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Multiplex ratiometric  gold nanoprobes based on surface-enhanced
Raman scattering enable accurate molecular detection and imaging
of bladder cancer
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ABSTRACT
Recently,  surface-enhanced  Raman  scattering  (SERS)  has  been  successfully  used  in  the  non-invasive  detection  of  bladder
tumor (BCa). The internal standard method was considered as an effective ratiometric strategy for calibrating signal fluctuation
originated from the interference of measurement conditions and samples. However, it  is still  difficult to detect the target mRNA
quantitatively  using  the  current  ratiometric  SERS  nanosensors.  In  this  study,  we  developed  an  internal  reference  based
ratiometric SERS assay. Two kinds of molecular beacons (MB) carrying Raman reporter molecules were anchored on sea-urchin-
like  Au  nanoclusters  (AuNCs).  Thymidine  kinase1  (TK1)  MBs  with  hexachlorofluorescein  (HEX)  were  used  to  capture  tumor
biomarker TK1 mRNA, and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) MBs with 5(6)-carboxyfluorescein (FAM) were
used  to  offer  internal  standard  signals.  The  internal  reference  GAPDH  MB  can  reflect  the  consistent  content  of  the  GAPDH
mRNA in single cells. The ratiometric method (I745/I645) can more accurately reflect the content of target mRNA in single cells. The
ratiometric  nanoprobes  had  excellent  stability  (coefficient  of  variation:  0.3%),  high  sensitivity  (detection  limit:  3.4  pM),  high
specificity (capable of single-base mismatch recognition) and ribozyme-resistant stability. Notably, the nanoprobes can effectively
distinguish  BCa  cells  from  normal  cells,  and  it  was  easy  to  contour  the  single  BCa  cell  using  the  ratiometric  method.  By
combining asymmetric polymerase chain reaction (PCR) and ratiometric nanoprobes, it was easy to distinguish the SERS ratio
(I745/I645) as low concentration as 10−14 M. Further clinical detection in urine samples from patients with BCa confirmed its potential
for early noninvasive diagnosis of BCa with the sensitivity of 80% and specificity of 100%, which is superior to the current urine
cytological method.
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1    Introduction
Bladder  cancer  (BCa)  is  one  of  the  most  common  and
recrudescent  cancer  in  the  world  [1, 2].  The  golden  standard  to
diagnose  BCa  is  cystoscopy  and  pathology.  However,  the
cystoscopy  is  an  invasive  examination  with  a  sensitivity  of
62%–84% [3, 4].  In addition, adverse reactions related to invasive
procedures are frequently after cystoscopy [5, 6]. Urine cytology is
a  non-invasive  screening  method  in  clinical  practice.  But  its
sensitivity is related with the cancer pathologic grade, ranging only
from  4%  to  31%  [7–10].  Other  imaging  examination  methods,
including  computed  tomography  and  ultrasonography,  are  also
low-sensitive  for  detecting  early-stage  bladder  cancer  [11–13].  It
must  be  acknowledged  that  the  lack  of  high-sensitive  screening
method  has  affected  the  diagnosis  and  prognosis  of  bladder
cancer.  Thus,  developing  a  high-sensitive  and  noninvasive

screening method is the key point for BCa in clinical practice.
Surface-enhanced Raman spectroscopy (SERS) can enhance the

Raman signals of the target up to 11 orders of magnitude, yielding
single  molecular  level  sensitivity  and  molecular  fingerprint
specificity  [14–17].  SERS  has  been  widely  investigated  for  super-
sensitive  detection  of  circulating  tumor  cells,  circulating  tumor
DNA/RNA,  and  other  biomarkers  [18–26].  The  classic  SERS
nanoprobes  for  detecting  RNA  or  DNA  were  synthesized  with
precious  metal  nanoparticles,  molecular  beacons  (MBs),  and
stabilizer  [27–29].  With  the  change  of  conformation,  Raman
reporter  molecules  carried  by  MBs  would  move  away  from  the
nanoparticles,  altering  the  Raman  signal.  We  have  previously
made  the  similar  SERS  nanoprobes  to  detect  epidermal  growth
factor receptor (EGFR) mutated circulating tumor RNA and free
survivin  mRNA  in  urine,  winning  a  high  sensitivity  of  cancer
diagnosis  [30, 31].  However,  the  detection  process  can  be  easily

 

ISSN 1998-0124   CN 11-5974/O4
2022, 15(4): 3487−3495 https://doi.org/10.1007/s12274-021-3902-1

 

 

Address correspondence to Lei Wang, tuodi1986@126.com; Jinhai Fan, jinhaif029@126.com

 

https://doi.org/10.1007/s12274-021-3902-1


interrupted  by  the  poorly  reproducible  and  relatively  fluctuating
SERS  signal  because  the  signal  intensity  is  influenced  by  many
variables,  such  as  working  distance,  laser  power,  surface
roughness,  and even molecular  structures.  It  is  difficult  to  realize
quantitative SERS analysis using the traditional nanoprobes [32].

