ligands can be explained.

The fluorescent intensity of CdSe/ZnS capped with different ligands under different pH
conditions can further provide evidence for the functional group changes in accordance with the
solution pH. Figure 4 shows the effects of pH buffer ranging from 4–9 on the fluorescent intensity
of CdSe/ZnS capped with different organic ligands (as mentioned previously). From the figure, the
fluorescent intensity for CdSe/ZnS capped with TGA increased as the pH value increased from 4 to
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7, and then became nearly constant when the pH value was 7 or greater. The fluorescent intensity
increased 1.5 times for all three solutions when the solution pH increased from 4 to 5, from 5 to 6, and
from 6 to 7, respectively. Similar to CdSe/ZnS capped with other ligands (MPA, MSA, L-histidine,
MUA and L-cysteine), the fluorescent intensity increased as the solution pH value increased from 4 to
7, while the intensity became nearly constant when the pH value was greater than 7. Additionally,
the intensity seems to be increased nearly 1.4 times for the CdSe/ZnS capped with MPA, MSA, and
L-histidine, separately, and 1.1 times for the CdSe/ZnS capped with MUA and L-cysteine when the
solution pH increased from 4 to 7. When the solution pH value was greater than 7, the mean fluorescent
intensity is not affected, meaning that no changes to the surface groups are occurring.

Figure 4. Fluorescence intensity for CdSe/ZnS QDs coated with different surface ligands of TGA,
MUA, MPA, MSA, L-cystein, and L-histidine under different solution pH values.

We see from the results that among the three ligands (TGA, MPA, and MSA), the CdSe/ZnS-TGA
sample produced the highest fluorescent intensity due to the smaller ligand size as compared to the
other two samples (CdSe/ZnS-MPA and CdSe/ZnS-MSA). The chain size in these ligands follow the
order of TGA < MPA < MSA, where the decrease in the aggregation levels by means of decreased steric
repulsions (more stable particles in solution) can be expected and all of which contributes finally for
an enhancement in the mean fluorescence intensity [2,28]. With the same size and ligand chain length
principle, the observed highest fluorescence intensity of TGA (comparable to OA-capped CdSe/ZnS
QDs) can be explained by relating it with that of MPA, MSA, L-histidine, MUA, and L-cysteine chain
length. In addition, it can be mentioned here that the CdSe/ZnS-TGA QDs were observed to be
the most efficient probes, as they are water-dispersible, biocompatible, and maintain a fluorescence
behavior equal to that of the OA-capped CdSe/ZnS QDs. The biocompatible property is contributed by
the OA and TGA groups, as we found from our earlier studies that any ligand which has the functional
groups in its structure such as amine, thiol, or unsaturation was observed to maintain some inbuilt
anti-oxidative properties. This property is strong enough to protect the cells from the toxic responses
generated by the CdSe or ZnS QDs individually or in a combination form [29]. Furthermore, the ligand
capping also provides the CdSe/ZnS QDs with a negative surface charge distribution that can provide
direct self-assembly with other molecules with a positive charge. Theoretically, the CdSe/ZnS-TGA
QDs can be extended for the detection of other analytes if appropriate conditions are established. From
the analysis, therefore, we came to a conclusion that the CdSe/ZnS-TGA QDs can serve as the most
efficient probes (as compared to MPA, MUA, MSA, L-histidine, and L-cysteine-coated QDs) due to its
enhanced fluorescence, water solubility, and biocompatible properties, which can be further exploited
for biomedical applications and, in the present case, for glucose sensing through enzyme loading.
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The optimization parameters that were studied are of the effect of pH, enzyme ratio, and QD
concentration, as these are very important for glucose biosensing and were analyzed using a mixture of
GOx/HRP and TGA-QDs, and the results are displayed in Figure 5. Figure 5a shows the optimization
of pH buffer on the fluorescence intensity quenching of the CdSe/ZnS-capped TGA. From the graph
(Figure 5a), it can be seen that the quenching effect of the CdSe/ZnS-capped TGA increases with an
increase in the pH buffer until it reaches an optimum condition of pH 7. This is due to the fact that, at
pH 7, the glucose molecule, being in a cyclic hemiacetal form, may exist in the two isomeric forms
β-D-glucopyranose (63.6%) and α-D-glucopyranose (36.4%). In association with our QDs probe, some
specific binding occurs between the GOx and β-D-glucopyranose forms, while no such binding can
occur with the α-D-glucopyranose form. The equilibrium state between the α-β glucopyranose forms
seems to be pushed towards the β-side as the amount of consumption is more for the β-form as against
the α-form of gluocopyranose. This equilibrium enabled GOx to oxidize all of the glucose in solution.
Further, a drop in the intensity of the QDs after pH 7 may be due to the denaturation of the GOx
enzyme in the basic environment.

Figure 5. The effect of pH (a), enzyme ratio (b), and QD concentration (c) towards the fluorescence intensity.

The effect of normalized intensity towards the GOx:HRP ratio is shown in Figure 5b, and the
graph shows that the optimum ratio of GOx:HRP is 3:2. We observed that the quenching effect of
the QDs is greatest when the GOx:HRP enzyme ratio is maintained at 3:2, and the reflection of such
an effect may be due to the stability of the system, so the same ratio was repeated for the following
experiments. Further, the effect of the QDs concentration studied in the range of 0.625–10.0 mg/mL
of CdSe/ZnS and is shown in Figure 5c. The results of the study (Figure 5c) indicate that the highest
intensity was obtained for the 1.25 mg/mL concentration of the QDs. However, the intensity of the
QDs was decreased when the highest QDs concentration was introduced into the reaction, and this
may be due to the quenching effects of CdSe/ZnS at higher concentration, thereby resulting in the
enzyme denaturation/degradation. Therefore, based on this study, a 1.25 mg/mL concentration of
QDs, a 3:2 ratio of GOx:HRP enzymes ratio, and pH 7 were chosen as the optimal conditions for the
subsequent reactions.

275



Sensors 2017, 17, 1537

The reaction mechanism for glucose detection that depends on the effect of CdSe/ZnS fluorescence
intensity quenching was shown to be successful, and the results are shown in Figure 6. From the figure,
one can clearly see that the highest intensity was observed for the as-prepared QDs when they are
maintained in the absence of GOx:HRP enzymes and glucose. However, in the presence of GOx:HRP
and glucose, the reaction occurred and resulted in the highest quenching of QD intensity; thus, we
observed the fluorescence intensity to be the lowest, as compared to all other combinations.

Figure 6. The fluorescence spectrums of CdSe/ZnS QDs along with different combinations of its
loading with GOx:HRP enzyme and in the presence of 0.1 M glucose. All spectra were recorded after
mixing the components for 30 min.

Further, the calibration studies were performed several times using different concentrations
of glucose varying from 0 to 40 mM (0, 0.03, 0.07, 0.15, 0.31, 0.62, 1.25, 2.5, 5, 10, 20, and 40 mM,
respectively), and the assay was repeated thrice for each measurement where the results are displayed
in Figure 7a–c. In addition, the inset of Figure 7 shows that there is a good linearity between the
quenched intensity of the CdSe/ZnS QDs and the glucose levels when recorded in the range of
0–10 mM. From the results, we calculated the corresponding regression coefficient to be about 0.998,
while the limit of detection (LOD) obtained was 0.045 mM. The LOD was calculated through 3σ/s,
where s is the slope of calibration, while σ is the standard deviation of the corrected blank from the
fluorescence signals of the CdSe/ZnS-TGA QDs. The LOD of this study was slightly lower than
the other previously reported studies that involve QDs for the glucose detection (Table 1). Further,
our proposed method provides a good reproducibility with the relative standard deviation (RSD) of
3.33% for a 10-fold repeated detection of 1.25 mM glucose. Finally, we believe that our method is
simple, reliable, and can offer a practical approach for the non-invasive detection of glucose in the
real-time samples.

Table 1. Detection limits and ranges for optically based glucose detection using QDs.

