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Abstract

Detection of cancer in its early stage is a challenging task for oncologists. Inflammatory breast
cancer has symptoms that are similar to mastitis and can be mistaken for microbial infection.
Currently, the differential diagnosis between mastitis and Inflammatory breast cancer via nipple
aspirate fluid (NAF) is difficult. Here, we report a label-free and amplification-free detection
platform using an engineered nanopore of the phi29 DNA-packaging motor with biomarker
Galectin3 (GAL3), Thomsen-Friedenreich (TF) binding peptide as the probe fused at its C-
terminus. The binding of the biomarker in NAF samples from breast cancer patients to the probe
results in the connector's conformational change with a current blockage of 32 %. Utilization of
dwell time, blockage ratio, and peak signature enable us to detect basal levels of biomarkers from
patient NAF samples at the single-molecule level. This platform will allow for breast cancers to be
resolved at an early stage with accuracy and thoroughness.
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Breast cancer is one of the leading causes of death among women around the world. It is
generally asymptomatic at the early stages. Current screening tools such as mammography
and breast examination miss up to 40 % of early-stage breast cancers and are ineffective in
detecting cancer in young women?. Some breast tumors might have already metastasized by
the time a mass is detectable. To reduce morbidity and mortality, more sensitive methods for
the early diagnosis of breast cancer are desirable. The cancer secretome (secreted antigens
and metabolites) represents a very promising set of cancer-related biomarkers that can be
derived from body fluids mirroring the tissue-specific tumor microenvironment. The breasts
of adult non-lactating women secrete a small volume of fluid, called “nipple aspirate fluid”
(NAF), into the breast ducts?. NAF has been used for the diagnosis and risk assessment

for a variety of diseases such as bacterial infection, viral infection3. Collection of nipple
fluid, which is secreted by non-pregnant women, is one method of acquiring diagnostic
samples for breast cancer’. However, inflammatory breast cancer is often confused with
mastitis, an infection of the breast. This is because the symptoms of inflammatory breast
cancer are very similar to mastitis. Currently, differential diagnosis between inflammatory
breast cancer and mastitis via nipple aspirate fluid is also challenging. The NAF secreted

by epithelial and stromal cells lining the breast duct can be noninvasively collected from
patients using breast pumps. With its abundant supply of candidate biomarkers, the NAF
secretome represents an excellent opportunity for early diagnosis of breast cancer, limiting
the decreased tumor-specificity of surrogate breast cancer biomarkers circulating in the
blood 8. The Thomsen—Friedenreich antigen (TF; CD176, GalB1-3GalNAca-) is a tumor-
specific carbohydrate antigen and a promising therapeutic target. The TF antigen has a high
prevalence in many types of carcinoma, is involved in metastasis and potentially plays a role
in immunosurveillance and therapy0. GALS3 is a B-galactoside-binding protein that has been
found to be involved in tumor cell growth, anti-apoptosis, adhesion, angiogenesis, invasion,
and distant metastases'112, TF antigen and GAL3 antigen are secreted preferentially in
nipple aspirate fluid from breast cancer patients'3-19, It is reported that the concentration of
the TF antigen in noncancer NAF is almost undetectable. In the breast cancer NAF samples,
the median concentration of TF antigen was 480 ng/ul (range, 0-2240 ng/ul)14. Detection of
basal levels of biomarkers from patient NAF samples in the presence of many contaminants
requires a high-sensitivity platform.

Detection of secreted proteins is a powerful method for analyzing changes in global
expression patterns as a function of physiological and disease processe®13:14.20.21 Common
methods for proteomic profiling include: 2D gel electrophoresis2?; Mass spectrometry (MS)
based MALDI (Matrix-Assisted Laser Desorption lonization) 22-24; and, 1D and 2D Liquid
Chromatography (LC) coupled with UV or MALDI detection?2:25.26_ Each technique has
distinct advantages and disadvantages, relating to low threshold and specificity of detection,
dynamic range, multiplexing capability, precision, throughput, and ease of use2’+28,

Nanopore-based single-molecule detection has been used for the sensing of a myriad of
biomedical macromolecules?%-32, The ingenious design of the bacterial virus phi29 DNA-
packaging motor with its elegant channel has inspired its application in nanotechnology.
The central hub of the phi29 motor is a connector composed of 12 identical GP10 proteins,
which encircle to form a dodecameric channel for dsDNA translocation. The funnel-shaped
connector's pore is 3.6 nm in diameter at the narrow end and 6 nm at its wider end33:34,
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The phi29 motor channel has been successfully inserted into the planar lipid bilayer to

serve as a nanopore for real-time detection of analytes at the single-molecule level8:32:35-38,
The connector shrinks and exhibits discrete step-wise conformational changes in response

to ligand binding to its C-terminal end3%40, The three steps of gate size transition has
inspired the application of the functionalized phi29 connector with various probes for single-
molecule detection of antigens3®,

