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ABSTRACT Substantially improved detection methods are needed to detect fractionated protein samples
present at trace concentrations in complex, heterogeneous tissue and biofluid samples. Here we describe a
modification of traditional Western inmunoblotting using a technique to count quantum-dot-tagged proteins
on optically transparent PVDF membranes. Counts of quantum-dot-tagged proteins on immunoblots achieved
optimal detection sensitivity of 0.2 pg and a sample size of 100 cells. This translates to a 10>-fold improvement
in detection sensitivity and a 10%-fold reduction in required cell sample, compared to traditional Westerns
processed using the same membrane immunoblots. Quantum dot fluorescent blinking analysis showed that
detection of single QD-tagged proteins is possible and that detected points of fluorescence consist of one or a
few (<9) QDs. The application of single nanoparticle detection capabilities to Western blotting technologies may
provide a new solution to a broad range of applications currently limited by insufficient detection sensitivity and/
or sample availability.
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estern immunoblotting is a low-

cost and simple cornerstone

technology that is used in virtu-
ally all biomedical laboratories for detecting
cellular proteins.’? An indispensable fea-
ture of Western immunoblotting is its capa-
bility to fractionate and determine the size
of specific proteins, thus making it a favored
technique for routine protein analysis of
complex biomixtures. Despite widespread
use, Western immunoblotting faces signifi-
cant limitations in detection sensitivity,
making it difficult or impossible to use in
situations requiring detection of trace pro-
teins (less than 1 ng) or scarce biosamples
(less than 10°—10° cells).? Detecting West-
ern immunoblot signals at the level of
single fluorescent tags would achieve the
ultimate sensitivity limit in Western immu-
noblotting technology and allow even
broader application of this invaluable
technique.
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Recently, we and others have used in-
tensely bright, multicolor emitting quan-
tum dot (QD) nanoparticles as substitute
fluorescent tags for detection of proteins
following electrophoretic separation and
immobilization onto membranes. These
studies showed that QD tags allow simulta-
neous viewing of different colors, serve as a
platform for gel pull-downs of cellular pro-
teins, and importantly, increase protein de-
tection sensitivity—all with significantly de-
creased experimental time and effort.*~®
In these recent QD-based Western blot
studies, the QD fluorescent signal emanat-
ing from the blot was detected as a bulk, in-
tegrated fluorescent signal. Using bulk QD
fluorescence, Bakalova et al. showed a sub-
stantial improvement in protein blot detec-
tion sensitivity when bright QD tags were
used in place of traditional HRP chemilumi-
nescent tags.” However, the detection of
bulk QD fluorescence was not sensitive
enough to capture all available QD signals.
An incremental improvement in detection
sensitivity (by 2—5-fold) was attained by at-
taching multiple QDs to each antibody
probe in an effort to increase QD inten-
sity.”

The ultimate limit in sensitive detection
of Western blot signals can be reached by
detecting probes with single particle resolu-
tion. Because the bright fluorescence emis-
sion of QDs allows them to be imaged on
glass as single particles, we hypothesized
that we could further extend the sensitivity
of Western immunoblotting technology by
quantifying proteins tagged at the level of
individual QDs. Here, we report a method
to image discrete QD-tagged proteins that
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are immobilized on membranes by converting opaque
PVDF membranes into optically transparent siloxane-
treated PVDF membranes. This enables analysis of
Western blot signals at the resolution of discrete fluo-
rescent points of QD-tagged protein and is a contrast to
traditional analysis of bulk blot bands. We show that
the capability to count discrete QD-tagged proteins al-
lows significant increase in sensitivity and reduction in
the amount of cell sample. Application of this single
nanoparticle detection capability to Western blotting
technologies may provide a new solution to a broad
range of applications currently limited by insufficient
detection sensitivity and/or sample availability.

RESULTS

Our method of detecting and counting discrete
QDs in transparent PVDF membranes, called single
point quantum dot (SPQD) Western blotting, is out-
lined in Figure 1A. A key step of this method is convert-
ing the PVDF membranes from an opaque to an opti-
cally transparent state, thus allowing high-quality
detection and quantification of QD-tagged proteins.
Single QDs are easily detected on glass slides using a
fluorescent microscope,” ° but stable fluorescence de-
tection of single QDs on PVDF membranes is a substan-
tial problem: PVDF membranes are opaque (Figure 1B)
and existing methods using alcohol-based solvents
(e.g., methanol) for producing semi-transparent mem-
branes are not only poor for detecting single QDs (Sup-
porting Information Figure 1S) but are also not compat-
ible with preserving membrane-adsorbed protein for
subsequent immunoblotting steps.