QDs Ligands Enzymes
Quenching
Mechanism

Detection Range Reference

CdSe/ZnS@ SiO2 Not given GOD H2O2 0.5–3 mM [30]
CdSe/ZnS MSA GOD Acidic change 0.2–10 mM or 2–30 mM [12]

CdTe GSH GOD H2O2 0.05–1.0 mM [31]
CdSe/ZnS TGA GOD/HRP H2O2 0.045–10 mM Our proposed method
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Figure 7. Fluorescence intensity of CdSe/ZnS-capped TGA core shell QDs via various glucose levels
from 0 to 40 mM. The inset shows the relationship between intensity and glucose concentration. The
calibration curves were produced in triplicate ((a–c) labels in the figure corresponds to the repetition
thrice) using different batches of CdSe/ZnS.

4. Conclusions

In summary, we have demonstrated the CdSe/ZnS capped TGA water-soluble core-shell QDs for
the qualitative and quantitative determination of glucose. The detection principle was based on the
fact that the spectrofluorescence signals of the prepared CdSe/ZnS-capped TGA QDs can be quenched
by the presence of glucose successively. The parameters for fluorescence quenching reaction includes
the solution pH, enzyme ratio, and the QD concentration; further, the optimal conditions for the
observation of efficient fluorescence towards glucose detection by the use of QDs have been very well
discussed. Since the glucose detection principle is based on the fluorescence quenching effect and
we observed that in the presence of 0.1 mM glucose, the fluorescence intensity of the bioconjugated
QDs was quenched about 12,000 a.u. Further, the bioconjugated GOx:HRP/QDs-capped TGA was
analyzed with known concentrations of glucose and indicated that the quenching of fluorescence
intensity is proportionate to the glucose concentration. An extremely good linearity for the glucose
determination in the range of 0–10 mM was observed, in addition to obtaining the LOD to be 0.045 mM.
Thus, from the analysis of the results in this study, it can be concluded that our synthesized QDs are
accurate, sensitive, and can be applied as the fluorescence nanosensor for the detection of glucose in
real samples.

Acknowledgments: The authors are grateful for the financial support provided by the Malaysian Government
through its Ministry of Science, Technology, and Innovation under Science Fund (03-03-02-SF0330). One of the
authors, Dr. Faruq Mohammad acknowledges Deanship of Scientific Research, King Saud University for funding
through Vice Deanship of Scientific Research Chairs program.

Author Contributions: S.A.R. was in charge of the experiment and its results. N.A. performed the surface
modification, bio-conjugation, and analytical performance of glucose detection. J.A. and N.A.Y. conceived the
project and supervised the work. Z.A.Z. and N.M.A.N.A.A. performed the synthesis work. S.A.R. wrote the
manuscript and F.M. helped with the writing, necessary corrections, data analysis, and publication process. All
authors have contributed to the scientific discussion.

Conflicts of Interest: The authors declare no conflict of interest.

277



Sensors 2017, 17, 1537

References

1. Narayanan, S.S.; Sarkar, R.; Pal, S.K. Structural and functional characterization of enzyme-quantum dot
conjugates: Covalent attachment of CdS nanocrystal to r-chymotrypsin. J. Phys. Chem. C 2007, 111,
11539–11543. [CrossRef]

2. Gole, A.; Dash, C.; Ramakrishnan, V.; Sainkar, S.R.; Mandale, A.B.; Rao, M.; Sastry, M. Pepsin-gold colloid
conjugates: Preparation, characterization, and enzymatic activit. Langmuir 2001, 17, 1674–1679. [CrossRef]

3. Ohara, T.J.; Rajagopalan, R.; Heller, A. “Wired” enzyme electrodes for amperometric determination of
glucose or lactate in the presence of interfering substances. Anal. Chem. 1994, 66, 2451–2457. [CrossRef]
[PubMed]

4. Yu, A.; Liang, Z.; Cho, J.; Caruso, F. Nanostructured electrochemical sensor based on dense gold nanoparticle
films. Nano Lett. 2003, 3, 1203–1207. [CrossRef]

5. Xianbo, Q.L.; Li, L.J.; Yao, X.; Li, J. Direct electrochemistry of glucose oxidase and electrochemical biosensing
of glucose on quantum dots/carbon nanotubes electrodes. Biosens. Bioelectron. 2007, 22, 3203–3209.

6. Huang, S.H.; Liao, M.H.; Chen, D.H. Direct binding and characterization of lipase onto magnetic
nanoparticles. Biotechnol. Prog. 2003, 19, 1095–1100. [CrossRef] [PubMed]

7. Zhang, Y.; He, P.; Hu, N. Horseradish peroxidase immobilized in TiO2 nanoparticle films on pyrolytic
graphite electrodes: direct electrochemistry and bioelectrocatalysis. Electrochim. Acta 2004, 49, 1981–1988.
[CrossRef]

8. Hilliard, L.R.; Zhao, X.; Tan, W. Immobilization of oligonucleotides onto silica nanoparticles for DNA
hybridization studies. Anal. Chim. Acta 2002, 470, 51–56. [CrossRef]

9. Cao, L.; Ye, J.; Tong, L.; Tang, B. A new route to the considerable enhancement of glucose oxidase (GOx)
activity: The simple assembly of a complex from CdTe quantum dots and GOx, and its glucose sensing.
Chem. Eur. J. 2008, 14, 9633–9640. [CrossRef] [PubMed]

10. Hua, M.; Tiana, J.; Lua, H.T.; Weng, L.X.; Wang, L.H. H2O2-sensitive quantum dots for the label-free detection
of glucose. Talanta 2010, 82, 997–1002. [CrossRef] [PubMed]

11. Massadeh, S.; Nann, T. InP/ZnS nanocrystals as fluorescent probes for the detection of ATP.
Nanomater. Nanotechnol. 2014, 4, 15. [CrossRef]

12. Huang, C.P.; Liu, S.W.; Chen, T.M.; Li, Y.K. A new approach for quantitative determination of glucose by
using CdSe/ZnS quantum dots. Sens. Actuator B Chem. 2008, 130, 338–342. [CrossRef]

13. Wu, W.; Zhou, T.; Shen, J.; Zhou, S. Optical detection of glucose by CdS quantum dots immobilized in smart
microgels. Chem. Commun. 2009, 29, 4390–4392. [CrossRef] [PubMed]

14. Wu, P.; He, Y.; Wang, H.F.; Yan, X.P. Conjugation of glucose oxidase onto Mn doped ZnS quantum dots
for phosphorescent sensing of glucose in biological fluids. Anal. Chem. 2010, 82, 1427–1433. [CrossRef]
[PubMed]

15. Saran, A.D.; Sadawana, M.M.; Srivastava, R.; Bellare, J.R. An optimized quantum dot ligand system for
biosensing applications: Evaluation as a glucose biosensor. Colloids Surf. A 2011, 384, 393–400. [CrossRef]

16. Huang, C.P.; Li, Y.K.; Chen, T.M. An investigation of urea detection by using CdSe/ZnS quantum dots.
Biosens. Bioelectron. 2007, 22, 1835–1838. [CrossRef] [PubMed]

17. Xie, R.G.; Kolb, U.; Li, J.X.; Basche, T.; Mews, A. Synthesis and characterization of highly luminescent
CdSe-Core CdS/Zn and CdS/ZnS multishell nanocrystals. J. Am. Chem. Soc. 2005, 127, 7480–7488. [CrossRef]
[PubMed]

18. Willard, D.M.; Carillo, L.L.; Jung, J.; Van Orden, A. CdSe-ZnS quantum dots as resonance energy transfer
donors in a model protein binding assay. Nano Lett. 2001, 1, 469–474. [CrossRef]

19. Chan, W.C.W.; Maxwell, D.J.; Gao, X.H.; Bailey, R.E.; Han, M.Y.; Nie, S.M. Luminescent quantum dots for
multiplexed biological detection and imaging. Curr. Opin. Biotechnol. 2002, 13, 40–46. [CrossRef]

20. Sapsford, K.E.; Pons, T.; Medintz, I.L.; Mattoussi, H. Biosensing, with luminescent semiconductor quantum
dots. Sensors 2006, 6, 925–953. [CrossRef]

21. Hines, M.A.; Guyot-Sionnest, P. Synthesis and characterization of strongly luminescing ZnS-Capped CdSe
nanocrystals. J. Phys. Chem. 1996, 100, 468–471. [CrossRef]

