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Abstract: Reliable sensing of structurally similar anions in water is a difficult problem, and analytical tests
and sensor devices for reliable sensing of multiple anions are very rare. This study describes a method for
fabrication of simple colorimetric array-based assays for aqueous anion solutions, including complex analytes
encountered in real-life applications. On the fundamental level, this method shows how the discriminatory
capacity of sensor arrays utilizing pattern recognition operating in multianalyte environments may be
dramatically improved by employing two key features. The synergy between the sensor and hydrogel host
resembles the cooperative effects of an apoenzyme and cofactor: the host hydrogel helps extract the
target anions from the bulk analyte while stripping the solvate molecules off the anions. In addition, the
supramolecular studies of the affinity and selectivity of the potential sensors for target analytes allow for
constructing an array predesigned for a particular analyte. To illustrate both aspects, an eight-sensor array
utilizing colorimetric sensor materials showing selectivity for fluoride and pyrophosphate while displaying
significant cross-reactivity for other anions such as carboxylates, phosphate, or chloride was used to
differentiate between 10 anions. The quantitative analyses were also performed to show that the eight-
sensor array was found to operate across 4 orders of magnitude concentrations (0.20—360 ppm; 10 uM to
20 mM). The applicability of this approach was demonstrated by analyzing several toothpaste brands. The
toothpastes are complex analytes comprising both known and unknown anions in various concentrations.
The fluoride-selective yet cross-reactive array is shown to utilize the fluoride content as the main
differentiating factor while using the remaining anionic components for further differentiation between
toothpaste brands.

Introduction elements were develop&di! Such devices do not rely on
selective sensors but on the analyte-triggered small perturbation
arising from a large number of nonspecific sensors showing a
wide range of interactions resulting in the formation of a pattern
specific for a given analyte. The advantage of the cross-reactive
arrays is in circumventing the difficulties associated with
preparation of selective sensors, while taking advantage of
random syntheses to generate large libraries of potential
sensord! Perhaps the most important feature of array-based
pattern recognition sensors is that they are amenable to iden-
tification and quantification of multicomponent analytes. This,
(1) Harsanyi, G. InSensors in Biomedical Applications: Fundamentals, however, requires a large number of sensors in an array and

Technology & ApplicationsTechnomic: Lancaster, PA, 2000. complex mathematical interpretation of the pattéfis.The
(2) Fraden, J. InHandbook of Modern Sensors: Physics, Designs, and
Applications AIP Press/Springer: New York, 2004.

Increased understanding of the environment, industrial and
biological processes, and medical conditions presents us with
complex analytical problems requiring development of accurate
chemosensors;® as well as methods of evaluating the data
outputs? One of the most intriguing problems in the chemosen-
sor field is multianalyte sensirfig’ In general, sensing in
multianalyte environments may be achieved by multiple target-
selective sensors, each one with high affinity for one specific
target. Recently, sensor arrays utilizing cross-reactive sensor.

(3) Wilson, J. S. InSensor Technology HandbgokvVilson, J. S., Ed.; (8) (a) Albert, K. J.; Lewis, N. S.; Schauer, C. L.; Sotzing, G. A,; Stitzel, S.
Elsevier: Amsterdam, 2005. E.; Vaid, T. P.; Walt, D. RChem. Re. 200Q 100, 2595. (b) Gardner, J.
(4) (a) Beebe, K. R.; Pell, R. J.; Seasholtz, M. BOnemometrics: A Practical W.; Bartlett, P. N.Electronic Noses: Principles and Applicatigr@xford
Guide Wiley: New York, 1998. (b) Otto, M. IlChemometrics: Statistics University Press: New York, 1999.
and Computer Application in Analytical Chemistiiley-VCH: Wein- (9) Schena, M. InMicroarray Analysis Wiley-Liss: Hoboken, NJ, 2003; p
heim, Germany, New York, 1999; p 314. 630.
(5) Cunningham, A. Jintroduction to Bioanalytical Sensar3echniques in (10) Wright, A. T.; Anslyn, E. V.Chem. Soc. Re 2006 35, 14—28.
Analytical Chemistry; Wiley-Interscience: New York, 1998. (11) Lavigne, J. J Anslyn, E. VAngew. Chem., Int. EQR001 40, 3118-
(6) Optical Biosensors: Present and Fututedgler, F. S., Rowe Taitt, C. A., 3130.
Eds.; Elsevier: Amsterdam, 2002. (12) Jurs, P. C.; Bakken, G. A.; McClelland, H.Ghem. Re. 200Q 100, 2649~
(7) Prasad, P. NIntroduction to BiophotonigsWiley & Sons: Hoboken, NJ, 2678.
2003. (13) Burns, J. A.; Whitesides, G. MChem. Re. 1993 93, 2583-2601.
10.1021/ja0704784 CCC: $37.00 © xxxx American Chemical Society AM. CHEM. SOC. XXXX, XXX, m A
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sensors arrays were utilized in so-called artificial nddes, elements in the array allow for fine differentiation among
tongues>1® and biochips, and were successfully used for the complex analytes.

