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a b s t r a c t

This article describes a simple and inexpensive signal amplification method, termed polymeric enzyme
detection (PED), which permits rapid and sensitive detection of conserved sequences in the tuf gene that
identify Staphylococcus genus, conserved sequences in the femB gene that specifically detect Staphylococ-
cus aureus species, and the methicillin resistance gene mecA directly from positive blood culture bottles.
Microbe-specific capture probes were immobilized onto microtiter plates or silicon chips. Target
sequences and biotin-labeled, target-specific probes were hybridized to complementary capture probes
to create a biotin-labeled, surface-immobilized tripartite complex. In a two-step process, signal was
amplified by incubating the surface-immobilized biotin with streptavidin followed by the addition of a
500-kDa dextran polymer conjugated with approximately 80 biotins. Signal was then developed by bind-
ing of a streptavidin–horseradish peroxidase conjugate followed by incubation with the substrate tetra-
methylbenzidine. Use of the PED method improved the lower limit of detection 10- to 100-fold in model
DNA hybridization assays with limits of detection as low as 1 fmol/L target DNA. This level of sensitivity
permits detection of genomic DNA from methicillin-resistant S. aureus positive blood cultures within 25
to 35 min using either a thin film biosensor chip or a microtiter plate-based assay.

� 2009 Elsevier Inc. All rights reserved.
Nosocomial infections have become a major global health issue.
In the United States, there are an estimated 2 million nosocomial
infections, causing an estimated 90,000 preventable deaths, every
year [1]. Methicillin-resistant Staphylococcus aureus (MRSA)1 and
Methicillin-resistant coagulase-negative Staphylococcus (MRCoNS)
are the leading causes of nosocomial infection worldwide. Approxi-
mately 60% of all staphylococcal infections display antibiotic resis-
tance [2]. Rapid diagnosis and initiation of appropriate treatment
are important to reduce morbidity and mortality associated with
MRSA/MRCoNS bloodstream infections. Clinical studies have shown
that reducing the time to diagnose MRSA/MRCoNS decreases the
length of a patient’s hospital stay, has a positive impact on infection
control strategies, and leads to cost savings for the hospital [3,4].
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Traditional culture and biochemical identification of microor-
ganisms that cause bloodstream infections are time-consuming,
requiring 24 to 72 h after detection of microbial growth by auto-
mated, continuous-monitoring blood culture systems [5]. Polymer-
ase chain reaction (PCR)-based tests for MRSA/MSSA (methicillin-
susceptible S. aureus) identification have significantly reduced the
time to diagnosis to between 1 and 2 h [6]. However, real-time
PCR-based formats have several disadvantages in the clinical labo-
ratory, including the requirements for expensive equipment and
specialized personnel training.

Here we describe an inexpensive and simple method, termed
polymeric enzyme detection (PED), to amplify signal, permitting
rapid detection of MRSA or MRCoNS directly from positive blood
culture specimens. Typical hybridization-based assays for detect-
ing nucleic acid sequences use reporter probes that contain a single
biotin molecule per probe; thus, only a single streptavidin (SA)/en-
zyme (e.g., horseradish peroxidase [HRP]) conjugate is bound per
hybridization event. Although reaction of the conjugate with HRP
substrates, such as tetramethylbenzidine (TMB), produces detect-
able signal, we reasoned that detection sensitivity could be im-
proved considerably if multiple SA/HRP conjugates could be
recruited for each hybridization event, thereby decreasing the
number of target molecules required to generate a detectable sig-
nal. The PED system described here exploits the simple and
straightforward approach of indirectly introducing multiple biotin
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molecules onto each hybridized detector probe that, in turn, can
bind multiple SA/HRP conjugates for enhanced signal production.
This approach does not require PCR-based nucleic acid amplifica-
tion, thereby eliminating the risk of carryover contamination from
previously amplified samples. This test is highly sensitive, easy to
use, and rapid (25–35 min of total test time), and it requires no
expensive instrumentation; thus, it should be practical for most
typical hospital diagnostic laboratories.