In this study, we developed the phi29 connector for detecting breast cancer biomarkers

from clinical NAF samples with high sensitivity (single molecule detection) and specificity
(detection in the presence of contaminants). We found GAL3 or TF binding peptide
modified connectors can specifically bind to the appropriate biomarkers but will not with a
control protein (negative sample). We found the NAF samples from breast cancer patients
but not healthy ones could specifically bind to the modified nanopores and produce an
observable signal to correlate. Utilizing dwell time, blockage ratio, and signature shape have
enabled us to detect the specific binding events at the single-molecule level. Our platform
has shown great promise for the detection and validation of biomarkers from complex
clinical samples.

Materials and method

Materials

The phospholipid 1,2-diphytanoyl-sn-glycerol-3-phosphocholine (DPhPC) was purchased
from Avanti Polar Lipids, Inc. Organic solvents (n-decane, hexane and chloroform) were
obtained from Fisher Scientific, Inc. and TEDIA, Inc., respectively. The human Galectin-3
protein were purchased from Abcam. Free TF and TF-HSA (TF antigen was conjugated

to human serum albumin) were purchased from Dextra Laboratories. The control protein
(Carbonic Anhydrase from bovine erythrocytes, 29 kDa) was purchased from Thermo Fisher
Scientific. All other reagents, if not specified, were purchased from Fisher Scientific.

Cloning, expression and purification of mutant Phi29 channels with TF and GAL3 probe

The expression and purification of phi29 N-His-GP10-GAL3 and N-His-GP10-TF

probes was reported previously3241, For cloning of the engineered Phi29 connector
channel, the recombinant plasmids were constructed by introducing a GAL3 probe
(ANTPCGPYTHDCPVKR) or TF probe (IVWHRWYAW-SPASRI) to the C-terminus of
the connector; a His-tag was inserted into the N-terminal for purification and followed by
a GGENLYFQG sequence. To increase the flexibility, a GG linker was added between the
ORF and probe.

The connector mutants constructed were expressed and then purified with nickel affinity
chromatography. Cells were resuspended with His Binding Buffer (Tris-HCI 0.1 M, NaCl
0.5 M, ATP 50 uM, Glycerol 14.4%, Imidazole 5 mM), and the cleared lysate was loaded
onto a HisBind Resin Column (Novagen) and washed with His Washing Buffer (Tris-HCI
0.1 M, NaCl 0.5 M, ATP 50 uM, Glycerol 14.4 %, Imidazole 50 mM). The C-terminal
Histagged connector was eluted by His Elution Buffer (Tris-HCI 0.1 M, NaCl 0.5 M, ATP
50 uM, Glycerol 14.4 %, Imidazole 1 M).
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Enzyme linked immunosorbant assay

To test the TF binding to TF motor, the TF enzyme linked immunosorbant assay was
performed. Asialoglycophorin, glycophorin, asialofetuin or no protein coated on a plate o/n
at 4C°, Plates were blocked 2 h in 6%BSA/TBS washed and incubated for 2 h in motor

or biotinylated PNA (BPNA) in 1% BSA/ATP/TBST, washed and incubated in appropriate
secondary antibody for 1 h at RT, washed and developed. Plates were read at 405 nm.

GAL3 enzyme linked immunosorbant assay was used to evaluate the binding efficiency of
GAL3 protein to GAL3 motor. GAL3 (0.25 pg/well) was coated on a plate overnight at 4
°C in carbonate buffer and blocked 2 h at RT in 6 % BSA/TBS. Various concentrations of
biotinylated peptide, motor or anti-GALS3 antibody were added to well and incubated for
2 hin 1% BSA/ATP/TBST. The wells were washed and appropriate secondary antibody
was incubated 1 h at RT (SA-HRP, anti-HisAb-HRP or antiRat-HRP), wells washed

and developed. Plates were read at 405 nm. Background binding to no protein wells

was subtracted out. The secondary antibodies used in this study are 6xHis mAb-HRP
Conjugate, Clonetech (Cat:631210, Takara Bio). goat anti-rat IgG-HRP (sc-2006, Santa
Cruz Biotechnology, Inc).

