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Organic dyes are routinely used in labeling assays and sensing of biological molecules. Semiconductor
quantum dots (QDs) have attractive features, particularly good resistance to photobleaching and narrow
emission bands, which make them potential replacements for organic dyes. Using a previously identified
synthetic peptide, a QD, and the R-phycoerythrin (RPE) dye, we have examined various labeling strategies
for detecting Bacillus anthracis spores. The RPE dye performed well, but we were unable to demonstrate
successful binding of the QD by flow cytometry or confocal microscopy. Using a related conjugation strat-
egy, Jurkat T-cells were labeled via a monoclonal antibody (mAb) that binds to the CXC chemokine recep-
tor, CXCR4. It was noted that both QD and RPE labeled the cells. Based on electron microscopy data, we
propose that a dense network of fibers on the Bacillus anthracis spore surface prevented the QD, but not
RPE, from binding. These results suggest that the nature of the biological surface must be considered
when using QDs as replacements for organic dyes in biological sensing.
� 2009 The Society of Powder Technology Japan. Published by Elsevier B.V. and The Society of Powder

Technology Japan. All rights reserved.
1. Introduction

R-Phycoerythrin (RPE) and fluorescein isothiocyanate (FITC) are
traditional labeling agents [1,2], but these and other organic dyes
suffer from the following spectral features: (i) wavelength-depen-
dent absorption spectra; (ii) broad and asymmetric emission spec-
tra; and (iii) susceptibility to photobleaching. Such properties
reduce the range of usable excitation and detection wavelengths
as well as the time period over which labeled targets may be ana-
lyzed by techniques like flow cytometry and laser-scanning confo-
cal microscopy [3,4]. Despite these limitations, organic dyes are
used routinely in labeling assays because they have high quantum
yields and can be conjugated to a variety of target-specific ligands.

An alternative to organic dyes is colloidal QDs which feature
optical properties that are dependent on particle size, composition,
and the method of production [5,6]. In comparison to most organic
dyes, QDs are relatively large (diameter � 2–15 nm) and composed
of inorganic semiconductors; but spectroscopically, they behave
similar to discrete molecules due to quantum confinement. Most
colloidal QDs are engineered as core/shell nanoparticles in which
a 2–8 nm metalloid core is coated with a thin protective layer of
a higher bandgap metalloid shell (e.g., CdSe/ZnS). The shell en-
hances the QD’s emissive properties by confining excited electrons
to the core. Provided the density of defect sites at the core/shell
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interface is low, QDs can exhibit several advantages over organic
dyes, including broad and continuous absorption spectra, narrow
and symmetric emission spectra, and resistance to photobleaching.
For flow cytometry and confocal microscopy, this translates into
longer analysis times and the ability to simultaneously excite
and detect multiple fluorophores using a single light source [7–
9]. Recently, many surface coating strategies have been developed
to provide the QD with solubility in water and reactive groups for
conjugation of targeting ligands [10,11]. As such, QDs are increas-
ingly being utilized in biological assays to label a range of targets,
including cells, DNA, and recently, pathogenic microorganisms
[12–14].

In this paper, we compared the labeling properties of a com-
mercial QD (Qdot�) and RPE for detecting Bacillus anthracis spores.
These methods are promising alternatives to PCR-based assays [15]
and mass-based devices [16,17] because they rely only on simple
labeling procedures to rapidly detect characteristic antigens on in-
tact spores. The fluorophores were attached to B. anthracis spores
by using one or more of the following conjugation strategies: (i)
one-step sulfo-SMCC conjugate assay; (ii) two-step streptavidin–
biotin assay; (iii) one-step streptavidin–biotin conjugate assay;
and (iv) one-step PEG7500 conjugate assay. We also confirmed the
viability of our conjugation methods by using a Jurkat T-cell assay
in which the fluorophores were attached via a two-step streptavi-
din–biotin strategy. The performance (i.e., brightness) of fluores-
cently-labeled targets was qualified by confocal microscopy and
quantified by flow cytometry. These results establish a new set
ed by Elsevier B.V. and The Society of Powder Technology Japan. All rights reserved.
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of experimental boundaries for the still-developing field of Qdot
biological sensing.
2. Materials and methods

2.1. B. anthracis spores and Jurkat T-Cells

B. anthracis Sterne spores (seed from the live spore veterinary
vaccine, Colorado Serum Company) were grown, isolated, and puri-
fied according to previously established methods [18–21]. Jurkat T-
cells (clone E6-1; American Type Culture Collection) were main-
tained in RPMI 1640 supplemented with 10% fetal bovine serum,
penicillin (100 lg/mL), streptomycin (100 lg/mL), and L-glutamine
(0.03 mg/mL).