Materials and methods

PED polymer preparation and characterization

Amino dextran (500 kDa, Molecular Probes) was reacted at 1 mg/
ml with 500 lM sulfo-NHS (N-hydroxysuccinamide)-biotin (Pierce)
in 0.1 M borate buffer (pH 8.5) at room temperature for 3 h with
constant mixing. The biotinylated dextran was purified and desalted
using a PD-10 column (GE Healthcare) equilibrated in 0.1 M borate
(pH 8.5) following the manufacturer’s instructions. The polymer
solution was then diluted to 5 ml in 0.1 M borate (pH 8.5) and re-
acted with 100 lM sulfo-NHS-acetate at room temperature for 3 h
with constant mixing. The reaction mixture was passed over an-
other PD-10 column equilibrated with 1� phosphate-buffered sal-
ine (PBS, pH 7.0, Gibco). The biotinylated and acetylated PED
polymer was eluted with 2.5 ml of 1� PBS (pH 7.0) and stored at
4 �C until further use. The degree of biotin substitution was deter-
mined by using the HABA (40-hydroxyazobenzene-2-carboxylic
acid) reagent (Pierce) following the manufacturer’s instructions.

Oligonucleotide probes

The design of the capture and detector probes was performed
using Vector NTI software (Invitrogen). Homology was analyzed
for highly conserved sequences in the multiple species of Staphylo-
coccus for the tuf gene to create a probe set that identifies Staphy-
lococcus genus specifically. Because the tuf gene is present in all
bacteria, multiple gram-positive organisms phenotypically similar
to Staphylococcus were added to the alignments so that candidate
sequences that react only with Staphylococcus sequences were de-
signed. To create a probe set that specifically identified the species
S. aureus, multiple strains of S. aureus were aligned around the femB
gene. To specifically identify methicillin resistance within Staphy-
lococcus, multiple alignments of the mecA gene were performed.
BLAST analysis was performed on all candidate sequences to elim-
inate cross-reactivity. All probes were optimized for performance.

All DNA oligonucleotides were synthesized by Integrated DNA
Technologies using standard phosphoramidite chemistry. To facili-
tate detection of genomic DNA sequences, each detector probe was
terminated with a biotin-TEG phosphoramidite (Glen Research)
designated X in the sequence. Detector probes were as follows:

mecA1: 50-X TCG CAA CGT TCA ATT TAA TTT
mecA2: 50-X GGT ATG TGG AAG TTA GAT TGG G
femB1: 50-X GCA ACA GGA ATT GAA TGA CAA AG
femB2: 50-X CGT CGT GAT CAA ATG ATG GC
tuf1: 50-X CAG AAC GTG ATT CTG ACA AAC C
tuf2: 50-X CAA TCA CTG GTC GTG GTA CTG.

To facilitate covalent attachment to surfaces, all capture se-
quences were terminated with a 50-I linker (IDT) designated Y in
the sequence, followed by an S-18 spacer designated Z in the se-
quence. Capture probes were as follows:

0
mecA: 5 -YZ AAA CAA ACT ACG GTA ACA TTG AT
femB: 50-YZ ATT GAC CTT GAT GAA TAT GTG TTA AAG
tuf: 50-YZ TGA TGC CAG TTG AGG ACG TA.
Sample preparation

To prepare MRSA-positive blood culture bottles, approximately
7 ml of human blood was injected into aerobic BD BACTEC+ blood
culture bottles (Becton Dickinson). The bottles were then seeded
with ATCC (American Type Culture Collection) strain 33592
(MRSA) that was initially grown on 5% sheep blood agar and placed
onto a BD BACTEC automated continuous-monitoring blood cul-
ture system until microbial activity was detected.

MRSA-positive blood culture samples (0.5 ml) were mixed with
150 ll of 1 N NaOH, vortexed, and centrifuged at 5000g for 1 min.
The supernatant was discarded, and the pellet was washed with
250 ll of 10 mM Tris (pH 7.0). After a second centrifugation, the
pellet was resuspended in 100 ll of 1 U/ll achromopeptidase in
Tris (pH 7.0) [7], mixed, and incubated for 5 min at room temper-
ature. The sample was boiled for 3 min at 95 �C.
Microtiter plate detection