22. Dabbousi, B.O.; Rodriguez-Viejo, J.; Mikulec, F.V.; Heine, J.R.; Mattoussi, H.; Ober, R.; Jensen, K.F.;
Bawendi, M.G. (CdSe)ZnS Core-Shell Quantum Dots: Synthesis and characterization of a size series of highly
luminescent nanocrystallites. J. Phys. Chem. B 1997, 101, 9463–9475. [CrossRef]

278



Sensors 2017, 17, 1537

23. Kloepfer, J.A.; Bradforth, S.E.; Nadeau, J.L. Photo-physical properties of biologically compatible CdSe
quantum dot structures. J. Phys. Chem. B 2005, 109, 9996–10003. [CrossRef] [PubMed]

24. Gill, R.; Willner, I.; Shweky, I.; Banin, U. Fluorescence resonance energy transfer in CdSe/ZnS-DNA
conjugates: Probing hybridization and DNA cleavage. J. Phys. Chem. B 2005, 109, 23715–23719. [CrossRef]
[PubMed]

25. Stsiapura, V.; Sukhanova, A.; Baranov, A.; Artemyev, M.; Kulakovich, O.; Oleinikov, V.; Pluot, M.;
Cohen, J.H.M.; Nabiev, I. DNA-assisted formation of quasi-nanowires from fluorescent CdSe/ZnS
nanocrystals. Nanotechnology 2006, 17, 581–587. [CrossRef]

26. Ariffin, N.; Yusof, N.A.; Abdullah, J.; Zubir, Z.A.; Aziz, N.A.; Azmi, N.M.; Ramli, N.I. Synthesis and surface
modification of biocompatible water-soluble core-shell quantum dots. Adv. Mater. Res. 2014, 879, 184–190.

27. Chan, W.C.W.; Nie, S.M. Quantum dot bioconjugates for ultrasensitive nonisotopic detection. Science 1998,
281, 2016–2018. [CrossRef] [PubMed]

28. Bwatanglang, I.B.; Mohammad, F.; Yusof, N.A.; Abdullah, J.; Hussein, M.A.; Alitheen, N.B.; Abu, N. Folic
acid targeted Mn:ZnS quantum dots for theranostic applications of cancer cell imaging and therapy. Int. J.
Nanomed. 2016, 11, 413–428.

29. Mohammad, F.; Yusof, N.A. Surface ligand influenced free radical protection of superparamagnetic iron
oxide nanoparticles (SPIONs) toward H9c2 cardiac cells. J. Mater. Sci. 2014, 49, 6290–6301. [CrossRef]

30. Cavaliere-Jaricot, S.; Darbandi, M.; Kucur, E.; Nann, T. Silica coated quantum dots: A new tool for
electrochemical and optical glucose detection. Microchim. Acta 2008, 160, 375–383. [CrossRef]

31. Yuan, J.; Guo, W.; Yin, J.; Wang, E. Glutathione-capped CdTe quantum dots for the sensitive detection of
glucose. Talanta 2009, 77, 1858–1863. [CrossRef] [PubMed]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

279



sensors

Review

Luminescence-Based Optical Sensors Fabricated by
Means of the Layer-by-Layer
Nano-Assembly Technique

Nerea De Acha 1,*, Cesar Elosua 1,2 , Ignacio Matias 1,2 and Francisco Javier Arregui 1,2

1 Department of Electric and Electronic Engineering, Public University of Navarra, E-31006 Pamplona, Spain;
cesar.elosua@unavarra.es (C.E.); natxo@unavarra.es (I.M.); parregui@unavarra.es (F.J.A.)

2 Institute of Smart Cities (ISC), Public University of Navarra, E-31006 Pamplona, Spain
* Correspondence: nerea.deacha@unavarra.es; Tel.: +34-948-166-044

Received: 15 November 2017; Accepted: 4 December 2017; Published: 6 December 2017

Abstract: Luminescence-based sensing applications range from agriculture to biology, including
medicine and environmental care, which indicates the importance of this technique as a detection tool.
Luminescent optical sensors are required to be highly stable, sensitive, and selective, three crucial
features that can be achieved by fabricating them by means of the layer-by-layer nano-assembly
technique. This method permits us to tailor the sensors′ properties at the nanometer scale, avoiding
luminophore aggregation and, hence, self-quenching, promoting the diffusion of the target analytes,
and building a barrier against the undesired molecules. These characteristics give rise to the
fabrication of custom-made sensors for each particular application.

Keywords: photoluminescence; layer-by-layer nano-assembly technique; nanostructured materials;
chemical sensing

1. Introduction

Optical sensing techniques allow for the possibility of making remote [1] and non-invasive
measurements [2], as well as working in hazardous environments [3]. These, and many other significant
advantages over other detection technologies, have attracted the attention of scientists over the last
decades [4,5], and hence this technology has experienced a high development.

Optical sensors can be based on different transduction mechanisms, such as absorption [6,7],
resonance [8–10], or photoluminescence [11–13]. The latter consists of emission of light by a material as
a consequence of its previous absorption at lower wavelengths (excitation). Depending on the lifetime
of this emission (i.e., the average time it takes the intensity to drop by 1/e), luminescence can be
classified as fluorescence (lifetime in the range of ps and ns) or phosphorescence (lifetime greater than
ms). The intensity of this emission, as well as its lifetime, can be quenched or enhanced by the variation
of different external parameters: pH [14], temperature [15], biomolecules [16], oxygen [17], or metal
ion concentration [18]. This modulation of the intensity (and lifetime) by external parameters has
been widely employed for the development of luminescence-based sensors, either in solution [19,20],
or onto different substrates [21–23].

Among the existing luminescent materials (also known as luminophores), quantum dots
(QDs) [24,25], nanoparticles (NPs) [26,27], fluoropolymers [28], dyes [29,30], and porphyrins [31–33]
have been the most utilized. For the fabrication of sensors, these luminescent materials are usually
entrapped or encapsulated in different matrices [34,35] or shells [36,37], which must be designed to
facilitate the interaction between the analyte and the sensing material [38].

There are three key requirements that luminescent sensors must meet: good photostability,
and high selectivity and sensitivity [39]. To achieve these characteristics and allow the rapid
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adsorption/desorption of the target analytes to the sensing films, highly permeable coatings are usually
fabricated by means of dip-coating [40], spin-coating [41], sol-gel [42], or xero-gel [43] techniques.
However, when utilizing these methods the distribution of the luminophore inside the films cannot
be controlled, which gives rise to their aggregation and causes self-quenching, hence significantly
reducing the sensors′ sensitivity [44]. This can be overcome by fabricating the sensing coatings by
means of the layer-by-layer nano-assembly (LbL) technique, which consists of the deposition of
oppositely charged materials (typically polyelectrolytes) by electrostatic forces or other attractive
forces acting cooperatively, including interactions such as hydrophobic attraction [45]. LbL has been
experimentally demonstrated to be a powerful method for the fabrication of luminescence-based
sensors, since it is a reproducible technique that allows the utilization of a wide variety of indicators.
Furthermore, an accurate selection of materials and assembly parameters not only permits us to modify
the permeability of the nanostructure [46], hence promoting the diffusion of target species or forming a
barrier against undesirable ones [47], but also allows us to control the layer thickness at the nanometer
scale and tailor the space distance between luminescent layers [48]. Taking advantage of this fact,
it is possible to tailor the homogeneity of the distribution of the luminophore into the matrix [49] in
order to attenuate self-quenching [48].

In recent years, luminescence has become a powerful detection mechanism in a broad range of
areas, being the most important sensing tool in different biological applications [50]. This fact, together
with the versatility that the LbL technique offers for the fabrication of custom-made sensors [51], has led
to the development of a wide variety of luminescent probes built by this technique. Thus, a review in
which the principal luminescence-based sensors fabricated by the LbL technique are analyzed is of
great interest. This review compiles solution probes as well as multilayer sensing films for different
purposes: metal ions detection, dissolved and gaseous oxygen monitoring, and biosensing applications.