2.2. B. anthracis spore labeling

2.2.1. One-step sulfo-SMCC conjugate assay
A B. anthracis spore-specific peptide, ATYPLPIRGGGC (ATYP,

GenScript Corporation), was conjugated to RPE (Invitrogen) or
Qdot585 ITK amino-PEG quantum dot (Qdot585, Invitrogen)
through the heterobifunctional crosslinker sulfosuccinimidyl-4-
(N-maleimidomethyl)cyclohexane-1-carboxylate (sulfo-SMCC,
Pierce) according to previously described methods [22,23]. Spores
(106) were rinsed in staining buffer (calcium/magnesium-free PBS
buffer, 1% fetal bovine serum, pH 7.2), then mixed with either 2 lM
ATYP-RPE or 1 lM ATYP-Qdot585 and incubated for 1 h at 37 �C.
Unbound conjugate was removed by rinsing the spores three times
with 200 lL volumes of wash buffer (1� PBS, pH 7.4). Centrifuga-
tion (700g at 4 �C for 5 min) was used to collect spores in between
each wash step. Labeled spores were analyzed immediately follow-
ing chemical fixation by 2% paraformaldehyde (PFA). To evaluate
nonspecific binding, spores were incubated with either 2 lM RPE
or 1 lM Qdot585 (no ATYP peptide) and processed similarly.

2.2.2. Two-step streptavidin–biotin assay
Spores (106) were rinsed in staining buffer then mixed with

3 mg/mL of a biotinylated version of the ATYP peptide, ATYP-
LPIRGGG{K-biotin} (ATYP-bio, GenScript Corporation), and incu-
bated for 1 h at 37 �C. Unbound peptide was removed by
repeated wash/centrifuge steps. Bound peptide was detected by
incubating with either 50 lg/mL streptavidin-RPE (SA-RPE, Invitro-
gen) or 100 nM streptavidin-Qdot585 (SA-Qdot585, Invitrogen) for
an additional hour at 37 �C. After removing unbound labeling
agent, the samples were fixed in 2% PFA and analyzed. As a control,
unlabeled spores (no ATYP-bio peptide) were incubated with
either 50 lg/mL SA-RPE or 100 nM SA-Qdot585 and processed sim-
ilarly. SA-Qdot565 was also used for this assay.

2.2.3. One-step streptavidin–biotin conjugate assay
We modified the previous streptavidin–biotin assay by conju-

gating the ATYP-bio peptide to SA-Qdot585 before incubation with
B. anthracis spores [24]. Unlabeled spores (106) were rinsed in
staining buffer then incubated for 1 h at 37 �C with 100 nM of
the dialysis-purified conjugate. Repeated wash/centrifuge steps
were used to remove unbound conjugate. Labeled samples were
fixed in 2% PFA and immediately analyzed. As a control, spores
were incubated with 100 nM SA-Qdot585 (no ATYP-bio peptide)
and processed similarly.

2.2.4. One-step PEG7500 conjugate assay
The ATYP peptide was also conjugated to Qdot585 via the hete-

robifunctional crosslinker maleimide–PEG7500–NHS ester (PEG7500,
JenKem Technology CO., LTD). The conjugation reaction was
performed according to the same procedure used for sulfo-SMCC
conjugation. Spores (106) were rinsed in staining buffer then mixed
with 100 nM ATYP-Qdot585 and incubated for 1 h at 37 �C. Un-
bound conjugate was removed by repeated wash/centrifuge steps,
and labeled spores were analyzed immediately following chemical
fixation by 2% PFA. As a control, spores were incubated with
100 nM Qdot585 (no ATYP peptide) and processed similarly.

