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ABSTRACT: A common problem in detecting metal ions with fluorescent
chemosensors is the emission-suppressing effects of fluorescence-quench-
ing metal ions. This quenching tendency makes it difficult to design sensors
with turn-on signal, and differentiate between several metal ions that may
yield a strong quenching response. To address these challenges, we
investigate a new sensor design strategy, incorporating fluorophores and
metal ligands as DNA base replacements in DNA-like oligomers, for
generating a broader range of responses for quenching metal ions. The
modular molecular design enabled rapid synthesis and discovery of sensors
from libraries on PEG-polystyrene beads. Using this approach, water-
soluble sensors 1-5 were identified as strong responders to a set of eight typically quenching metal ions (Co2þ, Ni2þ, Cu2þ,
Hg2þ, Pb2þ, Agþ, Cr3þ, and Fe3þ). They were synthesized and characterized for sensing responses in solution. Cross-screening
with the full set of metal ions showed that they have a wide variety of responses, including emission enhancements and red- and blue-
shifts. The diversity of sensor responses allows as few as two sensors (1 and 2) to be used together to successfully differentiate these
eight metals. As a test, a set of unknown metal ion solutions in blind studies were also successfully identified based on the response
pattern of the sensors. Themodular nature of the sensor design strategy suggests a broadly applicable approach to finding sensors for
differentiating many different cations by pattern-based recognition, simply by varying the sequence and composition of ligands and
fluorophores on a DNA synthesizer.

’ INTRODUCTION

The detection and identification of heavy metals in aqueous
solution is broadly important to environmental monitoring and
biomedical science. Many methods have been used to detect
metal ions including fluorescence spectroscopy, UV-vis ab-
sorption, atomic absorption, ICP emission spectroscopy, and
voltammetry.1-18 Among these methods, fluorescence emis-
sion spectroscopy is an attractive approach because of its high
sensitivity, facile operation, and the widespread availability of
equipment for analysis. As a result, fluorescent sensormolecules
have been developed for many metals, in some cases yielding
highly selective signals at low concentrations.10-18

Oneof the problems faced in detectingmetal ionswithfluorescent
sensors is the emission-suppressing effects of somemetal ions, which
results in strong quenching of fluorescence. Inherently quenching
metal ions such as Hg2þ, Cu2þ, Co2þ, Ni2þ, and Fe3þ can interfere
with the fluorescent signal of the sensors in detecting other
metals.13,19-24,31,42,53Moreover, this quenching tendencymakes it
difficult to design a sensor that yields a positive (turn-on) signal.
Indeed, the inherent ability of these metal ions to quench
fluorescence has been exploited in some cases to develop turn-
off sensors.25-29 However, in many applications it is not ideal
to monitor the disappearance of a signal because fluorescence
quenching can be caused by a number of factors, and therefore
can be nonspecific. For higher sensitivity, it is usually desirable

to have sensors that yield an enhancement of signal upon
binding metal ions.30,31

A second problem with the quenching tendency of such
metals is that it is difficult to differentiate between metals that
all typically yield a strong quenching response. To address
problems such as these, a number of strategies have been
employed to develop turn-on fluorescent sensors for quench-
ing metals, such as separating the ligand moiety from the
chromophore via rigid linker;32,33 the use of PET,31,34-43

FRET44-48 or excimer formation;49,50 or exploiting the specific
reactivity of a given metal ion.51-55 Even with these advances, it is
difficult with one approach to differentiate between a broad set of
heavy transition metals.