Incorporation of connector into liposomes

The incorporation process contains dehydration and hydration steps#2. Connector-
reconstituted liposomes were prepared using a dehydration rehydration method. Briefly,
100 pl 10 mg/ml DPhPC in chloroform was dried for 4 min, under a vacuum by the
evaporator (Buchi). The connector (final concentration 500 pg/ml) and liposome buffer
(Liposome buffer: 3 M KClI, 250 mM sucrose, 5 mM HEPES, pH 7.4) were added and
vortexed thoroughly to form giant unilamellar vesicles (GUVSs). To prepare homogenous
proteoliposomes, the GUVs were then filtered through a 0.4 um polycarbonate membrane
for around 25-30 times using the extruder (AvantiPolar Lipids).

Electrophysiological assays

The lipid bilayer membrane was formed on the Teflon partition membrane by pre-painting
both sides of the Teflon partition (pore size: 200 um) with lipid solution A. After that, both
compartments in the black lipid membranes (BLM) chamber were filled with a conducting
buffer (0.15 M KCI, 5 mM Tris, pH 7.4, if not specified) and then pipetted 0.5 ul of

lipid solution B into the aperture to form the lipid bilayer. A pair of Ag/AgCl electrodes
were placed in both chambers. All the proteins (1 mg/ml) were added to both chambers.
The current trace was recorded by Bilayer Clamp Amplifier BC535 (Warner Instruments)
system with an Axon DigiData 1440 A analog-digital converter (Molecular Devices). To
test the clinical samples, NAF concentration was measured (TF 480 ng/ul)}* and diluted ten
times with PBS. After that, the same volume of health and breast cancer NAF samples was
used and added to both chambers to test the binding on the corresponding channels. Data
were recorded at 1 K Hz bandwidth with a sampling frequency 20 KHz. The Clampex 10
(Molecular Devices), Clampfit 10 (Molecular Devices), MOSAIC and PRISM were used to
collect and analyze data.
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Collection of nipple aspirate fluid

This collection of NAF samples was conducted under the auspices of The Ohio

State University Comprehensive Cancer Center (OSUCCC) and approvaled by Cancer
Institutional Review Board (IRB) (Approval No. OSU-16288). NAF from both breasts of
the 3 subjects, two breast cancer positive and one negative, was collected using a published
technique®2043, Briefly, before aspiration was attempted, the nipple was cleansed with an
alcohol wipe. A small amount of lotion was be placed on the breast and the breast was
gently massaged from the chest wall towards the nipple for 1 min. A nipple aspiration
device was used to collect the sample. The fluid droplets were collected into capillary tubes.
The extracted samples were processed and stored at =80 °C and batched for analysis. The
detailed patient parameters are described in Table 1.

Statistical analysis of data

Results

Data was collected via counting of peaks occurring within a set period and the percentage of
blockage. Blockages of ~32 % of the original voltage were considered events and those with
a dwell time exceeding 50mS were considered to be specific binding. Permanent binding
events were counted as well. Data were collected in triplicate from separate experiments
then averaged to obtain values for non-specific, specific, and permanent binding events.

Incorporation of the breast cancer biomarker binding peptide to the C-terminal end of the

connector

Two reengineered phi29 connector channels were constructed with GAL3 or TF antigen
binding peptides at their C-terminus. The GAL3 and TF antigen binding peptide engineered
phi29 connectors were incorporated into planar lipid membranes to form a membrane-
embedded nanopore, as previously described (Fig. 1A)3°. The GP10 ORF with 6His

tag at its N-terminus and a GAL3 binding peptide (ANTPCGPYTHDCPVKR) or TF
binding peptide (IVWHRWYAWSPASRI) at the C-terminal end was inserted into pET-21a
prokaryotic expression vector. Therefore either the GAL3 or TF binding peptides can be
located at the C-terminal. To provide end flexibility, a linker with 2 glycines was included
between the GP10 ORF and the binding peptide probe (Fig. 1B, C). The reengineered
connectors before and after purification were identified by a 10 % SDS-PAGE gel (Fig. 1D).
The molecular weights of N-His-GP10-GAL3 and N-His-GP10-TF recombinant connector
subunits were similar at about 38 kDa.

