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Based on a recently reported ultra-sensitive bio-barcode (BBC) assay, we have developed an aptamer-
based bio-barcode (ABC) alternative to detect a cell death marker cytochrome-c (Cyto-c) and its
subsequent application to screen anti-cancer drugs. Aptamer is a short single-stranded DNA selected
from a synthetic DNA library by virtue of its high binding affinity and specificity to its target based on its
unique 3D structure from the nucleotide sequence after folding. In the BBC assay, an antigen (Ag) in
analytes is captured by a micro-magnetic particle (MMP) coated with capturing antibodies (Abs). Gold
nanoparticles (NPs) with another recognition Ab against the same target and hundreds of identical DNA
molecules of known sequence are subsequently added to allow the formation of sandwich structures
(IMMP-Ab1]-Ag-[Ab2-NP-DNA]). After isolating the sandwiches by a magnetic field, the DNAs hybridized
to their complementary DNAs covalently bound on the NPs are released from the sandwiches after
heating. Acting as an Ag identification tag, these bio-barcode DNAs with known DNA sequence are then
amplified by polymerase chain reaction (PCR) and detected by fluorescence. In our ABC assay, we
employed a Cyto-c-specific aptamer to substitute both the recognition Ab and barcode DNAs on the NPs
in the BBC assay; and a novel isothermal recombinase polymerase amplification for the time-consuming
PCR. The detection limit of our ABC assay for the Cyto-c was found to be 10 ng/mL and this new assay can
be completed within 3 h. Several potential anti-cancer drugs have been tested in vitro for their efficacy to
kill liver cancer with or without multi-drug resistance.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Cancer is a disease characterized by uncontrolled cell growth
and proliferation. It is a major health problem worldwide to date.
During chemo- and radio-therapy, some cancer cells develop
resistance against structurally and functionally unrelated anti-
cancer drugs. This so-called multi-drug resistance (MDR) phenom-
enon is now a major factor in the failure of many forms of cancer
treatment [1]. The search for novel and effective anti-cancer
agents against cancers with MDR is therefore a matter of urgency.

Abbreviations: Ab, Antibody; ABC assay, Aptamer-based bio-barcode assay; BBC
assay, Bio-barcode assay; Cyto-c, Cytochrome-c; ELISA, Enzyme-linked immuno-
sorbent assay; MDR, Multi-drug resistance; MMP, Micro-magnetic particle; NP,
Nanoparticle; PCR, Polymerase chain reaction; PD, Polyphyllin D; RPA, Recombinase
polymerase amplification; SELEX, Systematic evolution of ligands by exponential
enrichment; A¥,,, Mitochondrial trans-membrane potential.
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Now, it is widely reported that the killing of cancer cells by
anti-cancer drugs is predominantly mediated by apoptosis [2] and
the release of cytochrome-c (Cyto-c) from the mitochondria into
the cytosol of the cancer cells is a key mediator that triggers the
final steps of apoptosis such as caspase-3 activation and DNA
fragmentation [3,4]. Because of this, release of Cyto-c from the
mitochondria is regarded as a ‘point-of-no-return’ stage in the cell
death pathway [5]. Moreover, the release of Cyto-c is an early
event and it is readily detectable in the culture medium of
apoptotic cells, thereby making it an important and effective bio-
marker for the efficacy of potential anti-cancer agents for killing
cancer [4,6]. Conventionally, the amount of Cyto-c released from
cells can be determined by the enzyme-linked immunosorbent
assay (ELISA). Unfortunately, nearly all of the antibodies (Abs)
against Cyto-c do not show a single band in the Western blot
analysis, thus indicating the cross-reactivity of the anti-Cyto-c Ab
that binds to some other proteins. Also, the signal amplification in
ELISA is mediated by enzymatic reaction that is limited by the
availability of substrates. Alternatively, Cyto-c can be detected by
the Western blot analysis. The merit of this approach is that two
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parameters, the molecular size resolved by the gel electrophoresis
and immuno-specificity from the Ab-Ag reaction, are used to
confirm the amount of the target of interest [7]. Apart from being
tedious, troublesome and time-consuming, this technique is an
end-point approach. In order to have a fast sample turn-around
speed for drug screening including that for anti-cancer agent
searching, we report here a new aptamer-based bio-barcode
(ABC) assay for rapid Cyto-c detection adopting the principle form
the well-known ultra-sensitive bio-barcode (BBC) assay.