To image proteins tagged with QDs on PVDF mem-
branes, we follow a simple and cheap method using
commercially available materials. We immerse dry,
opaque PVDF membranes in polydimethylsiloxane
(PDMS) mixtures such as PDMS curing agent (see Meth-
ods). The PDMS curing agent penetrates dry PVDF
membranes and creates an optically transparent
PDMS—PVDF membrane mixture that allows single
QDs to be detected using a simple fluorescent micro-
scope (Figure 1B, left-hand column). Note that QDs can-
not be detected on opaque PVDF membranes (Figure
1B, right-hand column). Using PDMS—PVDF mem-
branes, it is possible to detect single points of QD fluo-
rescence that are stable and persist for >10 min under
continuous excitation. In contrast, QD fluorescence rap-
idly quenches (<1 min) in buffers, such as those used
in traditional Western immunoblotting protocols.
PDMS—PVDF membranes can be stored in a cold room
(4 °C) and can be reimaged with single QD detection
quality for long periods after blot preparation (3—6
weeks).

The mechanism of the PDMS-induced PVDF trans-
parency is a physical interaction between PDMS and
PVDF, based on several lines of evidence. First, this
mechanism is reversible—that is, a transparent
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PDMS—PVDF membrane can be reverted to an opaque
state by physically wiping and washing the PDMS agent
to remove it from the transparent PDMS—PVDF. Sec-
ond, while we have not found published work report-
ing the transparent transforming properties of PDMS
with PVDF, it is known in the polymer field that PDMS
will physically interlace with other polymers to produce
hybrid materials known as semi-interpenetrating poly-
mer networks, defined by virtue of their physical (non-
covalent interactions).'®'" Finally, the effect of
PDMS—PVDF transparency is not specifically rendered
by one particular type of PDMS, which would more
likely be characteristic of a specific covalent chemical in-
teraction. We routinely use Sylgard 184 silicone curing
agent (Methods), which contains a combination of di-
methyl, methylhydrogen siloxane and dimethylsiloxane
dimethylvinyl-terminated and tetramethyl tetravinyl
cyclotetrasiloxane; however, other polydimethylsilox-
ane mixtures such as methyl-terminated polydimethyl-
siloxane, or the combination of siloxanes present in the
base portion of Sylgard 184 elastomer, are also effec-
tive in converting PVDF to transparent PDMS—PVDF
membranes. Physical penetration of the PDMS agent
into the disordered and fibrous PVDF membrane may
provide a better match in the index of refraction at the
PDMS—PVDF interface compared to the index of refrac-
tion at the air—PVDF interface, thereby decreasing scat-
tering and increasing transparency of the membrane.

The new capability to detect single points of QD
fluorescence makes possible the measurement of QD
fluorescent bands at lower concentrations that would
otherwise remain invisible. Figure 1C shows that while
it is possible to detect macroscopic bands of fraction-
ated QD bioconjugates (biotin-QD655s, and
streptavidin-QD655s) at relatively high concentrations
(2.5 nM: lanes 2 and 4) using a UV transillumination
table, in contrast, QD bioconjugates are not visible at
low concentrations (25 pM: lanes 1 and 3). After the
opaque PVDF membrane was converted to a transpar-
ent PDMS—PVDF membrane, single points of QD fluo-
rescence could be resolved at both high and low QD
concentrations (bottom panel, Figure 1C).

On the basis of several observations, the discrete
points of QD fluorescence we detected were an accu-
rate representation of blot bands typically measured by
averaged integration (e.g., densitometry). First, lanes
loaded with lower quantities of QD bioconjugates
(lanes 1 and 3) contained fewer points of discrete QD
fluorescence than lanes loaded with higher amounts of
QD bioconjugates (lanes 1 and 3). Second, automated
scanning along the length of the lanes containing low
amounts of QDs (Figure 2C, lanes 1 and 3) showed that
the QD distribution corresponded to the distribution
visible by eye of high density QD bands (Figure 2C, right
panel). Automated counting for relatively high num-
bers of QDs (lanes 2 and 4) was difficult due to the
dense grouping of individual QDs and due to the con-
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Figure 1. Counts of single point of QD fluorescence allow accurate quantification of fluorescent blot bands at low concen-
tration. (A) Schematic of single point quantum dot (SPQD) Western Immunoblotting. (B) Detection of discrete QD fluores-
cence is possible on PDMS-treated PVDF membranes but not using opaque PVDF membranes. Left-hand side: opaque and
transparent nature of the PVDF and PDMS—PVDF membrane, respectively, shown by simultaneously scanned images of
these membranes placed atop a printed scale bar on a green background. Right-hand side: transparent PDMS—PVDF mem-
branes enable quality, discrete QD detection that is not possible with opaque PVDF membranes. Microscopic images taken
with a CCD camera mounted on a fluorescence microscope under same conditions; scale: 7.2 um. (C) Top row: After gel sepa-
ration and electrotransfer of two QD bioconjugate species, macroscopic UV illumination shows that relatively high concen-
trations of QDs are visible, but low concentrations of QDs are not (streptavidin-QD655s: lanes 1 and 2: 2.5 nM and 25 pM each
at 3 pL; biotin-QD655s: lanes 2 and 4: 2.5 nM and 25 pM each at 3 pL). Bottom row: After PDMS treatment of PVDF mem-
brane blots (above), microscope images taken of membrane at the location of bright macroscopic QD bands (above) show
the presence of discrete QD fluorescence. Almost all points of QD fluorescence showed blinking at all loading concentrations,
an indicator that each fluorescent count is composed of individual or small numbers of QDs (Supporting Information movie).
Image acquisition and processing are the same for all images. Right-hand panel: Plots of lanes containing low QD signal
(lanes 1 and 3) are graphed as number of QD counts/micrograph vs distance from loading well, illustrating that QD counts ac-
curately reflect that of macroscopic blots seen by the eye at higher QD concentrations (lanes 2 and 4). Graph represents
180 micrographs taken in a band area of 3.2 mm X 1.9 mm.

