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Abstract: Electrostatic complexes containing a cationic conju-
gated oligoelectrolyte (COE) and fluorescein (FAM)-labeled
single-stranded DNA (ssDNA) serve as the basis for identifying
various bacteria. The approach involves the preparation of five
COE/ssDNAx-FAM electrostatic complexes, which differ in the
ssDNA composition and which provide different photolumines-
cence (PL) spectra as a result of different degrees of energy
transfer efficiency from the COE to FAM. Changes in the PL
spectra upon addition of the bacteria can be quantified, and the
differential response from the five ssDNAs gives rise to a
multicomponent array response that allows identification of the
microorganism under investigation.

Bacterial identification is of interest due to the numerous species
associated with infectious diseases and of relevance in biological
warfare.1 In the United States alone, food-borne diseases cause
approximately 76 million illnesses and 5000 deaths each year, with
30% and 70%, respectively, stemming from bacterial pathogens.1a

Typical methods for identifying bacteria include culturing in
selective media, visual analysis of morphological structure, and
examination of immunological characteristics.2 These techniques
necessitate trained microbiologists. Efficient identification protocols
that may be automated therefore remain an important priority in
health care, food safety, environmental applications, and homeland
security.

Conjugated polyelectrolytes (CPEs) have an electronically de-
localized backbone with pendant groups bearing ionic functional-
ities.3 These materials, together with their related conjugated
oligoelectrolytes (COEs), have been incorporated into optical
biosensory assays.4 The charged pendant groups yield the op-
portunity to form electrostatic aggregates, i.e., coacervates, with
oppositely charged macromolecules.5 The complementary macro-
molecule can be designed to act as an emission quencher or to
participate in Förster resonance energy transfer (FRET). The latter
approach has been successfully implemented in protein identification
by using an array of nanoaggregates comprised of cationic COE
and dye-labeled single-stranded DNA (ssDNA).4a Optical changes
are caused by structural modifications within the aggregate from
nonspecific interactions with the proteins. It is worth mentioning
that the original concept for taking advantage of the optical
properties of CPEs in array-type identification of proteins and
microorganisms arises from work by Bunz and Rotello with
composites containing oppositely charged metal nanoparticles.4i-k

Herein we show that electrostatic complexes built from a
tetracationic COE and ssDNA serve as the basis for identifying
bacteria. Specifically, we employ FPF as the FRET donor with
fluorescein (FAM)-labeled ssDNAs as the acceptors, as depicted
in Scheme 1. The five different FPF + ssDNAx-FAM (x ) 1-5)
combinations constitute the responsive array. From preliminary
studies, a charge ratio of R-/+ ) 1.2 was chosen as it produced the
most stable and reproducible photoluminescence (PL) spectra
(Supporting Information). Excitation at 336 nm, where FPF
predominantly absorbs, produces a PL spectrum comprised of the
FPF emission (365-480 nm) and sensitized FAM emission
(490-600 nm); see Figure 1 for the example utilizing ssDNA1-
FAM. Gram-negative (Escherichia coli K12, Escherichia coli FAD-
1, Sporomusa DMG58) and gram-positive (Lactobacillus acido-
philus, Rhodopseudomonas palustris CGA009, Streptococcus
mutans) bacteria were targeted in this investigation.

Briefly, the probes were prepared by mixing the COE and the
ssDNAx-FAM in phosphate buffer. Aliquots were introduced into
a 96-well plate, where the initial spectra were recorded. Bacteria
were separated from the growth media and resuspended in
phosphate buffer to achieve an optical density (OD) of 1.0 at 600
nm. The bacteria solutions were added to each probe up to a final
concentration corresponding to an OD of 0.05. PL spectra were
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Scheme 1. Molecular Structure of FPF and ssDNAx-FAM Sequences

Figure 1. Initial PL spectra (red) of the FPF/ssDNA1-FAM complex and
final spectra (blue) after the addition of Escherichia coli K12. The excitation
wavelength was 336 nm.
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recorded after 15 min interaction time. To ensure that statistical
variations due to gross, systematic, and random errors are taken
into account, independent probe and bacteria solutions were
prepared for each measurement discussed below.