In 2003, Mirkin and his coworkers developed an extraordina-
rily sensitive immunoassay called BBC assay that has a detection
limit up to attomolar level (1078 M) [8-10]. In the BBC assay, two
particles are used. The first is a micro-magnetic particle (MMP)
coated with polyclonal capturing Abs (Ab1). The second is a gold
nanoparticle (NP) conjugated with a monoclonal recognition Ab
(Ab2) and also hundreds of identical single-stranded DNA mole-
cules of known sequence that pair with its complementary
oligonucleotides through the hydrogen bonds from the Watson-
Crick base-pairs. After forming a sandwich structure with the
target of interest ([MMP-Ab1]|-Target-[Ab2-NP-DNA]) and mag-
netic separation, the complementary DNAs are released by melt-
ing. Because of the known DNA sequence, these DNA strands are
the barcodes that can be used as a unique identification tag for the
target. Served as templates for the target, these bio-barcode DNAs
can be amplified by the polymerase chain reaction (PCR) and
detected by fluorescence [8,11]. Because of the use of PCR, the BBC
assay is extremely sensitive for target detection [12]. Fig. 1 shows
the basic principle of the BBC assay.

In our ABC assay, aptamers are used for target detection.
Aptamers are small single-stranded DNAs that fold into 3D unique
shapes by the Watson-Crick hydrogen bonds within the single-
stranded DNA. Similar to Abs, aptamers have specific interaction
with target molecules analogous to the Ab-Ag reaction [13,14].
Because of the high specificity, aptamers have been used clinically
to treat disorders in human. For example, Macugen, a therapeutic
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aptamer against VEGF (vascular endothelial growth factor), is
given to treat a common eye disease (macular degeneration) in
the old people [15]. In our ABC assay, aptamers are used to
substitute the recognition antibody (Ab2) and the bio-barcode
DNA in the BBC assay. Similar to the BBC assay, the release of
aptamers from the sandwiches ([MMP-Ab1]-Target-[Aptamer])
after heating will be a reporter for the target. The signal strength
of this barcode aptamer after DNA amplification in the ABC assay
becomes a quantification indicator for the target molecules. In
addition, we have employed a novel isothermal recombinase
polymerase amplification (RPA) in this new assay to amplify the
DNA signal at a constant temperature to avoid the requirement of
thermal cycling (Fig. 1).

In this study, this new ABC assay was employed to determine
the amount of Cyto-c in the culture medium released from the
drug-sensitive and -resistant liver cancer cells after the exposure
to potential anti-cancer drugs. Results from our study confirmed
that our ABC assay is an effective approach to screen anti-cancer
agents from herbal medicine.

2. Experimental
2.1. Reagents and apparatus

Anti-Cyto-c aptamer, with the sequence shown in Table 1, was
synthesized from Tech Dragon Ltd. Protein A magnetic beads (NEB
$1425S) were obtained from New England BioLabs. Anti-Cyto-c Ab
was obtained from Santa Cruz Bio-technology. Polyphyllin D (PD) was
from Shanghai Fine Chemical. Real-time PCR kit was purchased from
Applied Biosystems. RPA kit TwistAmp™ Basic was purchased from
TwistDx. Cyto-c, bovine serum albumin (BSA) and other reagents
were from Sigma-Aldrich. JC-1 (5,5',6,6'-tetrachloro-1,1',3,3'-tetra-
ethyl-benzimidazol-carbocyanine iodide) was purchased from Invitro-
gen and EvaGreen was obtained from Biotium.
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Fig. 1. Schematic diagram showing the BBC assay and the ABC assay for target detection. In the BBC assay, two types of particles are used. The first is a micro-magnetic
particle (MMP) conjugated with antibodies (Ab1) against the target of interest and the second is a NP with another antibody (Ab2) specific to the same target using another
epitope for binding. Also, the NP is coated with hundreds of single-stranded (ss) DNA of known sequence with its complementary DNA through the Watson—Crick base-pair
annealing. Because of the known DNA sequence, these complementary strands or bio-barcode DNA can be used as a unique identification tag for the target. After mixing with
analytes with the target of interest, sandwich structures ([MMP-Ab1]-Target-[Ab2-NP-DNA]) will be obtained by a magnetic field after repeated washings. With an increase
in temperature to break the hydrogen bonds between the bio-barcode DNA and the ssDNA on the NPs from the sandwich complexes, the bio-barcode DNA strands are
released into supernatant. These bio-barcode strands act as a template for DNA amplification by PCR. The amount of amplicons can then be determined by different DNA
detection methods (upper panel). In the ABC assay, aptamers specific to the target are used to replace the NPs. In the sandwich structures, the aptamer serves as both the
recognition Ab for the target and the bio-barcode reporter. In this modified ABC assay, the apatmer signal is amplified by the isothermal RPA (lower panel).
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Table 1
DNA Sequence of the Aptamer and Primers for the PCR and RPA Assay.