2. Luminescent Sensors Based on Encapsulated Indicators

The progress of in vivo measurement systems in recent years has yielded the development of
biocompatible optical sensors [52]. A widespread method for the fabrication of this kind of sensor
consists of the encapsulation of the sensitive material in multilayered nanostructures (also called shells
or capsules). These walls have to meet a key requirement: protecting sensitive molecules from the
external environment while allowing fast diffusion of the target analyte [53]. LbL encapsulation of
sensors was first described in the early 2000s [54,55] and, since then, many different applications have
been reported [56–59].

Particle encapsulation requires a template that is coated with a multilayered nanostructure and
then dissolved. The main methods for immobilizing the luminophores inside the shells are diffusion
and precipitation [60], which are illustrated in Figure 1.

In the case of encapsulating the sensing molecules by diffusion, the multilayered coatings
are adsorbed onto sacrificial templates, usually dissolvable or degradable inorganic polymeric
microspheres. Once the capsules are fabricated, the templates are dissolved in order to leave hollow
microspheres suspended in solutions of the sensing molecules, which are loaded inside them just by
diffusion [61]. Despite this technique offering the possibility of employing almost any dissolvable
template, it also exhibits the lowest loading efficiency.

When the luminophores are encapsulated by precipitation, they co-precipitate with the sacrificial
templates before the shell is built and, subsequently, templates are diluted [58]. By employing this
technique, the highest loading efficiency rates can be obtained.

For an adequate selection of templates, it is important to take into account two factors: firstly,
they must be able to keep their structural properties during the coating process and, secondly,
they have to be easily dissolved once the encapsulating nanostructure has been attached to their
surface [58]. Typical materials used as templates are calcium carbonate (CaCO3) [62], silica [63],
latex [64] polystyrene [65], or gold [66] nanoparticles and melamine formaldehyde [67] microspheres.
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The dimensions of the shell depend on their shape and size, which can range from nanometers to
microns [68].

Figure 1. Schematic of the encapsulation techniques.

Owing to the versatility of the LbL method, it has been extensively used for micro- and
nanoparticle encapsulation [69,70], usually employing polyelectrolytes. That is because, by varying
some properties of polyelectrolyte solutions and controlling the deposition conditions, it is possible to
tailor the properties of the capsule walls [71]. For instance, the pH of the solutions not only influences
the shell thickness [72], but also its permeability [73] and, hence, the diffusion rate of molecules inward.

As mentioned below, capsules are usually made of different polyelectrolyte combinations.
The most used pairs are poly(allylamine hydrochloride) (PAH)/poly(styrene sulfonate) (PSS) [74] and
poly(diallyldimethylammonium chloride) (PDDA)/poly(styrene sulfonate) (PSS) [75]. Apart from
them, other combinations of materials can be employed, for instance, poly-l-lysine/poly(l-glutamatic
acid) [76], chitosan/dextran [63], or poly-l-lysine/heparin [77]. However, their use is not as common
as the first mentioned polyelectrolyte pairs.
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One of the advantages of this technique is the possibility of developing self-referenced sensors by
using a sensitive luminophore and a non-sensitive luminophore that acts as an optical reference [63].
Ideally, both have the same absorption spectrum and a complementary emission spectrum [52],
which allows the use of a single excitation light source and the simultaneous monitoring of the
emission peaks: one of them will change in the presence of the target analyte, while the other will
remain constant. Apart from encapsulating both luminophores [58], it is also common that one of them
is assembled as part of the multilayered coating [78].

The main applications of these sensors (metal ion detection, dissolved oxygen sensing, and glucose
and lactate monitoring) are analyzed in the following subsections.

2.1. Encapsulated Sensors for Ion Detection

Metal ions are known to be highly toxic materials [79], so considerable efforts have been made
towards their detection in aqueous media. Duchesne and co-workers [80] fabricated a potassium
sensor by encapsulating the fluorescent indicators by the diffusion technique: using positively charged
melamine formaldehyde (MF) particles as templates, multilayer capsules of PSS and PDDA were
fabricated. The MF cores were diluted afterwards in HCl, and then the capsules were immersed in
solutions of potassium-binding benzofuran isophthalate tetraammonium salt (PBFI), which diffused
through the walls to the hollow cores. The PBFI-loaded sensors exhibited a luminescent peak at 500 nm,
which moved towards lower wavelengths and increased in intensity upon the addition of K+ ions in
the 0–45 mM range.

Rare-earth (RE) nanocrystals are of great interest for sensing applications because of their
optical and chemical properties, such as long lifetime (in the range of μs or ms) [81], high quantum
yield, or resistance to photobleaching [82]. A fluorescent sensing system based on RE nanocrystals
and CdSe/ZnS quantum dots was fabricated by means of the LbL technique in [83]: PEI-coated
NaYF4:Ce,Tb nanorods were separated from the CdSe/ZnS QDs by a PSS/PAH bilayer. Under UV
illumination (255 nm), a dual emission was observed, with the luminescent peaks centered at 542 nm
(RE nanocrystals) and 650 nm (QDs), with the latter being dominant due to the fluorescence resonance
energy transfer between the RE nanorods and the QDs. Under exposure to different concentrations of
Cu2+ or Ag+ metal ions in the μM range, the luminescent intensity at 650 nm decreased, while that
corresponding to the peak centered at 542 nm remained constant. This can be observed in Figure 2,
in which the system was exposed to different metal ions (30 μM): the red color (650 nm) was
quenched by Ag+ ions, while it completely disappeared in the presence of Cu2+ ions, demonstrating
high selectivity.

 

Figure 2. Effect of the different metal ions on the RE–QD composites: (a) Cu2+ and Ag+ ions change the
color of the RE-QD composites into green and orange, respectively; (b) The ratio I(650)/I(542) of the
RE-QD composites only decreases in presence of Cu2+ and Ag+. Reprinted from [83] with permission
from Springer.
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Other encapsulated sensors for the detection of metal ions are summarized in Table 1. Most of
them use salts as sensitive indicators (e.g., benzofuran isophthalate tetraammonium salt (PBFI) or
sodium-binding benzofuran isophthalate tetraammonium salt (SBFI)), and FluoSpheres as references.

Table 1. Encapsulated sensors for ions detection.

Analyte
Sensitive
Indicator

Reference Indicator Capsule Detection Range LOD Ref.

K+ PBFI - (PSS/PAH)5 0–45 mM [64]

K+ PBFI FluoSpheres (PAH/PSS)4PAH 0–282 mM [84]

K+ PBFI - 2, 3, and 5 bilayers of {PSS/PDDA} 0–45 mM - [80]

K+ PBFI Europium FluoSpheres (PAH/PSS)4PAH 0–120 mM 1 mM [85]

K+ PBFI Europium FluoSpheres (PAH/PSS)4PAH 0–300 mM 1.2 mM [86]

Na+ SBFI - 2, 3, and 5 bilayers of {PSS/PDDA} 0–100 mM - [54]

Cu2+, Ag+ CdSe/ZnSe QDs NaYF4:Ce,Tb rare-earth
nanocrystals PSS/PAH 0–35 μM Cu2+ 0–90 μM Ag+ - [83]

Pb2+ CdSe/CdS QDs - chitosan/xylenol orange 0.05–6 μM 20 nM [59]

2.2. Encapsulated Sensors for Dissolved Oxygen Detection

The most important application of this kind of sensors is the detection of low concentrations
of dissolved oxygen for biomedical applications, typically utilizing ruthenium porphyrins as
indicators. McShane et al. [52] fabricated a self-referred oxygen sensor by employing tris(2,2′-bipyridyl)
dichlororuthenium(II) hexahydrate (Ru(bpy)) as the sensitive material and fluorescein isothiocyanate
(FITC) as the reference one, so the use of a single light source at 460 nm was possible, and the
simultaneous monitoring of the luminescent peaks at 525 nm (FITC) and 620 nm (Ru(bpy)), allowing
ratiometric measurement of the fluorescence (I620/I525). For the capsule fabrication, 2.6 μm melamine
formaldehyde microtemplates were coated with {PSS/PAH-FITC}n or {PSS/PAH-FITC}nPSS shells.
After the cores’ dilution, the capsules were suspended in solutions of the oxygen-sensitive indicator at
different pH values, and Ru(bpy) molecules were loaded by diffusion. The highest loading efficiency
was achieved in the case of the {PSS/PAH-FITC}5PSS shells, when the pH value of the Ru(bpy) solution
was 10.4. Suspensions of these sensors were bubbled with O2 and N2, and it was observed that in
the presence of O2, the intensity at 620 nm (Ru(bpy)) decreased while the intensity at 525 nm (FITC)
remained constant. A total decrease of 15% of the I620/I525 ratio was measured when only O2 was
bubbled. Moreover, the sensor response was consistent with the dynamic changes of the gas levels
over time.

