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Abstract Chemosensor arrays have a great potential for
on-site applications in real-world scenarios. However, to
fabricate on chemosensor array a number of chemosensors
are required to obtain various optical patterns for multi-
analyte detection. Herein, we propose a minimized
chemosensor array composed of only two types of
carboxylate-functionalized polythiophene derivatives for
the detection of eight types of metal ions. Upon recognition
of the metal ions, the polythiophenes exhibited changes in
their fluorescence intensity and various spectral shifts.
Although both chemosensors have the same polymer
backbone and recognition moiety, only the difference in
the number of methylene groups contributed to the
difference in the fluorescence response patterns. Conse-
quently, the metal ions in aqueous media were successfully
discriminated qualitatively and quantitatively by the
chemosensor microarray on the glass chip. This study
offers an approach for achieving a minimized chemosensor
array just by changing the alkyl chain lengths without the
necessity for many receptors and reporters.

Keywords metal ions, polythiophene, chemosensor
array, fluorescence, pattern recognition

1 Introduction

Chemosensor arrays offer accurate and rapid detection of
diverse analytes by the combination with versatile colorful
sensor elements [1-4]. To date, various types of small
molecule- [5,6] or polymer- [7-9] based chemosensor
arrays have been developed for multi-analyte detection.
Among them, m-conjugated polymer-based chemosensors
are some of the more important candidates for array
applications owing to their unique optical properties
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[10,11]. Their optical responses are keenly affected by
the inter- and intramolecular interactions stemmed from
molecular recognition phenomena. Thus, m-conjugated
polymer-based chemosensors, such as poly(p-phenyle-
neethynylene)s (PPEs) [12], allow not only the visualiza-
tion of molecular recognition at the side chains but also the
amplification of the sensitivity due to molecular wire
effects [11]. For example, Miranda et al. reported water-
soluble PPEs for proteins detection. The PPEs with six
types of charged or neutral side chains offered different
optical response patterns, which allowed the discrimina-
tion of seventeen types of proteins [13].

Regardless of small molecule- [14,15] and polymer-
based chemosensors [16], various types of chemosensors
are generally required even in an array to obtain optical
response patterns for multi-analyte detection. To avoid
synthetic burdens and complicated fabrication processes,
the arrays should be constructed by a small number of
chemosensors. Examples for the small molecule-type
minimized chemosensor arrays have been previously
reported [17-25], while the minimization of the polymer-
based chemosensors have rarely been attempted [26,27].
For the polymer-based chemosensors, the reduction of the
number of the chemosensors is generally limited by the
difficulties for simple tuning of the color patterns using the
same rigid backbones. To overcome this potential draw-
back, we focused on polythiophene derivatives (PTs) as
chemosensors [28—37]. Owing to their relatively flexible
backbones, PT derivatives allow fine-tuning of their
optical properties for the chemosensor arrays. This feature
arises from the co-planarization of the thiophene units and
subsequent self-aggregation which are induced by mole-
cular recognition phenomena [30,33]. We herein report the
simultaneous detection of various types of metal ions
(APP*, Ca?*, Cd**, Co**, Cu**, Ni**, Pb**, Zn*") using a
chemosensor array composed of only two types of the
carboxylate-functionalized PT derivatives (Fig. 1). Some
of the metal ions are beneficial for maintaining the health
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of organisms. However, the over-accumulation of the
essential metal ions or uptake of toxic ones causes various
adverse effects [38]. Thus, the simultaneous detection of
metal ions is of significance to avoid environmental and
physiological concerns [39—43]. The carboxy groups at the
side chains of the PT derivatives were employed as
coordination sites for the metal ions [30]. The coordination
of the metal ions to the functional group resulted in various
changes in the optical properties (i.e., intensity changes
and spectral shifts) of PT derivatives, which allowed us to
prepare the minimized chemosensor array. The array was
finally fabricated on a small glass chip from the viewpoint
of on-site detection. Notably, the glass chip combined with
analyses by a charge coupled device (CCD) camera and
image processing [33] enabled the simultaneous detection
of the eight types of metal ions. Thus, the PT-based
chemosensor array is one-step forward toward achieving
miniaturized chemosensor arrays.