analysis of organic volatiles,beverages? proteins!®2°nucleic
acids?! and biological fluidg? Recently, efforts in sensor arrays
development were mounted to lower the detection limits and  The sensors were synthesized and their anion-binding properties
increase sensitivity of methods for accurately quantifying the investigated following the procedures described previot’siy$?The
concentration of target analytes by employing specific recogni- array chips were fabricated by ultrasonic drilling of microscope slides
tion process in rationally designed multicomponent matédals ~ (well diameter, S0Gt 10 um; depth, 500t 10 «m) to form an array
and specificity of interactions between enzymes, antibodies, ©f 8 x 10 wells. The wells were filled with 400 nL (approximately
nucleic acidé, or oligonucleotide three-way junctions and 0.08% sensor in polyurethane, w/w) in a Tecophilic THF solution (5%

- oa ; 5 w/w) and dried to form a 1@m thick polymer film in each well. In a
steroids’* Such methods, however, are not available for low typical assay, the anions were added as aqueous solutions (200 nL) of

molecular targets such as anions. As a result, the arrays thatpeir TgA (tetrabutylammonium) salts. For the toothpaste analysis, 350
distinguish among anions are ra&fe? mg of toothpaste was added to 1 mL of water (Nanopure). The sample
Small inorganic anions are difficult to sense, particularly in was sonicated fol h and centrifuged. Finally, the supernatant was
water?6 This is because anions are larger than isoelectric cationsfiltered and added (200 nL) into the assay. At this concentration, the
resulting in lower charge-to-radius ratio, a feature which makes colorants added to the toothpaste are not registered by the image
the electrostatic binding of anions to the receptors less effective, SCaNNer. To bias the toothpaste samples, 2 mg of sodium fluoride was
Anions have a wide range of geometries and charge-delocalizec1a dded to 1 mL of the supernatant of the toothpaste solution of

f hich . higher desi lexi f Aquafresh, Colgate, and Crest. In the case of Fluoridex, 20 mg of
orms, which requires higher design complexity of receptors Kryptofix[221] was added. The images were recorded by scanning the

and sensors required for successful sensing. Additionally, high 4rray siides using a USB flatbed scanner (Canon, CanoScan LiDE 60
free energy of solvation of anions implies that the receptors at 1200 dpi resolution). Control experiments were carried out to confirm
must compete more effectively with the medium. This aspect that at the used concentration the toothpaste color does not affect the
is particularly important in wate¥.28 For example, fluoride with  reading from the scanner. Image processing is described in detail in
ionic radius of 1.33 A has®\Ghygration = —465 kJ/mol, i.e.,  the Supporting Information.

significantly greater than a potassium cation with almost the
same size (1.38 A) anGhydration= —295 kJ/mol. All of these
factors make sensing of anions a difficult task, and as a result, The sensor elements used in this study are eight sehs@&s
anion sensing is a great benchmark test for new sensingforming an eight-member array. Sensots-8 are simple
approaches. hydrogen-bonding-based anion sensors utilizing pyrrole hydrogen-