Palladium porphyrin was encapsulated in [58] by the co-precipitation technique: the carboxylate
modifies FluoSpheres (FS), used as the reference, and the Pd-meso-tetra(4-carboxyphenyl) porphine
(PdTCPP) co-precipitated with the calcium carbonate (CaCO3) nanoparticles. They were first stabilized
in poly(vinylsulfonic acid) (PVSA) and then coated with the multilayer (PDDA/PSS)10 structure, and
the CaCO3 cores were diluted. When the capsules were excited at 405 nm, they emitted luminescence
at 515 nm (FS) and 700 nm (PdTCPP). Under exposure to different dissolved oxygen concentrations,
the intensity of the emission peak centered at 515 nm remained constant, while that of the peak at
700 nm decreased proportionally to the oxygen concentration. Thus, the ratio I700/I515 was used to
characterize the sensor, which had a detection limit of 7.62 μM. A schematic illustration of this sensor
and its response to oxygen is given in Figure 3.

Other dissolved oxygen probes were developed with different ruthenium porphyrins, such
as tris(4,7-diphenyl-1,10-phenanthroline)ruthenium(II) dichloride (Ru(dpp)) or [Ru(Ph2phen)3]2+.
They are summarized in Table 2.
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Figure 3. SEM image of the nano-capsules after the dilution of the core (upper left), schematic
representation of the encapsulated sensors (lower left) and luminescence spectra of the sensors when
exposed to high and low dissolved oxygen concentrations (right). Reprinted with permission from [58].
Copyright: 2014, American Chemical Society.

Table 2. Encapsulated sensors for dissolved oxygen detection.

Sensitive Indicator Reference Indicator Capsule
Detection

Range
LOD Ref.

Ru(dpp) green polystyrene
FluoSpheres {PAH/PSS}3 0–1500 mM - [85]

Ru(dpp) carboxylate-modified
nanospheres (PAH/PSS)3 ON/OFF probe - [74]

Ru(dpp) - (PSS/PAH)4/PSS 0–0.6 mM - [87]

Ru(bpy) FITC (PSS/PAH-FITC)5/PSS - [52]

Ru(bpy) FITC (PSS/PDDA)5/PSS ON/OFF probe - [75]

[Ru(Ph2phen)3]2+ carboxylate-modified
FluoSpheres {PAH/PSS}3 0–1.5 mM - [88]

PdTCPP carboxylate-modified
FluoSpheres [PDDA/PSS]10 0–250 μM 7.62 μM [58]

2.3. Encapsulated Sensors for Glucose and Lactate Monitoring

A particular application of dissolved oxygen sensors is glucose monitoring [89]. To this end,
glucose binding proteins, usually glucose-oxidase [87] or apo-glucose-oxidase [90], are loaded inside
the multilayered shells, as well as the sensitive molecules. For instance, Kazakova et al. [87] fabricated
5 μm-microcapsules made of PAH and PSS loaded with oxygen-sensitive dye (Ru(dpp)) that entrapped
glucose-oxidase. This indicator emitted fluorescence between 560 and 700 nm, and its intensity
was inversely proportional to the oxygen concentration. Furthermore, glucose concentration was
correlated with oxygen reduction during enzymatic degradation by glucose oxidase. An increase in
the fluorescent intensity and the calibration curve of this sensor upon the addition of different glucose
concentrations is observed in Figure 4.

Kazakova et al. also coated lactate oxidase and peroxide with capsules of PAH and PSS loaded
with dihydrorhodamine 123 (DHR123), which was sensitive to hydrogen peroxide. The addition of
lactate in the presence of lactate oxidase produced hydrogen peroxide, which oxidized DHR123 in the
presence of peroxide, yielding rhodamine123, a molecule that emitted green fluorescence (510–560 nm),
as can be observed in Figure 5.
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Figure 4. (a) Relative fluorescence intensity upon the addition of different glucose concentrations.
F and F0 represent the fluorescence intensities in the presence (F) and absence (F0) of glucose;
(b) calibration curve of the sensor. Reprinted from [87] with permission from Springer.

 

Figure 5. Confocal microscopy images of DHR123-labeled capsules containing lactate oxidase in the
presence of 0.23 nM peroxidase and 4 mM lactate. Reprinted from [87] with permission from Springer.

3. Luminophores Immobilized in Multilayer Films for Sensing Applications

Luminescence-based sensors are also fabricated onto different substrates by coating them with
films in which the sensitive luminophores are embedded. These luminescent coatings exhibit many
different advantages over solution-based sensors, such as the possibility of fabricating them onto
almost any kind of substrate [91,92], their easy storage and portability [93], their regeneration and
reusability [94], and the good chemical stability of luminophores in solid state [95]. Furthermore,
they can be used for vapor/gas detection [96], an application field where the encapsulated probes are
hardly used [97].

The luminescent indicators can be entrapped in multilayer structures by different methods,
which are displayed in Figure 6. If they are immobilized during the fabrication process, this can be
done by direct assembly (in this case they are not neutral materials), or by mixing, covalently linking,
or entrapping them inside charged materials. When the immobilization of the indicator occurs after
the fabrication of the film, it is carried out by immersing it in a solution of the dye. Examples of these
cases are explained in the following subsections.
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Figure 6. Schematic fabrication luminescent films: the non-neutral indicator is directly assembled into
the film (left pathway), the neutral indicator is mixed, covalently linked, or entrapped into a charged
material and then it is assembled into the coating (central pathway), or the fabricated film is immersed
into a solution of the dye (right pathway).

3.1. LbL Luminescent Coatings for the Detection of Metal Ions

A wide variety of indicators have been employed for the fabrication of luminescent films
for the detection of metal ions, ranging from ligand-capped quantum dots to fluorescent
conjugated polymers, including porphyrins and water-soluble dyes. To this latter category
belongs 1-hydroxypyrene-3,6,8-trisulfonate, HPTS, a luminescent indicator widely used for pH
monitoring [98,99]. For its deposition by the LbL technique, Lee and coworkers [100] attached it
covalently to the polyanion PAA and, by using PAH as a cationic polyelectrolyte, deposited the
multilayer structure [PAH/PAA-HPTS]n onto glass slides. HPTS emitted luminescence at 485 nm
when it was illuminated at 410 nm. The maximum of the luminescent peak decreased linearly,
but with different quenching constants, in the presence of electron-deficient metal cations, such as
Fe3+ and Hg2+, the nitro compound 2,4-dinitrotoluene, DNT, or the dicationic electron acceptor methyl
viologen, MV2+ [101]. This can be observed in Figure 7, where the Stern–Volmer plots of multilayers of
[PAH/PAA-HPTS] for each compound are displayed. Furthermore, this luminescence was not affected
by other metal ions, for instance, Ba2+, Ca2+, K+, Zn2+, Cd2+, and Pb2+.
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Figure 7. Stern−Volmer plots of multilayer films of PAH/PAA−HPTS as a function of different
quencher concentrations. Reprinted with permission from [101]. Copyright © 2000, American
Chemical Society.

Different fluorescent probes for mercury(II) ion detection based on the water-soluble porphyrin
5,10,15,20-tetrakis(4-sulfonatophenyl)porphyrin (TPPS) were compared in [102]. PDDA was employed
as a cationic polyelectrolyte and TPPS, PSS, or solutions with different ratios of TPPS:PSS were
used as anionic counterparts. On one hand, it was observed that, when TPPS and PSS were
co-deposited, giving rise to the structure (PDDA/TPPS:PSS)n, higher quantum yields were observed
when the PSS:TPPS ratio increased from 1:1 to 1:100. On the other hand, when depositing TPPS
alternately (i.e., PDDA/PSS/PDDA/TPPS)n), the amount of adsorbed porphyrin was higher than
when as mixed with PSS, and a good quantum yield was also achieved. A detailed analysis of
this structure demonstrated that films with one or two tetralayers were most suitable to be used as
Hg(II) sensors, since they combined good optical properties with the lowest response time. In the
case of (PDDA/PSS/PDDA/TPPS), the sensor was exposed to Hg(II) concentrations in the range
between 3.3 × 10−8 and 3.3 × 10−5 M. For higher concentrations, a longer time was required to reach
equilibrium as a consequence of the adsorption process of the analyte within the films.