An alternative strategy that has been used to differentiate
heavy metal ions is that of sensor arrays. Sensor arrays commonly
use a set of fluorescent indicators/sensors to discriminate a
number of metal ions, and the pattern of responses as a whole
is diagnostic of a givenmetal. Recent reports have used fluorescent
polymers or common commercial dyes, with or without compet-
ing ligands, to distinguish between different transitionmetals.56-61

In such cases the fluorescence changes have been limited to
quenching or enhancement, without changing wavelengths of
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emission. This limited response can add a requirement for
more complex sensing schemes or signal processing that
involves time-dependent parameters (such as dual lifetime
referencing, time before color change, or time for color change
halfway point).56-58 A small diversity of responses can also
lead to the need for a larger number of sensors to distinguish
even a relatively small set of analytes. Moreover, some of these
prior sensors exhibit limited water solubility, requiring the use
of organic or mixed solvents.

To address these challenges, we have adopted a newmolecular
approach to fluorescence sensors that incorporates fluorophores
andmetal ligands ontoDNA-like oligomers (oligodeoxyfluorosides,
or ODFs).62-68 This design allows the binding and reporting
moieties to interact intimately by bringing them into direct
contact by π-π stacking, analogous to the stacking of DNA
bases. Our hypothesis is that the signal transduction of this
system should not be limited to a single mechanism, such as
the commonly used PET, but rather can involve many mechan-
isms, offering a diversity of possible responses to even strongly
quenching metals. Here we have examined the feasibility of this
design strategy by generating a set of water-soluble fluorescent
sensors that can respond distinctly to different heavy metal ions in
solution using a single excitation wavelength. We describe the
differentiation of a set of eight typically quenching metal ions
(Co2þ, Ni2þ, Cu2þ, Hg2þ, Pb2þ, Agþ, Cr3þ, and Fe3þ) based on
the diverse spectral responses of a few sensors developed by this
approach as a proof of principle. We find that the sensors offer a
wide variety of responses beyond simple quenching with these
metals, including enhancements and red- and blue-shifts, and we
identify a minimal set of two sensors that can be used as a group to
differentiate the eight metal ions in solution.

’RESULTS AND DISCUSSION

Sensor Design. The current chemosensor design (Figure 1) is
based on a DNA-like structure of tetramer length, in which DNA
bases are replaced by fluorophores and aromatic ligands. This
oligodeoxyfluoroside (ODF) design is based on an expectation of
strong interfluorophore electronic interactions encouraged by the
DNA backbone.62-65 Fluorescent ligand deoxyribosides (L1, L2,
and L3) were incorporated to add metal binding capacity and
interact with fluorescent hydrocarbon fluorophores (E,H, andD)

on the ODF. Upon binding, a metal ion is expected to alter the
interfluorophore interactions within an ODF, significantly chan-
ging its photophysical properties. The ligands (L1, L2, and L3)
were intentionally chosen to be nonselective for any specific metal
in order to allow the ODFs to bind multiple metal ions.67,69 It was
anticipated that any selective responses of a sensor for a particular
metal would likely result not from the specificity of the ligands but
rather from the selective electronic interactions of ligands and
neighboring dyes upon metal complexation, resulting in distinct
signals for the different metal ions.
An advantage of this design strategy is that the sensors

generated are not limited to a single sensing mechanism (e.g.,
PET). The design simply enables the fluorophores and ligands to
interact on the DNA backbone, which can potentially generate
sensors with different sensing mechanisms, offering a diversity of
possible responses to various metal ions. Moreover, the phos-
phodiester scaffold allows for water solubility, and the modular
nature of the ODF-based design enables rapid synthesis via
automated synthesizer, and facilitates discovery of sensors
from libraries.
Library Preparation and Screening. Because it is difficult to

predict which ODF sequences would give the optimum signal for
a wide variety of metal ions, a combinatorial library was prepared
by the split-and-poolmethod. The sensormolecules 1-6 studied
here (Table 1) were identified froma screen of a library of tetrameric
fluorophores and ligands on modified PEG-polystyrene beads
assembled on a DNA synthesizer (see Supporting Informa-
tion). The library was prepared and screened by previously
described methods62-65 and contained six monomers (L1, L2,
L3, E, H, and D) and a spacer (S). Two monomers (L3 and S,
Figure 1) were commercially available; fluorescent ligands L1
and L2 and fluorophores E, H, and D were synthesized as
previously reported.62-64,69,70

