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ABSTRACT: Developing novel strategies for sensitive and 
specific detection of protein biomarkers is a field of active 
research. Here, we report an ultrasensitive biosensor to detect 
protein tyrosine kinase 7 (PTK7), an important protein 
biomarker on the cell surface, by aptamer conformation 
cooperated enzyme assisted surface enhanced Raman scatter 
ing (SERS) (ACCESS) technology. Our approach features a 
synergistic combination of the conformational alteration of 
the anglerfish aptamer triggered by the recognition of the 
membrane protein (PTK7) and Exo III enzyme assisted 
nucleic acid amplification. It transduces the specific binding 
events between the aptamer and PTK7 protein into 
dramatically improved SERS signals. Sensitive and specific
detection of PTK7 protein has been demonstrated both in the solution and directly on the surface of live CCRF CEM cells,
with a limit of detection better than the commercial enzyme linked immunosorbent assay method by nearly 5 orders of
magnitude. As a flexible, ultrasensitive, and specific approach, ACCESS promises important applications in clinical diagnostics,
where only a very limited amount of the biological sample is available.
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Mutations or aberrant expression of membrane proteins
have been associated with numerous human dis

eases.1−5 Protein tyrosine kinase 7 (PTK7), also known as
colon carcinoma kinase 4 (CCK 4), is a membrane receptor
encoded by the PTK 7 gene.6−8 PTK7 plays an important role
in modulating multiple Wnt pathways.9−11 Accumulated
evidence suggests that PTK7 is overexpressed in various
tumors such as T cell acute lymphoblastic leukemia (T ALL),
acute myeloid leukemia (AML), colon cancer, gastric cancer,
and lung cancer.12−16 Researchers have been utilizing several
representative assays for the detection of PTK 7 protein, such
as western blotting, flow cytometry, and enzyme linked
immunosorbent assay (ELISA).17−20 Although western blot
ting is a classical tool in cell signaling studies, it demands a step
of cell lysis, thus losing the information of cell integrity/
viability. It can only provide semiquantitative results in protein
detection. Flow cytometry is a high throughput technique, but
it requires a large number (105 to 106) of cell samples for

statistically meaningful segmentation of the cell subpopula
tions.17,21 ELISA is a widely used immunoassay which typically
involves horseradish peroxidase (HRP) enzyme activity for
signal amplification. This technique suffers from several
limitations such as uncertainty of multiple epitopes or the
risks of false positive results by the cross reactivity in antigen−
antibody recognition.22,23 Aptamers are single stranded
oligonucleotide sequences screened for high binding affinity
and selectivity for specific analytes, being analogous to
“chemically synthesized antibodies”.24−28 The aptamer se
quence (sgc8) specific to PTK 7 protein has been proposed
to be hybridized to a G quadruplex forming sequence, allowing
for fast and sensitive signal on detection of this protein



biomarker using a luminescent iridium(III) complex.29 A
metal−organic framework enhanced aptasensor has further
been developed for electrochemical detection of PTK7 with
the range of pg mL−1as the limit of detection (LOD).30

However, those methods still demand the lysis steps to collect
cell debris for protein detection. There remains a great need to
develop novel strategies for sensitive and specific detection of
PTK7 biomarkers directly on the surface of live cells, especially
for the applications requesting cell recovery to perform
subsequent tests on cell proliferation, migration, or drug
screening.
In our previous work, we developed a useful tool for

ultrasensitive signal on detection of genetic biomarkers (LOD
≈ 1 aM) by integrating exonuclease III assisted DNA
amplification and surface enhanced Raman scattering
(SERS).31 But there was still a question left unattended
whether other types of biomolecular targets besides nucleic
acids can be detected by this new technology. Here, we report
an important concept to address this question, and
demonstrate that protein biomarkers on live cell membranes
can be sensitively detected by aptamer conformation
cooperated enzyme assisted SERS (ACCESS) technology.
The biosensor features a combination of aptamer conforma
tion alteration triggered by the recognition of the membrane
protein (PTK7) and Exo III enzyme assisted nucleic acid
amplification. This design can transduce the specific binding
events between the aptamer and PTK7 protein into
dramatically improved SERS signals. We have demonstrated
ultrasensitive detection of PTK7 protein in the solution or on
the target cell membrane directly. A mixture sample of 1000
cancer cells spiked into millions of blood cells can reliably be
detected by the ACCESS assay without any requirement of
enrichment. This work represents the first demonstration of
detection of membrane protein biomarkers on living cells using
enzyme assisted SERS technology with high performance. This
new platform promises a useful and robust tool for important
applications of in vitro diagnosis of the cancer cells and
translational research of membrane protein biomarkers.10,32−34