The  internal  standard  (IS)  method  was  considered  as  an
effective  ratiometric  strategy  for  calibrating  signal  fluctuation
originated  from  the  interference  of  measurement  conditions  and
samples [33–35]. It is attractive to develop an IS-based ratiometric
SERS  assay  for  quantitative  analysis  [36].  Many  previous  studies
have  demonstrated  that  the  ratiometric  SERS  nanosensors  can
provide  higher  sensitivity,  specificity,  and  reliability  [33, 37, 38].
However,  the live cell  detection of RNA also suffers from cell-to-
cell variability arising from target-independent differences, such as
cellular  uptake  of  nanoprobes  [39, 40].  Accordingly,  it  is  still
difficult  to  detect  the  target  mRNA  quantitatively  using  the
current  ratiometric  SERS  nanosensors  [41].  Recently,  multiplex
detection system presented the advantages to allow different RNA
targets to be studied concurrently, thereby improving the accuracy
of  early  cancer  detection  over  a  single-biomarker  assay  [42].  In
addition,  one  of  the  channels  can  also  be  utilized  as  an  internal
reference for target signal normalization [43].

In  previous  studies  [30, 31, 44–46],  we  have  synthesized  sea-
urchin-like Au nanoclusters (AuNCs) with abundant nanopricks,
sharp  protrusions,  or  crevices,  which  possessed  excellent  SERS
activity  with  tremendous  enhancement  at  the “hot  spot”.  In  this
study,  we  further  developed  a  novel  multiplex  ratiometric  SERS
nanosensor (Fig. 1(a)). The sea-urchin-like AuNCs were produced
as SERS substrate, and two kinds of MB carrying Raman reporter
molecules were anchored onto AuNCs through Au–S bond. The
Thymidine kinase1 (TK1) MBs with hexachlorofluorescein (HEX)
can recognized and hybridized with TK1 mRNA which is  served
as  the  special  biomarker  of  BCa.  Glyceraldehyde  3-phosphate

dehydrogenase  (GAPDH)  mRNA  is  a  housekeeping  gene,
constantly existing in homologous cells. GAPDH has been widely
used  as  a  reference  for  normalizing  other  gene  expression  levels.
Thus, GAPDH MBs with 5(6)-carboxyfluorescein (FAM) allowed
for cellular GAPDH mRNA levels. The SERS signals of HEX and
FAM  can  be  monitored  and  detected  in  a  single  spectrum
simultaneously. With dual target detection, the relative expression
levels  of  TK1  can  be  determined  with  good  accuracy  by
normalizing  their  signals  against  GAPDH  mRNA  signals  as  a
reference.  Furthermore,  asymmetric  polymerase  chain  reaction
(PCR)  was  carried  out  to  obtain  abundant  TK1  single-stranded
DNA  (ssDNA)  in  urine  samples  of  15  patients  with  BCa  (Fig.
1(b)). To explore the potential of the ratiometric SERS nanosensor
in clinical practice, the nanosensor was used to diagnose the BCa
using the ssDNA in clinical trial. 

2    Results and discussion
 

2.1    Characterization of Au-internal standard MB (ISMB)
nanoprobes
Scanning  electron  microscopy  (SEM)  and  transmission  electron
microscopy (TEM) showed the special morphology of sea-urchin-
like AuNCs (Figs. 2(a) and 2(b)). The AuNCs with a diameter of
120 nm was covered with 79 sharp nanopricks (20 nm length). In
our  previous  study  [44, 45],  sea-urchin-like  AuNCs  showed
excellent  Raman  signal  enhancement  capability.  Multiple
nanopricks and nanogaps can produce abundant electromagnetic
fields  and “hot  spots” to  enhance  Raman  signals.  Enhancement
factor  (EF)  is  an  objective  indicator  to  measure  Raman  signal
enhancement  ability.  The  EF  value  of  a  single  AuNCs  was
estimated  to  be  3.44  ×  107 [30, 31].  Then,  the  TK1  MB  and
GAPDH  MB  were  successively  coated  on  the  AuNCs  to
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Figure 1    (a)  Schematic  diagram illustrated  the  testing  principle  of  multiplex  ratiometric  gold  nanoprobes  in  cells  and outside  cells.  Two types  of  MBs are  hairpin
DNA modified by the Raman reporter molecule HEX or FAM at the 5’ end and thiol at the 3’ end. In the absence of the target sequences, the MBs acted like a switch,
usually partially closed by the stem. At the “off” position, the Raman reporter molecule was located near the surface of AuNCs, and the Raman signal is enhanced due
to the surface Raman enhancement effect. After binding with target single stranded nucleic acid outside the cells, the conformational change of TK1 MBs opened the
hairpin,  making the Raman reporting molecule HEX far away from the surface of  AuNCs, and the corresponding Raman signals  changed;  while the FAM Raman
strength would be used as the internal reference signal. In cells, GAPDH MBs would also bind with GAPDH mRNA, changing Raman signal of FAM as a reference
signal.  (b)  Total  RNA  extracted  from  urine  samples  was  processed  by  asymmetric  PCR  to  amplify  the  target  TK1  single  strand,  and  then  co-incubated  with  the
nanoprobe for Raman signal detection.
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functionalize  the  multiplex  ratiometric  SERS  nanosensor.  In  the
whole  process  of  functionalization,  the  maximum
ultraviolet–visible  (UV–Vis)  absorption  peak  of  red-shifted,
moving  from  958  to  975  nm  (Fig. 2(c)).  The  average
hydrodynamic  diameter  of  nanoparticles  increased  from  181.3  ±
5.8  to  213.9  ±  6.9  nm,  and  the  Zeta  potential  decreased  from
−32.2 ± 5.2 to −41.8 ± 7.3 mV (Fig. 2(d)).