In this study, we demonstrate the preparation of easy to usePond donor moieties, such as N-confused calix[4]py#fole
sensors and arrays for small inorganic anions that operate in"egular calix[4]pyrrolé**2—7, and 2,3-di(pyrrol-2-yl)quinoxa-
water and in a multianion environment. We also demonstrate ine* 8.
the utility of supramolecular observations of affinity and
selectivity in the anion-sensor recognition process for the design
of a high-resolution sensor array. Here, we use the sensor
elements selective for particular analytes, for example fluoride
and pyrophosphate, which also show significant cross-reactivity
for other anions. The resulting array then utilizes the fluoride
content as the main differentiating feature, while cross-reactive

Experimental Section

Results and Discussion

Anthraquinone-based

(14) Dickinson, T. A.; White, J.; Kauer, J. S.; Walt, D. Rature 1996 382 1 N-confused calix{4Joymrole 8 dipyrrolylquinoxaline
697—700.

(15) Folmer-Andersen, J. F.; Kitamura, M.; Anslyn, E. .Am. Chem. Soc.
2006 128 5652-5653.

(16) Krantz-Rulcker, C.; Stenberg, M.; Winquist, F.; Lundstron@dal. Chim.
Acta 2001, 426, 217—-226.

(17) Rakow, N. A.; Suslick, K. SNature200Q 406, 710-713.

(18) (a) Zhang, C.; Bailey, D. P.; Suslick, K. $. Agric. Food Chem2006
54, 4925-4931. (b) Zhang, C.; Suslick, K. 8. Agric. Food Chem2007,
55, 237-242.

(19) Zhou, H.; Baldini, L.; Hong, J.; Wilson, A. J.; Hamilton, A. D. Am.
Chem. Soc2006 128 2421-2425.

(20) Wright, A. T.; Griffin, M. J.; Zhong, Z.; McCleskey, S. C.; Anslyn, E. V;
McDevitt, J. T.Angew. Chem., Int. EQR005 44, 6375-6378. NO; NC

(21) Matson, R. S.; Rampal, J. Bienomic/Proteomic Technd003 3, 37— '©’ NC, cN
44, N

(22) Legin, A.; Smirnova, A.; Rudnitskaya, A.; Lvova, L.; Suglobova, E.; Vlasov, 4 i o
Y. Anal. Chim. Actal999 385 131—135. CN N o]

(23) Potyrailo, R. AAngew. Chem., Int. E®006 45, 702-723. NC

(24) Green, E.; Olah, M. J.; Abramova, T.; Williams, L. R.; Stefanovic, D.; 4 5 6 7
Worgall, T.; Stojanovic, M. NJ. Am. Chem. So2006 128 15278
15282.

(25) Di Natale, C.; Davide, F.; Brunink, J. A. J.; D’Amico, A.; Vlasov, Y. G;
Legin, A. V.; Rudnitskaya, A. MSens. Actuators, B996 34, 539-542. (29) Nishiyabu, R.; Palacios, M. A.; Dehaen, W.; Anzenbacher, PJ. Am.

(26) Sessler, J. L.; Gale, P. A.; Cho, W. Wnion Receptor Chemistry Chem. Soc2006 128 11496-11504.
Monographs in Supramolecular Chemistry; The Royal Society of Chem- (30) Nishiyabu, R.; Anzenbacher, P., JrAm. Chem. SoQ005 127, 8270~
istry: Cambridge, U.K., 2006. 8271.

(27) Schmidtchen, F. P.; Berger, @hem. Re. 1997 97, 1609-1646. (31) Nishiyabu, R.; Anzenbacher, P., @rg. Lett.2006 8, 359-362.