■ EXPERIMENTAL SECTION
Chemicals. All chemicals in our experiments were of analytical

grade and used without further purification. Aqueous solutions were
prepared using deionized water (≥18 MΩ, Milli Q, Millipore). The
SERS substrates were provided by Nanova Inc. (Columbia, MO,
USA). Oligonucleotides were synthesized and HPLC purified by
Sangon Biotech. The oligonucleotide sequences are listed in Table 1.
Electrophoresis Experiment. Agarose gel electrophoresis was

performed by referring to the standard protocol in order to verify the
Exo III assisted cleavage of the probe DNA. Agarose (2%, w/w) in the
buffer of 1× TBE was used to test different DNA samples, including
the probe DNA (P), the probe DNA and Exo III (P + Exo III), the
bait DNA (T), the residual DNA (R), the probe and bait DNAs (P +
T), and the mixture of the probe DNA, the bait DNA, and Exo III (P
+ T + Exo III), under the voltage of 110 V for 25 min.
Cell Culture and Treatment. CCRF CEM (human leukemia)

and THP 1 (human acute monocytic leukemia) cells were cultured in
RPMI 1640 cell medium, supplemented with 10% fetal bovine serum
(FBS) and 1% penicillin/streptomycin at 37 °C and 5% CO2
atmosphere. The cells were collected and centrifuged at 1000 rpm
for 3 min in culture medium, washed twice with phosphate buffered
saline (PBS) buffer, and then used for the subsequent tests of
membrane protein detection. The cell density was determined by a
hemacytometer.
Blood Sample Collection. Blood samples were collected from a

healthy donor, according to the Guidelines for Safe Work Practices

approved by the Committee on Ethics of Human Specimens and
Animal Experiments at Soochow University. Tubes containing the
anticoagulant (EDTA) were used for the blood samples. The blood
cells, including both red and white blood cells, were obtained after
removal of the upper plasma layer by centrifugation at 1500g for 15
min at room temperature. They were resuspended in RPMI 1640
medium (no FBS) for cell counting, followed by mixing with the
spiked cancer cells.

ACCESS Reactions. Sensitive detection of cell membrane protein
biomarkers such as PTK7 was achieved by ACCESS reactions in
several sequential steps. The anglerfish aptamer was denatured at 95
°C for 2 min, followed by an annealing process to room temperature.
Then, the aptamer solution (100 nM) and cell suspension were mixed
together and incubated at 4 °C for 1 h, so that the recognition
between the aptamer and PTK7 protein on the target cell membrane
would induce the conformational change of the aptamer. The cells
were centrifuged (1000g for 5 min) and washed with PBS solution
twice. Next, the probe DNA (1 μM) and Exo III (50 U) were added
and incubated with the cells at 37 °C for 1 h. The newly exposed
DNA segment in the anglerfish aptamer by the conformational change
hybridized the probe DNA, which initiated its cleavage by Exo III
enzyme and produced the residual DNA. The Exo III assisted DNA
cleavage can be performed in a cycled manner for signal amplification.
Afterwards, the mixture was heated up to 75 °C for 10 min in order to
inactivate the enzyme. It was incubated with the Au NPs@Si substrate
containing the capture DNA on the surface at 37 °C for 2 h, followed
by the readout of SERS signals. Three identical ACCESS reactions
were tested on separate Au NPs@Si substrates in parallel (n = 3).

