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Aptamer/Nanoparticle-Based Sensitive, Multiplexed Electronic Coding of
Proteins and Small Biomolecules through a Backfilling Strategy
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The development of sensitive and selective bioassays ca-
pable of monitoring important biomolecules in a multi-
plexed fashion is a major goal in biosensing.[1–5] In many
cases, measurement of a single biomarker is not sufficient to
diagnose and follow the disease status. Rather, simultaneous
measurement of a panel of biomarkers is necessary to reach
this goal; this has led to increasing research on multiplexed
analysis of biomolecules. Various multiplexed detection
schemes for DNA or proteins based on labels with distinct
readouts, such as optically[6–11] or electrochemically[12–15] en-
coded quantum dots, multisegment nanowires,[16–19] dye-em-
bedded microspheres,[20–24] and biobarcode nanoparti-
cles,[25,26] have thus been demonstrated.

Although multiplexed analysis of DNA or proteins is well
developed, simultaneous monitoring of analytes with signifi-
cant difference in sizes, for instance, small biomolecules and
proteins, has rarely been exploited and remains a challenge
mainly due to the lack of double-probe sandwich assay for-
mats for the low-molecular-weight analytes.

Herein, we report, for the first time, a novel aptamer/
nanoparticle-based backfilling strategy for one-spot simulta-
neous detection of proteins and small biomolecules, employ-
ing lysozyme and adenosine triphosphate (ATP) as the
model target analytes. Our approach relies on target-in-
duced release of aptamers from the DNA duplexes on a
sensing surface, followed by backfilling hybridization of the
resulting single-stranded DNA molecules with aptamers
conjugated to the electrochemically encoded nanoparticles.
Subsequent unique electrochemical (EC) signatures of the
acid-dissolved nanoparticles at distinct potential positions
with well-resolved peaks thus reflect the identities and con-
centrations of lysozyme and ATP. Compared with previously

reported multiplexed detection schemes, our new analysis
route for proteins and small biomolecules offers three clear
advantages. First, simultaneous determination of biomole-
cules with distinct molecular weights (lysozyme, 14.3 kDa
versus ATP, 507.2 Da) is achieved for the first time with
electrochemically encoded nanoparticle tags. Second, in con-
trast to other common “signal off” assay formats for lyso-
zyme[27–29] and ATP based on target-induced displace-
ment[30–32] or conformational changes of the corresponding
aptamers,[33–36] our multiplexed method is a “signal on” con-
figuration, which exhibits improved sensitivity.[35] Third, the
analytical signal amplification by the nanoparticle labels
composed of a large number of metal ions and the high sen-
sitivity of the voltammetric stripping detection lead to low-
concentration determination of the target analytes. The
combination of these advantages facilitates the detection of
biomolecules with distinct sizes in a multiplexed and sensi-
tive manner.

Our multiplexed analysis approach for proteins and small
molecules based on the aptamer/nanoparticle bioconjugates
and the backfilling strategy, illustrated in Figure 1, involves
the formation of a mixed self-assembled monolayer of thiol-
modified cDNA/aptamer duplexes and 6-mercapto-1-hexa-
nol blocking on a gold substrate, release of the aptamer/
target complexes from the surface upon the addition of the
targets, backfilling hybridizations of the single-stranded,
thiol-modified cDNAs on the gold substrate with the apta-
mer/nanoparticle bioconjugates, and square-wave voltam-
metric (SWV) stripping measurement of the PbII and CdII

ions released upon acid dissolution of the nanoparticle tags
(PbS and CdS). The EC signatures of the released ions ex-
hibit well-resolved peaks (PbS, �0.55 V; CdS, �0.71 V) with
positions and sizes indicative of the identities and concentra-
tions of the target analytes, lysozyme and ATP, respectively.
During the assay, the addition of higher concentrations of
the targets leads to the removal of more aptamers from the
gold surface and formation of more single-stranded, thiol-
modified cDNAs available for backfilling hybridization with
the aptamer/nanoparticle bioconjugates. Larger voltammet-
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ric stripping peaks from the PbII

and CdII ions are then expect-
ed.