(28) Steed, J. W.; Atwood, J. L. ISupramolecular ChemistryWiley: (32) Anzenbacher, P., Jr.; Palacios, M. A.; Jursikova, K.; MarquezQOhd.
Chichester, U.K., New York, 2000. Lett. 2005 7, 5027-5030.
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Table 1. Affinity Constants for Compounds 1—-8 (M™1) Cé})lculated hydrogen sulfate, 20 mM§ The color responses, which are
for Tetra-n-butylammonium Salts of Anions in DMSO (0.5% Water) observable by naked eye, were recorded using a USB 24-bit

at 22 °Cca ) :
RGB scanner, the image was deconvoluted into RGB channels,
Kasoc [M~Y] for individual anions . .
and the gray pixel valuésin each color channel were averaged
sensor F o AcO™ H.PO,” HP,0*~ and subtracted from the image taken before exposure (blank).
1 7240 <50 16 600 430 5650 Figure 1 shows color changes in the wells as well as the
2 >10° 652 125000 8050 274000 respective changes in the RGB values of sender8 upon
3 >100 2840 >10f 160000 512000 ” ¢ & Fi iah N al h h
4 >10 759 22100 5560 48 200 addition of acetaté: Figure 1 (right panel) also shows the
5 >10° 741 8540 3330 92 200 patterns generated from raw data in the green channel, which
S >i§ 1?)(7)2 ‘i’g 57988 Zggg o 2(\;90 emphasizes what is clear from naked eye observation: the eight-
> . . . .
g 482 200 250 1200 <100 316000 sensor array is generating unique patterns for each anion. A

concentration of 5 mM was selected because it results in
a All errors are<15%. P The binding isotherm showed biphasic behavior ~ saturation of most sensors in the array by all anions. The naked
y Dy
indicating multiple equilibria® Affinity constants were obtained from eye inspection confirmed that the wells showing the deepest
iment ied out in MeCN. . .
expeniments camed out in e changes in color were those of fluoride, pyrophosphate, and
acetate. Further evaluation was performed by methods of
multivariate analysi$?
The quantitative studies were also performed. While the

Because the substrate selectivity is related to high affinity,
the analytes whose concentrations are exceedingly low are
targeted by sensor moieties showing several orders of a '''® ; ) ) )
magnitude higher affinity compared to the rest of the analyte. M&Crity of anions provide a response discernible by naked eye

The respective affinity constants (Table 1) for sender8 were 2t 100uM concentrations and higher (Figure 2), the scanned
recorded in DMSO and MeCN solutiod%:32 In the following images deconvoluted into the respectivergeeen-blue chan-
paragraphs, we show that the binding behavior observed in nels allow for constructing response isotherms from 0.2 to 360
organic solvents is also observed in arrays when the sensoP™M anions (1Q:M to 20 mM) (Figure 2). Figure 2, center,
elements are embedded in polyurethane matrices and the anion§hOWS & quantitative representation of changes of the gray pixel
are administered as strictly aqueous solutions. Thus, the classica¥@/U€ in the green channel of sengat acetate concentrations
methods of molecular recognition may be conveniently used to 'an9ing from 10uM to 20 mM. From the inset in the graph,
match the senseranalyte pairs for array applications. one can see that 90% of the change in the sensor response occurs
The relative affinity for sensol is acetate> fluoride > between 0.1 and 1.8 ppm of acetate in water.

pyrophosphate. Sensds-7 show an affinity order of fluoride "€ dynamic range and magnitude of response of the
> pyrophosphate~ acetate and low affinity for phosphate, individual sensor polymers correspond to the magnitudes of the

bromide, sulfate, and nitrate. In order to increase the selectivity &ffinity of the sensors to anionic substrates as reflected by the

in read-out information, we also included sen8awhich shows binding constants in organic solvents shown in Table 1. Hence,

almost equal affinity for fluoride and pyrophosphate, and which the analytes with lower target ar)ion copcgntrations are bettgr

does not bind any other anion strongly. One can see that the@ddressed by sensors showing higher binding constant and vice
eight-sensor array composed of sensbr8 will have strong versa. This illustrates why it is important to tie the supramo-

affinity bias for fluoride> pyrophosphate- acetate. Neverthe- lecular behavior of the sensor elements, even though it was
less, the sensors show cross-reactivity to other anions. studied in organic solution, to the array response. Figure 2 shows