Name Sequence 5'-3'

Anti-Cyto-c aptamer
Forward primer for RT-PCR
Reverse primer for RT-PCR
Forward primer for RPA
Reverse primer for RPA

ATCGATAAGCTTCCAGAG
GGCTGCAGGAATTCTACG

GAATTCTTCTAGAGATCGATAAGCTTCCAG
CTGCATACTAGTAGGCTGCAGGAATTCTACG

ATCGATAAGCTTCCAGAGCCGTGTCTGGGGCCGACCGGCGCATTGGGTACGTTGTTGCCGTAGAATTCCTGCAGCC

2.2. Aptamer-based bio-barcode assay

Protein A magnetic beads were conjugated with mouse anti-
Cyto-c Ab at 4 °C overnight. To generate a standard curve, the
beads after washing with binding buffer (10 mM HEPES, 75 mM
NaCl, 5 mM MgCl,, 1 mM CaCl,, pH 7.4) were incubated with Cyto-
¢ of various concentrations in RPMI medium with 10% (v/v) fetal
calf serum (FCS) for 1 h at 25 °C. Aptamers (400 pmol) was added
and incubated for one more hour at 25 °C. After washing, all the
aptamers were subject to the RPA.

2.3. RPA DNA amplification

The kit (TwistAmp™ Basic) from TwistDc for RPA amplification
provides the uvsX recombinase, uvsY, gp32 single-strand DNA
binding protein, Sau polymerase, ATP and dNTP. In the RPA, at least
30 bp-long primers are required to allow the recombinase to bind
to. Therefore, conventional PCR primers cannot be used in the RPA
DNA amplification. Extended primers were designed and used in
this study (Table 1). After DNA amplification, amplicons were
sequenced and the results showed perfect concordance with the
sequence of the aptamer.

Mg?* ion is a critical factor to initial DNA amplification in the
RPA and its concentration is correlated to the rate of reaction.
Although more Mg?* added increases the amplification rate,
excess amount of Mg?* causes non-specific amplification. Mg?*
of 12 mM was found to be the optimal concentration to generate
results with the highest signal-to-noise ratio (data not shown).

For the real-time RPA assay, the amount of aptamer so gene-
rated by RPA against time was reported by the fluorescence of
EvaGreen DNA binding dye. The following formula was used for
signal normalization: [Sample Fluorescence—Control Fluorescence]/
[Baseline Fluorescence]. Baseline fluorescence was recorded at the
first 5 min in the real-time the assay. The normalization step allows
us to compare the results among assays.

2.4. Cell culture and apoptosis induction

Mimicking the clinical scenario for drug resistance develop-
ment, drug-resistant hepatocellular carcinoma R-HepG2 were
obtained from HepG2 cells (from ATCC (American Type Culture
Collection)) after a continuous exposure to step-wise increasing
concentrations of doxorubicin, a common anti-cancer drug used in
hospitals, for at least 3 months. The LC50 (the concentration of
a chemical that kills 50% of cell population) of doxorubicin in
R-HepG2 is >200uM [16]. Both the HepG2 and R-HepG2 were
cultured in RPMI 1640 medium supplemented with 10% FCS
(Gibco) at 37 °C, 5% CO,. To maintain the doxorubicin-resistance,
R-HepG2 cells were cultured with 1.2 pM doxorubicin during
passages. For the induction of cell death, cells (1 x 106/mL) were
treated with PD at the concentration as indicated at 37 °C, 5% for
24 h. Culture medium was then collected, centrifuged at 1500g for
5 min to remove debris and stored at 4 °C.