Fluoropolymers have also attracted interest for the development of optical sensors because of
their high luminescence quantum yields. For instance, poly(9,9-bis(3′-phosphatepropyl)fluorenealt-
1,4-phenylene) sodium salt (PFPNa) was synthesized and deposited with PDDA by means of the
LbL [103]. The PFPNa polymer had absorption and luminescence peaks at 364 and 410 nm, respectively,
whose intensities were proportional to the pH of the aqueous solutions. The latter was also inversely
proportional to Fe3+ concentration. Furthermore, the sensor sensitivity was demonstrated to be almost
independent of the number of bilayers (Figure 8a), so the 1-bilayer coating was employed as the
sensing structure. In this case, fluorescence was quenched 400-fold for 10 μM of Fe3+ concentration
(Figure 8b), and the detection limit for this metal ion was 10−7 M. Another thin-film sensor that
employs a fluoropolymer for metal ion detection is reported in [104].
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Figure 8. (a) Fluorescence response of (PDDA/PFPNa)n structures upon addition of 0.1 μM Fe3+;
(b) quenching of the fluorescent peak when the sensor (PDDA/PFPNa)1 is exposed to different Fe3+

concentrations. Reprinted with permission from [103]. Copyright: 2008, American Chemical Society.

Negatively charged mercaptosuccinic acid (MSA) capped CdTe QDs have been assembled with
the cationic polyelectrolyte PDDA onto quartz slides by means of the LbL technique. These QDs
exhibited a luminescent peak centered at 589 nm, whose intensity decreased proportionally with the
increment of Hg(II) for concentrations ranging from 0.01 μM to 1 μM [105]. Hg(II) removal from
the sensing film was possible by adding glutathione (GSH) to the sample solutions, which also led
to the recovery of the initial luminescent intensity. In subsequent research, this multilayer structure
was employed to monitor Hg2+ and Cu2+ synchronously [106]: despite both ions having quenched
the luminescent intensity, the quenching constant of Hg2+ was higher than that of Cu2+. Finally,
by cross-linking the outermost layer of PDDA/CdTe QDs multilayers by bovine serum albumin
(BSA) [107], a bi-color film was developed: it exhibited two luminescent peaks centered at 553 nm
(green) and 657 nm (red), with green being the dominant color. In the presence of Hg(II), the intensity
of the first peak decreased (as shown in Figure 9a) and, for Hg(II) concentrations higher than 10−6 M,
it was totally quenched, which made the sensing film change color from green to red. This color change
was detectable by the naked eye, as can be seen in Figure 9b.

Figure 9. (a) Luminescence spectra of the bi-color film under exposure to different Hg2+ concentrations:
0 μM, 0.01 μM, 0.05 μM, 0.1 μM, 0.2 μM, 0.5 μM, 0.6 μM, 0.75 μM, and 1 μM. The inset shows the
Stern–Volmer plot of the sensor; (b) Colors of the sensing films under exposure to different Hg2+

concentrations: 0 μM, 0.01 μM, 0.1 μM, 0.5 μM, 1 μM, 1.5 μM, and higher than 100 μM. Reprinted
from [107] with permission from Elsevier.

Apart from CdTe QDs, carbon nanoparticles have also been employed for the fabrication of
Hg(II)-sensitive luminescent films [108]. Their functionalization with PEG200 and N-acetyl-L-cysteine
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(NAC) enabled the carbon dots to be assembled with PEI onto the tapered tip of a 600 μm-core
optical fiber by means of the LbL technique, as well as the detection of mercury ions. Although the
fluorescence quenching mechanism of these sensors was not completely determined, it was likely to
be due to the interaction between the –SH groups of NAC and Hg(II) ions. Sensing coatings from
one to six bilayers of (PEI/carbon dots) were analyzed: all of them exhibited a reproducible and
reversible behavior towards Hg(II) (see Figure 10 for the particular case of the six-layer structure),
and it was found that an increase in the number of bilayers led to a decrease in the detection limit
(0.1 μM Hg(II) for one bilayer and 0.01 μM Hg(II) for six bilayers) and an increase of the quenching
constant. However, cross-sensitivity towards other metal ions was not studied.

 

Figure 10. Steady-state fluorescence measurements over time (excitation 380 nm and emission 500 nm)
of the dry optical fiber with six layers, followed by three cycles of Hg(II) aqueous solutions with the
following concentrations: 0, 0.01, 0.05, 0.1, 0.799, 1.99, and 2.69 μM. (1) The fiber was immersed in water;
(2) removed from water; and (3) immersed in Hg(II) 0.01 μM. Reprinted from [108] with permission
from Elsevier.

An ultrasensitive Cu(II) sensor was developed by taking advantage of the fluorescence
enhancement produced by Ag nanoprisms onto 16-mercaptohexadecanoic acid (16-MHA) capped
CdSe quantum dots (QDs) [109]. Si or glass slides were coated with a layer of silver nanoprisms,
which was separated from the outer QDs layer by a (PDDA/PSS) spacer of the optimal thickness [110]
fabricated by means of LbL. The Ag nanoprisms, together with a UV photobrightening process,
enhanced the luminescence, which was selectively quenched by Cu2+ ions, with a detection limit as
low as 5 nM. The enhancement produced by the photobrightening and the Ag nanoprisms is clearly
observable in Figure 11.
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Figure 11. Stern−Volmer plot for the quenching of CdSe PL by Cu2+. The solid red squares (�),
black diamonds (�), and blue triangles (�) denote the CdSe QDs enhanced by both Ag nanoprisms and
photobrightening, the photobrightened QDs, and the unmodified QDs, respectively. Note: the blue
and black lines are added as a guide using fits to a third-order polynomial. The red line is a linear fit to
the data. Reprinted from [109] with permission from Elsevier.

Table 3 summarizes all the metal ion sensors analyzed in this section.

Table 3. Luminescent films fabricated by LbL for ions detection.

Analyte
Sensitive
Indicator

Sensing Film Detection Range LOD Cross-Sensitivity Ref.

Fe3+, Hg2+ HPTS [PAH/PAA-HPTS]n 0–0.5 mM Fe3+

0–1 mM Hg2+
1.28 ppm Fe3+

1.79 ppm Hg2+ - [100,
101]

Hg2+ TPPS (PDDA/PSS/PDDA/TPPS) 0–3.3 × 10−5 M <3.3 × 10−8 M Cd2+, Pb2+, Cu2+ [102]

Hg2+ PPESO3 (PDDA/PPESO3)3 0–1 mM 10−7 M Fe3+, Al3+ [104]

Fe3+ PFPNa (PDAC/PFPNa)1 0–10 μM 10−7 M - [103]

Hg2+ MSA-capped
CdTe QDs (PDDA/QDs)10 0–1 μM <10−8 M Cu2+, Ag1+ [105]

Cu2+, Hg2+ MSA-capped
CdTe QDs (PDDA/QDs)5

0–1 μM Cu2+

0–0.5 μM Hg2+
<10−8 M Cu2+

<5 × 10−9 M Hg2+

High
concentrations of
Ni2+, Cr3+, Au3+,

Ag+

[106]

Hg2+ MPA-capped
CdTe QDs

(PDDA/QDs)5/PDDA/PSS/
PDDA/(QDs)5/BSA 0.01–1 μM 4.5 × 10−9 M - [107]

Hg2+ Carbon dots (PEI/Carbon dots)1-6
0.01–2.69 μM for

(PEI/Carbon dots)6

10−8 M for
(PEI/Carbon

dots)6

- [108]

Cu2+
(16-MHA)

capped CdSe
QDs

Ag
NPs/(PDADMAC/PSS)/QDs 0–100 μM 5 × 10−9 M - [109]

3.2. LbL Luminescent Coatings for Dissolved Oxygen Sensing

In neutral solutions singlet oxygen (1O2) reacts with ascorbate (AscH-) producing H2O2,
which quenches the fluorescent emission of CdTe QDs [111]. Taking advantage of this reaction, a singlet
oxygen sensitive coating was fabricated by means of the LbL technique [112]: first, a glass slide was
coated with the base layers (PDDA/PAA)3/PDDA, onto which 10 bilayers of (CdTe QDs/PDDA)
were deposited. With the aim of avoiding any interference between the CdTe QDs and the ascorbate,
a spacer structure (PDDA/PAA)2/PDDA was introduced and, finally, two bilayers of PDDA/ascorbate
were built. The sensing films were introduced in a phenylalanine solution, which produced singlet
oxygen under UV illumination. Then, 1O2 reacted with ascorbate producing H2O2, which etched
the QDs surface, giving rise to their luminescence quenching, as is shown in Figure 12. This sensing
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structure detected 1O2 concentration as low as 10−15 M. For each concentration, the intensity decreased
for 5 min, when a steady stage was reached. This response time was thought to be due to the time
required by H2O2 to etch the QDs [113].