As previously reporte@®3L the change in color of all sensors the response of two sensod,and 5, to acetate in different

upon complexation is a result of partial intramolecular charge concentration ranges. I;elre, sle0n§areachﬁ§l, satur;mon ﬁt an
transfer from the anion to the sensor. This is presumably due acetate_ concent_rat{?n elo:]v_ h ppm, while Se _mea;ogs
to perturbation of the HOMO energy levels of the sensors mainly Saturation at a significantly higher concentration, 1.e., PpPmM

localized on the pyrrole moieties. The presence of the anion (>10_ mM). Of course, this may n_ot be such a surprise
raises the energy level of the HOMO causing a red shift in the considering that sens@shows a binding constant for acetate

1o . S
absorption. However, the actual color change and dynamic rangeOf ca. 100 000 M, while sensob displays a modest binding

of the response differ among individual sensors, thus contribut- cOnstant of less than 10 000 Min DMSO.
ing to the cross-reactivity of the sensors. The statistical evaluation of the array response to aqueous

solutions of anions was further explored using principal
component analysis (PCA) and hierarchical clustering analysis
(HCA). PCA is a statistical treatment used to reduce a

into a microwell array, vide supra. The role of the polyurethane muIFidimensionaI data} set for easier ilnterpretation. Thig is
hydrogel is to lend mechanical support to the sensor molecules2chiéved by calculating orthogonal eigenvectors (principal
and to draw the bulk aqueous analyte into the sensor materialCoMPonents, PC) that lie in the direction of the maximum

and partially strip the hydrate off the anion, thus rendering the variance within that data set. The first PC contains the highest

anion available for the recognition process by the receptor degree _Of variance, and other PCs follow in the order of
moieties® decreasing variance. Thus, the PCA concentrates the most

The qualitative response of sensdrs8 was tested using significant characteristics (variance) of the data into a lower

aqueous solutions of 10 anions: acetate, benzoate, bromide } )

. ) i . (33) The concentration of 20 mM was used for nitrate and hydrogen sulfate as
chloride, fluoride, nitrate, dihydrogen phosphate, hydrogen these anions gave somewhat ambiguous responses at 5 mM.
pyrophosphate, hydrogen sulfate, and hydrogen sulfide (Figure(34) The gray pixel value is a numerical value of the grey shade that for an

. i’ . 8-bit pixel depth detector ranges between 0 and 255.
1), (5 mM in water, 200 nL, 10 trials each, except nitrate and (35) The Supporting Information lists the response profiles for all the analytes.

The sensor elements for the arrays were fabricated by
blending the sensofis—8 with a polyurethane hydrogel in THF
and solution-casting 400 nL of the senspolyurethane solution
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ARTICLES Palacios et al.
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Figure 1. Left: Typical eight-sensor array responses (raw data) to aqueous anions solutions (200 nL, 5 gIMNN®ISQ~ concentration was 20 mM)
(ref 33). Center: The net response profile of sender8 to the addition of aqueous acetate (200 nL); the Supporting Information lists the response profiles
for all analytes. Right: Patterns generated by the sensor array in the green channel in the presence of the same anion solutions as in the left panel.
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Figure 2. Left: Response of the eight-sensor array to different acetate concentrations. Center and Right: Changes in the gray pixel value (green channel)
of sensor and5 upon increasing acetate concentrations.
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Figure 3. Left: Typical array responses (raw data) to aqueous anions solutions. Center: PCA score plot of the first three PCs for 100 samples (10 anions,
10 trials each) showing clear clustering of the trials. The percentages on the axes account for the amount of variance to each PC axis for a total of 78.4%
of variance. Right: HCA dendrogram obtained using Ward linkage shows the Euclidean distance between the trials.

