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Convenient, precise, and rapid protein sensing methods are of
great importance in medical diagnostics and proteofmitéidely §°
used specific interaction-based sensing protocols (e.g., ELISA)
require protein receptors of high affinity and specificity requiring n
the generation of pertinent protein receptors/ligands for multiprotein H
detectiont In this regard, sensor array approaches are attractive, Na N
using differential binding interactions that are selective rather than Plzn~12
specific? This “electronic nose/tongue” strategy provides highly

versatile sensofs! Recently, this principle has been used for protein Nao-(o_ o

Na
detection through either fluorescence quenchiog indicator %o
displacement.While these sensors have been effective, they feature
high limits of detection, and only relatively small sets-@lproteins)
were studied.

Effective protein sensing requires efficient protein receptors and
competent signal transducers. Water-soluble conjugated polymers
with pendant-charged residues provide an excellent scaffold for
sensor desigh? These materials can bind protein surfaces through
multivalent interactions. Moreover, their optical properties are rapje 1. Basic Properties of the Proteins Used as Sensing
sensitive to minor conformational or environmental changes, Targets

P4n~7 P5:n~12; P6: n~21

Figure 1. Chemical structures of PPE polymef3l{-P6).

enabling efficient signal transduction of the binding events. In this MW e
work, we use six functionalized poly{phenyleneethynylene)s protein metal (kDa) pl (M~tem™Y)
(PPEs)° to build a protein sensor array (Figure 1). These highly a-amylase ¢-Am) v 50 5.0 130000
fluorescent polymers possess various charge characteristics and povine serum albumin (BSA) N 66.3 4.8 46860
molecular scales. Such structural features provide tremendous o-chymotrypsin (ChT) N 25 8.7 51000
binding diversity upon interaction with protein analytes, generating ~ cytochromec (CytC) Y 123 107 23200
distinct fluorescence response patterns for protein discrimination. If_gg:gégi%asﬂc;al) E ;ig i:g ﬁggggg
We have chosen 17 proteins as the sensing targets (Table 1). hemoglobin (Hem) v 64.5 6.8 125000
These proteins possess diverse structural characteristics including histone (His) N 215 10.8 3840

metal/nonmetal-containing, molecular weight (MW), isoelectric  human serum albumin (HSA) N 69.4 5.2 37800

point (pl), and UV absorbencies. Notably, many protein targets have :i}f’s"’(‘)sz‘;g;ép()l_ys) ’;‘\I Eﬁ 4 151'60 5;;55)0
comparapk_a MW anql pl vall_Je_s, thert_e_by providing excellent objects myoglobin (Myo) v 17.0 79 13940
for examining the differentiation ability of the PPE-based sensor papain (Pap) N 23.0 9.6 57500
array. acid _phosphatase (PhosA) N 110 5.2 257980
In the sensing studies, the fluorescence of the polymer solution ﬁg(é"r']'ﬂcelggs(’:&h(aé?sz)(PhOSB) NN 11349 o 2-7 1(;30207080
(100 nM, on the basis of number-averaged molecular weight) in subtilisin A (SubA) N 30.3 94 26030

phosphate buffered saline (PBS) was recorded before and after
addition of protein analytes. The six polymers display substantial .
overlap in their absorption and emission spectra (Figure S1), anq Myo, nqnmetalloprot_em; also generally q”er.‘Ch the polymer
allowing the same excitation wavelength (430 nm) and emission emission (Figure 2), indicating that the electronic states of the

wavelength (465 nm) to be used for all polymers to expedite their po:ymers _arehmodbulated bB; prote_ln b'nhd'nf?' In comparison th1th
analysis on the microplate reader. To facilitate the quantitative polymers in the absence of proteins, the fluorescence quenching

detection of proteins, we generated patterns at protein concentration xtent ranges from 5 to 50%. These fluoresgence_res_,ponses are not
at a standard UV absorbanoig, = 0.005), the lowest concentra- correlated with the pl and MW of the protelns_,. _Slgnlflca_ntly, the
tion for all proteins to induce substantial emission changes of the fluo_rescence response pat_tern_s are gharactensﬂc_ ?’.‘d highly repro-
polymers. With this as the detection limit of the system, protein ducible for particular proteins, indicating the possibility of protein

identification was readily achieved in combination of UV measure- discrimination.

ments (vide post). Besides metalloproteins, such as CytC, Fer, Hem, _Th_e _fluorescencg response patterns were subjected to linear
discriminant analysis (LDA}! LDA converts the patterns of the

t University of Massachusetts training matrix (6 polymersx 17 proteinsx 6 replicates) to
* Georgia Institute of Technology. canonical scores. The first three canonical factors contain 65.0, 20.8,
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training matrix according to their shortest Mahal distances to

respective groups. Once the protein ID was established, the initial
protein concentration was obtained through ugingvalues (Table

1). Out of 68 protein samples that were randomly selected from
the 17 protein species, only 2 samples were misclassified, affording
an identification accuracy of 97%. Moreover, the protein concentra-
tions were generally determined withit6% deviation (Table S3).