2.5. Assessment of apoptosis

Cell viability was measured by the MTT (3-(4,5-dimethylthia-
zol-2-y1)-2,5-diphenyltetrazolium bromide) assay for the mito-
chondrial dehydrogenase activity. HepG2 or R-HepG2 cells
(2 x 10%/well) were incubated in a 96-well plate with PD at
37 °C, 5% CO, for 24 h. MTT (final concentration 0.8 mg/mL) was
then added to the wells for 2 h at 37 °C. Subsequently, the medium
containing MTT was removed, and 100 pL of DMSO added. Absor-
bance was then measured at 540 nm with a plate reader (BioRad).

Flow cytometry was used to detect the collapse of mitochon-
drial trans-membrane potential (A¥;,) for apoptosis by JC-1 [17].
JC-1 selectively enters the mitochondria, where it forms mono-
mers when the A, is relatively low. After excitation at 488 nm,
the JC-1 monomers emit green fluorescence. At high A¥,,, JC-1
forms aggregates and gives red fluorescence after excitation. The
ratio between green and red fluorescence provides an estimate of
AY,, that is independent of the mitochondrial mass. Briefly, cells
(2.5 x 10°/mL) after treatment were washed with PBS and incu-
bated with JC-1 (final concentration: 1 pg/mL) for 30 min at 37 °C.
Cells were then washed with PBS three times to remove the JC-1
residues. Subsequently, changes in JC-1 signals from cells were
determined by flow cytometry (FACScan, Becton Dickinson). Cell
debris, characterized by a low forward scatter/side scatter, was
excluded from analysis. Green and red fluorescence were detected
with an excitation at 488 nm. For one single analysis, the fluores-
cence properties of 10,000 cells within gates were collected for
analysis.

Standard SDS-PAGE with 15% polyacrylamide gel was per-
formed for Western blot analysis. Proteins separated were
electro-blotted onto a PVDF (poly vinylidene fluoride) membrane.
Cyto-c was subsequently probed with the rabbit anti-Cyto-c
primary Ab (dilution: 1:200) and anti-rabbit secondary Ab con-
jugated with horseradish-peroxidase (1:5000). Cyto-c was then
detected by enhanced chemiluminescence method (Amersham).
Protein band intensities were analyzed using the median border
method (Image] software, version 10.2).

2.6. Statistical analysis

Results are mean + SD from at least three independent assays.
All of the experimental results were analyzed by Student’s t-test,
p-values less than 0.05 were considered statistically significant.

3. Results and discussion
3.1. Experimental principle

Fig. 1 shows the operation of the original BBC and our ABC
assay. In our previous study, we isolated a 76-mer monoclonal
aptamer for Cyto-c through 15 rounds of SELEX (Systematic
Evolution of Ligands by Exponential Enrichment) to detect Cyto-
¢ by PCR [14]. The major drawbacks of this approach are its long
running time and requirement of thermal cycling to amplify the
aptamer signals. To increase the simplicity and feasibility of the
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Fig. 2. Effect of Polyphyllin D on the viability and mitochondrial membrane potential in HepG2 and R-HepG2 cells. Cells (1 x 105/mL) were cultured with various
concentrations of PD at 37 °C, 5% CO, for 24 h. Drug sensitivity was then measured by MTT assay after drug exposure (a). Results are mean + SD from three independent
assays. P<0.05, 'P<0.01, P < 0.001. Cells after treatment in (a) were labeled with JC-1 at 37 °C for 30 min. After washing, cells were submitted to flow cytometric analysis
for the JC-1 red and green fluorescence (b). Numbers in the selected region represent the percentage of cells with depolarized A¥y, in the total population. Results are
mean + SD (n=5). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

ABC assay, we utilized a novel isothermal DNA amplification called
RPA to substitute the PCR to amplify the aptamer signals at one
single temperature (37 °C) without thermal cycling. To prove the
concept, we first employed this modified ABC assay to study the
effect of PD on the induction of cell death in a drug-sensitive and
-resistant hepatocellular carcinoma line. In our previous studies,
we have documented that R-HepG2, derived from its parental cells
HepG2 after an in vitro selection of surviving cells in the contin-
uous presence of a well-known chemotherapeutic agent doxor-
ubicin, carries the features of MDR. The doxorubicin resistance was
accompanied by cross-resistance to other anti-cancer drugs such
as taxol and cisplatin as a result of the expression of p-glycopro-
teins that pump the toxic anti-cancer drugs out of the cells
[16,18,19]. These cell lines are therefore an ideal in vitro system
mimicking the acquired clinical MDR for drug screening.

