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Herein we demonstrate the fabrication of high-density
attoreactor sensor arrays for the detection of metal ions.
Recently, we developed a method of synthesis of ultra-small
amounts of products, down to zeptomol (zmol, 10�21 mol)
amounts confined in junctions of polymer nanofibers.[1] This
method is well suited for the synthesis of fluorescent
materials. The electro-spun nanofibers[2] give porous mats
that comprise fluorescent attoliter-sized junctions termed
attoreactors that give off bright fluorescence (Figure 1), and
form almost conformal coating on various surfaces. More-
over, the highly porous electrospun nanofiber mats facilitate
sensor–analyte mass exchange, which results in short response
times. Such mats with embedded in situ formed fluorescent
“attosensors” generate high-density and parallel sensor
arrays.[3] Furthermore, the key feature of attosensor array
mats, when compared to sensor films based on bulk material,
is that approximately a 1000 of molecules can be positioned in
a small volume (attoliters), thus concentrating the fluores-
cence of probe molecules that are easy to detect with optical
microscopy.[1]

Cation recognition and detection, particularly of heavy
metals,[4] has an enormous potential environmental and
health-related impact.[5] Herein, we explore the possibility
of synthesizing fluorescent sensors within one nanofiber mat,
which would then serve as an optically encoded (wavelength-
addressable) cross-reactive attosensor array. We demonstrate
this approach on sensing a benchmark group of ten metal ions
(Al3+, Fe3+, Co2+, Ni2+, Cu2+, Zn2+, Hg2+, Cd2+, Ca2+, Mg2+).
This method can be, however, used for other analytes as well.

First, we show the ability of a single attoreactor to act as
a fluorescent sensor. Here, we use fluorophore-polyamines
(e.g. dansyl-polyamines)[6] that bind metal ions while display-
ing a change in fluorescence. Figure 2 shows three polyur-
ethane nanofibers: Two are doped with triethylenetetramine
(4N) and one with dansyl chloride (bottom left!top right),
forming two fluorescent attoreactors. One attoreactor (lower
left) serves as a reference while the other is used as a sensor.
The images show the attosensors before and after adding
a droplet of aqueous CoCl2, and after washing away the CoCl2

with water. The fluorescence from the reference reactor did
not change appreciably throughout the experiment. The
exposure of the attosensor to CoCl2 resulted in fluorescence

Figure 1. Overlap of two types of polymer nanofibers (300�50 nm
diam.), each carrying a different reagent, for example, dansyl chloride
and polyamine (A), to produce fluorescent products (B) in the fiber
junctions, attoliter volume reactors comprising zeptomol amounts of
fluorescent products (C, D) in the form of a highly porous mat (E) that
can be deposited by a shadow mask (F) on a variety of surfaces (G).

Figure 2. Self-referencing attosensor: One reactor (lower left) is used
as a reference, while the other is used as Co2+ ion sensor. Top: Bright-
field images before (A) and after (B) addition of CoCl2, and after
regenerating the sensor with nanopure water (C). Corresponding
fluorescence images (D–F). Bottom: the 3D representation of the
integrated fluorescence intensity (G–I) corresponding to D–F.
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quenching. The fluorescence was recovered upon washing
with water. This observation confirms the ability of the
attoreactors to act as sensors that can be generated in situ and
bind metal ions in a reversible fashion (4 cycles).

In the future, the analytical potential of the attosensor
mats could be expanded to become a massively parallel
sensing array by reading one or few individual attoreactors
(from a mat comprising approximately 107 attosensors).
While this qualitative test was performed at a high analyte
concentration (200 mm, 200 nL, pH 5), it can be performed at
a concentration as low as 5 ppm. One of the advantages of the
present approach is the possible use of small samples (down
to pL) obtained by concentrating diluted samples. In any case,
owing to the density of the nanofiber mat, there will be
approximately 104 individual attoliters sensors under every
10 nL droplet. Importantly, nanofiber mats can comprise
more than two reagents. We tested a nanomat composed of
four different nanofibers: A fiber doped with an amine such
as tetraethylene pentamine (5N), another one with dansyl
chloride (DS), one with fluorescamine (FL, Fluram), and one
with 7-chloro-4-nitrobenz-2-oxa-1,3-diazole (NBD).

None of these four chemicals are fluorescent, but the
products of the reaction of the fluorophore precursors (DS,
FL, NBD) with the amine are. Thus, the dansylated pentam-
ine displays cyan emission (lmax = 480 nm, t = 7.85 ns), the
Fluram-amine product shows blue emission (lmax = 465 nm,
t = 2.80 ns), and the NBD-amine a green emission (lmax =

525 nm, t = 3.87 ns), Figure 3 A–E.
The in-situ-synthesized probes may be generated in the

nanofiber mat to match the analyte composition. In an even
more general sense, the amounts of the label–receptor probes
may be adjusted on demand to satisfy the requirements for
excitation/emission wavelengths, amount, and concentration
of the analyte, etc. Figure 3F shows nine probes (3 � 3) with
DS–5N, FL–5N, and NBD–5N as well as zoomed-in images of
each junction type to show the difference in fluorescence
output. The three probes, DS–5N, FL–5N, and NBD–5N, have
different affinity to metal ions. This is because, for example,
FL–5N comprises a carboxylate group that may participate in
the metal ion binding, while the nitrogen atom in the
oxadiazole ring of NBD–5N may participate in the formation
of the probe–ion complex, or because the sulphonamide
oxygen in the DS–5N may interact with oxophilic cations, etc.
Similarly, a varying of the ethylene amines (4N, 5N, 6N)
introduces a variable likely to induce a different response to
different metal ions.

