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In order to facilitate the use of biomolecular markers in
clinical medicine, devices are urgently needed that are highly
sensitive, specific, cost effective, and automated.' Great
strides have been made in this area with elegant sensing
systems employing nanomaterials, microfluidics, and increas-
ingly sophisticated device design.*”! The direct analysis of
most types of clinical samples requires femtomolar detection
limits to sense scarce analytes with an acceptably low level of
false negatives. Very high levels of specificity are required to
ensure low levels of false positives. From a practical
perspective, equally important is a streamlined approach to
sample workup, since the need for extensive sample process-
ing can diminish the benefits of a sensor’s innately high
sensitivity and specificity. In the development of a sensing
approach, several components can be tuned at the molecular
and chemical level to optimize the performance of the system
and refine requirements for sample processing. These com-
ponents include the actual sensors used for detection, the
probe molecules that specifically bind a given target, and the
approach to sample workup (chemical, enzymatic, mechan-
ical, fluidic, etc).

We recently reported a new approach to biomolecular
detection utilizing a microchip-based platform for ultrasensi-
tive nucleic acids detection.®'% Nanostructured microsensors
deposited on the surface of the chip served as specific
detectors of oligonucleotides,”) mRNAs/' and micro-
RNAs!" when used in conjunction with an electrochemical
reporter system (Figure 1).¥! Attomolar sensitivity was
obtained with small oligonucleotides and microRNAs."?!
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Figure 1. Chip-based sensors for detection of chronic myeloid leukemia
cells. A) Chip layout. A gold pattern is deposited on the chip surface
with 8 external contacts that are extended to narrow leads of a
terminal width of 5 um. A passivating layer of silicon dioxide is applied
to the chip, and then 5 pm apertures are opened at the end of each
lead to provide a microelectrode template. B) Scanning electron micro-
graph of a 100 um sensor formed by using gold electrodepositon on
the surface of the chip. C) Sequence of steps used to nucleic acids
analysis. The sensors are first functionalized with probe molecules,
and then hybridized with a target-containing solution. D) The introduc-
tion of the a Ru"/Fe" reporter group then permits hybridized material
to be detected. E) Overall flow diagram of analysis trial.

Higher limits of detection were observed when heteroge-
neous samples of RNA from cancer cells were analyzed for
specific mRNAs: nanograms of RNA, corresponding to
millions of cancer cells, were required for analysis.""

Here, we report a series of discoveries that have enabled
the genetic analysis of as few as 10 cancer cells. To achieve this
record-breaking level of sensitivity, we generated large-foot-
print sensors that were able to capture large, slow-moving
analytes. We also developed an improved class of probe
molecules: amino acid/nucleic acid chimeras (ANAs) that
were necessary in order to detect a specific cancer biomarker.
ANAs overcome three fundamental limitations that we found
arise when using neutral probe molecules: poor solubility,
aggregation, and poor monolayer quality. The resulting sensor
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system reported herein displays excellent sensitivity and
specificity. Remarkably, it achieves this excellent perfor-
mance even when analyzing unpurified samples—the only
sample processing step required is cell lysis.

We identified the bcr-abl gene fusion that is specific to
chronic myeloid leukemia (CML) as an interesting model
system to hone the capabilities of our chip-based sensors so
that small numbers of cancer cells could be analyzed. The bcr-
abl mRNA transcript is a RNA molecule that is 8500
nucleotides long." Targeting mRNA is attractive given that
most mRNAs exist as linear sequences and therefore
denaturation is not required. Multiple copies of mRNAs are
typically present within a cell, providing built-in amplification
at the cellular level, improving the prospects for the direct
analysis of small numbers of cells. However, the large sizes of
mRNAs present a challenge for chip-based sensing as the
slow diffusion of such large molecules can impede rapid
analysis. We took the view that to aid in the detection of large
molecules, it would be important to increase the reach of the
sensor into the solution volume, thus providing greater
interaction between the target molecules in solution and the
probe molecules tethered to the sensor surface. Using existing
diffusional models,"*'! and taking into consideration the
copy number of the bcr-abl fusion mRNA (ca. 3000 copies per
cell)'1 and its rate of diffusion, we determined that if we were
able to increase spatial footprint of our sensors to approx-
imately 100 um, we would be able to detect as few as 10 CML
cells within analysis times approaching 30 min.