 

Figure 12. (a) Luminescent intensity of the film before and after incubation in solution of different
phenylalanine concentrations; and (b) the corresponding calibration curve. After incubation and
exposition to UV light, singlet oxygen is produced, which reacts with ascorbate, producing H2O2,
which quenches the luminescence; (c) Microscopic image of the interface between a part exposed
to phenylalanine (right) and a part unexposed (left); (d) UV image of the phenylalanine-exposed
part (left), where only the UV light (excitation) is visible, and the unexposed part (right), where the
luminescence (534 nm, green) is observable. Reprinted from [112] with permission from the Korean
Chemical Society.

Other dissolved oxygen sensors were developed by utilizing ruthenium porphyrins as sensitive
materials. For instance, Grant and coworkers fabricated a self-referenced optical fiber sensor based
on a polymer/polymer-dye multilayer structure, by combining the oxygen sensitive porphyrin
bis(2,2′-bipyridine)′ ′-methyl-4-carboxybipyridine-ruthenium-N-succinimidyl-ester bis(hexafluoro-
phosphate), Ru(bpy)2(mcbpy), with PAH and the reference dye, FITC, with the same cationic
polyelectrolyte [114]. The multilayer architecture (PAH-Ru(bpy)2(mcbpy)/PSS)10 + {PAH-FITC/PSS)5

was built on the tip of a 400 μm-core optical fiber, which was connected to a two (200 μm) to one
(400 μm) coupler. Under illumination at 450 nm, the sensing film exhibited two luminescent peaks,
centered at 524 nm and 630 nm, which corresponded to the two dyes, FITC and Ru(bpy)2(mcbpy)
respectively. The fluorescence peak ratio (I630nm/I524nm) changed from 0.82 to 0.75 under dissolved
oxygen concentration variations from 0 to 1400 mM. In a subsequent study [115], the number of dye
layers was increased up to 15, but no enhancement of the sensor performance was observed.

A study of the adsorption of Ru(bpy) onto planar substrates by LbL was performed
in [116]: this porphyrin was attempted to be assembled from a pure dye solution as well as
from solutions of different dye-polyion concentrations. In the first case, the multilayer structure
PEI/(PSS/PDDA)2/(PSS/Ru(bpy))20 was deposited onto glass slides. Despite Ru(bpy) being positively
charged, it was observed that it was barely adsorbed to PSS and, what is more, it was desorbed when
the substrates were immersed in the anionic solution. When mixing Ru(bpy) with PSS, sensing coatings
with the structure PEI/(PSS/PDDA)2/(PSS-Ru(bpy)/PDDA)20 and different ratios (1:80, 1:40 and
1:20) of Ru(bpy):PSS were analyzed. As the Ru(bpy):PSS ratio increased, so did the fluorescence
intensity. The fluorescence quenching of the sensor fabricated with the 1:20 (Ru(bpy):PSS) ratio
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exhibited a Stern–Volmer trend, being able to detect changes of less than 3% of the dissolved oxygen
concentration in the range between 0 and 12 mg/L. This fact made it suitable for monitoring oxygen
concentrations within biological environments. However, a further investigation [117] concluded that
the best approach for adsorbing the luminescent dye to the substrate was not polyelectrolyte-dye
mixing, but their covalent linkage: this bond prevented any kind of dye desorption when the substrate
was immersed into the oppositely charged solution.

3.3. LbL Luminescent Coatings for Gaseous Oxygen Sensing

Another approach to immobilizing these ruthenium porphyrins into the multilayer structures
consisted of the fabrication of the multilayer film and its further immersion in the dye solution,
with the consequent diffusion of the indicator inside the coating. In [118], three kind of sensors
were fabricated onto the tip of a 62.5 μm-core optical fiber. The first type consisted of a hygroscopic
polymer membrane made of polyglutamic acid (PGA, anionic material) and poly-Lysine (cationic
material). The second coating was a water absorbing polymer membrane composed of PAA (anionic
polyelectrolyte) and PAH (cationic polyelectrolyte) and the third one, a porous composite membrane,
was a multilayer structure of porous glass beads and PAH built onto a PAA layer. After the deposition
of 50 bilayers of each structure onto the optical fiber tips, they were immersed in 80 mM Ru(bpy)
solutions. When the sensors were illuminated at 450 nm, no phosphorescence was observed in the
case of the water-absorbing polymer membrane, whereas the hygroscopic polymer membrane and
the porous composite membrane exhibited a phosphorescent peak centered at 625 nm; the latter was
the only one that was quenched when the sensor was exposed to 95–100% oxygen concentrations.
Apart from the influence of the multilayer structure on the behavior of the sensors, the effect of
the number of bilayers was also studied. It was found that a 125-bilayer structure did not show
phosphorescence, which was attributed to the difficulty of introducing the ruthenium porphyrin in
such a thick membrane. On the other hand, the five-bilayer sensor had a similar sensitivity to that of
the 50-bilayers one, and it also demonstrated high resolution for low oxygen concentrations.

All the ruthenium porphyrins employed up to now are water-soluble, which facilitates
their assembly by means of the LbL technique. As is well known, this construction method
requires all the materials to be present in water solutions for their deposition onto the
substrates, so the water insolubility of certain porphyrins can be an inconvenience. To overcome
this fact and facilitate their deposition by the LbL technique, there exists the possibility of
entrapping them into micelles [119]. Taking advantage of this method, the water-insoluble
platinum(II)-5,10,15,20-tetrakis-(2,3,4,5,6-pentafluorphenyl) porphyrin, Pt-TFPP, was immobilized
for the first time, employing the LbL technique in [120]: PAH was used as cationic polyelectrolyte
and Sodium Dodecyl Sulfate (SDS) micelles, into which Pt-TFPP was entrapped, were employed
as anionic counterpart. The multilayer coating formed by (PAH/Pt-TFPPSDS)10 was built onto
the tip of a 400 μm-core optical fiber, which was connected to a 200 μm-core bifurcated fiber.
Under illumination at 390 nm, the intensity of the luminescence peak at 650 nm decreased as the
oxygen concentration increased, exhibiting a linear Stern–Volmer plot in the whole range of oxygen
concentrations. A comparative study of three different polymeric matrices was carried out in [49],
where the structures (PDDA/Pt-TFPPSDS)10, (PEI/Pt-TFPPSDS)10, and (PAH/Pt-TFPPSDS)10 were
analyzed in detail. It was shown that the sensitivity was determined by the morphology of the
coatings: the rougher the sensing film, the more sensitive the sensor, and the higher the range of
oxygen concentrations able to detect the sensor. What is more, the sensors fabricated with PDDA and
PEI did not exhibit linear calibration curves; their Stern–Volmer plots had two different quenching
constants, indicating that the luminophore was not homogeneously distributed in the matrix. This fact
can be seen in Figure 13 and in Table 4, where the calibration curves and the quenching constants of
each sensor are displayed.
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Figure 13. Calibration curves of (PDDA/Pt-TFPPSDS)10 (Sensor A), (PEI/Pt-TFPPSDS)10 (Sensor B),
and (PAH/Pt-TFPPSDS)10 (Sensor C). Stern–Volmer plots of Sensors A and B are adjusted on the left
axis, whereas that of Sensor C is adjusted on the right axis. Reprinted from [49] with permission
from Elsevier.