Negative Controls in ACCESS Reactions. A series of control
experiments were performed to verify ACCESS reactions for cell
membrane protein PTK7 detection, including (I) only CCRF CEM
cell (4 × 105); (II) aptamer solution (100 nM); (III) aptamer (100
nM) and probe DNA (1 μM); (IV) aptamer (100 nM), probe DNA
(1 μM), and CCRF CEM cell (4 × 105); (V) aptamer (100 nM),
probe DNA (1 μM), and Exo III (50 U) and ; (VI) the product
solution of CCRF CEM cell (4 × 105), aptamer (100 nM), probe
DNA (1 μM), and Exo III (50 U). The control samples were in
parallel incubated with identical Au NPs@Si substrates containing the
capture DNA at 37 °C for 2 h before the SERS measurements.

Limit of Detection. The target cell suspension solutions were
prepared in gradient concentrations. They were incubated with the
aptamer (100 nM) at 4 °C for 1 h. Then, the cells were incubated
with the probe DNA (1 μM) and Exo III (50 U) at 37 °C for 1 h
before SERS measurements. CCRF CEM cell numbers were in the
range from 106 cells down to 103 cells in the final reactions (400 μL).

Assay Specificity. The specificity of the ACCESS assay was
investigated in two ways. First, the purified PTK7 protein samples
(0.1 pg mL−1) and two negative control proteins including bovine
serum albumin (BSA, 0.1 pg mL−1) and human serum albumin (HSA,

Table 1. List of the Oligonucleotide Sequences in the
Experiments



0.1 pg mL−1) were tested in parallel under identical condition.
Second, SERS signals were compared between CCRF CEM cells and
blood cells under identical condition. A series of cell samples were
prepared by mixing 103 CCRF CEM cells and blood cell in a series
ratio of 1:1, 1:10, 1:100, and 1:1000, and then tested by the same
detection procedure.
Collection of Clinical Samples and Tests. Bone marrow

biopsies from leukemia patients (n = 9) and healthy donors (n = 3)
were collected and numbered, with individual informed consent forms
in the Department of Hematology, the First Affiliated Hospital of
Soochow University. The Ethics Committee of the First Affiliated
Hospital of Soochow University approved the study as well as
contents of the informed consent. After gradient centrifuge with
lympholyte H cell separation media (Cedarlane Laboratories,
Burlington, NC, USA), the nucleated cells were collected for
subsequent tests. In flow cytometry experiments, the cells (2 × 105

cells/mL) were incubated with the Cy5 labeled sgc8 aptamer (1 μM)
at 4 °C for 2 h. The cell samples were centrifuged (1000g for 3 min)
and washed with PBS solution twice at room temperature. They were
resuspended with PBS to perform flow cytometry analysis (Calibur,
Becton Dickinson). Identical aliquots of the clinical samples were
treated with the procedure as previously described for the ACCESS
assays.

■ RESULTS AND DISCUSSION

Working Principle of the ACCESS Technology. The
ACCESS technology is designed as a SERS based sensing
platform for highly sensitive detection of a wide range of
analytes including cell membrane surface protein biomarkers.
It integrates the specific membrane protein triggered con
formation change of the aptamer and the Exonuclease III
assisted signal amplification in SERS technology (Scheme 1).
PTK7 was chosen for our demonstration because it is an
important protein biomarker, which has been reported to be
aberrantly expressed in multiple cancers.16,33 In this design, a

DNA hairpin structure (Scheme 1a) is composed of a regular
sgc8 aptamer strand (green)28,35 for specific recognition of
PTK7, a poly T DNA linker (blue), and a “bait” DNA segment
(red, abbreviated as “T”). This hybrid DNA hairpin
nanostructure can take the conformational change to recognize
the target protein biomarker and behave itself in a way similar
to an “anglerfish”, thus being abbreviated as the “anglerfish
aptamer” in the legend of Scheme 1. In the absence of PTK 7
protein, it keeps a stable stem loop structure (conformation
A), with the “bait” DNA segment covered by the stem
structure. When the anglerfish aptamer approaches the PTK7
protein on the cell membrane, the high binding affinity
between the aptamer and PTK7 will induce a conformation
change of the aptamer, leading to exposure of the “bait” DNA
segment in the single stranded mode (conformation B) for
subsequent amplification (Scheme 1b,c).
The probe DNA is designed as a stem loop oligonucleotide