The multiplex ratiometric SERS nanosensor possessed TK1 MB
and GAPDH MB. The special SERS spectra of TK1 MB (marked
with  HEX),  GAPDH  MB  (marked  with  FAM)  and  ISMB  were
compared in Fig. 2(e). The characteristic SERS peaks of HEX were
at 745, 1,295, 1,501 and 1,632 cm−1, and the characteristic peaks of
FAM were at  469,  645,  1,171,  1,309,  1,431,  1,510 and 1,638 cm−1.
More peaks can be detected in the Au-ISMB due to the multiple
MB  on  the  nanosensor.  It  must  be  worth  noting  that  the
characteristic  peak  at  745  cm−1 from  HEX  and  peak  at  645  cm−1

from  FAM  can  be  obviously  observed  in  the  complex  SERS

spectrum  of  Au-ISMB  simultaneously  (Fig. 2(e)).  The  intensities
of above two characteristic peaks were used to calculate the SERS
ratio (I745/I645) that was set as HEX/FAM.

In order to explore the optimal MB ratio in the coating process,
the  multiplex  nanosensors  were  fabricated  using  different  feed
ratios of ratiometric TK1 to GAPDH MBs (including 10:1, 5:1, 1:1,
1:5,  and  1:10).  Mapping  test  defined  from  the  area  of  10  μm  ×
10 μm was performed, as shown in Fig. 1, and the value of I745/I645
ratio  and  coefficient  of  variation  (COV)  were  used  to  assess  the
sensitivity and stability of the SERS signals. As shown in Fig. 2(f),
the  COV  value  of I745/I645 ratio  arrived  at  a  minimum  of  0.3%
when the feeding ratio of TK1 MB and GAPDH MB was 1:1. That
is,  the  multiplex  nanosensors  can win the  most  stable  value  with
the  feeding  ratio  of  1:1.  Meanwhile,  after  drawing  the
concentration–fluorescence standard curve of the report molecule
(Fig. 2),  the  concentration  of  coated  MBs  on  the  nanometer
surface could be calculated and results  showed that  there was no
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Figure 2    (a) TEM image of AuNCs. (b) SEM image of AuNCs. (c) UV–Vis absorption spectra of AuNCs and Au-ISMB. (d) Hydrodynamic size distribution and
Zeta potential of AuNCs and Au-ISMB. (e) The SERS spectra of AuNCs (blank), Au-TK1 MB, Au-GAPDH MB and Au-ISMB, showing that the Raman characteristic
peaks of FAM and HEX were at 645 and 745 cm−1. (f) An appropriate ratio of charge can maximize the removing ability of internal reference. The feeding ratios (TK1
MB:GAPDH MB) of different MBs were 10:1, 5:1, 1:1, 1:5 and 1:10.
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Figure 3    (a) Raman spectra of Au-ISMB in the presence of different concentrations of target sequences.  (b) The SERS signal changes of Au-MB (745 cm−1) in the
presence  of  targets  sequences  with  different  concentrations.  (c)  The  SERS  ratio  changes  of  Au-ISMB  (I745/I645)  in  the  presence  of  targets  sequences  with  different
concentrations.  (d)  Nuclease  stability  of  Au-ISMBG in  the  presence  or  absence  of  DNase  I.  (e)  The  SERS ratio  changes  of  Au-ISMB in  the  presence  of  mismatch
sequence (MS) and target sequence. *P < 0.01.
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significant difference in different feed ratios (Fig. 3). Thus, feeding
ratios  of  1:1  was  confirmed  in  the  following  study.  The  SERS
signals  were  detected  again  after  the  multiplex  nanosensors  were
stored at 4 °C for 30 days. Although the intensity of SERS signals
reduced, the I745/I645 ratio did not change significantly (Fig. 4). The
ratiometric nanosensors had good stability and repeatability in the
SERS signals measurement. 