tribution of diffuse fluorescence emitted by out-of- vidual or small numbers of QDs (Supporting Informa-
focus QDs (during electrotransfer, QDs enter PVDF tion Movie 2S). A standard used to identify single QDs
membranes over a depths of ~1 um). Finally, virtually ~ from a group is QD fluorescent “on—off” blinking: evi-
all discrete points of QD fluorescence exhibited fluctua-  dence that QD fluorescence intensity returns to a dark
tions, indicating that counts were composed of indi- “off” state that is indistinguishable from the back-
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Figure 2. Single point quantum dot Western immunoblotting achieves enhanced protein detection sensitivity. (A) Purified
protein detection performed using SPQD for nerve growth factor (NGF) shows a detection sensitivity of 0.01 ng. Plot inset
shows QD counts for the lowest protein amounts (0.1 and 0.01 ng). SPQD Western QD counts were acquired from a total of
n = 3 independent experiments in a band area of 3.3 mm X 0.50 mm (n = 1) and 3.3 mm X 1.9 mm (n = 2): (A) indepen-
dent trials; (A) mean. (B) In comparison, traditional Western blots performed using the same NGF-fractionated membranes as
in A show a detection threshold of 10 ng. (C) Detection threshold of SPQD blots for purified protein standards of Factor XI
show a detection sensitivity of 0.2 pg. SPQD Western QD counts were acquired from n = 4 independent experiments in a
band area of 1 mm X 3 mm. Plot inset shows QD counts for the lowest protein amounts (20—0.2 pg): (/\) independent tri-
als; (A) mean. (D) Traditional Western blots performed using the same Factor XI membranes in C show a detection thresh-
old of 0.2 ng. All measurements were normalized by subtracting QD counts from parallel blank control lanes containing
buffer in each experiment.

ground fluorescence.®'*'2 Discrete QD counts exhib-
ited square wave shaped on—off blinking in time-
varying intensity profiles, demonstrating that we de-
tect single QDs on these transparent PDMS—PVDF
membranes (see Supplementary Figure 3S and Figure
5 for further extensive analysis).

Detection of two different samples of purified, frac-
tionated proteins showed that SPQD Westerns provide
a substantial increase in protein detection sensitivity.
SPQD Westerns were performed using a polyclonal anti-
NGF antibody to detect purified nerve growth factor
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(NGF), a hormone protein implicated with a number of
pathophysiological conditions.”*'> SPQD Westerns
yielded a detection threshold of 0.01 ng (Figure 2A),
compared to detection of 10 ng by traditional West-
erns that were processed using the same membrane
blots (Figure 2B). This was a 103-fold improvement in
the sensitivity of SPQD Westerns in comparison to tradi-
tional Westerns. SPQD Westerns were also performed
using a monoclonal anti-Factor XI antibody that binds
to a single epitope site on Factor X, a protein present at
low concentrations in plasma.'® SPQD Westerns of Fac-
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Figure 3. Single point quantum dot Western immunoblotting provides a significant reduction of the amounts of required cell sample.
(A) Cellular protein detection performed for TrkA receptor protein in PC12 cells using SPQD and traditional Western blots. TrkA levels
measured for steady-state (NGF—) and stimulated (NGF+) levels. SPQD Western signal’s detection threshold is 0.05 ng (100 cells). A lim-
ited region of the membrane is shown to demonstrate the discrete nature of QD counts of TrkA over all range tested (scale: 6.4 jum). Tra-
ditional Western blot’s signal is 50 p.g of cell sample (100 000 cells). Similar cell amounts are required for abundant actin protein (loaded
into parallel lanes of same membrane). (B) TrkA levels plotted as a function of amount of cell sample. TrkA signal quantified as arbitrary
integrated intensity (traditional Westerns) and QD counts (SPQD blotting) SPQD blotting results computed from band area of 3.3 mm
X 1.9 mm. All values normalized by subtraction from parallel blank control lanes loaded with buffer. (C) Graph of TrkA upregulation
(TrkAncr+/TrkAnge-). TrkA upregulation is detectable by SPQD Westerns over the entire range of 0.05—50 g (102—10° cells) com-

pared to the Western blot threshold of 50 pg (102 cells).

tor Xl yielded a detection threshold of 0.2 pg (Figure
2C) compared to detection of 0.2 ng by traditional
Westerns (Figure 2D). Again, this was a 103-fold sensitiv-
ity increase in comparing the SPQD Western and tradi-
tional Western techniques. SPQD counts for each pro-
tein concentration of both Factor XI and NGF were
performed over multiple independent trials and yielded
values above the background. In particular, for low
sample amounts, the number of QD-tagged proteins
could be distinguished from the background of non-
specifically bound QDs, as seen by values that are con-
sistently located above the x-axis (Figure 2). Our optimal
sensitivity for the detection of pure protein was 0.2 pg.
This translates to a 103-fold increase in sensitivity over
traditional Westerns performed on the same blots and
a 5 X 103fold increase in sensitivity over the 1 ng sen-
sitivity limit reported by bulk fluorescence measure-
ments using QD-based Western immunoblots.”

