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timely detection of such biomarkers pro-
vides a promising and powerful method to 
improve disease diagnostics and to enable 
timely treatment.[2] Nevertheless, the con-
centrations of these available biomarkers, 
such as proteins, nucleic acids, lipids, 
metabolites, and cells, in diverse samples 
are found in a wide dynamic range, cov-
ering over six orders of magnitude from 
microgram per milliliter to picogram per 
milliliter or even lower.[3] Therefore, a 
sensitive biomarker detection technology 
that can cover a wide concentration range 
even at a trace level to allow the accurate 
and reliable determination of biomarkers 
will enable early diagnosis, dynamic 
monitoring, and prognosis evaluation.[3c,4] 
However, to our knowledge, no available 
universal diagnosis platform is suitable to 
overcome these challenges.

Paper-based strip nanobiosensors are 
one of the most prominent point-of-
care diagnostic devices and have found 

use in a variety of applications in disease control, food safety, 
and environmental monitoring because of their simplicity, 
portability, rapidity, and low cost.[5] Traditionally, strip nano
biosensors generally employ 30–40  nm spherical gold nano-
particles (AuNPs) as colored labeling probes. AuNP-based 
strips commonly suffer from relatively low sensitivity because 
of the weak colorimetric signal brightness of AuNPs and a 
low capture rate (<5%) of AuNP probes at the test (T) line.[6] 
The sensitivity of conventional AuNP-based strip nanobiosen-
sors is ≈3 orders of magnitude lower than that of common 
laboratory-based diagnostic techniques, which are far beyond 
the clinically relevant ranges of most biomarkers.[7] Although 
some signal amplification strategies, such as nanoparticle 
accumulation amplification,[8] metal nanoparticle growth 
amplification,[9] and enzymatic amplification,[10] have been 
developed for enhancing the detection sensitivity of strip 
nanobiosensors and achieved comparable sensitivity to ELISA 
or nucleic acid-based tests, it is still difficult to obtain satis-
factory test results for the detection of disease biomarkers 
with low concentrations and superwide concentration ranges 
using these methods. In addition, these technologies cannot 
meet the requirements for detecting analytes with customized  
on-demand sensitivity.

Herein, a smart supramolecular self-assembly-mediated signal amplification 
strategy is developed on a paper-based nanobiosensor to achieve the sensi-
tive and customized detection of biomarkers. The host–guest recognition 
between β-cyclodextrin-coated gold nanoparticles (AuNPs) and 1-adamantane 
acetic acid or tetrakis(4-carboxyphenyl)porphyrin is designed and applied to 
the layer-by-layer self-assembly of AuNPs at the test area of the strip. Thus, 
the amplified platform exhibits a high sensitivity with a detection limit at 
subattogram levels (approximately dozens of molecules per strip) and a wide 
dynamic range of concentration over seven orders of magnitude. The applica-
bility and universality of this sensitive platform are demonstrated in clinically 
significant ranges to measure carcinoembryonic antigen and HIV-1 capsid 
p24 antigen in spiked serum and clinical samples. The customized biomarker 
detection ability for the on-demand needs of clinicians is further verified 
through cycle incubation-mediated controllable self-assembly. Collectively, the 
supramolecular self-assembly amplification method is suitable as a universal 
point-of-care diagnostic tool and can be readily adapted as a platform tech-
nology for the sensitive assay of many different target analytes.