Evaluation of biomarkers binding to the channel by Enzyme Linked Immunosorbant Assay

(ELISA)

The binding efficiency of breast cancer biomarkers TF and GAL3 was firstly evaluated by
ELISA, as previously descrised*4-46. Asialoglycophorin (TF), asialofetuin (ASF, another TF
molecule) and glycophorin or no protein coated on a plate. After that EpCAM (negative
control channel) or TF channel were added and biotinylated peanut agglutinin (PNA) as

the positive control. The ELISA results suggested that TF can only bind to TF channel

with an increased absorbance at OD405 nm but not the EpCAM channel (Fig. 2A). To test
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the binding of GAL3 protein to its channel, GAL3 protein (0.25 pg/well) was coated on a
plate. Various concentrations of biotinylated GAL3 binding peptide, channel, or anti-GAL3
antibody were added to well. Background binding to no protein wells was subtracted out.
The ELISA results suggested that GAL3 protein can bind to GAL3 channel with high
efficiency, but not to control EpCAM channel (Fig. 2B). The GAL3 protein could also bind
to GALS3 peptide and antibody (Fig. 2B).

Real-time sensing of GAL3 protein and TF-HSA complex interaction with engineered phi29
connector channels

Under a 0.15 M KCI, 5 mM HEPES, pH 7.4 buffer solution, the binding events (Fig. 3A)
with a long dwell time and a signature shape of a rectangle were observed, representing
specific and tight binding between the probe on the connector and the GALS3 protein.
Notably, these rectangular-like signals share a common characteristic in that the specific
binding events occur with roughly a 32 % current blockage and long dwell time permitting
them to be a reliable signature for clinical sample detection. The GAL3 (antigen) binding
to its specific probe (like-antibody) will result in conformation changes of the connector.
Conformational changes are described as a decreasing 30 % three-step even resulting in

a near closing of the pore, which can be induced by high voltage or by affinity binding

on the C-terminal 4’ Here, the current blockage percentage was calculated, and a ~31 %
blockage was observed (Fig. 3B). The GAL3 binding events could also be distinguished
from nonspecific noise by the result of forming a scatter plot of dwell time versus current
blockage (Fig. 3C). Similar results were obtained when the N-His-GP10-TF channel was
exposed to the TF-HSA complex (Fig. 3D-F). Interestingly, two-steps current blockage
events were also observed in N-His-GP10-TF channel, meaning that two TF-HSA complex
simultaneously bound to the connector (Fig. 3D, green color).

Real-time sensing of free TF antigen interaction with engineered phi29 connector channels

Since TF-HSA complex could specifically bind to TF channel, we then tested the binding of
free TF to the TF channel. The insertion of the TF engineered connector channels generated
a stepwise increase of the current, as shown in the continuous current trace (Fig. 4A). The
open channel is about 55pA after one channel insertion in 0.2 M KCI, 5 mM HEPES, pH
7.4 buffer. Robust binding signals appeared immediately after the second channel insertion.
The binding of the free TF (50 pug/ml) to each probe induced stepwise blocks (every block
represented a single molecule binding) in current (Fig. 4A and B). The specific binding
capability of free TF antigen to channel is also proved by the histograms of the current
blockage result (Fig. 4C) and scatter plot result (Fig. 4D). TF is a carbohydrate antigen, we
tested sucrose and BSA as control, no binding signal was observed (data not shown).

Selectivity of the GAL3 probe for GAL3 protein in the presence of protein impurities

To confirm the current blockage was not caused by the translocation of tumor biomarker
protein through the channel, a standard control protein (Carbonic Anhydrase, CA) with the
same molecular weight (29 kDa) was adopted to measure the current blockage (Fig. 5).

As shown in Fig. 5A, there are no binding events occurring with enough frequency to be
considered above background noise levels. The current blockage and scatter plot results also
confirmed this result (Fig. 5B and C). However, under the same buffer conditions containing
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the CA protein, we then added the GAL3 protein into both chambers. The specific binding
events with a long dwell time and rectangular signature shape appeared (Fig. 5D). We noted
another event grouping, centered current blockage at about 33 % (Fig. 5E). This new event
group's position was consistent with the previous blockage distribution of GAL3 protein
using the same buffer without nonspecific protein, indicating that this new group was caused
by GALS3 protein interaction with the probe. The scattering of dwell time versus current
blockage results also confirmed this result (Fig. 5F).