tagged with cyanine dye Cy5 at the 5′ end, containing the
complementary sequence against the “bait” DNA segment of
the anglerfish aptamer (Scheme 1d). It keeps a stem loop
structure featuring a protrusion of the 3′ end when the “bait”
DNA is in its covered conformation, thus free from digestion
by the Exo III enzyme.36,37 In contrast, the “bait” DNA in its
exposed conformation can hybridize with probe DNA by
opening its original stem loop structure and rebuilding the
double strands with a blunt 3′ terminus. To draw an analogy,
these interesting events technically build a scenario of the prey
(the probe DNA) biting the hook (the “bait” DNA) set up by
the anglerfish aptamer. Our ACCESS assay recruits the Exo III
enzyme to cleave the probe DNA by starting with the blunt 3′
terminus. The cleavage is performed continuously to remove
mononucleotides in a stepwise manner until the generation of
a single stranded residual DNA out of the probe. In the
meantime, the “bait” DNA is released intact in its exposed
conformation, being available to initiate another cycle of probe
DNA cleavage, which allows the anglerfish aptamer to catch a
new prey. Consequently, a single copy of the exposed “bait”
DNA segment in the anglerfish aptamer can take part in many
cycles of the cleavage reaction with the assistance of Exo III,
generating multiple copies of the residual DNA (Scheme 1d).
This amplification process intensively promotes the SERS
signals when the Cy5 tagged residual DNAs hybridize the
capture DNAs on the Au NPs@Si substrate (Scheme 1e). The
strategy of ACCESS highlights an integration of two important
characteristics: (1) aptamer conformation cooperated change
for exposure of the “bait” DNA; (2) Exo III assisted cleavage of
the probe DNA for SERS signal amplification by multiple
cycled hybridization and release of the “bait” DNA.
Consequently, it brings the advantages such as high

sensitivity, selective detection of the target biomarker, and
signal on readout. The ACCESS technology is flexible to be
adapted for the detection of many other protein biomarkers
due to the introduction of the independent “bait” DNA
segment fused with an interchangeable aptamer sequence on
demand. It allows for the detection of the target protein
biomarkers on the surface of live cells, without the requirement
of cell lysis. The benefits include minimizing the undesired
mixture derived from the cell membrane and cell plasma, or
from the contaminated cell lysates of nontargeted cells, thus
reducing the interference of background noise. It is also
beneficial to the biomedical applications, which request
recovery of the live cells for further investigation on cell
proliferation, migration, or drug screening.

Scheme 1. Illustration of Aptamer Conformation
Cooperated Enzyme Assisted SERS (ACCESS) Technology
for the Detection of PTK7 Biomarker on the Surface of Live
Cells; (a) Anglerfish Aptamer; (b) Recognition between the
Aptamer and PTK7 Protein; (c) Zoomed in View of the
Conformation Change due to the Recognition Event on the
Cell Membrane; (d) Exo III Assisted Cleavage of the Probe
DNA, While Recycling the “Bait” DNA Segment of the
Anglerfish Aptamer; (e) SERS Detection of the Residual
DNA after the Cleavage. Note: The “Bait” DNA (T, Shown
in Red) Segment is Not Cleaved Away from the Anglerfish
Aptamer by Exo III Enzyme. For the Purpose of
Simplification, Only the Exposed T Segment, Instead of the
Whole Aptamer, is Illustrated in the Step of Recycling with
Exo III Cleavage Reaction (d)



The sequence optimization of DNA oligos in the ACCESS
technology was performed by a theoretical analysis for their
minimum free energy (MFE) secondary structures (Figure 1)
and hybridization efficiencies in silica (Figures S1 and S2)
using the online software suite, NUPACK.38