The beads were screened by imaging in buffer alone and then
in the presence of 100 μM of each metal (Co2þ, Ni2þ, Cu2þ,
Hg2þ, Pb2þ, Agþ, Cr3þ, and Fe3þ). Beads exhibiting the
strongest fluorescence changes in the presence of each metal
were selected and resynthesized for evaluation (Figure 2). This
led to identification of oligomers 1-6, which exhibited a variety
of strong responses to this set of metal ions (see below). Although
the sensing molecules were discovered as tetramers, additional
abasic spacer nucleotide monomers (S) were incorporated on

Figure 1. Structures of an ODF sensor (oligomer 1, sequence H-L2-D-H, is shown as an example) and structures of the deoxyriboside monomers
employed as components of the sensors. R = two tetrahydrofuran abasic spacer monomers.
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both ends of the oligomer in order to increase aqueous solubility,
prevent aggregation, and facilitate purification for the solution
studies. Unlike the nucleoside monomers (L1, L2, L3, E, H, and
D), which are not appreciably soluble in water alone, oligomers
1-6 are functional in wholly aqueous media (see below).
Metal IonDiscrimination. Oligomers 1-6were characterized

by MALDI mass spectrometry (Table S1 in the Supporting
Information) and their fluorescence spectra (Figure S1 in the
Supporting Information). In the absence of metal ions, the
emission spectra of the six compounds appeared quite similar,
with broad emission from ∼420 to 670 nm, peaking at 530-
570 nm. To evaluate metal ion responses, fluorescence spectra
were measured in 10 mM sym-collidine 3HNO3 pH 7.3 buffer
with 10 μMmetal (as the nitrate salt). All six sensors were cross-
tested against all eight metal ions. Spectra before and after
addition are shown in Figure 3, and the difference spectra
profiles for each metal are plotted in Figure S3 in the Support-
ing Information.
To aid in visualization of the 48 spectral changes arising from

the combinations of sensors and metals, we also prepared an
RGB grid plot of all the sensors’ responses to the eight metal ions
(Figure 4). The difference spectra data was condensed by selecting
three wavelengths representing red, green, and blue and plotting
them on a 256-unit RGB scale. The fluorescence changes were
normalized into a 0-255 scale, with 127 set as the zero value. On
this scale, fluorescence enhancement at the chosen RGB wave-
length is represented by values greater than 127, with the max-
imum at 255; and fluorescence quenching is represented by values
less than 127, with the strongest quenching value at 0. In the plot
(Figure 4), 50% gray represents no change either in emission
intensity or in color, while changes in intensity and wavelength are
represented by light/dark values and colors, respectively.
1. Comparisons of Metal Responses. Examination of the

fluorescence spectra of the oligomeric sensors in the presence of
various quenching metal ions revealed a variety of responses in
the sensors (Figure 3). None of the metals yielded simple quench-
ing with every sensor; aside from the characteristic fluorescence
quenching, other responses induced by the metal ions included
fluorescence enhancements, blue- and red-shifts, and spectral
broadening due to the appearance of a new emission peak. For
example, oligomer 3 responded strongly to all of the metals in
the set except for Fe3þ. Cr3þ broadened the spectrum of 3 by
the appearance of a new peak at about 450 nm. Cu2þ induced a
blue-shift of ca. 100 nm in 3, while Agþ induced a red-shift of
∼50 nm. Co2þ, Ni2þ, and Hg2þ quenched the fluorescence of
3. Every sensor showed a light-up response with at least one of
the metals.
Among the six sensors, ODF 1 displayed the most varied

responses to the set of quenching metal ions. This is readily seen
in Figure 4 (top row) and also in Figure 3a. Pb2þ induced a very