dimensional space. As articulated by Suslick and co-woMéfs,  nation in the first two PC8.In addition, each pattern (24
generally the higher the number of PCs required to describe adimensions, 8 sensors 3 RGB channels) generated by the
certain level of discrimination, the better the sensor array eight-sensor array is reduced to a single score and plotted in
discriminates between similar analytes. Here, the PCA of the the new space (PC space) generated using the PCs. This
data set (10 trials for each anion) obtained from the eight-sensorrepresentation (score plot) is shown in Figure 3 (center). Here,
array requires 9 dimensions (PCs) out of 23 to describe 95% of the PCA score plot utilizes the first three PCs representing 78.4%
the discriminatory range (39% of all PCs). This attests to an of variance, and it already shows clear clustering of the data.
exceptionally high degree of dispersion of the data generatedMore importantly, the high level of dispersion of the data shown
by this sensor array consisting of just eight sensor elements.py the PCA can be attributed to the selectivity of the sensors
This level of discrimination is in contrast to those reported for gnd a strong supramolecular interaction between the sensors and
most electronic tongues, which have typically 95% of discrimi- certain analytes (F HP,073~, AcO™, and HS), while keeping

(36) (a) Suslick, K. SMRS Bull 2004 29, 720-725. (b) Suslick, K. S.: Rakow, & 900d degree of cross-reactivity (given by the observable
N. A. Tetrahedron2004 60, 11133-11138. colorimetric response even to the anions that show lower affinity

D J. AM. CHEM. SOC.
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Figure 4. Left: PCA score plot of the first two PCs for 50 trials of four toothpaste brands and NaF (10 each) and the trial clustering. The percentages on
each axis account for the variance intrinsic to the axis. Right: HCA dendrogram with Ward linkage showing the Euclidean distance between the trials.

for the sensors). This combination of a strong selective feature pyrophosphate analysis. Toothpastes are very complex analytes
and high cross-reactivity allows for better separation (resolution) composed of numerous known and unknown ingredighgs.
of the clusters in the PCA score plot. typical toothpaste comprises abrasives (e.g., hydrated silica,
The HCA, which is an unsupervised method of multivariate calcium phosphate), fluoride sources (sodium fluoride, stannous
analysis, seeks classification of the samples by measuring thefluoride, or sodium fluorophosphate), polymers to thicken the
interpoint distances (in this study, the Euclidean distance) paste and retain moisture (carboxymethyl cellulose, polyethylene
between all samples in thredimensional space resulting from  glycols), foaming agents (e.g., sodium dodecyl sulfate, sodium
n-numbers of studied features (e.g., 24 dimensions for our eight- sarcosinate), tetrasodium pyrophosphate to remove &ad
sensor array). There are several methods for defining clusters. Mg2™ from saliva to prevent tartar calcification, whiteners
We used Ward’s (minimum variance) meth@dyhich takes (titanium dioxide), peroxide whiteners (sodium carbonate
into consideration the minimum amount of variance between peroxide 2NaCOs:3H,05), sweeteners (sodium saccharin, xy-
the samples and analytes to define a clu¥ter. litol), antibacterials (triclosan, zinc chloride), fragrances (e.g.,
In contrast to PCA, HCA considers the complete dimension- peppermint, spearmint oils), sealants/sensitivity reducers (potas-
ality of the data and provides graphic output in the form of a sium nitrate, strontium chloride), preservatives (sodium ben-
dendrogram (Figure 4, right). At 90% of similarity, HCA shows zoate, methyl paraben), buffering agents (sodium hydroxide),
10 clusters, each comprising 10 samples. Interestingly, the HCAremineralization agents (calcium glycerophosphate, calcium
dendrogram shows clustering at approximately 1000 distanceascorbate), etc. The approximate percentages of common
units (d.u.) for six anions: benzoate, chloride, phosphate, ingredients are as follows: water and humectants 75%, abrasives
bromide, sulfate, and nitrate. This group of six anions are related 20%, foaming and flavoring agents 2%, buffering agents 2%,
by their similar relative affinity to calix[4]pyrrole derivatives  while fluoride is usually present in less than 0.25%. The fluoride
2—7 in organic solution (Table 1). Moreover, both acetate and content may differ significantly. Specialty toothpastes such as
pyrophosphate that show strong affinity toward the sensors in Fluoridex Daily Defense contain 1.1% NaF (5000 pgfiJhis
solution are also separated by a very short distance (ap-paragraph illustrates that a toothpaste is a complex analyte
proximately 500 d.u.), which reflects their similarity in interact- comprising fluoride, pyrophosphate, and large concentrations
ing with the sensors. of other anions. Array elements operating in such an environ-
Both PCA and HCA suggest that the serslydrogel blends ment should show selectivity toward fluoride and pyrophosphate
show similar supramolecular properties to the anion-binding as well as cross-reactivity to distinguish among the brands based
characteristics observed in organic solution. Therefore, the on other anionic components.
solution-based observations performed by NMR,-tKs, and For our demonstration, we chose three toothpaste brands:
fluorescence spectroscopy can aid in constructing arrays com-Aquafresh, Colgate, and Crest, as well as Fluoridex and sodium
prising sensors with predictable analytical behavior. Particularly, fluoride for comparison. PCA and HCA were carried out for
the connection between supramolecular properties (e.g., changethe data set generated by toothpastes with our eight-sensor array
in conformation, binding stoichiometry, functional groups (Figure 4). The PCA score plot and HCA dendrogram for the
participation, and binding mode) on the atomic level observed 50 trials show clear clustering. Aquafresh, Colgate, and Crest
by NMR and the discriminatory capability of the sensor appear to be more similar, and in the HCA they appear as one
array is important and cannot be easily established in arrayscluster at approximately 700 d.u., while Fluoridex forms a
employing nonselective indicatotSwo more aspects are worth  cluster with NaF at approximately 1000 d.u. Interestingly, the
noting: the sensing process is fully reversible, and the array is HCA dendrogram shows Colgate moderately dissimilar to
reusable. Aquafresh and Crest within the same cluster. This could be
To demonstrate the utility of substrate-selective sensors for
anions in an array for complex analytes on a real-life example, (39) (a)Poucher's Perfumes, Cosmetics and Sodih ed.; Butler, H., Ed.;
we performed identification of toothpaste samples using fluoride/ ~ Kluwer Academic Publishers: Dordrecht, Netherlands, 2000-¢)dbook