Preparation and Characterization of the Substrates
for SERS. As shown in Figure 2a,b, gold nanoparticles (Au
NPs, 60 nm on the average) were densely coated on the
surface of silicon wafers, exhibiting a wafer scaled uniform
distribution. Single stranded capture DNAs were immobilized
on the substrate surface via the Au−S bonds. The dramatic
change in the contact angle measurements before (θ = 82°)
and after (θ = 25°) incubation (Figure S3) was attributed to
the hydrophilic phosphate groups of the DNA strand,
indicating successful immobilization of the capture DNA on
the substrate surface.
The Au NPs@Si substrate produced much stronger SERS

signals than the control of using pure silicon wafer (Figure 2e),
using a standard dye (R6G). The enhanced factor (EF) value39

of Au NPs@Si substrate was calculated to be 1.95 × 106. We
investigated the reproducibility of the Au NPs@Si substrates
by recording both the spot to spot and the chip to chip
variations. As shown in Figure 2f, the SERS spectra from 50
randomly selected spots on a single substrate exhibited quite
uniform profiles, featuring a small relative standard deviation
(RSD) value of 12% (calculated using the peak intensities at
1364 cm−1 of R6G). We validated that the SERS signals were
highly reproducible by measuring the chip to chip variations of
four separate substrates (RSD 9−14% Figure S4).
Validation of Exo III Enzymatic Cleavage and ACCESS

Assay. The reaction of Exo III enzymatic cleavage of the
probe DNA was verified using the standard agarose gel
electrophoresis. As shown in Figure S5, there was no change
for the probe DNA (P) with or without incubation of the Exo
III enzyme (column 1 and 2), indicating that the stem loop
secondary structure of the probe DNA was relatively stable and
resistant to enzyme digestion before its conformational change.
The gel electrophoresis experiment included two oligonucleo

tides with the sequences of the bait DNA segment (T in
column 3) and the residual DNA segment (R in column 4) as
the references. After P hybridized with T, the band of the
product (T∩P, column 5) moved toward the higher number of
base pairs as expected in comparison with the previous band
(P in column 1). However, incubation of T∩P with the Exo III
enzyme generated a band back to the lower number of base
pairs, identical to the residue DNA (column 4). The results
suggested that the characteristic Exo III enzymatic cleavage of
P was successfully triggered by the hybridization with T (T∩P)
to form a blunt 3′ end according to our design.
The feasibility of the ACCESS assay was further validated

using a series of control samples for the SERS measurements.
As shown in Figure 3a, there was a distinct difference of the
SERS signal intensity between the positive experiments and
negative controls. The characteristic SERS signals of Cy5 were
produced on the Au NPs@Si substrate in the positive sample
(Figure 3a, curve VI, containing the aptamer/probe/CCRF
CEM cell and Exo III). In contrast, only background noise was
observed in the negative control groups, including the CCRF
CEM cell suspension (curve I), the aptamer (curve II), the
aptamer/probe DNAs (curve III), the aptamer/probe/CCRF
CEM cell without Exo III enzyme (IV), and the aptamer/
probe plus Exo III enzyme (V). The background noise level in
the control V was slightly elevated compared to the other
control groups (I−IV), which might be caused by a minor side
reaction related to the aptamer and the probe DNA.
Quantitative analysis of the SERS spectra at the 1366 cm−1

peak (Figure 3b) suggested that the signal intensity of the
positive sample (VI) was 4−5 folds higher than in the control
(V), or nearly 15 folds higher than the other controls (I−VI).
The assay reproducibility was evaluated by profiling the SERS
spectra of Cy5 from 50 random spots on the substrate in the
positive experiment (VI). As shown in Figure 3c, the SERS
spectra were overall quite uniform. The detailed signal
intensities at the characteristic peak of 1366 cm−1 from the
spot panel are presented in Figure 3d. They confirmed the high
reproducibility of the ACCESS assay with a relatively low
signal variation (RSD value of 12.1%).