2.3. T-cell labeling

2.3.1. Two-step streptavidin–biotin assay
T-cells (106) were rinsed in staining buffer then mixed with

10 lg/mL of a biotinylated mAb against the human CXCR4 receptor
(CXCR4-bio, R&D Systems, Inc.) and incubated for 1 h at 37 �C. Un-
bound mAb was removed by repeated wash/centrifuge steps.
Bound mAb was detected by incubating with either 2 lg/mL SA-
RPE or 20 nM SA-Qdot585 for an additional hour at 37 �C. Follow-
ing the removal of unbound labeling agent, samples were fixed in
2% PFA and immediately analyzed. To evaluate nonspecific binding
of the labeling agents, unlabeled cells (no CXCR4-bio mAb) were
incubated with either 2 lg/mL SA-RPE or 20 nM SA-Qdot585 and
processed similarly.

2.4. Characterization techniques

2.4.1. Flow cytometry
Labeled targets were analyzed using a FACSCalibur instrument

and CellQuest Pro software (Becton Dickinson Biosciences). All
samples were excited at 488 nm with an argon-ion laser and de-
tected using the FL2 (PE; 585 ± 21 nm) bandpass filter. Unlabeled
spores/cells and nonspecific binding controls were used to empir-
ically determine the voltage and gain for positively-labeled sam-
ples. Representative FL2 voltage/gain values were 543 and 1.00,
respectively. The compensation was set to zero for all samples.
Mean channel fluorescence (MCF) values were recorded for nega-
tively labeled and positively labeled populations. All flow cytome-
try histograms were presented as an average of 10,000 events.

2.4.2. Confocal microscopy
Samples were analyzed using a Leica TCS SP2 AOBS confocal la-

ser scanning microscope. A 10 lL aliquot of labeled spores was
deposited on a clean glass microscope slide and gently heated at
30 �C to immobilize the spores. Dried spores were mounted with
90% glycerol, then cover-slipped and imaged immediately. Cells
were deposited on poly-L-lysine treated microscope slides,
mounted in 50% glycerol, and imaged thereafter. All samples were
excited at 488 nm with an argon-ion laser and detected using FL2
(575 ± 30 nm). Unlabeled spores/cells and nonspecific binding con-
trols were used to empirically determine the FL2 voltage for posi-
tive samples, which was typically 600. All images were collected
using a 40� oil objective lens and presented as an average of ten
scans. Confocal xyk scans, which measured the fluorescence inten-
sity across a range of wavelengths, were also performed to confirm
the source of emission.

2.4.3. Transmission electron microscopy
Unlabeled spores or cells were pre-fixed with 5% glutaraldehyde

in 20 mM sodium phosphate buffer, pH 7.2 for three days at room
temperature. Post-fixation was carried out with 1% osmium tetrox-
ide in 50 mM sodium phosphate buffer, pH 7.2 for 24 h at room
temperature. Serial alcohol dehydration was then performed using
ethanol (15, 35, 50, 75, 90, and 100% � 3) and then acetone
(100% � 3). Next the samples were embedded with epon resin
and polymerized at 75 �C for 24 h. Ultra-thin sections were ob-
tained using an LKB Ultramicrotome (Sweden). The sections were
double-stained with 1% uranyl acetate and lead citrate. EM obser-
vation was made by a Phillips EM 300 transmission electron micro-



Fig. 2. Schematic illustrations of the B. anthracis spore conjugation strategies used
here. (a) One-step sulfo-SMCC conjugate assay; (b) two-step streptavidin–biotin
assay; (c) one-step streptavidin–biotin conjugate assay; and (d) one-step PEG7500

conjugate assay. F, fluorophore; P, ATYP peptide; SA, streptavidin; B, biotin, BAS,
Bacillus anthracis spore.
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scope at an accelerating voltage of 60 kV. The images were re-
corded on Kodak electron image films.

HRTEM images of the Qdots were obtained by using a Tecnai-
F20 system with an acceleration voltage of 200 kV. The Qdots were
deposited from a dilute solution onto a non-Formvar copper grid
with an ultra-thin carbon film on a holey carbon support film.