In the attosensor mat, the amine-bearing and fluoro-
phore-precursor-doped nanofibers are deposited at an angle
of approximately 908 to form a rectangular grid (Fig-
ure 3A,F). The location of the respective DS, FL, NBD
fibers is, however, random. Thus, the location of the in-situ
generated probes within the grid is random as the junctions
with blue/cyan/green emission are not formed in an exact pre-
defined location. This is, however, not a hindrance because
the probes are optically encoded with their specific emission
profiles.

While the individual attosensors operate independently
(on a microscopic level, Figure 2), in practice, the fluores-
cence is recorded from the whole mat (12 � 12 mm) compris-

ing all the probes (Figure 3). The metal sensing data were
acquired from analyte droplets (0.2 mL) deposited on the mat
together with a reference sample (water, pH 5). The drops
were allowed to dry prior to fluorescence measurement using
a UV/vis scanner (excitation at ca. 365 nm) that records

Figure 3. The reaction of fluorophore precursors (DS, FL, NBD) with
tetraethylene pentamine in situ (i.e. in the nanofiber junctions) results
in fluorescent products. The color of emission (fluorescence image is
superimposed on a bright-field image) corresponds to the images
above (A). The emission can be observed as an image based on
fluorescence lifetime (B), so called fluorescence lifetime (FLIM) image.
The virtual sensor array comprising in situ prepared fluorescent probes
DS–5N, FL–5N, and NBD-5N (F). The three probes, FL–5N (C), NBD–
5N (D), and DS–5N (E), were synthesized from pentamine-doped
polyurethane fibers (vertical) and the fluorophore precursors in the
horizontal direction. The images are bright-field images with super-
imposed confocal fluorescence images.
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fluorescence response using four emission channels (l1 =

440 nm, l2 = 480 nm, l3 = 535 nm). The last channel used
excitation at 430 nm and emission was recorded at 535 nm.

As the probes are structurally similar, also their metal ion
affinities are not expected to lead to a very analyte-selective
response, but rather a cross-reactive one.[7] In the response
data (Figure 4A), the dark colors (purple and black) in the
heatmap correspond to negative intensity values and indicate
fluorescence quenching while the lighter colors (yellow and
white) indicate amplification. Testing the discriminatory
capability of the attosensor array was performed using
statistical multivariate methods, such as linear discriminant
analysis (LDA) (Figure 4B).[8, 7] These approaches are rou-
tinely used to interpret and evaluate the responses from cross-
reactive sensor arrays, providing a graphical output useful to
gain an insight into the clustering of the response data, and to
calculate classification accuracy.[8,9] LDA show 100% correct
classification and reflect analyte-specific quenching amplifi-
cation and absorption–emission shifts due to varying metal
electropositivity.[9]

The attosensor mats also provide quantitative information
regarding the metal ion content. In our preliminary experi-
ments, we used the 12 � 12 mm mats and deposited 200 nL
droplets of analyte of increasing metal concentration. The
changes in fluorescence were recorded as described above to
give intensity vs. concentration graphs (response isotherm,
see Supporting Information for examples). For example, in
the 200 nL samples, the lowest limit of detection for Co2+ ions
was 2.0 ppm and for Zn2+ ions it was 3.0 ppm (in water, pH 5).

Finally, we deposited a conformal coating of the attosen-
sors mat onto a nitrile glove using a shadow mask (Figure 5).
When it was exposed to a solution of Co2+ ions (20.0 mm), the
sensor mat showed an immediate quenching of the fluores-
cence. This result illustrates the scalability of the described
electrospun attosensor mats including mechanical strength
and a fast attosensor response, thus suggesting a potential
utility in fabrication of wearable sensors that could be, for
example, part of a hazmat suit.

In summary, we have shown a simple method for
fabrication of ultrasmall fluorescent probes and their appli-
cation as wavelength-addressable sensor arrays capable of
qualitative and quantitative sensing of metal cations. The
probes generated in situ from three label precursors and three
amines were capable of identifying eleven analytes in both
a qualitative and a quantitative fashion. Varying the probe
concentration in each attoreactor will directly affect the
dynamic range of the response of each attoreactor. The latter
opens a possibility for tuning the dynamic range of response
of the sensors to meet the profile of the target analyte. The
sensors could be deposited on various devices and objects
including protective safety wear (wearable sensors). Quanti-
tative studies and tests of complex analytes will be performed
in the near future.
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Figure 4. The response to metal ions recorded from the nanofiber
arrays. A) Response heatmap: The fluorescence changes induced by
the metal ions in four emission channels show the evolution of the
signals (quenching/amplification), suggesting high variance in the
response. B) The linear discriminant analysis (LDA) shows a clear
clustering of the analytes.

Figure 5. Attoliter reactor mats as wearable sensors: Nanofiber mat
shadow mask deposited on a glove (A), its fluorescence under black
light (365 nm; B), exposure to a solution of Co2+ ions (20.0 mm ; C)
resulting in fluorescence attenuation as seen under black light (D).
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