2 Experimental
2.1 Materials

Reagents and solvents were purchased from commercial
suppliers and used as received. For the optical titrations of
metal ions, copper(Il) perchlorate hexahydrate, cobalt(Il)
perchlorate hexahydrate, nickel(Il) perchlorate hexahy-

drate, zinc(Il) perchlorate hexahydrate, mercury(Il)
perchlorate hydrate, calcium perchlorate tetrahydrate,
cadmium(II) perchlorate hydrate, aluminum(III)
perchlorate nonahydrate, lead(Il) perchlorate hydrate,
lithium perchlorate, manganese(Il) perchlorate hydrate,
palladium(Il) nitrate, and chromium(Ill) nitrate nonahy-
drate were purchased from Sigma-Aldrich Co. LLC. PT
derivatives, poly[3-(5-carboxybutyl)thiophene-2,5-diyl]
1) Mw=3.0x10*4.0 x10* g-mol') and poly[3-(6-
carboxylpentyl)thiophene-2,5-diyl] (2) (Mw = 5.5 x 10*-
6.5 x 10* g-mol™") were purchased from Rieke Metals,
Inc. NaCl, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES), disodium hydrogenphosphate dodecahy-
drate, and dimethyl sulfoxide (DMSO) were purchased
from Kanto Chemical Co. Inc. A hydrogel matrix (model:
HydroMed D4) for the array experiment was purchased
from AdvanSource Biomaterials Corp. Aqueous solutions
for all experiments were prepared using Mill-Q water (18.2
MQ-cm™).

2.2  Measurements

UV-vis spectra were measured using a SHIMADZU
UV-2600 double-beam spectrophotometer, within the
wavelength range of 300-800 nm. Fluorescence responses
were measured by a HITACHI F-7100 spectrophotometer.
Both 1 (15 pmol-L™-unit™) and 2 (10 pmol-L™"-unit™)
were excited at 480 nm, and the fluorescence spectra were
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Schematic illustration of the polythiophene-based minimized chemosensor array on the glass chip for the simultaneous detection
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recorded within the wavelength range from 500—-800 nm at
the scanning rate of 240 nm-min™'. Titration isotherms
were prepared by plotting the fluorescence maxima at 594
and 610 nm for 1 and 2, respectively. Both optical
measurements were conducted under ambient room
conditions at 25 °C. The absolute quantum yields (Table
S1, cf. Electronic Supplementary Material, ESM) were
measured using an absolute photoluminescence quantum
yield spectrometer (Hamamatsu Photonics Quantaurus-
QY, C11347-01). The lifetimes of the fluorophores (Table
S1) were recorded on a fluorescence lifetime spectrometer
(Hamamatsu Photonics Quantaurus-Tau, C11367-01). A
quartz cuvette (Hamamatsu Photonics A10095-02, 10 mm
x 10 mm) was used for each measurement.

2.3 Array experiment

The fluorescent sensor 1 or 2 (250 pmol-L™") and
HydroMed D4 (3.6 wt-%) were mixed in a HEPES buffer
(50 mmol-L™") containing NaCl (10 mmol-L™"), and the
pH value was adjusted to 7.4. The solutions were
dispensed into a 405-microwell glass chip at 0.2 pL per
well utilizing a robotic dispenser system (IMAGEMAS-
TER 350, Musashi Engineering). The glass chip was dried
in vacuo at 45 °C for 5 min. Next, a HEPES buffer solution
(pH 7.4) was pipetted to the glass chip at 0.2 pL per well
and the glass chip was dried again. The light-emission of
the fabricated fluorescence sensor chip at this step was
recorded by an imaging scanner (Anatech, FluoroPhor-
eStar3000). Finally, the target metal ions in the HEPES
buffer solutions were pipetted into the glass chip at the
same volume and treated by drying process, followed by
image recording. The datasets of the fluorescence images
were obtained by the following combinations of the light
sources and the color filters: A (375 nm)—A., (450 +
40 nm band path (BP)), A« (375 nm)—A.y, (530 nm long
path (LP)), A (375 nm)—A., (540 + 50 nm BP), A,
(375 nm)-A., (580 nm LP), A, (375 nm)—Ae, (630 nm
LP), Aex (470 nm)—Aoy, (530 nm LP), Ao (470 nm)—Ae,
(580 nm LP), A (470 nm)-Ay, (630 nm LP), A
(470 nm)—Aey, (700 £ 35 nm BP), A (530 nm)—A.y,
(580 nm LP), A, (530 nm)—A, (630 nm LP) and A,
(530 nm)— A, (700 £ 35 nm BP) (Table S2, cf. ESM). The
obtained images were analyzed by Imagel. The data
extraction was carried out with twenty-eight repetitions.
The obtained data for the qualitative assay were analyzed
by a linear discriminant analysis (LDA) [1,2]. A leave-one-
out cross-validation protocol was employed to determine
the classification rate.