We then applied the SPQD Western blotting tech-
nique to cellular samples and found that specific pro-
teins of interest could be detected in as few as 100 cells.
SPQD and traditional Westerns were performed to de-
tect the TrkA tyrosine kinase receptor protein, as well as
TrkA upregulation induced by exposing PC12 cells with
NGF, a TrkA cognate ligand. In SPQD Westerns, TrkA re-
ceptor protein could be detected in samples of 10°—103
cells, translating to an amount of 0.05—0.5 g of total
protein (Figure 3A). Traditional Western immunoblots
were performed on samples run in adjacent lanes of
the same membrane and required a minimum of 10°
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cells or 50 g of protein (Figure 3B). Cells treated with
NGF have an increase in TrkA production, and by using
SPQD blotting, we were able to detect a subtle increase
in protein production (X1.5—2) for samples as few as
100 cells (Figure 3C). Traditional Westerns using these
same cell lysate samples produced a detectable signal
for a sample of 10° cells. Traditional Westerns were also
used to detect actin, an abundant protein in these
same cell samples. An amount of 10° cells was still re-
quired to produce a detectable signal (Figure 3A). These
results demonstrate that SPQD Western immunoblot
technology can provide a detectable signal in cell
samples of as few as 100 cells. This is a 10*—10%*fold im-
provement over typical ranges of 10°—10° cells used
in traditional Westerns and is a 10*fold over QD-based
Western immunoblots.®

To further verify this level of sensitivity in cellular
samples, we performed SPQD and traditional Western
blots using a two-antibody method in which one anti-
body detects total CrkL protein and the other detects
the phosphorylated form of CrkL protein. CrkL is a di-
rect substrate of the oncogenic tyrosine kinase, BCR-
ABL, the causative molecular lesion in chronic myeloid
leukemia (CML). Detection of CrkL phosphorylation is
the preferred pharmacodynamic assay for CML clinical
trials involving new BCR-ABL inhibitors.'”'® Figure 4A
shows that the detection threshold of SPQD Westerns
for each antibody—protein pair was 100 cells. This
SPQD threshold is 10° times greater than traditional
Westerns performed with the total-CrkL antibody (Fig-
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Figure 4. SPQD Western immunoblotting detects cellular CrkL protein in 100 cells. (A) Detection threshold for SPQD blots
using total-CrkL and phosphorylated-CrkL antibodies in BCR-ABL positive CML cells, both show a detection threshold for 100
cells. Plot inset shows QD counts for the lowest cellular amounts (100 and 10 cells). SPQD Western QD counts for both CrkL
antibodies were acquired from three independent experiments in a band area of 4 mm X 1 mm: (unfilled symbols) indepen-
dent trials; (solid symbols) mean. (B) In comparison, traditional Western blots using the total-CrkL and phosphorylated-
CrkL antibodies show a detection threshold of 100 000 and 10 000 cells, respectively. Blots were performed using the same
cellular lysates, and gels were run simultaneously in each experiment.

ure 4B, top) and 107 times greater than traditional West-
erns preformed with the phospho-CrkL antibody (Fig-
ure 4B, bottom). While the detectable threshold of
SPQD Western blots will vary with the specific anti-
body and cell sample (e.g., antibody affinity, amount of
protein), similar results obtained for the detection of
total-CrkL, phospho-CrkL, and TrkA proteins indicate
that a threshold value of 100 cells can be regularly
obtained.

Are the SPQD counts that are made on Western im-
munoblots composed of single QD or multiple QD tags?
Single QDs can be detected on PDMS—PVDF transpar-
ent membranes (Supporting Information Movie 2S and
Figure 3S), but during Western immunoblotting, other
factors influence QD composition at each detected
point of fluorescence. For example, more than one QD-
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streptavidin may bind to multiple biotin molecules on
a single targeting antibody. Also, multiple targeting an-
tibodies may bind to a single target protein macromol-
ecule (depending on the number of antibody—protein
recognition sites). In contrast, QD size and steric hin-
drance may limit the number of QD tags bound to each
antibody—protein complex.