strong fluorescence enhancement while Cu2þ and Hg2þ gener-
ated blue-shifts of ca. 100 nm. Agþ caused a red-shift of∼50 nm,
and Cr3þ broadened the spectrum by the appearance of a new
peak at ∼440 nm. Such a diversity of responses establishes that
different metals can have markedly different electronic interac-
tions with the ground and/or excited states of a single ODF
sensor. Since the oligomer contains only one obvious ligand
(L2), this suggests that different electronic properties induced in
the metal-ligand complex interact differently with the neighbor-
ing chromophores to produce distinct outcomes. However, it
should be stressed that the mode of binding is not yet clear, and
needs more study.
2. Comparisons of Sensor Sequences. Comparisons of the

fluorescence spectra (Figure 3) of one oligomer to another revealed
that their responses were quite distinct from each other. For
example, with oligomers 1 and 2, Co2þ, Ni2þ, Agþ, Pb2þ, and
Cu2þ induced very different responses from the two oligomers.
Co2þ and Ni2þ induced little to no responses from 1. In 2, Co2þ

and Ni2þ induced fluorescence quenching, and Pb2þ broadened
the spectrum to the shorter wavelengths instead of a very strong

Table 1. Oligodeoxyfluoroside Sequencesa

aNote that all sequences contain a phosphate group at the 30 terminus.

Figure 2. Examples of images from library screening for fluorescence
responses. (a) Library in buffer alone and (b) in the presence of 100 μM
AgNO3. To facilitate finding beads exhibiting fluorescence changes,
image (a) was inverted and combined with (b) (50% blending) to
produce difference image (c). In this difference image, 50% gray
represents no change, while beads that are darker or lighter than gray
show quenching and enhancement, respectively. Colors represent a
combination of the original colors and the spectral shifts. Additional
examples are given in the Supporting Information.
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enhancement as in 1. Cu2þ andAgþ caused strong quenching in 2;
however, in 1, Cu2þ resulted in a strong blue-shift ca. 100 nm, and
Agþ induced a red-shift ca. 50 nm. The only metal that did not
induce a response in any of the oligomers is Fe3þ, which may be
due to the lack of oxygen-bearing ligands capable of binding the
more oxophilic metal. Although Fe3þ did not induce a response in
any of the oligomers, Fe3þ can still be distinguished from the other
metal ions in this analyte set by using sensors in which Fe3þ is the
only metal that did not respond (such as 2, 3 and 4; Figure 3).
Closer examination of sequences and responses of the sensors

is revealing, particularly in several cases where the components
varied by only onemonomer. For example, sequences 1 and 3 vary
by one monomer (ligand L1 in 3 vs an extra H monomer in 1).
Comparison of responses (rows 1 and 3 in Figure 4) shows that
the main differences are strong light-up responses to Hg2þ, Pb2þ

and Agþ in 1 that are absent in 3. This suggests that the extra
terphenyl (H) monomer in 1 is central to the mechanism of
emission enhancement. Intriguingly, the wavelengths of en-
hancement lie far to the red of the emission of the terphenyl
monomer alone (which emits at 345 nm64). A second com-
parison can be made between sensors 3 and 6; 3 contains anH
monomer while 6 contains a nonfluorescent S spacer monomer
instead. Although the overall response patterns of the two are
similar (rows 3 and 6 in Figure 4), large light-up responses
with Cu2þ and Cr3þ are seen for 3, which is absent in 6. This
establishes the H monomer in 3 as being important in this
light-up response as well. Presumably the terphenyl induces
this type of response indirectly, perhaps by its interaction with
the neighboring ligand fluorophores, which emit at longer
wavelengths.
Another interesting comparison can be made between sensors

3, 4 and 5. A strong fluorescence enhancement response with
Agþ is seen for oligomers 4 and 5, which are the only sensors in
the set that contain an L3 monomer (Figure 3). Oligomer 3,
which only varies by one monomer from 4 (D monomer in 3 vs
ligand L3 monomer in 4), does not display this enhancement.
This suggests that ligand L3 is important in the binding and/or
light-up response for Ag þ.67