3. Results

3.1. Labeling agents

Fig. 1a shows the HRTEM of the Qdot 585 used in this study.
From the electron micrograph, we estimated the core/shell nano-
particle to be 5–6 nm in diameter. However, the overall size of
the Qdot is not solely determined by the CdSe/ZnS, as it is also
coated with a carboxylated polymer and functionalized with long
chain PEG units. These outer layers, which are not electron-dense
enough to be imaged by TEM, extend the overall diameter to
approximately 12–15 nm. The molecular weight of the Qdot is
around 1–2 MDa. SA-Qdot585 contained 5–10 SA proteins per
Qdot585. RPE is a globular protein belonging to the phycobilipro-
tein family of fluorescent dyes. It has approximate dimensions of
12 nm � 12 nm � 6 nm based on X-ray crystallography data [25]
and a molecular weight of 240 kDa. SA-RPE contained 1–3 SA pro-
teins per RPE. Fig. 1b and c shows the HRTEM images of the B.
anthracis spores that were examined in this study. Two types of
spores were distinguished, with (Fig. 1b) and without (Fig. 1c)
the exosporium.

3.2. B. anthracis spore labeling

Schematic illustrations for each of the B. anthracis spore conju-
gation strategies are shown in Fig. 2.

3.2.1. One-step sulfo-SMCC conjugate assay (Fig. 2a)
The ATYP peptide was conjugated to RPE and Qdot585 via the

sulfo-SMCC crosslinker. B. anthracis spores were then incubated
with either the ATYP-RPE or ATYP-Qdot585 conjugate and ana-
lyzed by flow cytometry (Fig. 3). Unlabeled B. anthracis spores
had intrinsic fluorescence, as indicated by a histogram pattern cen-
tered near the first decade of fluorescence shown in Fig. 4a. How-
ever, instrumental settings on the flow cytometer were adjusted so
that only 0.01% of these spores were recognized as positive events.
We also evaluated nonspecific binding by incubating the labeling
agents (no ATYP peptide) with unlabeled spores, but neither RPE
(Fig. 4b, 0.46% positive) nor Qdot585 (Fig. 4c, 0.14% positive) were
found to significantly stain the spore surface. After treatment with
ATYP-RPE, 73% of the spores were detected as positive events by
flow cytometry (Fig. 3a). Conversely, only 0.52% of ATYP-Qdot585
treated spores were detected as positive events (Fig. 3b). Confocal
microscopy analysis showed heavy spore-bound fluorescence in
Fig. 1. (a) HRTEM of Qdot585 used in this study. The CdSe/ZnS portion of the Qdot is appr
(b) a population of B. anthracis spores which possessed an intact exosporium (arrow), a
the case of ATYP-RPE (Fig. 3a) and only trace fluorescence from
spores incubated with ATYP-Qdot585 (Fig. 3b). Additionally, xyk
scans confirmed that RPE was the source of emission on ATYP-
RPE-labeled spores (Fig. 3a), and spore autofluorescence was
responsible for the measured emission on spores incubated with
ATYP-Qdot585 (Fig. 3b) (as evidenced from the inset of Fig. 3).

3.2.2. Two-step streptavidin–biotin assay (Fig. 2b)
B. anthracis spores were incubated with the ATYP-bio peptide.

In a separate step, bound peptide was detected using either the
SA-RPE or SA-Qdot585 labeling agent. Fig. 5 (and Fig. 6) shows rep-
resentative flow cytometric data for this assay. Compared to unla-
beled B. anthracis spores (Fig. 6a, 0.24% positive), both SA-RPE
(Fig. 6b, 1.8% positive) and SA-Qdot585 (Fig. 6c, 3.7% positive) non-
specifically stained the spore surface. Although the histogram pat-
terns for the nonspecific controls did not noticeably shift, the non-
zero baselines beyond the first decade of fluorescence accounted
for the increased brightness. Following treatment with the ATYP-
bio peptide, 53% of B. anthracis Sterne spores were positively de-
tected by SA-RPE (Fig. 5a) as opposed to only 4.6% by SA-Qdot585
(Fig. 5b).

3.2.3. One-step streptavidin–biotin conjugate assay (Fig. 2c)
We modified the previous two-step streptavidin–biotin assay

by conjugating SA-Qdot585 to the ATYP-bio peptide beforehand.
B. anthracis spores were then incubated with the ATYP-bio-SA-
Qdot585 conjugate and analyzed by flow cytometry (Fig. 7). Unla-
beled spores fluoresced, but only 0.23% were registered as positive
events by the flow cytometer (Fig. 7a). Although 4.2% of ATYP-bio-
SA-Qdot585 treated spores were positively labeled (Fig. 7c), this
oximately ellipsoidal. Outer organic layers of the Qdot are not visible by TEM. TEM of
nd (c) a population of B. anthracis spores which lacked an outer exosporium.