We first evaluated our back-
filling strategy for single-ana-
lyte determination by immobi-
lizing SH-cDNA/aptamer du-
plexes for lysozyme on the gold
surface. As displayed in Fig-
ure 2 A, the presence of lyso-
zyme leads to a sharp increase
of the voltammetric stripping
peak of PbII compared with that
in the absence of lysozyme
(Figure 2 Ai), which reflects the
release of the surface-hybrid-
ized, lysozyme-binding aptamer
and successful hybridization of
the aptamer/PbS with the corre-
sponding cDNA. Meanwhile, as
the concentration of lysozyme
increases, more PbS nanoparti-
cles are captured on the surface
and an increasing stripping cur-
rent of PbII is observed. The
stripping current of PbII thus
shows a concentration depen-ACHTUNGTRENNUNGdence on the lysozyme concen-
tration from 0.2 to 100 nm (Fig-
ure 2 B). The calibration curve
of the stripping current of PbII

versus clysozyme is shown in the
inset of Figure 2 B; this indi-

cates a linear relationship over the 0.2–10 nm range. The de-
tection limit for lysozyme is estimated to be 0.12 nm, based
on the signal-to-noise ratio of 3.

Similarly, this aptamer/nanoparticle-based backfilling
strategy was also applied to detect ATP with CdS nanoparti-
cles as labels. The size of the voltammetric stripping peak of
CdII from the CdS nanoparticle tags is dependent on the
concentration of ATP (Figure 2 C). The corresponding cali-
bration curve (inset in Figure 2 D) for ATP detection indi-
cates a linear relationship over the 0.01–10 mm range, and a
detection limit of 4.8 nm could be derived. Such low detec-
tion limits for lysozyme and ATP detections based on the
nanoparticle labels and the backfilling strategy could be as-
cribed to two facts. First, instead of the universal target-in-
duced displacement or conformational change “signal off”
configuration, our protocol is a “signal on” detection
format, which means that the presence of even low levels of
target analyte result in a stripping peak of the nanoparticle
labels. Besides, the “signal on” detection scheme has shown
improved sensitivity over the “signal off” one.[37] Second,
acid dissolution of the nanoparticle labels releases a large
number of metal ions to be monitored electrochemically,
which act as signal amplifications for target-analyte detec-
tion. Moreover, SWV stripping is demonstrated to be an ul-

Figure 1. Schematic illustration of the aptamer/nanoparticle-based back-
filling protocol for one-spot simultaneous electronic detection of lyso-
zyme and ATP. A) Coassembly of thiol-modified cDNA/aptamer duplex-
es on a gold substrate, B) blocking of the gold surface with 6-mercapto-1-
hexanol, C) addition of the target analytes lysozyme and ATP, D) incuba-
tion with aptamer/nanoparticle bioconjugates, E) acid dissolution of the
nanoparticle tags (PbS and CdS) and EC measurement of the PbII and
CdII ions released from the nanoparticles.

Figure 2. A) SWVs for increasing concentrations of lysozyme: i) 0, ii) 0.2, iii) 5, iv) 10, v) 50, and vi) 100 nm.
B) Current response of PbII versus clysozyme over the 0.2–200 nm range. Inset: the calibration curve for lysozyme
detection over the 0.2–10 nm range. C) SWVs for increasing concentrations of ATP: i) 0, ii) 0.01, iii) 5, iv) 10,
v) 50, and vi) 100 mm. D) Current response of CdII versus cATP over the 0.01–200 mm range. Inset: the calibration
curve for ATP detection over the 0.01–10 mm range. SWV measurements were carried out in 0.2 m acetate
buffer (10 ppm HgII, pH 5.2) with 1 min pretreatment at + 0.6 V, 2 min accumulation at �1.1 V, and scanning
of the potential from �1.0 to �0.3 V with a potential step of 4 mV, a frequency of 25 Hz, and an amplitude of
25 mV. The error bars represent the standard deviations of three parallel tests.
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trasensitive technique for monitoring metal ions, such as
CdII, PbII, ZnII, and HgII. The coupling of the “built in” am-
plification nature of nanoparticles by the metal ions and the
high sensitivity of SWV thus leads to sensitive detection of
lysozyme and ATP.