As shown in Fig. 2a, it was found by using the MTT assay that PD
was able to reduce the mitochondrial dehydrogenase activity in both
the HepG2 and R-HepG2 cells in a dose-dependent manner with an
IC50 (5 pM) in the R-HepG2 cells and 40 uM in the HepG2 cells,
indicating that PD is able to bypass the MDR and kills more R-HepG2
cells. In the MTT assay, the metabolically inactive cells cannot be
discriminated from the dead cells [20]. To eliminate this shortcoming,
degree of mitochondrial damage in terms of depolarization of the
AY¥,, was measured by flow cytometry with JC-1 [17]. As shown in
Fig. 2b, a dose-dependent loss of A¥;,, was observed in the HepG2 and
R-HepG2 cells after the challenge of cells with PD as evidenced by an
increase in the cell number with high JC-1 green fluorescence. From
the contour plots, it is clear that the effect of PD on the depolarization
of A%, was stronger in the R-HepG2 cells (Fig. 2b). The percentage of
cells with depolarized A%, (within the selected region defined by the
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positive control staurosporine (data not shown)) increased from 6.1%
of control cells to 20.6% (5 pM) and 30.6% (10 pM) of the PD-treated
HepG2 and 7.8%, 58.1% and 72.5% in the R-HepG2 cells under the
same conditions. These observations indicate again that the drug-
resistant R-HepG2 cells were more sensitive to PD than the drug-
sensitive HepG2 cells. These observations are in agreement with our
pervious findings [18,19].

3.2. Detection of apoptosis by the release of Cyto-c

It has been known for a while that release of Cyto-c from the
inter-membrane space of mitochondria is regarded as “a point of
no return” for the apoptosis after A%, depolarization [5,21] and its
release is an early apoptotic event and can be found in patients’
blood or culture medium after chemotherapy [3,18,19]. Cyto-c in
the medium is therefore a good candidate to report cancer death
for drug screening. Fig. 3 shows the conventional assays to
determine the Cyto-c in the culture medium by Western blot
analysis (Fig. 3). Cyto-c of known concentration in standards (0-
10° ng/mL) showed a dose-dependent effect in the Western blot
analysis (Fig. 3). It is also clear that Cyto-c was released into the
cultural medium from both the R-HepG2 and HepG2 cells after PD
treatment. However, it is difficult to judge if the R-HepG2 cells
released more Cyto-c than the HepG2 cells in Fig. 3. Moreover, this
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Fig. 3. Detection of Cyto-c by Western blot analysis. Cyto-c standards (0-
100,000 ng/mL) and the Cyto-c released into the culture medium of cells after
drug PD treatment at the concentration as indicated for 24 h at 37 °C, 5% CO, were
subject to the SDS-PAGE and Western blot analysis. Relative intensity was
measured by Image] and shown in the bar chart. Results are mean + SD (n=3),
“P<0.01, "P<0.001.
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Fig. 4. Detection of Cyto-c by the ABC-RPA assay. Aptamers under different
settings as indicated were amplified by the isothermal RPA in the presence or
absence of Mg?* (12 mM) and primers and subject to gel electrophoresis. Lanes 1-4
(from the left hand side) were used to assess the ability of RPA to amplify the Cyto-c
specific aptamer. ABC assay was used to detect the aptamers associated with the
Cyto-c standards 0-500 ng/mL (Lane 6-10). The ABC assay was also used to
evaluate the amount of Cyto-c released from the R-HepG2 cells after PD treatment
at the dose as indicated for 24 h (Lane 12-15).

assay is tedious and time consuming. For example, it took more
than 8 h to complete the Western blot analysis.