Addition of the bacteria solutions changes the PL spectra from
the FPF/ssDNAx-FAM aggregates; a typical example is shown in
Figure 1 using FPF/ssDNA1-FAM. One observes that the FPF
emission typically increases, while the sensitized FAM emission
decreases. This change implies a structural modification within the
nanoaggregates as a result of nonspecific interactions with the
bacterial surface. The decrease in the sensitized FAM emission and
the increase in FPF emission suggest an increase in the average
distance between the FRET donor-acceptor pair.

Our approach begins by individually exposing the five distinct
electrostatic aggregates (i.e., FPF/ssDNAx-FAM, x ) 1-5) to the
bacteria. Changes in the PL spectra can be quantified by the
parameter δ, as defined in eq 1:

where Bi and Bf are the initial and final FPF emissions integrated
between 370 and 450 nm, before and after bacteria addition,
respectively; Gi and Gf are the corresponding FAM emissions
integrated between 500 and 590 nm. The collective δ response from
the five independent aggregates creates a signature pattern for each
bacterium. Figure 2 provides a complete summary of the composite
δ responses. It is reasonable that there are various other ways to
process the PL spectra; however, we found that δ in eq 1 yields a
simple method that provides consistently distinct patterns. The
lowest δ values are obtained for R. palustris, possibly due to the
lower number of cells introduced. R. palustris is a purple bacterium,
and its red color contributes to loss in transmittance at 600 nm
used to measure cell abundance; consequently, there are a lower
number of cells at 1.0 OD than for the other bacteria. The negative
control, 10 µL of phosphate buffer, is included in Figure 2 to
demonstrate that the R. palustris pattern is statistically different
from the negative control.

A regularized discriminant analysis (RDA) algorithm, given by

was applied for the δ pattern classification. The formal purpose of
discriminant analysis is to assign objects to one of several classes
on the basis of a set of measurements X ) (X1, X2, ..., Xn) obtained

from each observation.6 During the regularization process, the bias
and variance trade-off is regulated by two user-defined parameters,
λ and γ, which control the degree of shrinkage of the individual
class covariance matrix and modify covariances across variables,
respectively. For this study, λ and γ were set at 0.5 and 0.0,
respectively, to improve parameter estimates by biasing them away
from their sample-based values.

Bacterial classifications are made on the basis of the shortest
Mahalanobis distances from each point to each class’s multivariate
mean.7 Canonicals 1-5 contained 81.9%, 14.1%, 2.4%, 1.5%, and
0.1% of the variability, respectively. Figure 3 shows the canonical
plot with the first two scores. Each of the bacteria formed their
own clusters in the two-dimensional space with no overlapping 95%
confidence ellipses. Additionally, there were no reported model
misclassifications of the bacteria. Moreover, the -2 log likelihood
value of 0.01 indicates that the model is a good fit for the
experimental data.

In summary, we report the successful implementation of FPF/
ssDNAx-FAM electrostatic complexes for bacterial identification.
This technique benefits from readily available molecules with
precisely determined structures and may be relevant in situations
where microbiologists are not available to identify specific strains
and bacterial detection is important to prevent disease propagation
and ensure water and food quality. From a practical perspective,
we recognize that array-based detection methods are challenged
when confronted with large variations in concentration and in
situations where a mixture of targets is present in the sample.8 That
individual bacteria colonies can be easily obtained and that the
quantity of bacteria can be arbitrarily controlled by simple examina-
tion of the OD may provide a competitive advantage relative to
molecular targets.
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Figure 2. Complete response array to six different bacteria: K12,
Escherichia coli K12; FAD-1, Escherichia coli FAD-1; La, Lactobacillus
acidophilus; Rp, Rhodopseudomonas palustris CGA009; Spo, Sporomusa
DMG58; S mut, Streptococcus mutans; Neg Cntrl, negative phosphate buffer
control. Error bars represent 3σ.

δ )
Bf

Bi
+

Gi

Gf
(1)

dk(X) ) (X - µk)
T ∑

k

-1

(λ,γ)(X - µk) + ln| ∑
k

(λ,γ)| - 2 ln πk

(2)

Figure 3. Canonical score plot of the response pattern. Ellipses represent
the 95% confidence limits for each mean.
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