Breast cancer biomarker detection from patient NAF samples using engineered phi29

connector

One of the challenges of real-time detecting for specific tumor markers in NAF samples is
the extremely low abundance (e.g. TF 0-2240 ng/ul)* of the target protein and complex
interfering proteins. Here, our results showed a label-free, amplification-free, real-time, and
rapid detection method by using an engineered phi29 GP10 connector. In testing these
samples, the fluids are further diluted (1:600) in the nanopore system thereby making the
amount of biomarkers even sparser; however, our system has reliably detected these samples
repeatedly. The specific binding signal can be distinguished with 100 % accuracy from

the background and non-specific binding signals by longer dwell time, current blockage
percentage (about 32 %), and signature shape (rectangular minaret-like) (Fig. 6B and E).
When the breast cancer NAF samples were added to both chambers, another permanent
binding signal with a longer dwell time (~0.07 s) was also observed, representing much
more tight binding between the probe on the connector and the biomarker antigen in NAF
samples. Excitingly, the biomarkers of the breast cancer NAF sample show significantly
higher binding numbers than those from the healthy one (p < 0.05), which means the
biomarker in the breast cancer NAF sample was in higher abundance than the normal
samples (Fig. 6C and F). To prove the signal is the interaction of the biomarker in the
NAF with the corresponding channel, the breast cancer NAF sample was also tested on the
N-his-GP10-EpCAM probe, which was designed for testing EpCAM antibody. When the
NAF samples from breast cancer patients were added to the N-his-GP10-EpCAM channel,
long-term observation results show no specific signal appearing (Data not shown). The
current trace results without NAF samples were used as the control (Fig. 6A and D).

Discussion

Breast cancer is the most common cancer among females in the world. Early-stage cancer
detection could reduce breast cancer death rates significantly in the long-term*8. To reduce
morbidity and mortality, more sensitive methods for early diagnosis of breast cancer are
warranted. The cancer secretome (secreted antigens and metabolites) represents a very
promising approach to detect cancer-related biomarkers directly in body fluids mirroring
the tissue-specific tumor microenvironment. NAF for breast cancer that is secreted by
non-pregnant women®. The NAF secreted by epithelial and stromal cells lining the breast
duct can be collected from patients in a painless, non-invasive out-patient clinical setting
using breast pumps. However, inflammatory breast cancer is often confused with mastitis
that is caused by microbial infection of the breast. The clinical symptoms of inflammatory
breast cancer are very similar to that of mastitis. Currently, differential diagnosis between
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inflammatory breast cancer and mastitis via nipple aspirate fluid is also challenging. The
NAF secretome, with its rich repertoire of candidate biomarkers some of which are unique
to cancer cells, represents an excellent opportunity for early diagnosis of breast cancer,
limiting the decreased tumor-specificity of surrogate breast cancer biomarkers circulating

in the blood#%:50, ELISA is one of the most specific and straightforward assays for

detecting biomolecules in research and clinics. With the development of the high-throughput
device, different types of ELISA are now available to detect various biomarkers at the
high-throughput level. However, the ELISA technique has distinct disadvantages, that is

the limited detection threshold, expensive and time-consuming, and sensitivity. Importantly,
ELISA assay always requires a larger sample volume. This is inappropriate for precious

and difficult-to-obtain samples. Nanopore single molecule detection technology overcomes
this shortcoming. As a new sensing technology, it has the advantages of no labeling,

single molecule detection, high sensitivity, fast detection speed, real-time monitoring, and
simple operation. It is widely used in gene sequencing, the detection of peptides and
proteins, markers and microorganisms, and other biomolecules and metal ions. To overcome
the throughput issue, Oxford Nanopore has developed an ultra-high throughput desktop
nanopores device for molecular analyses.

Glycoantigens are potential biomarkers for breast cancer assessment!4. Epithelial cancer
cells exhibit increased cell surface expression of mucin-type antigens with aberrant O-
glycosylation. Among such antigens, TF is displayed on cell surface proteins and lipids in
~90 % of breast adenocarcinomas*4°1, At the same time, TF can mobilize GAL3 secretion
from epithelial cells®. Galectin-3, a member of the B-galactoside-binding lectin family, is
involved in several biological events and could be served as a useful diagnostic biomarker.
GALS3, as an oncological biomarker, plays an important role in breast cancer tumors because
of its ability to promote interactions between cell-cell and cell-extracellular matrix (ECM)
elements, increasing tumor survival and metastatic dissemination®3,