Fig. 3. Flow cytometric histograms and confocal images for the one-step (a) ATYP-RPE and (b) ATYP-Qdot585 sulfo-SMCC conjugate spore assays. Flow cytometric statistical
data is as follows: ATYP-RPE conjugate, 73% positive with MCF = 128; ATYP-Qdot585 conjugate, 0.52% positive with MCF = 96. Confocal xyk scans showing that the
fluorescence measured from confocal images was due to (a) RPE or (b) spore autofluorescence. Ten randomly selected spores were used for each xyk analysis. For comparison,
the solution fluorescence spectra for (a) RPE and (b) B. anthracis Sterne spores are presented in the insets.

Fig. 4. Control histograms and confocal images one-step sulfo-SMCC conjugate
spore assays. Flow cytometric statistical data is as follows: (a) unlabeled spores,
0.01% positive with MCF = 20; (b) with RPE, 0.46% positive with MCF = 51; (c) with
Qdot585) 0.14% positive with MCF = 92.

Fig. 5. Flow cytometric histograms for the two-step streptavidin–biotin spore
assay. Statistical data is as follows: (a) with ATYP-bio peptide followed by SA-RPE,
53% positive with MCF = 64; (b) with ATYP-bio peptide followed by SA-Qdot585,
4.6% positive with MCF = 235.
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value was only incrementally higher than the percentage of spores
nonspecifically stained by SA-Qdot585 (Fig. 7b, 2.6% positive).

3.2.4. One-step PEG7500 conjugate assay (Fig. 2d)
We conjugated Qdot585 to the ATYP peptide through a hetero-

bifunctional PEG crosslinker, designed to provide greater spatial
distance between the fluorophore and the spore. PEG7500 possessed
the same reactivity as sulfo-SMCC but was significantly longer
(�50 nm long). B. anthracis spores were incubated with the
ATYP-Qdot585 conjugate and analyzed by flow cytometry
(Fig. 8). Unlabeled spores (Fig. 8a, 0.16% positive) and the Qdot585
nonspecific binding control (Fig. 8b, 0.54% positive) behaved as ex-
pected, but this conjugate, too, was unable to detect B. anthracis
spores (Fig. 8c, 1.26% positive).

All of the B. anthracis spores used in the studies described above
were characterized by the HRTEM shown in Fig. 1b. In testing dif-
ferent lots of B. anthracis spores with these assays, we found one lot
that occasionally resulted in positive Qdot labeling. Using the two-
step streptavidin–biotin assay, we detected SA-Qdot565 on the
surface of some populations of B. anthracis spores that had been
incubated with the ATYP-bio peptide (Fig. 9a). Alternatively, SA-
Qdot565 did not bind to spores that were not incubated with the
ATYP-bio peptide (Fig. 9b). The HRTEM of spores that were detect-
able by Qdots was characterized by the electron micrographs in
Fig. 1c, and did not possess an outermost exosporium. We attrib-



Fig. 6. Control histograms of a two-step streptavidin–biotin spore assays. Flow
cytometric statistical data is as follows: (a) unlabeled spores, 0.24% positive with
MCF = 11; (b) with SA-RPE, 1.8% positive with MCF = 50; (c) with SA-Qdot585, 3.7%
positive with MCF = 304.

Fig. 7. Flow cytometric data for the one-step streptavidin–biotin conjugate spore
assay. Statistical data is as follows: (a) unlabeled spores, 0.23% positive with
MCF = 12; (b) with SA-Qdot585, 2.6% positive with MCF = 198; (c) with ATYP-bio-
SA-Qdot585 conjugate, 4.2% positive with MCF = 242.

Fig. 8. Flow cytometric data for the one-step ATYP-Qdot585 PEG7500 conjugate
spore assay. Statistical data is as follows: (a) unlabeled spores, 0.16% positive with
MCF = 14; (b) with Qdot585, 0.54% positive with MCF = 146; (c) with ATYP-Qdot585
conjugate, 1.26% positive with MCF = 251.
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uted the absence of the exosporium to repeated handling during
the prolonged storage period (4 years) of this particular lot or un-
known protease activity, possibly through contamination.