2.2    Biochemical properties of Au-ISMB nanoprobes
To  evaluate  the  feasibility  of  Au-ISMB  for  detecting  mRNA,  we
conducted  a  combination  study  to  test  the  sensitivity,  specificity,
and nuclease resistance of the nanoprobe. Firstly, Au-ISMB was co-
incubated  with  different  concentrations  of  TK1  target  sequences.
After  annealing  processing  (reducing  the  temperature  gradually
from 95 °C to room temperature at 1 °C/min), the SERS intensity
of  HEX  was  reduced  significantly,  but  no  SERS  signal  of  FAM
changed  in  the  whole  process  (Fig. 3(a)).  The  linearity  relation
between the logarithmic concentration of  TK1 mRNA and SERS
signal  of  FAM  can  be  calculated  with  a  low  linear  correlation
coefficient (R2) of 0.92 (Fig. 3(b)), and the limit of detection (LOD)
for TK1 mRNA was calculated to be 3 nM. Remarkably, under the
correction  of  internal  reference  SERS  signal  from  FAM,  the
linearity  relation  between  the  logarithmic  concentration  of  TK1
mRNA and the ratio of (I745/I645) was improved with a R2 of 0.99
and  the  LOD  was  estimated  to  be  3.4  pM  (Fig. 3(c)).  The
nanoprobe  was  efficient  for  reliably  quantitative  and  sensitive
detection of TK1 mRNA, which was attributed to the ratiometric
SERS strategy. Nuclease resistance is a key feature of the probe for
cell  detection.  Deoxyribonuclease  I  (DNase  I)  is  commonly  used
to  evaluate  the  nuclease  resistance  of  nanoprobes.  After  being
incubated  with  DNase  I  for  1  h  (experimental  group),  no
significant  changes  of  SERS  signals  were  observed  after  the
ribozyme  treatment.  Even  if  being  incubated  with  DNase  I  and
target  sequences  simultaneously,  no  SERS  signal  changes  can  be

observed between the experimental group and the control group.
It proved that the nanoprobe had good stability against ribozyme
(Fig. 3(d)).  To  verify  the  detection  specificity  of  the  nanoprobes,
Au-ISMB  was  incubated  with  ultra-pure  water  (negative  control
group),  single  base  mismatch  sequence  (SBMS),  and  target
sequence  under  the  same  conditions,  respectively (Fig. 3(e)).  The
results  showed  that  the  nanoprobe  can  only  identify  the  target
TK1 sequence and had good detection specificity. 

2.3    Cell experiments of Au-ISMB nanoprobes
In order to verify the ability of Au-ISMB to recognize normal cells
and  BCa  cells,  we  conducted in  vitro cell  assay  experiments,
including in  vitro cell  RNA  detection  and  cell  Raman  imaging.
BCa cell lines 5637 and T24 were selected as positive control, while
normal fibroblast cell L929 was selected as negative control (NC).
Reverse  transcription-polymerase  chain  reaction  (RT-PCR)  was
performed to verify the relative expression of TK1 mRNA in cell
lines,  using  GAPDH  as  the  internal  reference.  TK1  mRNA  was
significantly overexpressed in 5637 and T24 cells (Fig. 4(a)). Total
RNA was extracted from the three cell lines and the concentration
of  each  RNA  was  adjusted  to  50  ng/μL  for  co-incubation  with
nanoprobes,  and  distillation–distillation  H2O  (ddH2O)  was
selected as NC group (Fig. 4(b)).  After being incubated with total
RNA of 5637 and T24 cells, the I745/I645 ratio reduced significantly
(Fig. 5). The I745/I645 ratio of L929 cells was higher than that of the
NC group. The specific data can be found in Fig. 6(b). As GAPDH
mRNA  expression  is  stable  both  in  normal  epithelial  cells  and
tumor  cells,  the  Raman  signal  of  FAM  at  645  cm−1 showed  a
similar decline in all cells. However, the Raman signals of HEX at
745  cm−1 in  L929 group did  not  decrease  significantly  due  to  the
trace expression of TK1 mRNA. As a result, I745/I645 in L929 group
was higher than that in NC.

For  further  biological  application  of  Au-ISMB  nanoprobes  in
live  cells  imaging,  3-(4,5-dimethylthiazol-2-yl)-2,5-
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Figure 4    (a) The relative DNA expression of TK1 gene in bladder tumor cell lines 5637, T24 and normal cell line L929. GAPDH was used as intracellular reference.
(b) The SERS ratio changes of Au-ISMB nanosensors after co-incubation of total RNA. ddH2O was used as a negative control. (c) Single cell Raman mapping imaging
dependent on HEX signal intensity and SERS ratio (I645/I745). *P < 0.01.
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diphenyltetrazolium  bromide  (MTT)  assays  were  carried  out  to
test the cytotoxicity of nanoprobes. The cell viability always stayed
above  90%  after  being  incubated  with  the  nanoprobes  at  a
concentration of 200 μg/mL for 48 h (Fig. 6).  Low cytotoxicity of
the nanoprobes is the foundation for the next living cell imaging.
In single cell SERS mapping study, the overlay image of the bright-
field  image  showed  that  the  nanoprobes  were  taken  up  into  the
cells.  It  was  difficult  to  contour  the  cancer  cells  only  using  the
SERS signals of HEX. Also, it cannot distinguish normal cells and
BCa  cells  using  the  SERS  signals  of  HEX.  Furthermore,  the
contour of single T24 or 5637 cells could be clearly depicted once
the I745/I645 ratio was used (Fig. 4(c)). It is easy to identify the BCa
cells and normal cells obviously based on the ratiometric method.
Herein,  the  internal  reference  signal  from GAPDH MB played  a
significant role in tumor cell detection and imaging. The GAPDH
gene is consistently expressed in almost all cells and is recognized
as  a  reliable  intracellular  reference  in  PCR  and  western  blot
experiment.  The  GAPDH  MB  on  the  nanoprobes  opened
consistently in all BCa cells, and the SERS intensity at 645 cm−1 can
reflect the content of the GAPDH mRNA in single cells. Thus, the
ratiometric  method  (I745/I645)  can  more  accurately  reflect  the
content of target mRNA in single cells. 