3.3. Detection of Cyto-c with ABC-RPA assay

Next, we employed our ABC assay using the RPA to amplify the
aptamer signals to screen potential anti-cancer drugs. RPA is a
novel isothermal DNA amplification method that operates at one
single temperature at 37 °C. The chemistry of RPA is different from
that of PCR on DNA amplification. During RPA, melting of the
double-stranded DNA is not required for the primers to bind to
their complementary target sequences. RPA is initiated by a
cofactor Mg?* when bound to the RPA polymerase. During the
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Fig. 5. Detection of Cyto-c by real-time RPA and real-time PCR. Cyto-c standards
as shown in the figure were used for the assays. The aptamer reporter was subject
to the RPA (a) or PCR (b) amplification. Panel (c) shows the standard curves of the
aptamer signals from the Cyto-c standards (0-1000 ng/mL) at 3, 6, 9, 12, 15 min.
Results are mean + SD from three independent assays.



164

RPA process, the recombinase untwists and separates the double-
stranded DNA, and allows the primers to bind to their correspond-
ing target sequence and at the same time the displaced DNA
strand is stabilized by the single-stranded DNA binding proteins.
After initiating the chemical reaction by the addition of Mg?*, the
primer-recombinase complex starts DNA elongation based on the
DNA sequence in the template to generate DNA copies [22].

Fig. 4 shows an end-point detection for the aptamers from
different samples amplified by the RPA for 30 min. These samples
included the stock aptamer of different known concentrations,
aptamers associated with Cyto-c standard of different amount and
the Cyto-c released from cells after PD treatment. As can be seen in
the electrophoresis gel photo (Fig. 4), no DNA band was found in
the gel when Mg?* and primers were omitted in the reaction mix
indicating that both the Mg?* and primers are required for the
DNA amplification. The weak signal in Lane 4, in the absence of
Mg?* and primers, was the read-out generated by the aptamers
(1000 pmol) added in the system. With the supply of Mg?* and
primers for the RPA, the DNA aptamer signal was greatly enhanced
in a dose-dependent manner (Lane 1-3). This dose-dependent
results were obtained from the aptamers associated with the Cyto-
¢ standards with increasing concentration (Lane 6-10). Also, PD
was able to release the Cyto-c from the R-HepG2 cells into the
medium and signals were generated by the RPA (Fig. 4, the last
4 lanes). To have a better measurement, we repeated the experi-
ments with the real-time RPA assay to monitor the amount of
Cyto-c released in the medium.

3.4. Cyto-c quantitation by real-time RPA

Fig. 5a shows the real-time RPA profile using EvaGreen to
construct a standard curve for the Cyto-c aptamer from five Cyto-c
samples of known concentration. From the profile, it is clear that
the aptamer signals started to increase 7 min after the addition of
Mg?* from the 1000 ng/mL Cyto-c sample. Also, the detection limit
using our aptamer to probe Cyto-c was found to be 10 ng/mL at the
15-min time point (Fig. 5a). For comparison, real-time PCR with
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thermal cycling was used to repeat the assay (Fig. 5b). As can be
seen, PCR showed similar detection limit but it took more than
30 min to show the positive results. Also, the slope of curve from
the real-time RPA was much steeper than that of the PCR (Fig. 5a
and b). Using our ABC approach, we obtained standard curves and
the one with 15-min amplification showed a steep slope and a
good linear relationship (y=0.0096x+0.46, where R square value
equals to 0.986) (Fig. 5c). Next, we used this standard curve to
determine quantitatively the Cyto-c released into the medium
from the HepG2 and R-HepG2 cells after the treatment with
doxorubicin and PD by the ABC assay (Fig. 6). Cyto-c from the
control groups without drug treatment was found below 50 ng/
mL. As expected, doxorubicin released much more Cyto-c from the
HepG2 (550 ng/mL at 10 uM) than the R-HepG2 cells (50 ng/mL at
10 uM), while PD was found to release less Cyto-c from the HepG2
cells (410 ng/mL at 10 uM) than the R-HepG2 (580 ng/mL at 10 uM)
in the medium (Fig. 6 and Table 2). Collectively, our results
indicate that our new ABC assay was sensitive enough to detect
the Cyto-c leakage in the culture medium after drug treatment.