Capture probe immobilization on a DNA-BIND surface (Corn-
ing) was performed as described by the manufacturer. Briefly,
100 ll of 250 nM capture probes in spotting buffer (0.5 M Na2H-
PO4 and 1 mM ethylenediaminetetraacetic acid [EDTA], pH 8.5)
was incubated in the plate for 30 min at room temperature. Each
well was washed four times with wash A (0.1� saline–sodium
citrate [SSC] with 0.1% sodium dodecyl sulfate [SDS]) followed
by four times with wash B (0.1� SSC). Each well of the plate
was blocked with 300 ll of biotin-free casein (Fitzgerald) at room
temperature for 30 min. The wells were emptied and then used
immediately. Various concentrations of target sequences and
100-nM detector probes were hybridized to the plate at 53 �C
in 1� hybridization buffer (5� SSC, 0.5% alkaline-treated casein,
and 0.1% Tween 20) for 30 min and then were washed four times
with wash A and four times with wash B. To perform PED, 125 ll
of 1 lg/ml SA (Pierce) in 1� hybridization buffer was placed in
each well and incubated for 2 min at room temperature and then
aspirated, followed by incubation of 125 ll of 1 lg/ml PED poly-
mer in 1� hybridization buffer for 2 min at room temperature.
The wells were aspirated and then incubated with 125 ll of
1 mg/L poly-HRP SA (pHSA, Pierce) in 1� hybridization buffer
for 4 min at room temperature. For comparison with the PED
method, a typical enzyme-linked immunosorbent assay (ELISA)
detection method was used (standard detection). In this method,
125 ll of 1 lg/ml mouse monoclonal anti-biotin antibody HRP
(Jackson/University of Manitoba) in 1� hybridization buffer was
incubated for 4 min at room temperature following target hybrid-
ization and washing. Both standard detection and PED wells were
washed four times with wash B and aspirated, and 100 ll of sol-
uble Super Slow–HRP TMB (BioFX) was placed in the wells for
6 min at room temperature. To stop the reaction, 50 ll of 1 M
HCl was added and the absorbance was read in a SpectraCount
plate reader (Packard) at 450 nm.
Thin film biosensor detection

Thin film biosensors were purchased from Inverness Medical–
BioStar. Immobilization of capture probes to the thin film biosen-
sor surface was performed as described previously [8]. Various
concentration of target and 100 nM detector probes were hybrid-
ized to the biosensor chips, arrayed in a 96-well plate, exactly as
described for the microtiter plate assay except that 125 ll of pre-
cipitating TMB (BioFX) was used in place of soluble Super Slow–
HRP TMB. After incubation with the precipitating TMB, the chips
were washed four times each with H2O and methanol. The chips
were allowed to dry and were read visually.
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Results

Signal amplification using a PED approach

Capture probes specific for the tuf gene present in all Staphylo-
coccus species, the femB gene present in S. aureus species only, and
the methicillin resistance gene mecA were immobilized onto plas-
tic or silicon wafer surfaces as described in Materials and methods.
Target nucleic acid sequences, obtained as aliquots from growth-
positive blood culture bottles (see Materials and methods), were
mixed with target complementary, biotin-labeled detector probes
and hybridized to surface-immobilized capture probes to create a
three-component surface-bound complex. For a standard detection
approach, the surface was incubated with an anti-biotin antibody/
HRP conjugate. After washing away unbound conjugate, TMB was
added to generate a colorimetric signal (Fig. 1A). For the PED meth-
od, the surface-bound complex was incubated with SA, a tetra-
meric protein with four high-affinity biotin binding sites, to
interact with the surface-immobilized, biotin-labeled reporter
molecules. The SA bound to reporter probe biotin molecules served
as a bridge to selectively enhance the biotin content of positive
hybridization samples when they were incubated with a 500-kDa
polybiotinylated dextran with approximately 80 biotins per mono-
mer backbone (Fig. 1B). The surface-bound polybiotinylated dex-
tran polymer was then used to recruit multiple SA/HRP
conjugates from solution when samples were incubated with con-
jugate. Finally, after additional washes, TMB was added to generate
a colorimetric signal that could be recorded either in solution, by
spectrometry, or as colored precipitate on surface films.
Performance optimization of PED method