Phage Peptide Display (PPD) is a powerful research tool for high-throughput screening
of protein interactions. It can be used to select bioactive peptides bound to receptors

or proteins®®. PPD is a selection technique in which a peptide or protein is fused with
a bacteriophage coat protein and displayed on the surface of a virion. Utilizing novel
combinatorial phage display approaches, Deutscher et al., have generated a series of

peptides targeting breast cancer-associated antigens, including PPDs that bind Gal-3 and
TFE1745,55

Here the breast cancer biomarker detection platform is based on stepwise conformational
changes of the channel induced by binding of ligands to probes immobilized on the
connector. We discovered that the DNA packaging motors' of bacteriophages SPP1, T3, T4,
and phi29 all exercise three discrete steps of gating (shrinking) during DNA translocation,
with each step reducing 32 % of channel dimensions*. These three-step conformational
changes of phi29 GP10 connector could be induced by a higher voltage (>100 mV) or by
affinity binding to the C-terminal wider end located within the capsid4’.
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Conclusion

We developed a simple, sensitive, and robust single pore diagnostic platform based on a
biological motor's elegant and elaborate protein channel for the detection of breast cancer
biomarkers from breast cancer patient NAF with high sensitivity and specificity. This
platform enables breast cancer diagnosis at early stages, thus leading to a more treatable
diagnosis. This platform can easily be translated into a high-throughput multiplexed
biomarker quantification tool for diagnosing many diseases.
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Fig. 1.
Illustration and characterization of the channel of engineered phi29 bacterial virus DNA

packaging motor. (A) Schematic diagram of real-time detection breast cancer biomarkers
from clinic NAF samples. (B) Cross-section structure of the GP 10 connector showing the
location of the probe (blue); (C) Construction of the modified gp10 gene by insertion of

His tag at the N-terminus, 2-Gly linker and GAL3 or TF probe at the C-terminus; (D)
Molecular weight of purified N-His-GP10-GAL3 protein (lane 1,38 kDa), unpurified N-His-
GP10-GALS3 protein (lane 2), purified N-His-GP10-TF protein (lane 3,38 kDa), unpurified
N-His-GP10-TF protein (lane 4), and control GP10 protein(lane 5) on 10 % SDS-PAGE.
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Evaluation of biomarkers binding to the motor by ELISA. (A) Asialoglycophorin,
glycophorin, asialofetuin or no protein were coated on a plate o/n at 4 °C. After washing, TF
channel or biotinylated PNA (BPNA) were added and incubated in an appropriate secondary
antibody. Plates were read at 405 nm. (B) GALS3 protein was coated on a plate and various

concentrations of biotinylated peptide, channel, or anti-GAL3 antibody were added to well

to test the binding efficiency. SA-HRP, anti-HisAb-HRP or antiRat-HRP were used as
secondary antibodies. Plates were read at 405 nm.
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HSA (D) antigen. (B, E) Histograms of current blockage after the addition of antigen to
corresponding channels; (C, F) Scatter of dwell time versus current blockage result after the
addition of GAL3 protein (C) or TF-HSA (F) complex to corresponding channels.
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Fig. 4.

Dwell Time (ms)

Free TF antigen bind to engineered phi29 connector channels: (A) Continuous current trace
showing two insertions of TF reengineered connector channels into planar lipid bilayer and
the appearance of the signal after the second chamber insertion. (B) Representative current
trace result from (A). (C) Histograms of current blockage after the addition of free TF
antigen to channel. (D) Scatter of dwell time versus current blockage result after the addition

of free TF antigen.
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Fig. 5.

GAL3 protein detection in the presence of nonspecific control CA protein with same MW:
(A) After addition of CA protein; (B) Histograms of current blockage after the addition of
CA protein; (C) Scatter of dwell time versus current blockage after addition of CA protein;
(D) Specific GAL3 protein binding events in the presence of CA protein; (E) Histograms

of current blockage after the addition of GAL3 protein in the

presence of CA protein; (F)

Scatter of dwell time versus current blockage after addition of GAL3 protein in the presence

of CA protein.
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Fig. 6.

Breast cancer biomarker detection from the health and breast cancer patient NAF samples
using engineered phi29 connector. (A, B) Current trace results showing representative
specific binding events before (A) and after (B) the addition of NAF samples from breast
cancer patients to the TF channel. (D, E) Current trace results showing representative
specific binding events before (D) and after (E) the addition of NAF samples from breast
cancer patients to the GAL3 channel. (C, D) Statistical results of specific binding events
from health NAF samples or breast cancer NAF samples in 10 min on N-his-GP10-TF
channel (C) and N-his-GP10-GAL3 channel (D). *p < 0.05.
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