Ultrasensitive Detection of PTK7 on the Surface of
Living Cells.We optimized the ACCESS assay by titrating the
important parameters in the enzyme assisted amplification.
The optimal conditions were determined to include the final
concentration of the probe DNA (1 μM), the concentration of
Exo III enzyme (50 units per assay), and the reaction time (60
min) (Figure S6). The sensitivity of the ACCESS assay was
investigated by testing different concentrations of the target
CCRF CEM cells ranging from 106 to 103 cells per assay. As
shown in Figure 4a, a series of SERS spectra were collected,
exhibiting a trend of the signal intensity dependent on the
target cell number. Quantitative analysis suggested that the
intensities of the characteristic SERS peak of Cy5 at 1366 cm−1

was reduced from 6 × 103 to 2.6 × 103, along with the cell
dilution from 106 to 103 cells per assay (Figure 4b). A good
linearity (correlation coefficient, R2 = 0.983) covered 3 orders
of magnitude of the cell concentration range (Figure S7). The
LOD of the ACCESS assay was determined to be as low as
dozens of the CCRF CEM cells by extrapolating the line of cell
titration experiments to the standard requirement of signal to
noise ratio (S/N = 3) in Figure S7.
We attempted to compare the performance of our ACCESS

assay with a commercial ELISA kit for the detection of PTK7
proteins on the cell surface. ELISA is traditionally an important

Figure 1. MFE structures of different oligos (a−e, oligo A, P, T, R,
and C) and oligo hybridization with annotation of free energy
calculated by NUPACK (f−i, T∩P, A∩P, C∩R, C∩P). Abbreviations:
Anglerfish aptamer (A); the probe DNA (P); the bait DNA (T); the
residual DNA (R); the capture DNA (C). ∩ symbols hybridization of
the oligos.



immunoassay to detect various disease protein biomarkers and
pathogens with the LOD down to subnano gram per mL.20

The detection range of the commercial ELISA kit for PTK7
was determined by the experiments according to the
manufacturer’s protocol, exhibiting a good linearity (R2 =
0.995) between the absorbance change and PTK7 concen
trations from 12.5 to 200 pg mL−1 (Figure S8a). The
expression level of PTK7 proteins on the cell surface was
calibrated by titrating the concentrations of CCRF CEM cells
(Figure S8b). The LOD of the ELISA kit for living cells was
determined to be 107 cell mL−1. Below this cell concentration,
the absorbance change by the ELISA kit was indistinguishable
from the background noise of the blank control. Although the
ELISA kit recruited the well established HRP enzyme
technology for signal amplification, the LOD for the living
cell samples by ELISA was still nearly 5 orders of magnitude
inferior to that by the ACCESS assay. The comparison
highlighted the capacity of the ACCESS assay in ultrasensitive
detection of protein biomarkers due to synergistic integration
of Exo III assisted amplification and SERS technology.
Besides CCRF CEM, another cell line (THP 1), human

monocytes derived from a patient with acute monocytic
leukemia, was included in our tests of ACCESS for
comparison. We built a protocol to acquire the fluorescent
images of these two cell lines after they were incubated with
the Cy5 labeled sgc8 aptamer. As shown in Figure S9a, CCRF

CEM and THP 1 were presented with good cell morphology.
Both of them were successfully stained, exhibiting fluorescence
in the channel of Cy5 on the cell surface. It suggested an
elevated expression of PTK7 biomarkers in both of these two
cell lines. Semiquantitative analysis of the fluorescent images
indicated that the expression level of PTK7 on CCRF CEM
cells might be higher than that on THP 1 cells (Figure S9b).
The difference in PTK7 expression between these cell models
was also observed in the results of the ACCESS assays (Figure
S10a,b), demonstrating a potential application to discriminate
leukemia cells in different forms or progression by this
approach.

Specificity Evaluation of the ACCESS Assay. The
specificity of the ACCESS assay was investigated by testing
PTK7 protein against controls such as BSA and HSA. As
shown in Figure 5a, there were intensive SERS signals of Cy5
characteristic peaks produced by the ACCESS assay for the
target analyte of PTK7 protein, whereas no detectable SERS
signals for the negative controls of BSA or HSA. The results
demonstrated a high specificity of the ACCESS assay in the
identification of PTK7 against other potential contaminants,
thanks to the integration of the selective aptamer and a careful
design of the oligo sequences. In addition, the ACCESS assay
was applied to test different types of cell samples such as
CCRF CEM cells and human blood cells (including both the
red blood cells and white blood cells) in a series of dilutions

Figure 2. The characterization of the Au NPs@Si substrate for the ACCESS assay. (a,b) Scanning electron microscopy images in different
magnifications. Scale bar as specified. (c,d) Atomic force microscopy images in different magnifications, including the profile of the Au
nanostructures along the blue line on the substrate surface. Scale bar as measured. (e) SERS spectra of the standard dye molecules (R6G) on the
Au NPs@Si substrate (red, 1 μM) or the silicon wafer (blue, 10 mM). (f) SERS spectra of R6G collected from 50 random spots on a single Au
NPs@Si substrate, demonstrating reproducible spot to spot performance.