2.4    Super-sensitive detection of TK1 mRNA in cells and
clinical samples
In  order  to  improve  the  detection  sensitivity  of  the  Au-ISMB
nanoprobes,  asymmetric  PCR  was  applied  to  obtain  abundant
ssDNA  before  the  clinical  experiment.  A  series  of  experiments
were  conducted  to  verify  the  improvement  of  detection
performance  with  asymmetric  PCR.  In  the  two-step  asymmetric
PCR, the TK1 double-stranded DNA of BCa cells was amplified in
the first  step,  and then the target  ssDNA matched with TK1 MB
was  amplified  in  the  second  step  by  the  asymmetric  primer
concentration  method.  The  ssDNA  with  half  molecular  weight
after  the  two-step  asymmetric  PCR  was  observed  in  the  gel
electrophoresis  experiment.  No  electrophoresis  bands  generated
by  nonspecific  amplification  could  be  observed  (Fig. 5(a)).
Sequencing  of  the  product  further  proved  that  the  target  ssDNA
was  successfully  obtained  and  could  be  recognized  by  the  Au-
ISMB  nanoprobes  (Table  S1  in  the  Electronic  Supplementary
Material  (ESM)).  Firstly,  the  synthetic  TK1  target  sequences  by
gradient  concentration  were  used  to  test  the  sensitivity  of  Au-
ISMB  nanoprobes  and  asymmetric  PCR.  The  corresponding
asymmetric  PCR  electrophoretic  band  and  SERS  ratio  (I745/I645)
were shown in Fig. 5(b), and the minimum detected concentration

of  TK1  target  sequences  reached  0.01  pM  using  SERS  ratio
(I745 /I645).  Next,  the  total  mRNA  extracted  from  5637  cells  was
diluted  by  gradient  concentration.  As  shown  in Fig. 5(c),  it  was
easy to distinguish the SERS ratio (I745/I645) as low concentration as
0.1  ng/μL.  Therefore,  the  minimum  tumor  cell  RNA  load  was
calculated as 2 ng. The asymmetric PCR could effectively amplify
abundant  target  ssDNA  to  improve  the  detection  ability  of  Au-
ISMB  nanoprobes.  Noteworthily,  asymmetric  PCR  protocols
require  extensive  optimization  to  reduce  the  production  of
nonspecific amplification. Meanwhile, PCR mixtures could reduce
the stability of the nanoprobes, and the products must be purified
before detection by the nanoprobe.

In  this  study,  15  patients  with  pathologically  confirmed  BCa
(Table 1) and 7 healthy people were included. The total RNA was
extracted  from  the  urine  samples.  After  asymmetric  PCR
experiment,  the  products  were  co-incubated  and  annealed  with
Au-ISMB.  The  SERS  ratio  (I745/I645)  from  healthy  people  and
patients  showed  significant  differences  (Fig. 6(a)).  It  is  easy  to
identify  the  cancerous  samples  using  the  SERS ratio.  Meanwhile,
RT-PCR was used as the gold standard to confirm the expression
of TK1 mRNA in the corresponding BCa tissues (Fig. 6(b)).  TK1
mRNA was highly expressed in 13 patients with an expressive rate
of  86.7%  (13/15).  Thus,  the  sensitivity  to  detect  TK1  mRNA  in
urine  samples  was  92.3%  (12/13).  In  total,  the  sensitivity  and
specificity  to  detect  BCa  in  urine  samples  were  80%  (12/15)  and
100% (7/7). This method was more effective than current urinary
cytology tests in clinical practice. 

3    Conclusions
In this study, we developed an internal reference based ratiometric
SERS  assay.  The  internal  reference  GAPDH  MB  can  reflect  the
consistent  content  of  the  GAPDH  mRNA  in  single  cells.  The
ratiometric  method  (I745/I645)  can  more  accurately  reflect  the
content of target mRNA in single cells. The Au-ISMB nanoprobes
have  excellent  detection  sensitivity  (threshold:  3.4  pM)  and
stability  with  a  COV  of  0.3%.  Notably,  the  nanoprobes  can
effectively distinguish BCa cells from normal cells, and it is easy to
contour  the  single  BCa  cell  using  the  ratiometric  method.  To
increase the detection accuracy in clinical application, asymmetric
PCR  was  carried  out  to  produce  abundant  target  ssDNA.  The
combination  of  asymmetric  PCR  and  IS-based  ratiometric  SERS
assay  had a  higher  detection ability,  and the  minimum detection
concentration  of  target  RNA  reached  0.01  pM.  Further  clinical
detection in  urine  samples  from patients  with  BCa confirmed its
potential  for  early  noninvasive  diagnosis  of  BCa  with  the
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Figure 5    (a) Agarose gel electrophoresis of asymmetric PCR products. The total RNA of bladder tumor cell lines 5637 and T24 was treated by two-step asymmetric
PCR. (b) Changes of SERS ratio of Au-ISMB after co-incubating with the synthetic target sequences with different concentrations. (c) Changes of SERS ratio of Au-
ISMB after co-incubating with the ssDNA of asymmetric PCR which were obtained using total RNA in urine samples. *P < 0.01.
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sensitivity of 80% and specificity of 100%, which is superior to the
current urine cytological method. 