Although the site of metal ion binding is not yet known for
these sensors, the sequences yield some clues in this regard. The
combinatorial library was not biased to include at least one ligand
monomer for each sequence; however, the selected sequences
(1-6) all contained at least one ligand monomer. This suggests
that the ligands are important or required for the ODFs to bind
the metal ions. Oligomers 1 and 2 have only one clear ligand each
(L1 and L2, respectively), which suggests these as a likely site
of binding. Oligomers 3, 5, and 6 each have two ligands, while
sensor 4 has all three different ligands; thus one or more ligands
may be involved in metal recognition. We also note that the
binding stoichiometry may involve one sensor per metal or
perhaps higher ratios; future work will address the sites and
modes of binding in detail. To obtain a preliminary measure of
the binding ability (and sensitivity) of sensors 1-6, selected
oligomers andmetal ions were titrated (Figure S5 in the Supporting

Figure 3. Fluorescence response profiles of oligomers 1-6 (2 μM) to the quenching metal ions (10 μM) in 10 mM sym-collidine 3HNO3 pH ∼7.3
buffer (λex = 350 nm). (a) - (f) correspond to oligomers 1-6 respectively.

Figure 4. RGB color representation of the changes in fluorescence
response of sensors 1-6 to each of the eight metal ions. The three
wavelengths selected to represent RGB are 650, 550, and 450 nm
respectively. The fluorescence change values for each of the wavelengths
were transformed into a 0-255 scale with 127 set as the value for no
change. Thus, a metal inducing no fluorescence change is represented by
a gray color (reference B). References A, B, and C represent RGB values
of 0, 0, 0; 127, 127, 127; and 255, 255, 255.
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Information). The apparent dissociation constants (Kd) ranged
from 0.64 to 7.66 μM, and the responsive ranges generally cover
concentrations varying from ca. 100 nM and above.
3. Pattern Responses. Because the response profiles of the

oligomers are distinct from each other, it is possible to differ-
entiate the set of quenching metal ions using a combination of
the responses from a small set of sensors (see below for details).
1, 2, 3 and 4 are particularly useful in this regard because the
majority of the metal ions in the set induce a response in these
oligomers, the responses are different for the different metal ions,
and the response profiles of the sensors are different from each
other. In contrast, 6 is not as useful for differentiation because its
response diversity is limited (primarily to degrees of quenching),
making it difficult to distinguish the metals from one another.
The fluorescence response profiles of the oligomers (Figure 3)

suggest that two (1 and 2) or three (1-3) sensors can be used as
a set to differentiate all eight quenching metal ions. Oligomer 1
can be used to distinguish Pb2þ, Cu2þ, Cr3þ, Agþ, and Hg2þ

from each other and the other metal ions. Notably, oligomer 1 is
the only sensor with a blue-shift response toHg2þ; in the remaining
sensors (2-5), Hg2þ induces fluorescence quenching. This allows
the differentiation ofHg2þ fromCo2þ andNi2þ, which is otherwise
difficult because of the common quenching response. The most
difficult metal ions to differentiate with the oligomer set (Table 1)
were Co2þ and Ni2þ; however, 2 can be used to distinguish the
two metals based on stronger the degree of quenching by Ni2þ. In
addition, oligomer 3 can be used to distinguish Fe3þ from the
other metals, as well as increase the differentiation confidence of
the other metal ions.
4. Chemometric Analysis. Principal component analysis