To determine the QD composition of single point
counts, we analyzed the distribution of intensity values
for each QD count and used the strict criterion of QD
on—off blinking to distinguish single QDs from multiple
QDs.2'"3 Analysis of membranes processed using
SPQD Western blotting, both for purified Factor XI pro-
tein and cellular phosphorylated CrkL protein, shows
discrete counts of QD fluorescence (Figure 5A, left and
right, respectively). Using automated detection, each
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Figure 5. QD blinking analysis of Western blots of purified and cellular protein shows population of detected QD fluores-
cent counts composed of a single, few, and multiple QDs. (A) Single frame from movies of SPQD Western blots processed
with purified Factor XI and cellular phospho-CrkL protein show examples of background fluorescence (b, blue), a single QD
(s, green), a few QDs (f, purple), and many QDs (m, red). (B) Time-varying intensity traces corresponding to each circled loca-
tion shown in A. Dashed lines in each trace indicate the mean background intensity value for each frame. Fluorescence
counts associated with single QDs exhibit square wave on—off blinking behavior, counts associated with few QDs exhibit in-
tensities that return to the mean background, and counts associated with many QDs exhibit a wide range of variance and in-
tensity values that do not return to the mean background intensity. (C) Histograms plot the distribution of intensities for
the profiles shown in B. QD counts composed of a single QD exhibit bimodal on—off blinking (s, green) which overlapped
with the background distribution of intensities (b, blue). QD counts composed of a few QDs do not show a bimodal distribu-
tion (f, purple) but have a distribution of intensity values that overlap with the background intensity (b, blue). QD counts
composed of many QDs show a distribution of values located above the mean background intensity (m, red). These distri-
butions also exhibited a wide range of variances (compare red histograms for Factor Xl and phospho-CrkL). (D) Bar graphs
show the population of QD counts containing single, few, and many QDs. Single QDs make up 13.40 and 6.36% of the total
QD counts for Factor Xl blots (n = 1515, lanes loaded with 2 and 0.2 ng) and phospho-CkrL blots (n = 707, lanes loaded
with 10 000 cells), respectively. The majority of all QD counts were composed single or a few (<9 QDs, see text): 72.48 and
78.92% for purified Factor Xl and cellular phospho-CrkL, respectively.
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SPQD count was located and its time-varying intensity
profile was plotted. We found that SPQD counts exhib-
ited three types of intensity profiles, distinguishable
from areas on the membrane that did not contain QDs
(Figure 5B, blue background traces). (1) Intensity pro-
files containing square wave on—off blinking indicated
a QD point composed of a single QD (Figure 5B, green
trace). (2) Intensity profiles that did not exhibit clear
square wave on—off blinking but did exhibit intermit-
tent intensity values that returned to a mean back-
ground intensity “off” state (Figure 5B, dashed line) in-
dicated a QD count that blinked but was composed of
a few QDs (Figure 5B, purple trace). (3) Remaining pro-
files contained low-frequency fluctuations that exhib-
ited a wide range of variance but shared the common
characteristic that their intensity profile did not return
to the mean background intensity “off” state (e.g., com-
pare Figure 5B, red traces), indicating that the QD point
consisted of many QDs and did not blink (Figure 5B,
red trace). Histograms of intensity values reflected the
distribution of intensities measured for each profile
type (Figure 5C). Single blinking QDs showed a bimo-
dal distribution of intensity values overlapping back-
ground intensity values when in the “off” state. QD
counts composed of a few QDs showed a distribution
of intensities values that were not bimodal-shaped but
which overlapped with the histogram of background
intensity values. QD counts containing many QDs
showed a distribution of intensity values that were lo-
cated above the mean background intensity. The distin-
guishing features from these histograms were used to
categorize all QD counts into the categories of single,
few, and many QDs. The results of this analysis, per-
formed on purified Factor XI (n = 1515) and on cellu-
lar CrkL protein (n = 707), showed that single QDs
made up 13.4 and 6.36% of the population of total QD
counts. The majority of all QD counts were composed of
either a single QD or a few QDs: 72.48 and 78.92%, re-
spectively, for Factor XI and phospho-CrkL (see bar
graph, Figure 5D).

How many QDs comprise “a few” QDs? We can esti-
mate the maximum number of QDs in each detected
blinking point by assuming that each single QD pos-
sesses a 50% on—off duty cycle. This means that, on av-
erage, n QDs are simultaneously in the off state for
1/(2") of the total time. For n = 9, all nine QDs would si-
multaneously be in the off state for 1/512, or 0.2%, of
the time. Although this method of blinking analysis is
preliminary, it provides an estimate that suggests that
a majority of SPQD counts for both Factor XI and cellu-
lar phospho-CrkL were composed of nine QDs or less. In
summary, QD fluorescent blinking analysis shows that,
for SPQD Western blotting of both purified and cellular
proteins, detection of single QD-tagged protein is pos-
sible and that a majority of detected fluorescence
points are associated with single or a few (<9) QDs.
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SUMMARY AND CONCLUSIONS

In this work, we showed that by using transparent
PDMS—PVDF membranes, we can detect single points
of QD fluorescence that were composed of a single or a
few QDs, thereby achieving a new sensitivity limit for
Western blotting. SPQD Westerns achieved an optimal
sensitivity limit of 0.2 pg of pure protein and as few as
100 cells for cellular protein. This is a 10°-fold improve-
ment in detection sensitivity compared to traditional
Westerns processed in parallel using the same mem-
brane blots and a 10%fold reduction in the amount of
required cell sample compared to bulk QD
fluorescence-based Westerns (10 g of cell protein as
reported by Bakalova et al.).” Detection sensitivity for
bulk QD-fluorescence-based Westerns could be in-
creased with the attachment of multiple QDs to each
antibody; however, this method provided a modest
2—5-fold increase in detection sensitivity.” By counting
single fluorescent points, SPQD Westerns significantly
extend the lower limit of detection for Western immu-
noblotting. This new sensitivity limit could make a dif-
ference in a number of applications where Western
blotting would be the method of choice but cannot cur-
rently be employed due to insufficient detection sensi-
tivity or sample availability.