The selectivity of our assay protocol was investigated
against other control molecules, and we found that the spe-
cific target analyte led to a substantial increase in the strip-
ping current of the corresponding nanoparticle labels,
whereas the control molecules showed minimal increase. As
evidenced by Figure 3 A and B, despite the existence of a
large excess (100-fold) of the control molecules, thrombin

(5 mm) and mouse IgG (5mm) for lysozyme (50 nm), or cyti-
dine triphosphate (CTP, 5 mm) and guanosine triphosphate
(GTP, 5 mm) for ATP (50 mm), no significant stripping cur-
rent increases of the corresponding nanoparticles are ob-
served compared with the blank tests (0 nm target). Howev-
er, the presence of a small amount of lysozyme or ATP re-
sults in dramatic stripping current increases of PbII and CdII,
respectively, suggesting the high specificity of our assay.

Besides the sensitive and selective analysis of lysozyme
and ATP separately, we implemented our strategy for multi-
plexed detection of these two target analytes. Figure 4 B
shows that the addition of lysozyme (10 nm) alone leads to
an apparent stripping peak of PbII, but not of CdII. The addi-
tion of ATP (10 mm) performs similarly with the increase of
the stripping peak of CdII but not of PbII (Figure 4 C), which
indicates a minimal cross reactivity for the different targets.

More importantly, the presence of both lysozyme and ATP
leads to significant increases of both stripping peaks (Fig-
ure 4 D), suggesting the capability of our assay protocol for
one-spot simultaneous detection of multiple target analytes.
A series of six repetitive measurements of a mixture con-
taining 10 nm lysozyme and 10 mm ATP yielded reproducible
PbII and CdII peaks, respectively, with relative standard devi-
ations of 6.6 and 8.2 %.

In summary, we have demonstrated a sensitive, selective,
and multiplexed assay protocol for simultaneous monitoring
of proteins and small molecules based on the electrochemi-
cally encoded nanoparticle labels and the backfilling strat-
egy. The unique EC stripping patterns of the nanoparticle
labels enable simultaneous monitoring of multiple analytes
in one single run, whereas the “signal on” assay format and
the dramatic signal amplification by the nanoparticle labels
as well as the high sensitivity of the SWV technique offer
low-level determination of the target analytes. Considering
the wide stripping potential window for different metal ions,
this strategy can be expanded to simultaneous detection of
up to six different analytes in a single run by the selection
of various nanoparticles labels (e.g., ZnS: �1.1 V and GaAs:
�0.9 V). Further amplification could be achieved by encap-
sulating multiple nanoparticles in polymeric microbeads as
tags.[38,39] Our aptamer/nanoparticle-based backfilling strat-
egy thus opens new opportunities for multiplexed clinical di-
agnosis of different molecules with distinct sizes.

Experimental Section

Materials : Sodium bis(2-ethylhexyl)sulfosuccinate (AOT), cysteamine hy-
drochloride, 2-mercaptoethane sulfonate, lysozyme, thrombin, mouse
IgG, and 6-mercapto-1-hexanol were purchased from Sigma (St. Louis,
MO). Sodium chloride, Cd ACHTUNGTRENNUNG(NO3)2, Pb ACHTUNGTRENNUNG(NO3)2, Na2S, pyridine, hexane,
sodium acetate, acetic acid, acetone, and methanol were purchased from
Kelong Chemical (Chengdu, China). HgII standard solution was received
from the Chinese CRM/CM Information Center (Beijing, China). ATP,
CTP, and GTP were bought from Worthington Biochemical (Lakewood,
NJ, USA). The lysozyme (LBA)- and ATP (ABA)-binding aptamers and

Figure 3. Specificity investigations against nontarget molecules: A) ATP
(50 mm) versus GTP (5 mm) and CTP (5 mm). B) lysozyme (50 nm) versus
thrombin (5 mm) and mouse IgG (5 mm).

Figure 4. SWVs for the presence of A) 0mm lysozyme and 0mm ATP,
B) 10 nm lysozyme, C) 10 mm ATP and, D) 10 nm lysozyme and 10mm

ATP in the testing buffer.
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the corresponding complementary SH-cDNAs were ordered from Shang-
hai Sangon Biological Engineering Technology and Services (Shanghai,
China) with the sequences as follows: LBA: 5’-ATCTACGAATTCAT-
CAGGGCTAAAGAGTGCAGAGTTACTTAG-3’; SH-LBA: 5’-ATC-
TACGAATTCATCAGGGCTAA, AGAGTGCAGAGTTACTTAG-
(CH2)6-SH-3’; SH-cDNA1: 5’-CCTGATGAATTCGTAGATACACTG-
(CH2)6-SH-3’; ABA: 5’-ACCTGGGGGAGTATTGCGGAGGAAGGT-
3’; SH-ABA: 5’-ACCTGGGGGAGTATTGCGGAGGAAGGT-(CH2)6-
SH-3’; SH-cDNA2: 5’-AATACTCCCCCAGGTTTTTT-(CH2)6-SH-3’