In summary, we have demonstrated that a PPE-based sensor array
can effectively detect and identify proteins. Benefiting from their
high fluorescence sensitivity as well as inherent amplification
effects, this array of six conjugated polyelectrolytes displays an
unprecedented discrimination ability of 17 protein analytes. Further
experiments are, however, required to demonstrate the robustness
of the system, as cross-reactive arrays are still prone to errors. In
particular, the array must be tested with complex mixtures of
proteins for their ability to detect species present at very low
concentrations in the presence of large amounts of potentially
interfering species.
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Figure 2. Fluorescence respons&l{ patterns of the PPE polymer array

(P1—P6) against protein analytesggso= 0.005) as an average of six parallel . .

measurements. The values in the parenthesis indicate the protein concentra- Acknowledgment. This research is supported by the Center for

tions in nM. Hierarchical Manufacturing (NSEC, DMI-0531171), the NSF (VR,
CHE-0518487), the NIH (GM077173), and the Department of

°  w-Am Energy (DE-FG02-04ER46141).
© BSA
ChT Supporting Information Available: Experimental procedures, two
) o CyiC figures, and three tables. This material is available free of charge via
5 e Fer the Internet at http://pubs.acs.org.
2 o [-Gal
f:. o  Hem
= o His References
e 0 Fi ¢ HSA (1) Kodadek, T.Chem. Biol.2001, 8, 105-115.
‘g o Lip (2) Albert, K. J.; Lewis, N. S.; Schauer, C. L.; Sotzing, G. A.; Stitzel, S. E.;
e 15 o Lys Vaid, T. P.; Walt, D. RChem. Re. 200Q 100, 2595-2626.
5 : 0 gf o  Myo (3) (a) Collins, B. E.; Anslyn, E. VChem—Eur. J. 2007, 13, 4700-4708.
h E,‘ © Pap (b) Wright, A. T.; Anslyn, E. V.Chem. Soc. Re 2006 35, 14—28.
~= o PhosA (4) (a) Folmer-Andersen, J. F.; Kitamura, M.; Anslyn, E.J.Am. Chem.
N S Soc.2006 128 5652-5653. (b) Lee, J. W.; Lee, J. S.; Kang, M.; Su, A.
-20 . ; 5 PhosB I.; Chang, Y. T.Chem—Eur. J. 2006 12, 5691-5696. (c) Buryak, A.;
] 10 15 S |® RibA Severin, K. A.J. Am. Chem. So€005 127, 3700-3701. (d) Greene, N.
Factor (1), 65.0% 0 30 L lo subA T.; Shimizu, K. D.J. Am. Chem. So2005 127, 5695-5700. (e) Rakow,

N. A.; Suslick, K. S. A.Nature200Q 406, 710-713.

(5) (a) Sandanaraj, B. S.; Demont, R.; Thayumanavad, Sm. Chem. Soc.
2007, 129 3506-3507. (b) Zhou, H.; Baldini, L.; Hong, J.; Wilson, A.
J.; Hamilton, A. D.J. Am. Chem. So2006 128 2421-2425. (c) Baldini,
L.; Wilson, A. J.; Hong, J.; Hamilton, A. DJ. Am. Chem. SoQ004
126, 5656-5657. (d) Kim, 1.-B.; Dunkhorst, A.; Bunz, U. H. Eangmuir
2005 21, 7985-7989.

(6) (@) You, C.-C.; Miranda, O. R.; Gider, B.; Ghosh, P. S.; Kim, |.-B;
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and 7.3% of the variation, respectively, occupying 93.1% of total

variation (Figure 3, 2-D correlations are shown in Figure S2). The
canonical patterns are clustered into 17 different groups, and the
jackknifed matrix with cross-validation reveals a classification
accuracy of 100%. For a single polymer, however, the classification
accuracies range only from 26 to 56% (Table S2), indicating that
an array of different sensors is essential for protein discrimination.
Significantly, if the polymer with the least differentiation ability
(P2, 26%) is removed from the array, a classification accuracy of
only 97% is obtained, confirming the effect of each individual
polymer.
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