What is the ultimate protein detection threshold for
SPQD Western blotting? Given that the detection sensi-
tivity of PVDF membrane-bound proteins is that of
single QD fluorescent tags, other limiting factors are
(1) the efficiency of protein transfer in the electroblot-
ting process, (2) the affinity of the antibody probe used
to detect PVDF membrane-bound proteins, and (3) the
accuracy of QD—antibody probe binding and detec-
tion. While the efficiency of protein transfer during the
electroblotting process will vary depending on the size
and charge of the protein, electrotransfer can be ex-
tremely efficient under optimized conditions. Notably,
the anti-NGF antibody we used in our studies did not
possess remarkably high affinity (a high concentration
of 1:500 streptavidin-HRP was needed to achieve opti-
mized detection in our traditional Western immunob-
lots, Figure 2); yet, we were still able to attain sensitive
detection with SPQD blotting. It might be possible to at-
tain greater levels of sensitivity using even higher-
affinity antibodies.

With regard to further increasing the detection sen-
sitivity of SPQD Western blotting, an area of valuable fu-
ture investigation is the optimization of QD counting
to distinguish protein-tagged QDs (signal) from non-
specifically bound QDs (noise). A simple approach is to
increase the number of sampled regions in a blot band
in order to characterize with high resolution the spa-
tial profile by which proteins gel-fractionate at low
sample concentrations (e.g., Gaussian-shaped band vs
a rectangular-shaped blot band). Such a spatial profile
may be then used as a template in all lanes to limit the
locations in which QD counts are made. Mapping high-
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resolution spatial profiles of QD-tagged proteins is fea-
sible as automated scanning and QD counting are very
rapid (30 min for automated blot scanning, 1 min per

200 images for automated counting). One challenge to
note is that small changes in z-focus (at distances of ap-
proximately every 2 mm) need to be reliably corrected

METHODS

QD In-Gel Electrophoresis and Electroblotting. QDs were fraction-
ated with high-resolution acrylamide-agarose (2% PA/0.5% AGE)
electrophoresis and electroblotted to PVDF membranes as previ-
ously described.® Electrophoresis was performed at 100—150 V
for 0.5—1.0 h in 1X TBE running buffer. QD samples were elec-
troblotted to PVDF membranes in 0.5X TBE with 20% methanol
under 100 V for 1—2 h.

SPQD Western Immunoblotting. Membranes containing fraction-
ated QD bioconjugates (Figure 1) or incubated with
antibody—QD bioconjugates (Figures 2—4) were air-dried on
glass slides (>2 h). To render membranes transparent, QD-
bound PVDF membranes were coated with polydimethylsilox-
ane (PDMS). We used Sylgard 184 silicone elastomer curing
agent, a commercially available reagent (184 SIL ELAST Kit 3.9
kg, Ellsworth Adhesives), to make dry PVDF membranes transpar-
ent. Sylgard 184 silicone curing agent contains a variety of poly-
dimethylsiloxanes including dimethyl, methylhydrogen silox-
ane; dimethylsiloxane dimethylvinyl-terminated; and
tetramethyl tetravinyl cyclotetrasiloxane. Other polydimethylsi-
loxanes such as methyl-terminated polydimethylsiloxane, or the
combination of siloxanes present in the base portion of Sylgard
184 elastomer, were also effective in converting PVDF for imag-
ing single QDs. To make PVDF membranes transparent, air-dried
PVDF membranes were immersed in 1 mL of PDMS in a glass
dish for 10 s and then plated onto glass slides. Dry PVDF mem-
branes became transparent instantly upon contact with the cur-
ing agent; it was critical that membranes were completely dry.
Once membranes were transparent and coated with PDMS, they
could be immediately imaged or stored at 4 °C for future use.
Macroscopic QD-bound transparent PDMS—PVDF blots were
viewed using a UV imaging system (UVP, MultiDoc-It). Micro-
scopic images of PDMS—PVDF membranes were acquired us-
ing a fluorescent microscope (Zeiss Axiovert 200M) equipped
with 40 and 100X objectives, excitation and emission filters
(Chroma), and a cooled monochrome CCD camera (Axiocam).
Automated microscope field images were taken using a precise
x—y scanning stage (ASI) under software control (AxioVision).
The membrane is a 3D object containing proteins, which may
penetrate the blot during electrotransfer, and QDs, which may
diffuse into the blot during incubation of the membrane with
antibody—QD probes. While sectioning the entire 3D membrane
blot is possible, this effort provides little gain since the period
of membrane electrotransfer can be reduced to deposit the ma-
jority of proteins onto the membrane surface. We made relative
comparisons of protein amount across different lanes by analyz-
ing QD-tagged proteins residing at the surface plane of the
membrane blot, the location where the majority of QDs were
found. To obtain profiles of gel lanes, single counts of QDs were
taken along the length of a gel lane starting at the center of
the loading well. The position of the bands was located using
molecular weight markers (161—0374, Bio-Rad; P7708s, NEB;
LC6925, Invitrogen) either in adjacent or in the same lane, as
well as by correspondence of macroscopic fluorescence with ad-
jacent well lanes. The same imaging parameters of integration
time and band position were applied to all bands in a membrane
blot.