of Cosmetic Science and Technolpgyd ed.; Paye, M., Barel, A. O.,
Maibach, H. I., Eds.; CRC Press: Boca Raton, FL, 2006. (c) Ingredient

(37) Ward, J. H., JrJ. Am. Stat. Assod 963 58. 236—-244. Analysis: Aquafresh toothpaste, 2007; http://www.chem.ox.ac.uk/course/
(38) For Ward’s method first each sample is considered its own cluster; therefore, ityeartwo/html/aquafreshtoothpaste.htm. (d) Toothpastes, 2007; http:/
the variance is null. Then, each following step will consider a pair of objects en.wikipedia.org/w/index.php?titieT oothpaste&oldie-129361524.
that can be fused while keeping the amount of variance as small as possible.(40) Fluoridex, 2007; http://www.discusdental.com/products/oral_hygiene/fluo-
This process repeats until a remaining supercluster is formed. rides.php?group_skey540.
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Figure 5. Left: PCA score plot for the four toothpaste brands and the results of the NaF addition experiments. Right: Detail of the addition experiments
showing that the addition of fluoride to the toothpastes results in increased similarity in response as shown by the clustering. Additidindfriya
cryptand to Fluoridex generating more naked fluoride resulted in a response shift to the top of the NaF addition cluster (gray arrow).

attributed to the fact that Colgate is the only toothpaste in  In order to evaluate the overall discriminatory performance
this study that lists pyrophosphate as an inactive ingredient of the sensor array, we included all 190 samples corresponding
(the Supporting Information lists all ingredients for the tooth- to 19 analytes (anions, toothpastes, and toothpéasteaF), as
pastes used). This supports our hypothesis that using sensowell as 10 samples with cyanitfeas an analyte that were
elements of known selectivity, in this case fluoride and included in the same data set, and the PCA was performed.
pyrophosphate, for the key analytes may allow for reducing the This PCA requires 10 PCs out of 24 to describe the 95% of the
size of arrays while allowing for successful analysis of complex variance (42% of the fraction of all PCs), which indicates that
analytes. in the case when the number of analytes (and samples) is
To further support our hypothesis that fluoride is a major increased to 200, our eight-sensor array still shows the same
differentiation contributor to which the sensors react, we carried high discriminatory capabilit§® For visualization of the cluster-
out control experiments by adding NaF to the less fluoridated ing of the data, HCA analysis with Ward linkages was generated
toothpastes (Aquafresh, Colgate, Crest) and applied PCA to the(see the Supporting Information). HCA shows clear clustering
data set obtained using toothpastes and toothpastéaF with 100% of classification for all analytes.
samples. Addition of NaF (to the level of 5000 ppm) resulted
in a clear outcome on the PCA score plot (Figure 5): The