3 Results and discussion
3.1 Metal-ion titration using spectroscopic methods

Among the PTs (m = 3-6), the n-butyl carboxylate- and n-

pentyl carboxylate-functionalized PTs (m = 4, 5) (1 and 2)
were employed for the simultaneous detection of the metal
ions. In this study, the appropriate alkyl chain length was
selected to avoid undesirable effects of PT derivatives with
short and long carboxy alkyl groups on the sensing
properties. The short one (m = 3) caused a doping effect on
PTs [44], while the aggregation behavior was observed for
the long alkyl chain (m = 6) in polar solvents [45]. Thus,
only two polymer-based sensors were utilized for the
optical investigations. First, the coordination of the metal
ions on the carboxy group was monitored by UV-vis
spectrophotometry. The representative result of the UV-vis
titration is shown in Fig. 2. The addition of Cu** resulted in
a clear change of the spectrum of 2 with the redshift of the
absorption maximum from 476 to 550 nm, indicating the
co-planarization of the thiophene units stemmed from the
recognition of Cu®* [28-37]. Moreover, the slight increase
in the baseline absorption reflects the aggregation of the
PT, which is most probably due to Rayleigh scattering
[35,45,46]. Thus, the spectral changes demonstrated the
molecular behavior of the PT induced by the recognition of
the metal ions.
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Fig. 2 UV-vis spectra of 2 (100 umol~L71 ~unit71) upon increas-
ing the concentration of Cu** in DMSO at 25 °C ([Cu2+] =0-300
pmol-L™". The spectra were recorded in 10 min after mixing 2 and
cu?hy.

The addition of Cu®" also affected the fluorescence
properties of 2, as shown in Fig. 3. The fluorescence
intensity of 2 decreased and blue-shifted (A4 = 20 nm)
upon the addition of Cu®'. The fluorescence spectral
change was probably induced by multiple factors including
spin-orbit coupling, and changes in planarity and the
aggregate state [47,48]. The titration isotherm allowed to
estimate the Stern-Volmer quenching constant (K,) [49]
of 2.1 x 108 L-mol! for Cu*". In addition, the AI** ion as
well as the Cu** ion induced a gradual decrease in the
fluorescence intensity, while the emission wavelength of 2
was redshifted (AZ = 24 nm) in contrast to that of the Cu**
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Fig. 3 Fluorescence spectra of 2 upon increasing the concentra-
tions of (a) Cu®>" and (b) AI*" in DMSO at 25 °C ([Metal ion] = 0—
3.0 pmol-L !, 2., = 480 nm. The spectra were recorded in 10 min
after mixing 2 and the metal ions. Insets: the titration isotherms
obtained by plotting the maximum emission intensities (A, = 610
nm) at each concentration of the metal ions).

ion. The K, value for the AI** ion was estimated to be
2.6 x 10® L-mol™'. The significant quenching is probably
due to an efficient interchain aggregation by the trivalent
ion [50,51]. More importantly, the alkyl chain length also
contributes to the fluorescence response patterns. As
examples of the comparative measurement with the same
metal ion but different alkyl chain lengths, Fig. 4 shows the
fluorescence characteristics of 1 and 2 with an increase in
Zn** concentrations. Remarkably, the fluorescence inten-
sity of 2 drastically decreased resulting in a relatively large
K, value (1.1 x 10® L-mol™), whereas that of 1 was
almost unaffected.