Automated QD Counting. QD counts were made from fluores-
cence images using a custom-written procedure that is based
on the algorithm developed by Crocker and Grier and imple-
mented with the help of publicly available Matlab scripts.'®2°
CCD-collected fluorescence microscopy images are first condi-
tioned using a spatial band-pass filter characterized by two cut-
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to retain and improve accuracy at these lower limits of
sensitivity. Toward future work, we suspect that further
optimization of SPQD Western immunoblotting along
these lines could extend detection sensitivities into the
range of subfemtogram quantities of protein and re-
duce samples to less than 100 cells.

off feature sizes. The small feature cutoff of the band-pass filter
is tuned to reduce pixel noise, while the large feature cutoff is ad-
justed to eliminate inhomogeneous illumination and back-
ground fluorescence. A threshold is then applied to the filtered
image, leaving only a small region of high intensity correspond-
ing to each particle; the pixel with maximum intensity out of
each region is chosen as the preliminary location for that par-
ticle. Subsequent processing refines the preliminary locations by
finding the centroid of the intensity pattern near the prelimi-
nary location. This particle location procedure is carried out on
multiple sampled images in each membrane lane, giving refined
particle locations that are counted and form an estimate for the
number of QD counts per lane for each experiment. This auto-
mated QD count algorithm produces 90% accuracy of auto-
mated QD counts, as compared to QD counts obtained by hu-
man eye on the same images. QD blinking produces negligible
error in these automated counts. By noting the locations of all in-
dividual QD counts and making accumulated counts over mul-
tiple frames in a movie, QDs in an “off” state for one image frame
will eventually return to their “on” state in another image frame
and can be counted. When we compare counts made from one
frame versus counts made over multiple frames of an entire
movie, we find that QD counts made from single image frames
produce an error of 15% of total QD counts under our imaging
capture rates. Given that a typical image frame consists of a to-
tal of 200 QDs, we will miss only 30 QDs/image frame.

QD Blinking Analysis. Movies of SPQD Western blots were ac-
quired with an Andor iXon camera at 33 frames per second for
500 frames. A total of six movies were collected from CrkL SPQD
Westerns and nine movies from Factor XI SPQD Westerns. The
detection algorithm designed for automated QD counting (see
above) was used in each frame to detect the locations of discrete
QD counts, and an algorithm was created to output all QD count
locations for a given number of frames. Pixel intensity values
were measured at each QD count location in each frame. To
measure background noise in each frame, we acquired back-
ground pixel intensity values which were not at QD count loca-
tions. Because the background noise varies for each movie, we
normalized our measurements using a background subtraction.
In each movie, we calculated the mean background pixel inten-
sity and subtracted this value from all QD count measurements
and background measurements across frames. For each movie, a
baseline threshold was used to distinguish between QD count
profiles exhibiting blinking behavior and those which never
demonstrated an “off” state. We then characterized each QD
count profile as consisting of either single, few, or many QDs.
QD count profiles exhibiting intermittent intensity values that re-
turned to the baseline threshold showed square wave on—off
blinking behavior and had a bimodal distribution of intensity val-
ues that were categorized as single QDs. QD count profiles ex-
hibiting intermittent intensity values that returned to the base-
line threshold, but did not have a bimodal distribution of
intensity values, were categorized as a few QDs (n < 9); see Re-
sults. QD count profiles having pixel intensity values only above
the baseline threshold were categorized as groups of many QDs.

Detection of Purified Factor XI and NGF Protein Standards. Serial dilu-
tions of NGF (#1156-NG/CF, R&D Systems) and Factor XI were
fractionated using 12 and 8% SDS—PAGE, respectively. Each lane
containing protein target was flanked by lanes containing mo-
lecular weight markers. Samples were electroblotted onto to
PVDF membranes, and membranes were blocked with 5% BSA
in TBS/0.1% Tween20 overnight. Biotinylated anti-NGF (0.1 mg/
mL, R&D Systems) and biotinylated anti-Factor XI (6.6 mg/mL, a
generous gift from Dr. Andras Gruber, Oregon Health and Sci-
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ence University) were prepared using previously described bioti-
nylation methods.?" Briefly, a mixture containing 20 times the
number of moles of biotin as moles of antibody is set on ice over-
night and then dialyzed for 3 h at room temperature; this is ex-
pected to produce 3—5 biotins per antibody (Pierce, technical
specifications).