To optimize performance, we varied incubation times for each
step of the PED procedure: (i) binding of SA to target-dependent,
surface-immobilized biotin and (ii) binding of the polybiotinylated
Fig. 1. Schematic representation of standard detection and PED-enhanced detec-
tion of DNA hybridization. (A) Standard detection. Surface hybridized biotin-labeled
oligonucleotide is detected by anti-biotin antibody/HRP conjugate reacted with the
substrate, TMB, to produce a detectable signal. (B) PED detection. Surface-
hybridized, biotin-labeled oligonucleotide reacts with SA, followed by the PED
polymer, to increase the number of detectable biotin molecules per hybridization
event. The biotin is detected by SA/HRP conjugates reacting with the substrate,
TMB, to produce a detectable signal.
dextran polymer to the immobilized SA. Because the biotin–SA
interaction is among the highest affinity noncovalent interactions
described and has rapid association kinetics, we expected this pro-
cedure to be relatively rapid. To characterize the time required to
observe maximal signal enhancement, we hybridized serial dilu-
tions of a mecA-specific biotin-labeled target sequence to a com-
plementary capture oligonucleotide immobilized onto a
microtiter plate. The plate was washed and then exposed to SA
at various concentrations for different incubation times. Signal in-
creased slightly with time; however, the limit of detection did not
improve after 2 min of incubation at a concentration of 1 lg/ml SA
(data not shown). For the second step of the PED procedure, vari-
ous concentrations of the PED polymer were incubated for various
times with surface-immobilized SA. Signal was observed to reach
its limit by 2 min with 1 lg/ml PED polymer (data not shown).
The effect on limit of detection was also determined for the PED
polymer time of incubation. No effect on limit of detection was ob-
served from 2 to 16 min of PED incubation (data not shown). Avid-
ity due to a high density of biotin on the PED polymer backbone
must account for its rapid binding to SA, offsetting potential issues
with slow diffusion of this large 500-kDa polymer.

Using the optimized incubation times and buffer conditions, the
PED protocol was compared with a standard procedure for the
detection of a model nucleic acid target sequence. To create a
plate-based assay format, we immobilized a 50-amino-terminal
DNA capture probe that recognized conserved sequence within
the mecA gene by reaction with a surface-immobilized NHS ester.
After washing and blocking the wells, we hybridized various con-
centrations of biotinylated complementary target sequence to the
probe for 30 min. Signal was developed as described, and the prod-
uct of the HRP/TMB reaction was measured in a spectrophotometer
at 450 nm. The PED protocol improved the lower limits of sensitiv-
ity 10- to 25-fold compared with the standard detection approach,
allowing 120 to 300 fM target sequence to be detected (Fig. 2 and
data not shown). No background was observed across a 10-fold
range of PED polymer concentration.
Plate-based detection of positive blood culture bottles with PED

With the improvement in assay sensitivity provided by the PED
method, we sought to determine whether we could detect Staphy-
lococcus directly from a positive blood culture bottle. A 0.5-ml ali-
quot was removed from an MRSA-positive blood culture bottle, the
cells were lysed as described in Materials and methods, and ali-
quots of the crude lysate containing MRSA genomic DNA were ap-
plied to three microtiter plate wells: one coated with a probe that
recognizes conserved sequence in the tuf gene, a second to identify
conserved sequences within the femB gene, and a third coated with
a probe that recognizes conserved sequence within the mecA gene.
Hybridization was allowed to proceed for various times followed
by signal development. As seen in Fig. 3, significant signal above
background for all three probes was observed within 8 min of
hybridization time and signal saturation was observed by 15 min.
Therefore, it is feasible to detect MRSA from positive blood cultures
within 35 min of total assay time. For a standard detection proto-
col, no significant signal above background was observed after
30 min of hybridization.
Performance of PED on the thin film biosensor platform

Clinical diagnostic devices require excellent assay sensitivity
and ease of use at a low cost. Thin film biosensors exploit optical
principles to allow the unaided human eye to detect thickness
changes of the same order as the size of intermolecular interac-
tions of biological molecules on a chip surface [9]. These thickness



Fig. 2. Lower limit of detection of DNA hybridization using microtiter plate format.
Various concentrations of a biotin-labeled, single-stranded target sequence from
the mecA gene were hybridized to the mecA-specific capture probe immobilized
onto microtiter wells. Signal was developed using standard detection (closed
circles) or with the described PED polymer (open circles). Three experiments were
performed, each in triplicate (n = 9), and the mean absorbance reading ± 1 SD (error
bars) was plotted.