3.3. T-cell Labeling

3.3.1. Two-step streptavidin–biotin assay
T-cells were treated with a biotinylated mAb that binds to the

CXCR4 receptor. We chose to detect this receptor because it is a
highly expressed protein on the surface of Jurkat T-cells [26], and
thus, a good candidate for evaluating the performance of our label-
ing agents. The CD4 receptor on T-cells has also been utilized sim-
ilarly [27]. T-cell-bound mAb was detected using either SA-RPE or
SA-Qdot585. Figs. 10 and 11 show typical flow cytometry and con-
focal microscopy data generated by this assay. Unlabeled cells
(Fig. 11a, 0.01% positive,) possessed an inherent level of autofluo-
rescence from which the cutoff value for positive events was
established. Neither the SA-RPE (Fig. 11b, 0.02% positive) nor SA-
Qdot585 (Fig. 11c, 0.12% positive) nonspecific controls stained
the surface of unlabeled (no CXCR4-bio mAb) cells. Following
treatment with the CXCR4-bio mAb, cells were easily detected by
the SA-RPE (Fig. 10a, 100% positive) and SA-Qdot585 (Fig. 10b,
100% positive) labeling agents. However, upon comparing the rel-
ative positions of their histogram patterns, it was clear that RPE-la-
beled cells were brighter than Qdot585-labeled cells (fivefold
brighter by MCF values listed in Fig. 10). Incubating mAb-treated
cells with higher concentrations of SA-Qdot585 did not increase
the brightness measured by the flow cytometer (data not shown).
As presented in Fig. 10, confocal microscopy analysis of labeled
cells showed that the fluorescence was cell-bound, and xyk scans
qualitatively confirmed the measured emission was due to the
labeling agents and not autofluorescence.



Fig. 9. Confocal images and xyk scans for the two-step streptavidin–biotin assay using SA-Qdot565. Unlike previous attempts, these (a) ATYP-bio peptide-treated B. anthracis
spores were detected by SA-Qdot565. (b) Spores that were not incubated with the ATYP-bio peptide were not labeled by SA-Qdot565. Confocal xyk scans confirmed the source
of fluorescence was (a) Qdot565 or (b) spore autofluorescence.

Fig. 10. Representative flow cytometric histograms and confocal images for the two-step streptavidin–biotin T-cell assay. Statistical data determined by flow cytometry is as
follows: (a) with CXCR4-bio mAb followed by SA-RPE, 100% positive with MCF = 600; (b,), with CXCR4-bio mAb followed by SA-Qdot585, 100% positive with MCF = 120.
Confocal xyk scans showing that the fluorescence measured from confocal images was due to (a) SA-RPE or (b) SA-Qdot585. Ten randomly selected cells were used for each
xyk analysis. For comparison, the solution fluorescence spectra for (a) SA-RPE and (b) SA-Qdot585 are presented in the insets.
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Fluorescently-labeled cells were also measured by flow cytom-
etry as a function of storage time in PBS buffer at 4 �C (Fig. 12).
After 2 h of storage, SA-Qdot585-labeled cells lost about 43% of
their brightness according to MCF values (Fig. 12c and d). Conse-
quently, almost 35% of the Qdot-labeled cells were registered as
negative events by the cytometer even though they were positively
labeled. SA-RPE-labeled cells lost approximately 7% of their bright-
ness over the same time period (stored in PBS buffer at 4 �C), but
100% were still detected as positive events (Fig. 12a and b).