4    Experimental section
 

4.1    Reagents and materials
DNA oligonucleotides were synthesized and purified by Shanghai
Sangon  Biotechnology.  The  sequence  of  oligonucleotides  was
shown  in Table  2.  Hydrogen  tetrachloroaurate(III)
(HAuCl4·4H2O),  AgNO3,  tris(2-carboxylethyl)phosphine
hydrochloride  (TCEP·HCl),  glycerin,  levodopa  (L-DOPA),  and
red  blood  cell  (RBC)  lysis  buffers  were  purchased  from  Sigma
Chemical  Company  (St.  Louis,  USA);  trisodium  citrate
(C6H5Na3O7·2H2O),  mercaptoethanol  (ME),  sodium  dodecyl
sulfate  (SDS),  NaH2PO4,  and  NaCl  were  purchased  from  China
National Pharmaceutical Group Co. (Shanghai, China); mercapto
polyethylene  glycol  (PEG-SH,  5,000  DA)  was  purchased  from
JenKem  Technology  Co.  (Beijing,  China);  DNase  I  and  SYBR

Green  Master  Mix  were  purchased  from  Takara  Biotechnology
Company  (Dalian,  China);  Trizol  reagent  was  purchased  from
Thermo  Fisher  Scientific;  culture  products  were  purchased  from
Life  Technologies  Co.  (Carlsbad,  USA).  All  chemicals  were
analytical grade and were used without further purification. Ultra-
pure water was used throughout the experiment. Human bladder
cancer 5637 and T24 cell lines were provided by Dr. Leland W. K.
Chung  (CedarsSinai  Medical  Center,  Los  Angeles,  CA,  USA),
Normal  fibroblasts  (cell  line  name:  L929)  were  purchased  from
Center for Excellence in Molecular Cell Science, Chinese Academy
of Sciences (CAS) (Shanghai, China). 

4.2    Preparation of AuNCs probes
The  sea-urchin  like  AuNCs  was  synthesized  by  seed-mediated
growth  [30, 31, 44–47].  Firstly,  seed  Ag  nanoparticles  with  a
diameter  of  about  30  nm  were  synthesized.  The  mixture  of
glycerol and ultrapure water (7:3) was heated to 95 °C and stirred
for 10 min. Then, 2 mL AgNO3 (9 mg/mL) and 10 mL trisodium citrate
(10  mg/mL)  were  added  into  the  mixture  successively.  The
reaction  lasted  for  1  h  at  95  °C.  After  the  mixture  was  cooled  to
room temperature, the silver seeds were separated and centrifuged
(12,000 rpm, 12 min). 7.2 mL of HAuCl4 (10 mm) was mixed with
12.8 mL of ultra-pure water and heat to 15 °C (300 rpm, 10 min).
Then  1  mL  of  seed  Ag  nanoparticles  and  7.2  mL  of  L-DOPA
(10  mM)  were  added.  The  colour  of  the  mixture  changed  from
light  yellow  to  dark  brown.  The  reaction  required  stirring  at
100  rpm  for  10  min.  The  AuNCs  were  separated  from  the
mixture,  centrifuged  (6,000  rpm,  1  min)  and  then  washed  with
formic  acid,  ammonium  hydroxide,  and  ultra-pure  water  in
sequence. The prepared AuNCs (10−13 M) and MBs (10−7 M) were
mixed  and  shaken  for  4  h.  Then  0.1%  SDS  solution  and  0.1  M
phosphate buffer (pH 7.4) were added to achieve a concentration
of  1/10  of  the  original  concentration  of  both  reagents.  After  the
solution was incubated for more than 10 h,  0.1 M NaCl solution
was added, stirred continuously for more than 4 h, and centrifuged at
6,000 rpm for 1 min. The poly(ethylene glycol) methyl ether thiol
(mPEG-SH) was then added to the suspension to fill the areas not
covered by MBs. Then, it was suspended again in ultrapure water. 