Fig. 3. Detection of MRSA-positive blood culture using microtiter plate format.
MRSA-positive blood culture aliquots (0.5 ml) were processed as described in
Materials and methods, hybridized to capture probes immobilized onto microtiter
plate wells for various times, and detected using the PED protocol for mecA (open
circles), femB (open squares), and tuf (open diamonds) or using standard detection
for mecA (closed circles), femB (closed squares), and tuf (closed diamonds). Each
determination was performed in triplicate in three independent experiments
(n = 9), and the mean absorbance reading ± 1 SD was plotted.
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changes are observed as a color change from gold to purple on the
chip surface.

We tested the effect of the PED protocol for the detection of nu-
cleic acid target sequences on the thin film biosensor platform.
Two probes were conjugated to the chip surface using hydrazone
chemistry [8]: one that recognizes conserved sequence in the tuf
gene and the other that does so in the femB gene. As a model sys-
tem, target DNA and biotinylated detector probes complementary
to target sequences were titrated and hybridized to the chip sur-
face for 30 min and then detected using PED or standard methods.
The visual limit of detection using standard detection methods was
111 fM (Fig. 4), consistent with previously reported values [10].
The PED protocol improved the limits of detection to 4 and 1 fM
for femB and tuf, respectively, or approximately 25- to 100-fold.
These results verify limit of detection enhancement observed in
the plate-based assays, showing that the PED approach is general
to multiple detection platforms.
A rapid test for positive blood cultures using thin film biosensors

Using thin film biosensors, we sought to create a rapid clinical
test for the detection of MRSA from blood culture bottles. A thin
film biosensor assay that required 90 min of total assay time,
45 min of which was hybridization time, was described previously
[10]. With 25- to 100-fold sensitivity improvements, assay time
and complexity may be reduced by using the PED approach. As a
first test, we performed a time course for the hybridization of crude
genomic DNA isolated from an MRSA-positive blood culture bottle.
A 0.5-ml aliquot was removed from an MRSA-positive blood cul-
ture bottle, the cells were lysed as described, and the crude lysate
containing MRSA genomic DNA combined with biotinylated detec-
tor probes was applied to the thin film biosensor. Hybridization
was allowed to occur for various times, and signal was developed
as described. Signal from a standard detection method was not
clearly apparent until 45 min and was rather weak in this study.
Application of the PED protocol gave clearly visible signal within
10 min of hybridization time on both the tuf and femB probes
(Fig. 5). Continuous mixing during hybridization was observed to
increase signal approximately 3-fold compared with no mixing
(data not shown). As a result, with the PED protocol, unambiguous
detection after 5 min of hybridization occurred. Including sample
preparation, this protocol creates a blood culture assay that re-
quires only 25 to 30 min total time.
Discussion

We have described PED—a simple, inexpensive, and rapid signal
amplification method based on incorporation of a polybiotinylated
dextran polymer into standard detection protocols. By exploiting
multivalent interactions using optimized polymer chemistry, we
created a signal enhancer that is well-behaved in both plate- and
chip-based assay platforms for nucleic acid detections. No nonspe-
cific interactions were observed, and limits of detection were im-
proved by 10- to 100-fold. This equates to a 120- to 300-fM limit
of detection in a colorimetric plate-based assay and as low as 1
fM using a thin film biosensor (6 � 105 molecules/ml). This level
of sensitivity permits direct detection of genomic DNA sequences
from clinical specimens, creating an assay platform with faster
time, lower cost (PED material cost is less than $0.01 [U.S.] per
test), and reduced risk of carryover contamination compared with
target amplification approaches.