To further investigate the selectivity of the polymer-
based chemosensors, the fluorescence titrations were
performed with the total eight types of metal ions. Several
metal ions (Hg**, Cr**, Mn>*, Pd**, Li*, and Na*) were
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Fig. 4 Fluorescence spectra of (a) 1 and (b) 2 upon increasing
the concentrations of Zn>" in DMSO at 25 °C ([Zn2+] = 0-
3.0 umol-Lfl, Aex = 480 nm. The spectra were recorded in 10 min
after mixing 1 or 2 and the metal ions. Insets: the titration
isotherms obtained by plotting the maximum emission intensities
at 594 nm and 610 nm for 1 and 2, respectively).

excluded from the list of the analytes due to their little or
no influences on the fluorescence changes. PT derivatives
1 and 2 responded to the other types of metal ions, showing
moderate selectivity along with different binding affinities
(Fig. 5 and Table 1). The PT 2 tended to exhibit higher
apparent binding constants for the metal ions compared to
those of 1 (Table 1), which could presumably be attributed
to the stabilized coordination complex by the long alkyl
chain [52]. Indeed, a previous report regarding a statistical
analysis (i.e., analysis of variance) of PT chemosensors
implied the significance of the length of alkyl chains [33].
The flexibility derived from the long alkyl chain (m = 5)
could contribute to the favorable complexation with
analytes, resulting in larger optical changes. In addition,
the limit of detection was estimated to be in the
ppb (x 10 %)—sub-ppm (x 10 °) levels based on the [UPAC
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Fig. 5 Response selectivity of (a) 1 and (b) 2 for the metal ions
(Each titration isotherm was obtained by plotting the maximum
emission intensities (A, at 594 nm and 610 nm for 1 and 2,
respectively) at each concentration of the metal ions. A =
480 nm).

Table 1 The Stern-Volmer quenching constants of 1 and 2
(Ks/(L-mol )

Metal ions 1 2
Cu*" 2.0 x 10% 2.1 x 10°
APT 7.1 x 107 2.6 x 10
Ca** 1.6 x 107 2.7 x 107
cd** N.D.? 23 x 107
Co** 3.7 x 107 7.8 x 107
NiZ* 1.3 x 10® 1.3 x 108
Pb** 4.0 x 107 2.4 % 107
Zn** <10° 1.1 x 10*

a) N.D.: not determined due to the small response.

rule (i.e., the 3 o method) (Table S2) [53]. As demonstrated
herein, the diverse response patterns (i.e., shifts of

emission wavelengths and fluorescence intensity changes)

were obtained with the same polymer backbone depending

on the metal ion species and the alkyl chain lengths.

Furthermore, the coordination number and the geometry of

each metal ion species presumably affected the binding

constants determined [52]. Such distinct optical contrast

plays significant roles in increasing the number of datasets
for pattern recognition of the minimized chemosensor
array, which would allow the accurate and simultaneous
discrimination of the metal ions.

3.2 Array experiment

To achieve a robust and easy-to-detect sensor array system,
a hydrogel-based microarray was employed. Hydrogels are
known to prevent self-aggregation of chemosensors in the
solid state [54,55]. In addition, the water-soluble polymer
materials absorb aqueous samples with high efficiency
[54]. More importantly, the analyte detection can be
achieved in aqueous media even using poorly water-
soluble chemosensors. The 405-well microarray chip was
injected with 1 or 2 in a polyurethane gel using the robotic
dispenser. Subsequently, each metal ion (10 pmol-L™)
dissolved in the HEPES buffer solution (50 mmol-L™)
containing NaCl (10 mmol-L ") was added to the wells. To
record the fluorescence patterns of the microchip, the CCD
camera was utilized with three light sources (i.e., UV, blue
and green) and six color filters. The combination of the
light sources and the color filters provided red, green and
blue variations for the image data analysis. Indeed, a
heatmap of the microchip displayed a fingerprint-like
response pattern upon the recognition of metal ions
(Fig. 6).