Table 4. Quenching constants and calibration curves of the three oxygen sensors fabricated employing
PDDA, PEI, or PAH as cationic polyelectrolytes. Data obtained from [48].

Stern–Volmer Constants
Mathematical Model

f1 KSV,1 f2 KSV,2

[PDDA/PtSDS]5 0.957 0.0898 0.043 0.0001
I0

I
=

(
0.957

1 + 0.0898·[O2]
+

0.043
1 + 0.0001·[O2]

)−1

[PEI/PtSDS]5 0.9939 0.1526 0.0061 0.085
I0

I
=

(
0.9939

1 + 0.1526·[O2]
+

0.0061
1 + 0.085·[O2]

)−1

[PAH/PtSDS]5 1 0.34 0 0 I0

I
= 1 + 0.34·[O2]

With the aim of avoiding self-quenching and enhancing the sensitivity of the sensors, the spacing
distance between the luminescent films was increased by introducing PAA layers between the cationic
ones [48]. This fact not only affected the sensitivities of the sensors, but also determined the distribution
of the luminophores inside the multilayer structure. For instance, in the cases fabricating the sensors
with PDDA or PEI, a higher number of spacing layers was needed than in the case of the sensors
built with PAH to obtain linear calibration curves and the highest sensitivities. This is shown in
Figure 14: for the sensors fabricated with PDDA or PEI, the highest sensitivities are obtained when
the luminescent films (PtSDS) are separated by five layers, P(+)/PAA/P(+)/PAA/P(+), where P(+) are
PDDA and PEI, respectively. In the case of the sensors fabricated with PAH, only three spacing layers,
PAH/PAA/PAH, are enough to reach the maximum sensitivity.

 

Figure 14. Cont.
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Figure 14. Stern–Volmer plots of the different sensors fabricated employing (a) PDDA, (b) PEI,
and (c) PAH as cationic polyelectrolytes, and PAA as a spacer layer. In the cases of (a) PDDA and
(b) PEI, the maximum of the sensitivity is achieved when luminescent layers are spaced by five layers
of polyelectrolytes, whereas in the case of (c) PAH, only three layers of polyelectrolytes are necessary to
achieve the maximum of the sensitivity. Reprinted from [48] with permission from Elsevier.

3.4. LbL Luminescent Films for Biosensing Applications

Li et al. used the multilayer structure (PAH/CdTe QDs)x(PAH/PSS)3(PAH/GOD)y to
determine the concentration of blood glucose in real serum samples with good reproducibility and
accuracy [113]; the GOD enzyme catalyzed the reaction between oxygen and glucose, producing H2O2,
which generated defects on the surface of the QDs, quenching their luminescence. Under illumination
at 380 m, the initial structure (PAH/CdTe QDs)12(PAH/PSS)3(PAH/GOD)3 showed a luminescence
peak centered at 630 nm. The luminescent properties of this coating were analyzed for different
temperature and pH values ranging from 28 to 45 ◦C, and from 6 to 9, respectively. In the case of
temperature, the largest quenching rate was obtained for 37 ◦C, whereas a pH value of 7.4 was chosen
as optimal. Figure 15 shows the luminescence quenching of that structure at different temperatures (A),
upon different glucose concentrations (B), and the absolute quenching rate of this structure (C).

Figure 15. Cont.
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Figure 15. (A) Quenching of the luminescence peak centered at 630 nm of the multilayer structure
(PAH/CdTe)12(PAH/PSS)3(PAH/GOD)3 when it is exposed to a 4 mM glucose solution at different
temperatures. The time-dependent luminescence intensity of that peak during the first 9 min of the
reaction for each temperature is shown in the inset. (B) Luminescence quenching of the same film
for different glucose concentrations: (a) 2, (b) 4, (c) 6, (d) 8, (e) 12, (f) 16, (g) 20, and (h) 40 mM over
150 min; (C) quenching rate (Qm) of the sensor over 5 min as a function of the glucose concentration.
F0 and Fm correspond to the luminescence intensity in the absence (F0) and presence (Fm) of glucose.
All measurements were carried out in a 20 mM phosphate buffer at pH 7.4. Copyright: 2009, American
Chemical Society.

Under those conditions (37 ◦C and pH 7.4), the response upon addition of 4 mM glucose of
three different structures (as shown in Figure 16) was studied with the aim of optimizing the number
of PAH/CdTeQDs and PAH/GOD bilayers. For a given number of PAH/GOD bilayers (in this
case, three), it was observed that the quenching rate of the sensor decreased when the increase
in the number of QDs layers was limited to 12. For this number of PAH/CdTe QDs bilayers,
the quenching constant increased linearly with the number of enzyme layers as a consequence of
the good permeability of the GOD layers towards glucose. The PAH/PSS3 spacer was introduced
in order to avoid any kind of influence of the GOD-glucose reaction on the QDs. The structure
(PAH/CdTe QDs)12(PAH/PSS)3(PAH/GOD)5 was chosen as optimal for determining the blood
glucose concentration in serum samples: it exhibited linear luminescence quenching in the glucose
concentration range between 0.5 and 16 mM, with 0.5 mM being the detection limit. Furthermore,
no sample pre-treatment was needed.

 

Figure 16. Luminescence quenching at 630 nm (λex = 380 nm) when different structures of (PAH/CdTe
QDs)x(PAH/PSS)3(PAH/GOD)y were exposed to 4 mM glucose. All measurements were carried out
at 37 ◦C in a 20 mM phosphate buffer at pH 7.4. Copyright: 2009, American Chemical Society.
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Since it was isolated, graphene and some related structures have been employed for diverse
sensing applications [121]. Graphene oxide multilayer arrays were assembled by means of the LbL
technique by Jung et al. [122] for the fabrication of aptasensor microarrays. These multilayers were
prepared by assembling oppositely charged graphene oxide sheets: negatively charged ones (GO−)
were prepared by introducing COOH groups, while positively charged sheets (GO+) were obtained
thanks to the NH2 groups. An aminated glass slide was coated with 10 bilayers of (GO−/GO+),
and then a FAM-labeled thrombin aptamer was immobilized on them. The FAM luminescence,
centered at 530 nm, was quenched by graphene oxide due to the high energy transfer between the
dye and graphene. In the presence of thrombin, fluorescence was recovered owing to the high
affinity between aptamers and thrombin. On the other hand, other analytes such as bovine serum
albumin (BSA), streptavidin (STA), glucose, and human immunoglobulin (IgG) antibody did not alter
the quenched fluorescence of FAM-aptamer-labeled GO multilayers, probing the high specificity of
the aptamer-based sensor. For the particular case of 10 bilayers of (GO−/GO+) and 2 μM aptamer
concentration, the fluorescence intensity from FAM was quenched over 85% and the detection limit
for thrombin was 0.001 nM, exhibiting 30-fold higher sensitivity than the solution-based graphene
FRET aptasensor [123]. Furthermore, this sensor was reused four times by simply cleaning it with
distilled water.

4. Conclusions

It is obvious that luminescence has become a powerful detection mechanism for biological
and environmental applications. This sensing method also takes advantage of the wide variety
of sensitive luminophores that exists: fluoropolymers, water-soluble and non-soluble porphyrins,
or semiconductor quantum dots, among others. These materials can be encapsulated in multilayer
shells for their utilization in solution-based probes, or they can be entrapped inside nanostructured
films and used as solid-state sensors. In both cases, the LbL nano-assembly technique permits us
to tailor the properties of the sensors at the nanometer scale, making feasible the fabrication of
custom-made devices that not only exhibit good photostability, but also high selectivity and sensitivity
for almost any kind of sensing applications.

The remarkable characteristics of the sensors exposed in this study suggest that the combination
of luminescence and the LbL nano-assembly technique is a promising approach for the fabrication of
sensing devices for real applications. Environmental and biosensing purposes are probably the most
encouraging fields owing to the facility for fabricating arrays of sensor capable of detecting several
analytes with a single measurement. Furthermore, a real solution for sensing applications in hazardous
environments can be obtained by combining luminescence and the Layer-by-Layer technique with the
unique properties of optical fibers.
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