Our previous work on chip-based microsensors focused
on palladium sensors that were 5-10 um in diameter.” To
extend the reach of these sensors into solution, it was
necessary to use gold as the electrode material. While
electroplated palladium did not produce grain sizes that
allowed growth of the sensor into solution, the electroplating
of gold produced spiky structures with large substructures
extending many pum into solution when low plating potentials
were used (see Figure S1 in the Supporting Information).
After extensive variation of plating conditions, sensors with
the desired 100 um footprint were obtained (Figure 1B) by
applying a potential of 0 mV for 175 s in a solution of 20 mm
H,AuCl, in 0.5m HCL

In order to test these sensors against the bcr-abl mRNA
target, probes that would specifically bind to the junction
region between the two fused genes were required. Initial
efforts to produce a functional probe for this region (Figure 2)
included the synthesis of DNA and PNA probes. When
challenged with mRNA from the K562 cell line, which
contains the most common form of the bcr-abl gene fusion,
hybridization was not detected with either probe. Hybrid-
ization analysis was carried out by monitoring currents in a
solution containing a Ru™/Fe™ electrocatalytic reporter
system.' The solution used in these trials contained
1nguL! of total mRNA, which contained > 600000 copies
of the target per puL, or approximately 1 pm—a concentration
that should have been readily detectable based on our
calculations. The DNA probe-modified sensors exhibited
high background signals and small decreases in current upon
introduction of the mRNA solution. The PNA-modified
sensors exhibited lower background currents, but here too,

www.angewandte.org

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

ber | abi
A) CAGAGTTCAA'AAGCCCTTCA

B) C) pre-hybridization
DNA probe 40}
Hs—IET)] post-hybridization
30 -
PNA probe
Hs—ET] -
=
£
ANA probe N,
Hz abl mz 10}
o o T Ny oL ; _ 3

DNA PNA ANA
Probe type

Figure 2. Testing of probes for the CML bcr-abl gene fusion. A) The
junction region between the bcr gene (dark gray) and the abl gene
(light gray) within the mRNA expressed that generates the ber-abl
kinase. B) Structures of DNA, PNA, and ANA (amino acid/nucleic
acids chimera) probes. C) Testing of DNA, PNA, and ANA probes for
hybridization of mRNA isolated from the K562 cell line that carries the
ber-abl gene fusion. The solutions used to challenge each probe
contained 1 ng of RNA per pL of solution. See Figure S2 in the
Supporting Information for representative electrochemical data used.
Each electrochemical assay reported was carried out in > 6 independ-
ent trials and error bars represent standard error.

only small decreases in current were observed upon hybrid-
ization with mRNA.

PNA probes, which carry no molecular charge at neutral
pH, offer many advantages when used for biosensing. One
key advantage is the increase in binding affinity for target
DNA or RNA sequences.'” Moreover, when sensing schemes
are used that rely on changes in surface charge upon the
binding of a nucleic acid to a sensor, lowered background
signals, and consequently improved limits of detection, can be
obtained because of the absence of charge in the probe. Our
electrocatalytic reporter system, which relies on the attraction
of ruthenium ions to the sensor surface by nucleic acids
captured by immobilized probe molecules, has been shown to
benefit from this effect.!"™!

In the present case, where there are stringent require-
ments on the specific sequence employed, PNA probes
performed poorly. As discussed above, the probes were
found not to participate in hybridization when immobilized
on our sensors; moreover, we often observed precipitation
within the solution of the original probe. From these
observations, it was apparent that the sequence was prone
to aggregation. We concluded that the specific sequence
mandated by this particular biosensing application was not
usable when synthesized as a neutral molecule.

We sought to develop a strategy to take the prescribed
bcr-abl probe sequence and generate a novel probe molecule
that would exhibit the needed solubility and monolayer-
forming properties. We hypothesized that the introduction of
negatively charged amino acids at the termini of the sequence
would beneficially alter the probe’s properties.

This subtle modification—the inclusion of two aspartic
acid units—rectified the behavior of our probe in that it was
now highly soluble in aqueous solution, and exhibited much
better performance when used to detect the bcr-abl mRNA.
Low background currents were observed at probe-modified
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sensors, and significant increases occurred upon hybridization
of K562 mRNA containing the fusion (Figure 2 C).

With our optimized sensors and probes in hand, we
investigated the limit of detection and dynamic range when
the system was challenged with purified cellular mRNA. A
control probe that was only half-complementary to the target
(el3a2) was used alongside bcr-abl probe (el4a2) and showed
no signal change even at the highest concentration tested,
indicating that the assay had excellent specificity. Detectable
signal was observed as low as 1pguL~' of total mRNA
(Figure 3) and the signal increased linearly over four decades
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Figure 3. Sensitivity of sensors modified with an ANA probe towards
the mRNA from the K562 cell line that carries the bcr-abl gene fusion.
The specificity of the readout was confirmed using a control probe
(e73a2). The low level of negative signal change observed when this
probe was tested against 1 ng RNA is indicated by the dotted line.

of target concentration. The pguL.~' detection limit observed
corresponds to mRNA from 30 cells. This result is comparable
with a commercially available polymerase chain reaction
(PCR) assay designed to specifically detect CML; the assay
has a similar detection limit.") A direct comparison of data
generated with this assay is compared to microelectrode
sensing in Figure S3. This chip-based system is the first ever to
exhibit PCR-like sensitivity towards large, slowly diffusing
targets like mRNAs.