Preparation of aptamer/nanoparticle bioconjugates : The CdS and PbS
nanoparticles were first synthesized according to a modified reported
procedure.[40] In brief, AOT (14.0 g) was dissolved in a mixture of n-hep-
tane (196 mL) and water (4 mL). The resulting solution was separated
into two volumes of 120 and 80 mL. An aliquot of CdACHTUNGTRENNUNG(NO3)2 (0.48 mL,
1.0m) or Pb ACHTUNGTRENNUNG(NO3)2 (0.48 mL, 1.0m) was added to the 120 mL solution,
while Na2S (0.32 mL, 1.0m) was added to the 80 mL solution. The two
solutions were stirred separately for 1 h, and then mixed under nitrogen
with continuous stirring. The nanocrystals were capped with organic li-
gands by adding cysteamine hydrochloride (0.34 mL, 0.32 m) and sodium
2-mercaptoethane sulfonate (0.66 mL, 0.32 m) and mixing under nitrogen
for 24 h. The resulting nanoparticles (CdS or PbS) were collected by re-
moving the heptane in vacuo and washing with pyridine, hexane, acetone,
and methanol.

The PbS-LBA (or CdS-ABA) bioconjugates were prepared by mixing
SH-LBA (or SH-ABA, 2 mm) with a PbS (or CdS) nanoparticle suspen-
sion (1.2 mg mL�1, 500 mL) overnight at room temperature, followed by
centrifugation at 10000 rpm for 45 min, removal of supernatant, and re-
suspension in 500 mL of 10mm phosphate buffer (PB, 140 mm NaCl, 5 mm

MgCl2, pH 7.4).

Multiplexed assay : The SH-cDNAs were first hybridized with their corre-
sponding aptamers to form double-stranded DNAs (SH-cDNA1/LBA
and SH-cDNA2/ABA) separately by mixing aptamers (2.4 mm) with
cDNAs (2.0 mm) in the annealing buffer (10 mm Tris-HCl, 100 mm NaCl,
50mm EDTA, pH 7.4). The mixture was heated to 95 8C for 10 min, and
cooled down to 25 8C at a rate of 1 8C min�1.

The gold substrates (6 � 3 � 0.2 mm) for SH-cDNA/aptamer immobiliza-
tion were cleaned with piranha solution (mixture of concentrated H2SO4/
H2O2 at a volume ratio of 3:1) and rinsed with ultrapure water. Next, a
mixture (100 mL) of SH-cDNA1/LBA (1 mm) and SH-cDNA2/ABA (1 mm)
were incubated with the gold substrates overnight (in 1.5 mL centrifuge
tubes), followed by surface blocking with 6-mercapto-1-hexanol (2 mm)
for 1 h. The surface-modified gold substrates were washed with PB, and
the target molecules of various concentrations were added and incubated
for 40 min. After washing with PB, a mixture of PbS-LBA and CdS-ABA
were introduced to the tubes and incubated for 30 min. The gold sub-
strates were then washed twice with 10mm phosphate Tween buffer
(PBT, 140 mm NaCl, 5mm MgCl2, 0.01 % Tween 20, pH 7.4) and trans-
ferred to new tubes, and washed again with PBT.

Dissolution of nanoparticles and EC measurements : The gold substrates
were finally treated with nitric acid (100 mL, 1.0 m) for 2 h, and the result-
ing solutions were added to a 1 mL EC glass cell containing 10 ppm HgII

and 900 mL of acetate buffer (0.2 m, pH 5.2). The SWV stripping detec-
tion involved a 1 min pretreatment at +0.6 V, 2 min accumulation at
�1.1 V, and scanning the potential from �1.0 to �0.3 V with a potential
step of 4 mV, a frequency of 25 Hz, and an amplitude of 25 mV. The data
was processed with the “linear-baseline-correction” function of the
CHI 852C software.
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