4. Discussion

4.1. B. anthracis spore labeling

All of these assays utilized a short peptide fragment that was
previously shown to bind to the exosporium basal layer of B.
anthracis spores with good sensitivity and selectivity [23,28]. By
modifying its carboxy terminus to possess different reactive
groups, we conjugated the peptide to RPE and the Qdot in a variety
of ways designed to identify physical parameters that resulted in
successful binding. Various conjugation schemes that altered the
distance between the spore and the chromophore were examined.
Compared to the one-step sulfo-SMCC conjugate assay (Fig. 2a), the
two-step streptavidin–biotin assay (Fig. 2b) resulted in an
increased distance between the spore surface and fluorophore. This
was similarly the case with the one-step streptavidin–biotin assay
(Fig. 2c), except that this modification also limited the number of
peptides available for binding to spores because of the finite num-
ber of SA proteins on the fluorophores. The final conjugation strat-
egy (Fig. 2d) used PEG7500 to impart even more length and
flexibility to the labeling agent. However, when analyzed by flow
cytometry and confocal microscopy, only RPE-based assays were
consistently successful at labeling the spores (Figs. 3 and 5). Except
for certain populations of spores that lacked an exosporium (Fig. 9),



Fig. 11. Control histograms and confocal images for the two-step streptavidin–biotin T-cell assay. Statistical data determined by flow cytometry is as follows: (a) unlabeled T-
cells, 0.01% positive with MCF = 14; (b) with SA-RPE, 0.02% positive with MCF = 26; (c) with SA-Qdot585, 0.12% positive with MCF = 34.

Fig. 12. Flow cytometry histograms for SA-RPE- and SA-Qdot585-labeled T-cells
measured immediately after the assay (a, c) or following 2 h of storage in PBS buffer
at 4 �C (b, d). Statistical data is as follows: (a) with CXCR4-bio mAb followed by SA-
RPE, 100% positive with MCF = 80; (b) with CXCR4-bio mAb followed by SA-RPE,
100% positive with MCF = 76; (c) with CXCR4 -bio mAb followed by SA-Qdot585,
96% positive with MCF = 18; (d) with CXCR4 -bio mAb followed by SA-Qdot585, 60%
positive with MCF = 10.
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none of the Qdot585-based assays resulted in appreciable spore-
bound fluorescence (Figs. 3, 5, 7 and 8). These results were unex-
pected, as Qdot585 was carefully selected to excite and emit at
the same wavelengths and have the same surface chemistry as RPE.

There is only one other example in literature which used Qdots
to label B. anthracis spores [24]. Using an amino terminus biotinyl-
ated version of the ATYP peptide and SA-Qdot585, they formed a
one-step conjugate and claimed to detect B. anthracis spores with
good specificity as compared Bacillus cereus and Bacillus thuringien-
sis control strains. However, the flow cytometry data was only
indicative of weak binding. In repeating their assay, we decided
not to biotinylate the amino terminus of the ATYP peptide for fear
that doing so would bury part of the spore-specific region of the
peptide (ATYPLP) in the streptavidin protein, which would proba-
bly lower the affinity of the conjugate for B. anthracis spores. Even
though flow cytometry data indicated our conjugate was unsuc-
cessful at detecting B. anthracis spores (Fig. 7), we periodically
measured fluorescent signals from Qdot585-labeled B. anthracis
spores by using confocal microscopy. However, after performing
xyk scans the signals were always attributed to spore autofluores-
cence (Figs. 3 and 9). Fig. 13 clearly demonstrates that by simply
focusing on z-planes above or below the spores, spore autofluores-
cence could be observed and altered. This spore autofluorescence is
sufficiently intense that it has even been used as a sorting criterion
for flow cytometry since most airborne particulates do not have
intrinsic fluorescence [29]. After consideration of our data, we feel
that the incremental shifts in fluorescence shown by Park et al.



Fig. 13. Confocal images showing that the intensity of spore autofluorescence can be increased or decreased simply by focusing on z-planes (a) above or (b) below spores.
Without performing xyk scans, this fluorescence could be mistaken for a spore-bound fluorophore emitting in the specified wavelength region.
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could have been caused by spore autofluorescence or nonspecific
binding of the Qdot labeling agents [24].

We used the data collected with Jurkat T-cells as a way to con-
firm that our two-step streptavidin–biotin Qdot labeling strategy
worked. One hundred percent of the CXCR4-bio mAb-treated cells
were labeled by SA-Qdot585 (Fig. 10). However, SA-Qdot585-la-
beled cells gradually lost their brightness from temporary storage
in PBS buffer (Fig. 12). This behavior was reported previously by
Ness et al., who went on to speculate the signal decay was caused
by reduced stability of the Qdots in a dilute aqueous environment
[30]. Such a signal loss can also be problematic for flow cytometry,
as samples are typically stored in buffer and presented to the
instrument in suspension. Also, compared to SA-RPE, the lower
extinction coefficient of SA-Qdot585 at 488 nm excitation contrib-
uted to its weaker fluorescent signal when conjugated to T-cells.