Table 2
Anti-cancer drug screening by the ABC Assay.

Dose
(nM)

Drugs [Cyto-c] (ng/mL)

HepG2 R-HepG2

PolyphyllinD 5 300+ 50 (IC50=30 uM)
10 410 + 60 (IC50=30 uM)
Doxorubicin 10 550 + 60 (IC50=7 uM)

460 + 50 (IC50=4 M)
580 + 60 (IC50=4 uM)
50 + 30 (IC50 > 200 M)
400 + 90 (IC50 > 50 uM)
(
(
(

Berberine 30 650 + 10 (IC50=4 pM)
Crucumin 10 570+ 100 (IC50=6 uM) 150 + 50 (IC50=30 uM)
Ferutinin 30 760 + 100 (IC50 < 3 uM) 550 + 50 (IC50=40 puM)

Betulinic acid 30 1100 + 70 (IC50 <3 pM) 850 + 50 (IC50=30 uM)

Cells (1 x 10°/mL) were cultured with the agents at the concentration as indicated
for 24 h at 37 °C, 5% CO,. The amount of Cyto-c released into the culture medium
was then determined by the ABC assay. Results are mean+SD from three
independent assays. The IC50 of the agent for the HepG2 and R-HepG2 cells was
also shown for reference.
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Fig. 6. Detection of Cyto- chy real-time RPA to determine the Cyto- cin the culture medium of HepG2 and R-HepG2 cells treated with different agents. Cells (1 x 10/
mL) were cultured with the agents of concentrations as indicated (Polyphyllin D (5 uM), Doxorubicin (10 pM), Berberine (30 pM), Crucumin (10 pM), Ferutinin (30 pM),
Betulinic acid (30 pM)) at 37 °C, 5% CO,, for 24 h. One mL of culture medium from each treatment was then subject to the ABC assay and the aptamer signals were determine
by the real-time RPA with EvaGreen at 37 °C. Panels are typical results from 3 independent assays.
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3.5. Drug screening with the ABC-RPA detection assay

To test the utility of our ABC assay, four more drug candidates
selected by literature survey were used to treat the HepG2 and
R-HepG2 cells. These four agents were berberine, curcumin,
ferutinin, and betulinic acid. All four agents have been reported
to show anti-cancer activities in different types of cancer. Berber-
ine induced mitochondrial fragmentation and decreased the ATP
level in the K1735-M2 mouse melanoma cells [23]. Curcumin
caused mitochondrial hyperpolarization and mitochondrial DNA
damage in HepG2 cells [24]. Ferutinin promoted mitochondrial
calcium overload in human colon cancer and human Jurkat T cells
[25,26] while betulinic acid directly triggered mitochondrial per-
meability transition in the HepG2 cells [27,28].

Fig. 6 shows the read-out from the real-time ABC assay using
the RPA for signal amplification to test for their cancer killing
effect. As can be seen, all the agents produced positive signals
6 min after the RPA reaction. In depth examination of these curves
indicate that these agents released more Cyto-c from the HepG2
than that in the R-HepG2 cells, indicating that these agents could
not bypass the MDR in the R-HepG2 cells (Fig. 6). Table 2 gives a
summary for the Cyto-c released from the HepG2 and R-HepG2
cells quantitatively using our ABC assay approach, as well as the
IC50 from the MTT assay after treatment with these four agents.
Again, none of these agents besides PD could induce a stronger
Cyto-c release from the R-HepG2 than the HepG2 cells.

4. Conclusion

We have demonstrated that our new ABC assay using RPA is a
robust, selective, simple (using one temperature at 37 °C for signal
amplification) and fast (process can be completed within 3 h)
method for anti-cancer drug screening through the detection of
Cyto-c. As suggested by a feature report from the US National
Academy of Sciences entitled “Toxicity Testing in the 21st Century:
A Vision and a Strategy” in 2007, investigators are recommended
to use cell lines or human cells and mechanism-based assays
to replace traditional animal testing for drug screening and toxicity
evaluation (http://www.nap.edu/openbook.php?record_id=11970&
page=1). Our ABC assay is a starting point along this direction and
we anticipate that more assay formats will be developed for the anti-
cancer drug screening in the near future.
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