4.3    Physicochemical characterization of AuNCs probes
The morphology of all nanoparticles was observed by SEM (model
S4800;  Hitachi  Ltd.,  Tokyo,  Japan)  and  TEM  (Model  H7650;
Hitachi  Ltd.,  Tokyo,  Japan).  UV–Vis  absorption  spectra  were

 

Table 1    Clinical characteristics of patients with bladder tumor

Patient number Age/sex TNM staging Grade

1 55/Ma T1N0M0 Low

2 68/M T1N0M0 High

3 74/Fb T1N0M0 High

4 58/M T1N0M0 High

5 72/F T1N0M0 Low

6 61/M T1N0M0 High

7 53/F T1N0M0 High

8 65/F T1N0M0 Low

9 43/F T1N0M0 High

10 66/M T1N0M0 High

11 52/F T1N0M0 High

12 73/F T1N0M0 High

13 64/F T1N0M0 Low

14 57/M T1N0M0 High

15 53/F T1N0M0 High
aF refers to female, and bM means male.
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Figure 6    (a) The SERS ratio of urine samples in normal population and patients with bladder tumor. Total RNA was extracted from urine samples and amplified
using asymmetric PCR. The products were co-incubated with Au-ISMB. (b) Relative expression level of TK1 mRNA in tumor tissues. ddH2O, mRNA of L929 and
mRNA  of  5637  were  used  as  blank  control,  negative  control  and  positive  control  respectively.  (c)  The  SERS  ratio  after  co-incubating  with  the  asymmetric  PCR
products of  patients’ urine samples.  Blue column indicates no difference between the signal  and blank or negative control,  and red column indicates the difference
between the signal and blank or negative control. The expression of TK1 in tumor tissue of patients did not match the SERS ratio of urine samples.
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detected (Beckman DU800; Beckman Coulter Inc., Atlanta, USA).
A Zeta-sizer (Malvern Zeta sizer; Malvern Ins. Ltd., Malvern, UK)
was  used  to  analyze  the  size  distribution  and  Zeta  potential  in
water  at  25  °C.  SERS  spectra  were  obtained  by  a  laser  Raman
spectrometer  (LabRAM  HR800;  HORIBA  Ltd.,  Paris,  France).
The laser radiation was 532 nm; the acquisition time was 10 s, and
the laser power on the sample surface was 0.710 mW. 

4.4    Quantitation of MBs loaded on the nanoprobe
The  ME  (final  concentration  20  mM)  was  added  to  the  probe
solution.  The  mixture  was  shaken  violently  overnight  at  room
temperature  to  release  modified  molecular  beacons.  The
molecular  beacons  in  the  supernatant  were  obtained  by
centrifugation  (4,000g,  5  min).  Then,  a  multi-mode  microplate
reader  (SynergyMx;  Bio-Tek  Instruments  Inc.,  Winooski,  USA)
was  used  to  measure  the  fluorescence  in  the  supernatant.
The fluorescence of HEX was excited at 535 nm and measured at
553 nm. The fluorescence of the FAM was excited at 495 nm and
measured at 521 nm. 

4.5    Hybridization experiment
To  test  the  specificity  of  the  nanoprobes,  AuNCs  nanosensors
were  incubated  with  single  base  mismatch  sequence  and  target
sequence.  To  test  the  sensitivity  of  the  nanoprobes,  AuNCs
nanosensors  were  incubated  with  the  target  sequence  at  a
concentration  gradient  (0,  0.1,  1,  10,  10,  and  1,000  nM).  To
evaluate  the  stability  of  the  AuNCs  probe,  DNase  I  (0.02  U/mL)
and  targeted  sequence  were  successively  added  into  the  mixture.
SERS signals were obtained under the excitation of a 532 nm laser. 

4.6    Cell culture
5637 cell lines were cultured in RMI-1640 culture medium, while
T24  and  L929  cell  lines  were  cultured  in  Dulbecco’s  modified
Eagle  medium  (DMEM).  All  cell  lines  were  supplemented  with
10%  fetal  bovine  serum  (FBS)  and  100  U/mL  1%
penicillin/streptomycin.  The cells  were kept at  a  37 °C and 100%
humidified incubator containing 5% CO2. 

4.7    PCR and asymmetric PCR procedure
Total  RNA  was  extracted  from  the  cells  using  Trizol  reagent
according to  the  manufacturer’s  protocol.  Complementary  DNA
(cDNA)  was  then  synthesized  using  the  Primerscript  RT  kit.  In

addition, the  relative  levels  of  the  target  gene  transcript  were
measured  using  RT-PCR  (C1000  Thermal  Cycler;  Bio-Rad
Laboratories  Inc.).  All  the  experiments  were  repeated  for  three
times.  GAPDH  cDNA  was  amplified  as  an  internal  control.  The
asymmetric  PCR  reaction  was  divided  into  two  steps.  The  first
step  was  the  same  as  the  above  method.  In  the  second  step
reaction,  each  30  μL  reaction  volume  consisted  of  12  μL  free
nuclease water, 15 μL 2× Taq PCR Mastermix (Hangzhou Baosai
Biotechnology  Co.,  Ltd.,  PM06), 2  μL  forward  primers  (Table  1,
100  μM)  and  0.5  μL  first  step  PCR  reaction  product.  PCR
amplification  was  performed  under  the  following  conditions:
95 °C for  5  min,  followed by 35 cycles  of  PCR at  95 °C for  30 s,
55 °C for 30 s, 72 °C for 40 s, and then finally extended for 7 min at
72 °C. Finally, PCR reaction buffer was diluted to 100 μL at 25 °C
and  stored  at  4  °C  for  using.  Asymmetric  PCR  products  were
analyzed by agarose gel electrophoresis. The gel concentration was
1%;  the  voltage  was  100  V,  and  the  electrophoresis  time  was
30 min. The ssDNA bands of the corresponding agarose gel were
then  removed.  ssDNA  was  extracted  from  the  agarose  gel  using
GenEluteTM Gel Extraction Kit (Sigma-Aldrich Corporation, USA). 