SPQD Blotting of NGF and Factor XI: Anti-NGF-biotin-strep-QD655
probes were made with a molar ratio of anti-NGF to strep-QD655
of 4:1 (0.2 pg/mL anti-NGF and 0.3 nM streptavidin-QD655),
and blots were incubated with this probe for 1 h at room tem-
perature. Factor-XI-fractionated membranes were first incubated
with 6 pL of 6.4 mg/mL biotinylated Factor XI 1A6 antibody over-
night at 4 °C and then followed by incubation with 40 pL of 15
nM streptavidin-QD655 at room temperature. Blots were ana-
lyzed by single QD counting (see above).

Traditional Western Immunoblotting NGF: NGF-fractionated mem-
branes were incubated with 2 pug/mL biotinylated anti-NGF for
1 h. After extensively washing, blots were incubated with
streptavidin-HRP (1:1000, #21126, Pierce) for 1 h. After washing,
membranes were immersed into SuperSignal West Pico Chemi-
luminescent substrate (#34077, Pierce) for 5 min and exposed to
X-ray film for 3 min. All Western immunoblot assays were opti-
mized to achieve the best detectable signal.

Traditional Western Immunoblotting Factor XI: Purified Factor XI was
loaded into the stacking gel without B-mercaptoethanol.
Gels were run at 100 V until samples reached the resolving
gel and then run at 125 V until the first ladder marker reached
the bottom (7 kD, P7708s, NEB). Electroblotted samples were
blocked, incubated overnight with 6 pL of 6.4 mg/mL bio-
tinylated Factor XI 1A6 antibody at 4 °C, washed, blocked
again, and then incubated with streptavidin-HRP (1:5000) for
1.5 h at room temperature. Blots were then washed and ex-
posed to X-ray film for 2—10's.

Detection of TrkA Receptor Protein from Cellular Lysates. PC12 cells
were stimulated with NGF (100 ng/mL, R&D Systems, #1156-NG/
CF) for 1 h. Whole cell extracts were prepared with lysis buffer
(50 mM Tris-HCl, pH7.4, 150 mM NaCl, 1%NP-40, 0.1% sodium
deoxycholate, 4 mM EDTA) supplemented with protease inhibi-
tor cocktail (#P2714-1BTL Sigma). Insoluble materials were re-
moved from the protein extract by centrifugation at 13 000 rpm
for 15 min. Serial diluted cell lysates were mixed with 1X laem-
mli sample buffer (#161-0737, Bio-Rad) and denatured (95 °C, 5
min). Lysates were separated with 8% SDS—PAGE. Samples were
loaded into gels with flanking lanes containing molecular weight
markers. Extracts from control (no NGF stimulation) cells were
run in parallel as a control. After electroblotting onto to PVDF
membranes, membranes were blocked with 5% BSA in TBST
overnight.

SPQD Blotting of TrkA: Blots were incubated with anti-TrkA-biotin-
strep-QD655s (4 anti-TrkA Ab:1 strep-QD655 molar ratio, 0.2
rg/mL anti-TrkA and 0.3 nM strep-QD655) for 1 h, or anti-B3-
actin-biotin-strep-QD655s (1 anti-B-actin Ab:1 strep-QD655, mo-
lar ratio, 0.0045 wg/mL anti-B-actin, 0.03 nM strep-QD655) for
1 h. Blots were analyzed by single QD counting (see above).

Traditional Western Immunoblotting of TrkA: Blots were incubated with
biotinylated anti-TrkA antibody (4 pwg/mL, sc-11, C-14, Santa
Cruz) for 1 h, or with control biotinylated B-actin antibody (0.01
ng/mL, #4967, Cell Signaling) for 1 h. After extensive washing,
blots were incubated with streptavidin-HRP (1:5000) for 1 h.
Membranes were immersed into SuperSignal West Pico chemilu-
minescent substrate for 5 min, then exposed to X-ray film for 3
min.

Detection of CrkL and Phosphorylated-CrkL Protein from Cellular Lysates.
Serially diluted imatinib-treated Mo7e/p210 cellular lysate (start-
ing concentration: 10° per 20 L) was loaded into four identical
precast 4—15% Criterion Tris-glycine gels. Each gel was run at
200 V for 1 h, until the first ladder band reached the gel bottom
(4 kD, LC6925, Invitrogen). Samples were electroblotted to PVDF
membranes at 95 V for 1 h and then blocked overnight in 3%
BSA in TBST overnight at 4 °C.

SPQD Blotting of CrkL and Phospho-(rkL: One membrane was incu-
bated with 10 mL of biotinylated anti-CrkL (1:2500 in 3% BSA/
TBST), and another membrane was incubated with 10 mL of
biontinylated antiphospho-CrkL (1:2500 in 3% BSA/TBST), both
at 4 °C for 2 h. Both membranes were washed and then incu-

www.acsnano.org

bated with 200 pL of 1 nM strep-QD655 for 1 h at room temper-
ature. Blots were analyzed by single QD counting (see above).

Traditional Western Immunoblotting of (kL and Phospho-CrkL: One mem-
brane was incubated with 25 mL of anti-CrkL (1:2500 in 3% BSA/
TBST), and another membrane was incubated with 25 mL of
biontinylated antiphospho-CrkL (1:2500 in 3% BSA/TBST), both
at 4 °C overnight. For both membranes, 15 s exposures were ob-
tained using a Lumi Imager (Roche).
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