While PCR is a highly sensitive technique for sequence
detection, it often requires extensive sample processing and
nucleic acid purification to eliminate interferents that inhib-
itors of the enzymes used for amplification. Given that our
detection system does not rely on any enzymatic reactions, we
hypothesized that it might be much more tolerant of
unpurified samples. To test whether it is possible to detect
fusion mRNA from an unpurified sample, we lysed K562 cells
suspended in buffer using an electric field.”” We achieved
rapid lysis without the use of added reagents. Lysates were
generated containing 10 to 1000 cells; the results of their
incubation with bcr-abl probe-modified sensors are illustrated
in Figure 4 A. The negative control probe again showed no
signal increase, confirming the specificity of the assay. The
detection of 10 cells—present as an unpurified lysate—
indicates that these sensors are highly sensitive and robust.

We then proceeded to analyze leukocytes from CML
patients using the same lysis-only sample preparation proce-
dure and the sensor and assay described above. Leukocytes
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Figure 4. Performance of ANA-modified sensors when challenged with
crude cell lysates. A) K562 lysates. Signals obtained before and after
incubation of probe-modified microelectrodes with lysates of K562
cells were compared by monitoring the limiting reductive current in a
Ru"/Fe" electrocatalysis solution. A negative control probe (e13a2)
was used to assess specificity. Low levels of background were also
observed when VCaP and DU145 cells were tested that lack the fusion.
B,C) Representative differential pulse voltammograms showing the
change in signal when lysates containing 10 and 1000 cells were
introduced. Dotted lines represent the signal collected before hybrid-
ization, and the solid lines are signals collected after hybridization.

D) Detection of the bcr-abl gene fusion in CML patient leukocytes.
Lysates were generated from 10-1000 cells, and signal changes
monitored after 30 min. The presence of the ber-abl fusion was
confirmed using PCR (inset). Primers specific to each gene were used
to analyze a fragment of the fusion, and used with K562 cells (center
band) and patient cells (right band). E) Detection of the bcr-abl gene
fusion in whole blood. A lysate of K562 cells was mixed with blood
lysate and incubated with sensors displaying a fully complementary or
half-complementary (control) probe for 30 min.

were suspended in buffer for lysis, and the lysate was
incubated with probe-modified sensors for 30 min. Absence
of a positive signal with the half-complementary negative
control again confirmed the specificity of hybridization. Here
the detection limit approached 100 cells; the fact that this
detection limit is elevated relative to that obtained with the
pure K562 cells relates to the fact that the patient sample
contained both CML cells and normal leukocytes, with only
the former cell type carrying the gene fusion.

Our ultimate challenge to the system lay in analyzing
CML samples in whole blood. Analysis of complex samples is
always challenging due to their heterogeneity: in particular,
direct analysis in blood is impeded rapid degradation of
nucleic acids by nucleases, and by the fouling of surfaces by
the components of blood. We sought to challenge our system
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with blood spiked with CML cells to determine whether the
analysis of whole blood samples would be feasible.

We observed an offset of the background signal when we
used blood only. We therefore introduced the use of a control
probe to follow this shift. By referencing our measurements
for the target-probe case to the control-probe case, we were
able to detect as few as 10 K562 cells in the presence of a
5000000-fold excess of nucleated blood cells (Figure 4E).

This study documents the highly sensitive, specific analysis
of nucleic acid biomarkers in complex samples. It relies on
direct lysis of the cells under study within a medium, for
example blood, that contains a large excess of noncomple-
mentary molecules. Specifically, we were able detect mRNA
derived from 10 cells present as an unpurified, unprocessed
lysate. The optimization of the sensing electrode geometry,
and the development of improved probe chemistry, were
necessary for this advance.