4.8    Cell Raman mapping imaging
Before  SERS  mapping,  the  cells  were  incubated  with  AuNCs  for
4  h  and washed 3  times  with  phosphate-buffered saline  (PBS)  to
remove  the  medium  and  free  particles,  and  then  SERS  mapping
was  performed  on  the  cells.  The  characteristic  Raman  band  of
HEX  in  740–750  cm−1 and  the  ratio  of I745/I645 were  selected  to
establish SERS images. The objective lens (50× telephoto lens) and
532  nm  laser  were  selected,  and  the  excitation  beam  was  quasi
sized to a spot of ~ 1 μm2. A X-Y platform controlled by computer
was used to carry out rasterization scanning on the cells, to obtain
the  laser  induced  spectrum  (mainly  SERS  and  autofluorescence
background) for each pixel in the region of interest. 

4.9    Urine specimen
The  urine  samples  were  collected  from  the  Department  of
Urology, the First Affiliated Hospital of Xi’an Jiaotong University.
The  research  programme  was  approved  by  the  Institutional
Review  Committee  of  the  First  Affiliated  Hospital  of  Xi’an
Jiaotong  University  School  of  Medicine  (Xi’an,  China)  and  was
carried  out  in  accordance  with  the  Helsinki  Declaration.  Urine
samples  were  collected  from  patients  diagnosed  with  bladder

 

Table 2    Sequences of oligonucleotides used in this study

Name Sequence

TK1 MB 5’HEX-ACGACGCCAGGGAGAACAGAAACCGTCGT-3’SH

GAPDH MB 5’FAM-CGACGGAGTCCTTCCACGATACCACGTCG-3’SH

Target sequence 5’-GTTTCTGTTCTCCCTGG -3’

Single-base(A) MS 5’-GTTTCTGTACTCCCTGG -3’

Single-base(G) MS 5’-GTTTCTGTGCTCCCTGG -3’

Single-base(C) MS 5’-GTTTCTGTCCTCCCTGG -3’

The primer of TK1 mRNA, forward 5’-TATGCCAAAGACACTCGCTAC-3’

The primer of TK1 mRNA, reverse 5’ -GCAGAACTCCACGATGTCAG -3’

The primer of GAPDH mRNA, forward 5’-CTAGGCCACAGAATTGAAAGATCT-3’

The primer of GAPDH mRNA, reverse 5’-GTAGGTGGAAATTCTAGCATCATCC-3’

Forward primer for asymmertric PCR 5’- CGGCTTTCACTGCTGAGTTTC -3’

Reverse primer for asymmertric PCR 5’- AAGGAAACAAGAGGGCGTGA -3’

The template sequence for asymmertric PCR

5’-CGCTGTTGACATCAGCCTGCTTCTTCCCCTCTGCGGCTTTCACTGCTGAGT
TTCTGTTCTCCCTGGGAAGCCTGTGCCAGCACCTTTGAGCCTTGGCCCAC
ACTGAGGCTTAGGCCTCTCTGCCTGGGATGGGCTCCCACCCTCCCCTGAG
GATGGCCTGGATTCACGCCCTCTTGTTTCCTTTTGGG -3’
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cancer and centrifuged (1,000g, 10 min) to separate the exfoliated
cell.  The  erythrocyte  was  removed  from  the  cell  ball  with
erythrocyte  lysis  buffer.  It  was  then  immediately  processed  after
using the kit RNA extraction reagent according to manufacturer’s
protocol,  and  the  RNA  samples  were  further  purified  using  a
cleaning tool and stored at −80 °C. The RNA sample was adjusted
to  the  same  concentration  of  a  normalized  marker.  The  RNA
samples were further used for asymmetric PCR process. Then the
product  was  incubated  with  the  nanoprobes,  and  SERS  signals
were stimulated at an appropriate wavelength. 

4.10    Data analysis
Raman signals were collected by a laser confocal microscope, and
the data  of  Raman spectra  were  analyzed by LabSpec software.  8
spectra were collected from each specimen for this study. The first
order  Savitsky-Golay  filter  (7  points)  was  used  to  preprocess  the
original  spectrum  and  smooth  the  noise.  Then,  the  fifth  order
polynomial was used to fit the baseline, and the smoothed spectral
line data were subtracted from the baseline data to obtain the final
Raman  spectral  signal.  Student’s t test  was  used  to  compare  the
SERS  intensity  between  different  groups. P values  of  <  0.05  was
significant. 
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