A qualitaitve analysis was carried out for the simulta-
neous discrimination of the metal ions in the aqueous
media. The obtained dataset was analyzed by LDA with the
jack knife method. As shown in Fig. 7, the LDA canonical
score plots showed the accurate discrimination of the eight
types of metal ions with 100% correct classification. In
comparison with the cluster for control, the positions of the

AP Ca?* Cd* Co® Cu®* Ni¥* Pb*" Zn?*

Fig. 6 Heat map of the microchip containing 1 or 2 in the
presence of the metal ions (The fluorescence response patterns
were obtained by the combination of three types of light sources
(i.e., Aex = 375, 470, and 530 nm) and six types of CCD camera
filters (i.e., Aem = 450, 530, 540, 580, 630, and 700 nm).
[Hydrogel] = 3.6 wt-%, [1] = [2] = 250 pmol-L ' -unit '. [Metal
ion] =10 pmol-Lﬁl in a HEPES buffer (50 mmol'Lfl) with NaCl
(10 mmol-L " at pH 7.4).
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Fig. 7 LDA canonical score plots with 99% confidence
ellipsoids for the qualitative analysis of the eight types of
the metal ions in a HEPES buffer (50 mmol-Lfl) with NaCl
(10 mmol-L™") at pH 7.4 (For each trial, twenty-eight
repetitions were conducted. [Hydrogel] = 3.6 wt-%, [1] = [2] =
250 pmol-L™" -unit™". [Metal ion] = 10 pmol-L™").

clusters of the metal ions reflect the turn-off responses of
PT derivatives. For example, the distance between the
cluster of Cu** and the control was far more than that
between others, which corresponded to the increased
fluorescence responses along with a higher K, value. In
contrast to that for Cu®*, the distance between Ca*>" and the
control was closer due to the low K, value. Furthermore,
the relatively large response space (F1: 62.1%, F2: 33.0%,
and F3: 2.2%) despite using only the two chemosensors
suggests that the successful classification is a result of the
diverse optical response patterns offered by the PT
backbones.

Furthermore, we conducted a semi-quantitative and
quantitative analysis in the mixtures. In these assays, a
combination of Cu*" and AI** was employed as the target
metal ions. Since the combination causes a reduction in the
chlorophyll content and the inhibition of plant growth and
respiration, the simultaneous detection of Cu*" and AI’* is
important from the viewpoint of environmental and
agricultural fields [56]. The result of the semi-quantitative
analysis in Fig. 8 shows the distribution of the clusters
depending on the concentrations of the two metal ions.
Finally, the quantitative analysis was carried out using a
support vector machine (SVM). SVM includes two groups:
the first group (black squares in Fig. 9) for the establish-
ment of the calibration model and the second group for the
prediction model (red circle). The result of the quantitative
analysis offered a successful prediction of the unknown
concentrations of the two metal ion species, demonstrating
the potential utility of the proposed chemosensors (Fig. 9).
In addition, the limits of detection [53] for Cu*" and AP**
were estimated as 0.2 and 0.03 ppm, respectively.
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Fig. 8 The LDA canonical score plots for the semi-quantitative
analysis of Cu®** and AP in the presence of NaCl (10 mmol-L ")
(The ellipsoids indicate 99% confidence).
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Fig. 9 Quantitative analysis of (a) Cu®" and (b) AP" in the
mixture containing NaCl (10 mmol-L ]) using SVM (The values
of the root-mean-square error of calibration and prediction attest
the high accuracy of the analyses).
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4 Conclusions

In this study, we fabricated a fluorescence-based chemo-
sensor array for metal-ion detection utilizing only two
types of carboxylate-functionalized PTs. Interestingly, the
selectivity of the PTs reflected the difference in the alkyl
chain lengths and the type of metal ions. Furthermore, the
flexibility of the PT backbones contributed to the diverse
spectral changes to generate numerous optical response
patterns, resulting in the fluorescence fingerprint-like
response patterns for the fabricated microarray chip. The
result of LDA plots confirmed the accurate classification of
the eight metal ions by the image analysis. The most
interesting point is that only one difference in the number
of methylene groups of the same type of chemosensor
contributed to the diverse optical response patterns for the
discrimination of the metal ion species. In other words, this
study provides an easy approach for achieving minimized
chemosensor arrays by changing the spacer unit (i.e., the
alkyl chain length) without gathering various reporters and
receptors, which would facilitate the application of the
arrays in real-world scenarios.
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