NaF addition renders the three toothpastes more similar to  In summary, supramolecular eight-member sensor arrays were
Fluoridex (5000 ppm NaF). And, as the NaF addition prepared by embedding simple colorimetric sensors in poly-
renders the toothpastes more similar, the resulting clusters appeagrethane hydrogel. The studies performed in organic solvents
much closer to each other, although the array can still separateaimed at establishing the sens@nion affinity and selectivity
them. allow estimating the response of the array to aqueous anionic
A second control experiment further illustrates the role of analytes. The clear connection between supramolecular observa-
fluoride in an array response. Since NaF is not highly dissoci- tions in nonaqueous solutions and analysis of aqueous anionic
ated, we added a small amount of [2.2.1]-cryptand to bind some samples in solid-state sensor arrays paves the road for using
sodium cations to generate more of the “naked” fluoride anion. the numbers of the previously prepared sensors known from
The cryptand addition resulted in the shift of the Fluoridex the literature, which, until now, could not be used due to low
cluster from the bottom of the group of clusters corresponding compatibility with the aqueous environment. Furthermore, this

Conclusion

to the additive experiments (NaF Aquafresh, NaF+ Colgate, could be an important tool to consider in the rational design of
NaF+ Crest) to its top (Figure 5, detail), confirming, once again, minimal-size high-resolution arrays because it allows for
the major role of fluoride in the array resporfdé third control designing arrays with predictable analytical behavior. The

experiment was aimed at establishing the importance of selectivegeneral utility of these principles was demonstrated on a simple
array elements. Thus, we removed two of the most selective eight-sensor array that was shown to differentiate between 10
sensors8 and 1 or 8 and 7, from the array. The array still  inorganic anions and analyze toothpaste brands. This approach
showed reasonably good separation in the PCA score plot;
however, the separation of the trial clusters was significantly (42) Cyanide samples were not included before because the response of the

. . eight-sensor array is not completely reversible for the whole set of sensors
less pronounced. Conversely, removing two of the less-selective  inthe presence of this anion.

sensors resulted in very little or no change in the array (43) The “theoretical” discriminatory limit of a sensor array is given by the
number of sensors in the array and the dynamic range of the detector. In

discriminatory capability. Altogether, the control experiments the case of an array consisting in eight sensors (24 dimensions), where the

confirm that fluoride is a major factor the eight-sensor array grey pixel value has a range of 256 values (8-bit CCD), a sensor array
. . . . L. should be able to generate up to 25fatterns. A “practical” limit of

reacts to, with the other anions further differentiating among discrimination (possible number of different patterns that the sensor array

the samples. This is what we predicted based on solution-based ~ can possibly resolve) of our eight-sensor array can be estimated by
X . . N i considering that the changes of the grey pixel values for all sensors (RGB
studies using sensots-8, which are more selective for fluoride channels) in our data set averag80 units and assuming that changes in
i at least five channels are needed to obtain a discriminatory pattern. PCA
= perphOSphat? Carboxylate? other anions. shows that 10 PCs can describe 95% of the discriminatory data. We estimate
that our sensor array should be capable of discriminating betweenB0/5)
(41) The HCA dendrogram yields similar results; for more details refer to the = 6% patterns. This deduction of the practical discriminatory limit is adapted
Supporting Information. from the method proposed in ref 36b by Suslick and Rakow.
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