Experimental Section

Gold(III) chloride (99.9%), hexaammineruthenium(III) chloride,
potassium ferricyanide, magnesium chloride, and 6-mercapto-1-
hexanol (97%), 10x TBE buffer, Ultra Pure Agarose, dimethylfor-
mamide, piperidine, TFA, m-cresol, TIPS, diethyl ether, acetonitrile,
and DTT were purchased from Sigma—Aldrich Canada Ltd.; 70 %
perchloric acid, sulfuric acid, ACS-grade acetone, and isopropyl
alcohol were obtained from EMD. PNA monomers were purchased
from Link technologies, Knorr resin was purchased from NovaBio-
chem; HATU and N-methylmorpholine were purchased from Protein
Technologies, Inc., and RedSafe from FroggaBio; K562 cell line was
obtained from ATCC, 25 mL suspension flasks were purchased from
Sarstedt, Iscove’s Modified Dulbecco culture medium and fetal
bovine serum were obtained from Invitrogen; CML patient samples
were provided by Princess Margaret Hospital, whole blood was
obtained at Princess Margaret Hospital blood laboratory.

Peptide nucleic acid oligonucleotides were synthesized using
solid-phase synthesis approach on a Prelude automated peptide
synthesizer (Protein Technologies, Inc.). Control ANA Probe corre-
sponding to el3a2: NH,-Cys-Gly-Asp-TGAAGGGCTTCTTCCT-
TATT-Asp-CONH, and bcr-abl ANA probe corresponding to
el4a2: NH,-Cys-Gly-Asp-TGAAGGGCTTTTGAACTCTG-Asp-
CONH,. PNA probes contained the same sequence but lacked the
Asp residues. DNA probe was purchased from ACGT and a thiol-
containing linker was added in-house: TGAAGGGCTTTT-
GAACTCTG-linker-SH. All probe molecules were stringently puri-
fied using an Agilent 1100 series HPLC. Concentration was deter-
mined by measuring absorbance at 260 nm.

The chips were produced at the Canadian Photonics Fabrication
Center as described in reference [8]. The one modification made in
the processing was the enlargement of the aperatures for sensor
growth to 5 pm. Chips and microelectrodes were prepared as
described in reference [8]. Electrodeposition of gold microelectrodes
were accomplished by dipping the chip into the plating solution
(20 mm H,AuCl, in 0.5M hydrochloric acid) and applying constant of
0OmV for 175 s.

A solution containing 5 um thiolated PNA probe in 50 mm
sodium chloride was added to the sensors and left in a dark humidity
chamber overnight at room temperature for self-assembly of a
monolayer. A solution of 10 pm MCH was then added to each chip for
1 h at room temperature. The chip was then washed twice with 50 mm
NaCl.

Electrochemical signals were measured in a solution containing
10 pm [Ru(NH;)s]** and 2 mm [Fe(CN)g]*~ in 1 x PBS. Differential
pulse voltammetry signals before and after hybridization were
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collected with a scan rate of 100 mVs™' and scanned from 0 mV to

—350 mV. Results were quantified by subtracting peak currents in
DPV scans as fOl]OWS, A]: Iaﬂer hybridization_lbefcre hybridization*

K562 cells were cultured in 25 mL suspension cell flasks with vent
caps in Iscove’s Modified Dulbecco’s Medium/10% fetal bovine
serum. The cells were grown in a humidified incubator (70-95%) at
37.0°C with CO, (5%).

K562 cells were collected and centrifuged at 600 rcf for 5 min at
4°C. The media was then removed and the cells were washed with
equal volume of 1 x PBS. The cell pellet was then resuspended in 1 x
PBS and used for lysis. CML patient sample frozen stocks were
thawed quickly at 37°C in a water bath. Immediately, the cells were
added to 10 mL of fresh media supplemented with 10% FBS and
centrifuged at 400 rcf for Smin at 4°C. The pellet was was
resuspended in 1x PBS for further use. Primary samples were
collected following informed consent according to an REB approved
protocol.

Total mRNA was isolated from cells using Dynabeads (Invitro-
gen). Quality of the mRNA sample was tested using 1% agarose gel
electrophoresis.

Cells lysis (K562, patient samples, whole blood) was achieved
using an electrical lysis chamber (see ref. [20]). Pt wires used to
produce the electric field were inserted into PDMS (polydimethyl-
siloxane) membrane. Resuspended cells were loaded into a syringe
pump. In case of whole blood, it was diluted 100 times in 1 x PBS and
1 mL was loaded into a 5 mL syringe. Lysis was achieved at a flow rate
25uLmin”, 400 V, and 1 mA current.

Hybridization solutions contained either total mRNA, or unpuri-
fied cell lysate in 50 mm NaCl. Electrodes were incubated with the
target sequences at 37 °C in a humidity chamber in the dark for 30 min
and were washed prior to electrochemical analysis. Hybridization
volume was typically 30 pL.
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