(Figure 5b). The SERS signal intensities on the CCRF CEM
cells were dependent on cell concentrations, which were
significantly higher than the blood cells in all of the
concentration gradient. Importantly, the concentration changes
of the blood cells did not influence the background noise level,
suggesting that the ACCESS assay was free from the
interference by the nontarget cell concentrations. Therefore,
a potential application of the ACCESS assay includes the
detection of circulating tumor cells (CTCs). As a special group
of rare cells shedding from primary tumors and freely
circulating in the blood, CTCs retain the ability to initiate
metastasis and form secondary tumors in distant organs.40−42

Therefore, CTCs have been proposed as the critical
biomarkers from liquid biopsies to monitor metastatic relapse
and therapeutic management.43,44 Detection of CTCs is

challenging not only because of the extremely low abundance
of CTCs (<102 cell mL−1), but also the complicated noise
interference from various types of the blood cells in the clinical
samples.45−49 We attempted to examine the samples in a series
of premixing ratios (1:1, 1:10, 1:100, and 1:1000) between the
CCRF CEM cells and the blood cells, in order to further
evaluate the specificity of the ACCESS assay. As shown in
Figure 5c,d, the increase of the nontarget blood cells in the
spiked samples did not compromise the SERS signals produced
by the CCRF CEM cells, suggesting a great selectivity of the
ACCESS assay in the detection of the membrane protein
biomarkers on live cells.

ACCESS Assays on the Clinical Samples. A pilot study
was performed to evaluate the utility of the ACCESS assay for
potentially clinical practice. Bone marrow biopsies were

Figure 3. Validation of the ACCESS assay by SERS measurements. (a) SERS spectra of a series of control samples on the Au NPs@Si substrates
immobilized with the capture DNA. (b) Intensity quantification of the SERS signals at 1366 cm−1 peak. Sample I: CCRF CEM cell. II: aptamer. III:
aptamer and probe DNA. IV: aptamer, probe DNA, and CCRF CEM cell. V: aptamer, probe DNA, and Exo III. VI: aptamer, probe DNA, Exo III,
and CCRF CEM cell. Error bars: standard deviation from three independent assays (n = 3). (c) SERS spectra of testing CCRF CEM cell collected
from 50 random spots on the Au NPs@Si substrate in a single assay. Cell number: 4 × 105 per assay. (d) SERS intensity profile at 1366 cm−1 peak
from the 50 random spots, corresponding to the data in (c).

Figure 4. Sensitive detection of PTK7 on the surface of live CCRF CEM cells by ACCESS assays. (a) SERS spectra of titrating the target cell
number from 106 to 103 cells per assay. (b) Intensity quantification of the SERS signals at 1366 cm−1 peak in the titration experiments. Error bar:
standard deviation (n = 3).



collected from nine patients who had been diagnosed with
AML, as well as from three healthy donors. These clinical
samples were tested with the ACCESS assay (Figure 6a−c). As
the negative controls, there were no identifiable SERS peaks in
the spectra tested using any samples from the three healthy
donors (Figure 6a). In contrast, all of the tests using the

individual samples from the nine AML patients produced
positive SERS signals by the ACCESS method. Among them,
the spectra of three representative AML patient cases are
displayed in Figure 6b. We performed quantitative analysis of
the characteristic SERS peak intensities of Cy5 at 1366 cm−1

for all samples, which suggested a 5 fold or 6 fold difference in

Figure 5. Specificity evaluation of ACCESS assays for the detection of PTK7. (a) SERS spectra of different protein samples on the substrates,
including PTK7 and the negative controls of BSA and HAS, protein concentration: 0.1 mg mL−1. (b) Intensity quantification of the SERS signals at
1366 cm−1 peak in testing the cell samples (CCRF CEM cells and human blood cells separately) with different cell number per assay as specified.
Error bar: standard deviation (n = 3). (c) SERS spectra of testing the mixtures of CCRF CEM cells and human blood cells in a series of dilution
ratios. (d) Intensity quantification of the SERS signals at 1366 cm−1 peak in testing the mixed cell samples, corresponding to the data in (c). Error
bar: standard deviation (n = 3).