(PCA) and agglomerative hierarchical clustering (AHC) were
performed on the data to quantitatively evaluate our observa-
tions and better understand the relationships in the sensor
responses.57,58,61,71,72 To carry out these quantitative analyses, we
input the delta(intensity) values from the 48 difference spectra
taken at 10 nm increments into the analytical software (XLSTAT,
see the Supporting Information). Chemometric analysis was first

performed on oligomers 1-6 based on their responses to all the
metal ions in order to examine how different the sensors’ overall
responses are from each other. PCA plots are shown in Figure 5
and Figure S6 in the Supporting Information, illustrating the
scatter in the responses of the oligomers to the metal ions. The
responses from oligomers 1, 4 and 5 to the metal ions show very
good separation, indicating that the response of each of these
oligomers to the set of quenching metal ions is very different from
the other sensors. Oligomers 2, 3 and 6 were clustered more
closely together (with 2 and 6 the closest). Although the overall
response profiles of oligomers 2, 3 and 6 showed some similarity
(Figures 3b, c and f respectively), several prominent differences
can be observed: the main differences in sensor 3 from 2 and 6 are
the peak at ca. 440 nm (fromCu2þ and/or Cr3þ) and the red-shift
induced by Agþ; and the major difference between oligomers 2
and 6 is the light-up peak (ca. 440 nm) from Cr3þ that is absent in
6. PCA did not capture these differences in the first three principal
component axes (F1, F2 and F3); however, the differences were
clear in the fourth principal component, F4 (Figure S6 in the
Supporting Information).
AHC analysis was also performed on oligomers 1-6 based on

their responses to all the metal ions. The AHC analysis allowed
us to generate a dendrogram of families of sensors according to
their response profile to the eight quenchingmetal ions (Figure 6).
Four most dissimilar classes of sensor responses were found; 1, 4
and 5 were categorized into their own class, while 2, 3 and 6 were
grouped together into one class. From the set of six sensors,
the response profile of oligomer 5 is the most different from
the other sensors, followed by 1 and then 4. The sensors that
exhibited a more similar response profile were again oligomers
2, 3 and 6, with 3 being more different from 2 and 6, which
corroborates the results above.
A second chemometric analysis was performed on the quench-

ing metal ions based on the difference spectra profile data of
oligomers 1-5 in order to investigate the ability of sensors to
differentiate the metal ions based on response patterns. Because
the response diversity of oligomer 6 is limited primarily to
degrees of quenching (which makes 6 not as useful as sensors
1-5), sensor 6 was dropped from further analyses. The PCA
results are shown in Figure 7 and Figure S7 in the Supporting
Information, illustrating the scatter in the responses induced by
the metal ions. Overall, the findings correspond well with the

Figure 5. PCA plot of oligomers 1-6 based on their responses
(difference spectra profile data) to all the metal ions.

Figure 6. AHCdendrogram of oligomers 1-6 based on their responses
(difference spectra profile data) to all the metal ions. The sensors are
categorized according to their overall response dissimilarity: grouped
together based on the level of dissimilarity. Sensors exhibiting mostly
similar response pattern (low level of dissimilarity, red colored lines) to
all eight metal cations can be grouped into one class. The vertical lines
correspond to the different classes, and the horizontal lines to the
dissimilarity values between the classes.
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qualitative observations. The responses from oligomers 1-5
induced by Cu2þ, Pb2þ, Agþ, Cr3þ, and Fe3þ showed very good
scattering, thereby allowing these five metal ions to be easily
distinguished from the remaining three metal ions, Hg2þ, Co2þ,
and Ni2þ, which were clustered more closely together. However,
oligomer 1 was able to discriminate Hg2þ (by a blue-shift)
from Co2þ and Ni2þ (which caused little to no response). In
the remaining sensors 2-5, Hg2þ, Co2þ, and Ni2þ all quenched
the fluorescence. Fortunately, the degrees of quenching in 2 and 4
were different for these metal ions, which could be used to
distinguish Co2þ from Ni2þ.
AHC analysis was also performed on the metal ions based on