The PED method was applied to two assay formats previously
used for the direct detection of genomic DNA from MRSA-positive
blood culture bottles. A recently described plate-based procedure
required 3 h of enrichment in broth culture to raise the colony-
forming units (CFU)/ml above detectable limits prior to a 3.5-h test
protocol [11,12]. In contrast to PED, standard detection conditions
failed to detect significant positive signal after 90 min of total assay
time; these results are similar to those reported previously [11,12].
Typical positive blood culture bottles contain 108 to 109 CFU/ml for
Staphylococcus species [10,13], equating to 0.2 to 2 pM genomic
DNA. This amount of DNA is quite low relative to the limit of detec-



Fig. 4. Limits of detection of DNA hybridization using a thin film biosensor. Various concentrations of a biotin-labeled, single-stranded target sequences from the tuf (lower
spot) and femB (upper spot) gene were hybridized to a thin film biosensor surface containing complementary capture probes. Signal was developed using either standard
detection (A) or the PED protocol (B). Results are shown as color charge-coupled device (CCD) camera images. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)

Fig. 5. Detection of MRSA-positive blood culture using a thin film biosensor. MRSA-positive blood culture aliquots (0.5 ml) were processed as described in Materials and
methods, hybridized for various times (in minutes) to thin film biosensor chips coated with capture probes that recognize conserved sequences in the femB (upper spot) and
tuf (lower spot) genes, and detected using either standard detection (A) or the PED protocol (B). Results are shown as color CCD camera images. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)
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tion for standard detection approaches (�10 pM); therefore, the
lack of detection in a plate-based format is not surprising. How-
ever, the PED protocol improves the limit of detection sufficiently
in plate assays to allow rapid and reliable detection of MRSA from
blood culture within 35 min.

A thin film biosensor approach has been reported to detect
MRSA from a positive blood culture bottle in 90 min [10]. This
study reported a limit of detection of 5 � 107 CFU/ml (�0.1 pM),
which is sufficient for direct detection of Staphylococcus from blood
culture; however, relatively long incubation times were required.
The PED signal enhancement protocol decreases the lower limit
of detection to 0.5 to 2 � 106 CFU/ml, thereby significantly reduc-
ing the assay time to 25 min when equal quantities of sample are
used. To our knowledge, this is the fastest detection of MRSA in
blood cultures reported, including real-time PCR approaches that
require 2 h [6].

Multivalent interactions have been reported to slow dissocia-
tion rates, resulting in improved overall binding affinity and better
assay limits of detection [14–16]. We optimized each of the re-
agents (SA and the PED polymer) in the two-step PED procedure
to maximize potential signal amplification by exploiting the multi-
valent binding of SA and biotin. By using unconjugated SA as a
bridge between target-dependent, surface-immobilized, biotin-la-
beled probes and the polybiotinylated PED polymer, an additional
step is required. However, all four binding sites on SA are available,
and the extraordinary binding affinity for biotin is maintained such
that the PED SA polymer interactions saturate within minutes. It
has been demonstrated elsewhere that multiple interactions per
backbone of a multiply biotin-labeled polymer significantly im-
prove assay performance [17]. The stabilized bound state of the
PED complex combined with a high-density biotin polymer capa-
ble of rapid rebinding creates a virtually undissociable interaction.

Currently, methods are being developed to eliminate the need
for instrumentation in assays that use PED. As described here, all
steps in the PED procedure are performed at room temperature ex-
cept the hybridization step, which works equivalently well be-
tween 37 and 53 �C (data not shown). By using buffers that
contain chaotropic salts, thereby depressing the melting tempera-
ture of the interactions, it has been shown that hybridization may
occur at room temperature [18]. In addition, the sample prepara-
tion procedure is being simplified by eliminating the need for the
two wash and centrifugation steps. Using lower amounts of blood
culture, conditions that allow one-step lysis of staphylococcal cells
directly in a blood culture aliquot have been developed. Further-
more, if a mixed culture of MSSA and MRCoNS were present in a
positive blood culture aliquot, it could be mistaken for MRSA. We
are considering the addition of probes that recognize SCCmec,
which is a specific marker for MRSA, as a method to mitigate this
limitation [10]. If SCCmec probes were added to the described pa-
nel, the presence of a mixed culture of MRCoNS and MSSA would
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yield a positive signal on the tuf, femB, and mecA test probes and a
negative signal on the SCCmec probe sets. These approaches will be
incorporated into a chip-based format, and clinical studies will be
initiated for detection and discrimination of CoNS, MRCoNS, MSSA,
and MRSA in clinical specimens using the PED method.
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