4.2. Surface interactions of B. anthracis spores with labeling agents

As seen in Fig. 1b, B. anthracis spores normally possess a dense
network of surface fibers that are approximately 60 nm-long and
composed of a single glycoprotein called the BclA (Bacillus colla-
gen-like protein of anthracis) [31,32]. The BclA nap is the primary
contact point for the spore and is even dense enough to block some
spore-specific antibodies, peptides, and other molecules from
binding to their receptors on the exosporium basal layer [33,34].

In this study, only RPE-based labeling agents were routinely de-
tected on the spore surface. While Qdot585 possessed the same
optical properties and surface functional groups as RPE, steric
and/or electrostatic differences could have reduced its ability to
bind to spores. Our hypothesis is that the large size and surface
charge of Qdot585 made it unable to diffuse through the BclA fi-
bers and bind. In addition, we speculate that the highly-functional-
ized Qdot585 may have been repelled electrostatically by the
hydrophobic BclA fibers [34]. Gel electrophoresis experiments con-
ducted in our laboratory indicated that Qdot585 carried an overall
negative charge (data not shown). We reasoned that by increasing
the distance between the spore surface and the Qdot via use of the
streptavidin–biotin molecule and the PEG (Fig. 2), we might miti-
gate any problems caused by surface chemistry or steric hin-
drance; however, no improvements were observed. Nonetheless,
in support of our overall hypothesis are the confocal images shown
in Fig. 9 demonstrating that SA-Qdot565 labeled bound ATYP-bio
peptide on the surface of a population of B. anthracis spores which
lacked the outermost exosporium. Boydston et al. identified a sub-
BclA ‘‘sac” layer that covered B. anthracis spores and was detectable
by ATYP-RPE in the absence of the exosporium. While this layer
was shown to be fragile when not enclosed by an exosporium, it
could be that the sac on SA-Qdot565-labeled spores was still intact
[28]. In a previous study by flow cytometry, we have reported that
a fraction of these spores will bind the ATYP-RPE conjugate (�12%)
[35]. Our data could also indicate that the ATYP peptide binds to
other receptors that are located on the multi-protein spore coat.

Of relevance to our current study is an investigation by Ferrari
and Bergquist on the interaction of Qdot and organic dye labeling
agents with Cryptosporidium parvum oocysts [36]. Oocysts and B.
anthracis spores are similar in appearance and composition [37].
Ferrari and Bergquist observed the brightness of Qdot-labeled oo-
cysts to be significantly lower than organic dye-labeled oocysts.
Comparison of the Qdot585 and RPE conjugates revealed that
RPE labeling was 13-fold brighter [36]. As a possible explanation,
the authors cited a study by Dwarakanath et al., which claimed
the fluorescence from QD conjugates was blue-shifted by 60–
140 nm following conjugation to bacteria [38]. However, Ferrari
and Berquist did not observe such shifts in their data. The reduced
brightness could have arisen from repulsive interactions between
the Qdot and oocyst surface, as is being proposed here for B.
anthracis spores.

5. Conclusions

This study focuses on using quantum dots for detection of B.
anthracis spores. Using a peptide that has been shown to bind to
B. anthracis spores, we tested several different conjugation strate-
gies with a Qdot and RPE. We found that most spores could only
be detected by using RPE, even after we increased the spacer length
between the fluorophore and spore surface. The only exception to
this was a spore preparation that lacked the exosporium. We pro-
pose the dense network of BclA fibers prevented the Qdot, but not
RPE, from binding to the basal layer of the exosporium of B. anthra-
cis spores. For Jurkat T-cells, which have no BclA-like fibers, we
successfully demonstrated that either fluorophore could be used
for detection. Also, we note that additional handling measures
must be taken to prevent significant losses in Qdot fluorescence.
This study suggests that in developing detection strategies for bio-
logical targets, electrostatic and steric interactions between the
target surface and the detection probe can play an important role.
This is an issue that has not been addressed for detection of most
biological targets, including B. anthracis spores.
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