the difference spectra data of sensors 1-5. This allowed us to
generate a dendrogram of families of metal ions according to the
response pattern they induce in oligomers 1-5 (Figure 8). The
AHC results also corroborated the qualitative observations,
discussed above. From the set of eight metal ions, Agþ induced
the most different pattern of responses from the sensors,
followed by Pb2þ and then Cr3þ and Fe3þ. The metals (Cu2þ,
Hg2þ, Co2þ, and Ni2þ) that show the general tendency to
quench oligomers 1-5 were grouped together into one class.
In this class, Cu2þ is the most different from the other metal ions
in its responses, followed byHg2þ. Themost similar (i.e., difficult
to differentiate) metals were again Co2þ and Ni2þ, as previously
observed (see first and second vertical rows in Figure 4).
5. Identification of Unknowns. As a proof of principle, we

performed a blind study to test whether a set of these sensors
could be used to distinguish these metals without prior knowl-
edge of their identity. Thus we measured the sensor responses
with eight unknown samples containing the fluorescent quench-
ing metal ion set (Co2þ, Ni2þ, Cu2þ, Hg2þ, Pb2þ, Agþ, Cr3þ,
and Fe3þ). Although only two (1 and 2; see below) or three
sensors (1-3) can be used to distinguish the eight metal ions,
oligomers 4 and 5 were included to enhance the identification

confidence. The difference spectra profiles for each sensor with
the unknown solutions were then plotted; these are shown in
Figure S4 in the Supporting Information. The difference spectra
profiles gave nearly identical, overlapping spectral responses with
the previously measured known metal solutions. Thus all eight
unknown metal ions were correctly identified by simply compar-
ing the difference spectra profiles of the unknown solutions
(Figure S4 in the Supporting Information) to the known solu-
tions (Figure S3 in the Supporting Information).
Chemometric tools were also used to simplify the identifica-

tion of the unknown metal ion solutions. In the PCA scatter plot
(Figure 7 and Figure S7 in the Supporting Information), the
difference spectra profiles of the unknown solutions were also
included. PCA was useful in condensing the dimensionality of
the data set, thus facilitating the identification of the unknown
solutions. The results show a very good clustering of the unknowns
with the known samples, where each unknown paired closely with
the correct known sample identity. Moreover, the close pairing
also indicates good reproducibility of the results and methods.
In addition to the AHC analysis on the known metal solution

data alone (Figure 8), AHC analysis including both known and
unknown solution data was also performed (Figure S8b in the
Supporting Information). Similar to the PCA, the AHC results
show pairing of each unknown sample with a known metal sample;
and again this pairing corresponded to the correct identity of the
unknownmetal ion solutions. The low level of dissimilarity of each of
the unknown-known pair indicates that each pair is highly similar.
In order to test the possibility of using as few as two sensors to

differentiate the metal ion set, PCA analysis was performed with
oligomers 1 and 2. The PCA result from using only these two
sensors (Figure 9) reveals very good scattering among the metal
ions, and close pairing of each unknown sample response with
that of a known metal sample. The analysis results in correct
assignment of all the unknowns, indicating that the eight metal
ions can be differentiated by the combined responses of the
two sensors 1 and 2.

Figure 7. PCA plot of the quenching metal ions based on the difference
spectra profile data of sensors 1-5. Data for the known and unknown
metal ion solutions (discussed below) were included in the analysis to
facilitate direct comparison. Blue color = knownmetal solutions, and red
color = unknown metal solutions A-H.