Figure 6. The tests on the clinical samples (bone marrow biopsies) by ACCESS and flow cytometry. (a,b) SERS spectra of the samples by
ACCESS, including three healthy donors (NBM1−3) and three patients (AML1−3). (c) Comparison of the healthy donor group (n = 3) and
AML patient group (n = 9) by ACCESS. (d,e) Event counting of the samples by flow cytometry, including three healthy donors (NBM1−3) and
three patients (AML1−3). (f) Comparison of the healthy donor group (n = 3) and AML patient group (n = 9) by the flow cytometry. The samples
in the tests of flow cytometry were incubated with the Cy5 labeled sgc8 aptamer (1 μM) at 4 °C for 2 h.



the mean values between the AML patient group and healthy
donor group (Figure 6c). Based on the data by the ACCESS
assays, the difference between the individual cases was
relatively small in the healthy donor group. It became much
wider in the AML patient groups probably because of different
extents of disease progression (Figure 6c).
Flow cytometry experiments were in parallel performed on

identical aliquots of the clinical samples after an incubation
step for the cells to be recognized by the Cy5 labeled sgc8
aptamer. As shown in Figure 6d,e, the cellular profiles were
distinctly different between the bone marrow samples from the
healthy donors and AML patients. The cell fluorescent
intensities by Cy5 labeling from the healthy donors were in
the range of zero to dozens of arbitrary units, much lower than
those from AML patients. Quantitative data analysis of the
flow cytometry experiments verified the difference in Cy5
fluorescence between these two groups (Figure 6f). Detailed
comparison between the ACCESS and flow cytometry data
suggested an excellent correlation between individual samples
case by case, supporting reliable performance by the ACCESS
assay (Table S1).
The ACCESS technology may find important applications

such as minimal residue disease (MRD) diagnosis.50 In the
previous clinical studies of childhood or adult ALL, the role of
MRD monitoring has been highlighted as the strongest
prognostic factor for stratification of risk group assignment
and treatment choices.50,51 The development of MRD
techniques must be sensitive, broadly applicable, accurate,
reliable, fast, and affordable in order to meet the requirements
of clinical utilization.50 There is still a gap between ACCESS
sensitivity with the current setting up (≤10−3) and MRD
diagnostics requirement (≤10−4). It can be fulfilled by
improvement of the EF value of the SERS substrates (currently
1.95 × 106) by several orders of magnitude (EF up to 1 ×
1013) with new nanofabrication techniques.52 Our experiments
suggest an accurate and reliable performance of the ACCESS
assay, by testing different types of samples such as cell lines,
spiked blood samples, and bone marrow biopsies. The crucial
steps of the ACCESS assay takes a few hours in total, including
Exo III amplification and DNA hybridization, which is
comparable to the standard MRD diagnostic techniques.50

Further development of ACCESS with improvements in SERS
substrate choices and larger scale of clinical tests will help
translating this new technique onto MRD diagnostic
applications.

■ CONCLUSIONS

In summary, we have developed a new biosensor for
membrane protein (PTK7) on live cells using aptamer
conformation cooperated enzyme assisted SERS (ACCESS)
technology. This strategy of integrating SERS, aptamer, and
highly efficient amplification by the Exo III enzyme enables
more sensitive detection of the target tumor cells (CCRF
CEM) than the commercial ELISA method by several orders
of magnitude. The ACCESS assay exhibits an excellent
specificity in differentiating between the target cells (CCRF
CEM) and normal blood cells. Our approach features a signal
on detection mechanism and no requirement for cell lysis or
sample prepurification steps, thus offering a flexible platform to
detect membrane protein biomarkers on live cells for medical
research and early clinical diagnostics.
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