Figure 8. AHC dendrogram of the quenching metal ions based on the
difference spectra profiles of sensors 1-5. The metal cations are
categorized according to the dissimilarity of the overall responses they
induce on sensors 1-5. They are grouped together based on the level
of dissimilarity; the metal ions inducing mostly similar response
pattern (low level of dissimilarity, red colored lines) from all five
sensors can be grouped into one class. The vertical lines correspond to
the different classes, and the horizontal lines to the dissimilarity values
between the classes.
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6. Design Features. An examination of the present sensor
design points out some notable differences from other recently
reported metal sensor arrays.56-61 Previous work by Anzenba-
cher employed a water insoluble 8-hydroxyquinoline receptor
attached to various conjugated chromophores in the differentia-
tion of transitionmetals by quenching or enhancement responses.61

Anslyn has reported the use of a squaraine dye with varied thiols in
degassed DMSO to differentiate five heavy metals by increases and
decreases in fluorescence intensity.57 Dordick has described the
use of fifteen polyphenol polymers to distinguish four metals by
varied quenching and enhancement responses.59 Wolfbeis
employed commercial dyes and a fluorescence lifetime-based
approach to distinguishing five metals.56

Compared to previous approaches, the current ODF chemo-
sensor design offers benefits of water solubility, a higher diversity of
responses, and versatility of use. The charged DNA phosphodiester
backbone enables even hydrophobic components (fluorophores,
ligands, linkers, etc.) to be utilized as building blocks for the sensors;
and the water solubility of the sensors avoids problems associated
with the incompatibility of hydrophobic sensors and hydrophilic
cations. Second,we have observed a considerably greater variation in
responses, with not only strong enhancements and quenching but
also wavelength shifts of as much as 110 nm. This diversity of
response allows the use of fewer sensors in distinguishing a greater
number ofmetals. In contrast, some previous responses yielded only
simple quenching for the commonly quenching metals, and relied
instead on varied degrees of quenching or varied lifetimes. Finally,
the current approach offers considerably versatility. For example, all
theODFs are excited at a single wavelength, thus requiring only one
spectral measurement with a single filter set. In addition, although
the sensing results here were obtained in solution (which makes
more thorough characterization possible), the ODF design could
also be adapted readily for application on solid supports, as the
original screening (which showed similar spectral changes) was
carried out on PEG-polystyrene beads (Figure 2 and Figure S2
in the Supporting Information). ODFs on PEG-polystyrene

beads have already been shown to be functional sensors for
small molecule vapors.68

Another noteworthy aspect of the present experimental design
strategy is the combinatorial library method for sensor discovery,
which considerably enhances efficiency. Utilizing the DNA
backbone allows the use of an automated synthesizer, result-
ing in rapid library assembly as well as rapid resynthesis. The
iterative synthesis makes it possible to generate a large set of
potential sensors from a small set of precursor monomers (4,096
different tetramers in the present case). By simultaneously screen-
ing through a large sensor set, discovery of strong and varied
responders is rapid, and weak responders are quickly eliminated as
candidates. The varied combinations of binding and transducing
elements in the library are arranged in many possible sequences,
thus allowing for a large diversity of possible mechanisms of metal
binding and signal transduction.

’CONCLUSIONS

In summary, we have demonstrated a new molecular design
for differentiating a set of fluorescence-quenching metal ions
(Co2þ, Ni2þ, Cu2þ, Hg2þ, Pb2þ, Agþ, Cr3þ, and Fe3þ) based
on the response diversity of a small set of sensors composed of
polyfluorophores on a DNA backbone. The design allows the
ligands and fluorophores to interact with each other closely,
enabling the overall properties of the oligomers to be different
from those of the monomers. The advantages that the ODF-
based design offers include highly diverse responses, water
solubility, and a single excitation wavelength for the whole set of
sensors. In addition, the modular nature of the design enables
rapid synthesis and discovery of sensors from libraries.

Using the present molecular design strategy, sensors were identi-
fied that have a wide variety of responses to quenching metal ions
beyond simple quenching of fluorescence. Because of the diversity of
sensor responses, as few as two sensors (1 and 2) can be used to
differentiate all eightmetal ions in the set. Themodular nature of this
sensor design strategy suggests a broadly applicable approach to
finding sensors for differentiating many different cations by
pattern-based recognition, simply by varying the sequence and
composition of ligands and fluorophores using a DNA synthesizer.
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