1. Introduction

The presence of specific disease biomarkers in organs, tissues, 
bodily fluids, or cells is vital for disease diagnosis.[1] Early and 
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Recently, supramolecular recognitions based on host–
guest molecular pairs have been exploited in diverse applica-
tions, including bioimaging and biosensing technologies.[11] 
Compared with the extensively used biotin–avidin pairs, 
the interaction between the host–guest pairs is relatively 
weak,[11c] which contributes to avoiding the nonspecific 
absorption originating from the high affinity of biotin–avidin 
pairs in the self-assembly-mediated multiple rounds of 
signal amplification.[12] Herein, for the first time, the supra-
molecular interaction between β-cyclodextrin (β-CD) and 
adamantane (ADA) or tetrakis(4-carboxyphenyl)porphyrin 
(TCPP) was designed as a smart assembly strategy to induce 
the layer-by-layer self-assembly of AuNPs for the increased 
AuNP accumulation around a target analyte (Scheme  1). 
With the selective layer-by-layer deposition of AuNPs at the 
T area of strip nanobiosensors, undetectable target binding 
molecular events can be efficiently transduced and amplified 
via several rounds of self-assembled AuNP accumulation. 
The selective AuNP assembly with supramolecular recogni-
tion can effectively suppress the nonspecific adsorption of 
signal-amplifying probes to surmount background signal 
issues, which are often observed in biotin–avidin-amplified 
methods, particularly multiple rounds of signal amplifica-
tion. Under optimized conditions, the proposed strip nano-
biosensor provided a sensitive detection for target biomarkers 
with the LOD of subattogram levels after six or seven 
rounds of AuNP self-assembly amplification (approximately 
dozens of molecules per strip). Besides, our amplified strip 
nanobiosensor shared a wide dynamic detection range of 
seven orders of magnitude, which could cover the clinically 
relevant ranges of various biomarkers. More importantly, our  
proposed supramolecular self-assembly-mediated signal 
amplification strategy provided a smart diagnostic platform 
for customized biomarker detection by controlling the rounds 
of the layer-by-layer self-assembly of AuNPs in accordance 
with the on-demand needs of clinicians. In short, such sensi-
tive strategies can be applied to dynamically monitor changes 
in the concentrations of biomarkers from patients, but also to 
discover novel disease biomarkers.

2. Results and Discussion

2.1. Layer-by-Layer Self-Assembly-Mediated AuNP Accumulation 
Signal Amplification

The principle of layer-by-layer self-assembly-mediated AuNP 
accumulation signal amplification depends on the host–guest 
interactions between CD@AuNPs and ADA or TCPP. To vali-
date this concept, CD@AuNPs were synthesized by using 
a previously reported method.[13] The maximum absorption 
peak of CD@AuNPs centered at 520 nm with a hydrodynamic 
diameter (DH) of 20 nm (Figure S1, Supporting Information). 
The citrate-coated AuNPs were prepared according to a citrate 
reduction method[14] and then blocked with BSA-ADA conju-
gates (AuNP@BSA-ADA). The maximum absorption peak of 
the AuNP@BSA-ADA probes showed a slight redshift from 521 
to 527  nm. Dynamic light scattering (DLS) analysis revealed 
that DH of AuNP@BSA-ADA enlarged from 32 to 50 nm, and 
zeta potential increased from −45.2 to −29.8  mV (Figure S2, 
Supporting Information). These results indicated that BSA-
ADA was successfully coupled on the surface of citrate-coated 
AuNPs. The resultant AuNP@BSA-ADA was then sprayed on 
the NC membrane as a T line. Three control groups of AuNP@
BSA-ADA (control 1), BSA-coated AuNPs (AuNP@BSA, con-
trol 2), and BSA (control 3) were conducted for direct com-
parison (Figure  1a). The four prepared strips were incubated 
with CD@AuNPs or AuNP@BSA, and CD@AuNPs were spe-
cifically assembled onto the AuNP@BSA-ADA surface through 
the host–guest interaction between CD and ADA. The TCPP 
was used to realize the continuous signal amplification and to 
induce the layer-by-layer self-assembly of CD@AuNPs on the 
strip because each TCPP molecule contains four symmetrical 
carboxyphenyl subunits that can act as a scaffold to assemble 
CD@AuNPs. Therefore, after the strip was washed, the reacted 
strips were further incubated with TCPP and CD@AuNPs in 
an aqueous solution. The procedure was repeated by the suc-
cessive addition of TCPP and CD@AuNPs (Figure  1a). The 
results indicated that CD@AuNPs assembled layer-by-layer 
onto the T line zone of the strip by using the TCPP-induced 
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Scheme 1.  Schematic representation of the design and fabrication of supramolecular self-assembly amplified strip nanobiosensor.
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self-assembly of CD@AuNPs as the repeat incubation cycles 
of TCPP and CD@AuNPs were conducted, thus producing 
the continuously deepened red bands at the T line (the first 
row in Figure  1b). However, when AuNP@BSA was used to 
replace CD@AuNPs for the repeated incubation cycle with 
AuNP@BSA-ADA, no red bands were observed (the second 
row in Figure  1b). Similar phenomena without the presence 
of red bands were observed in the two other control groups of 
AuNP@BSA or BSA (the third and fourth rows in Figure 1b). 
These observations suggested no nonspecific binding of CD@
AuNPs on the strip in the absence of AuNP@BSA-ADA, con-
tributing to a low background signal. Furthermore, the OD 
values at the T line after each cycle of signal amplification were 
recorded by a strip reader, and the OD values of the T line on 
the strip against the incubation cycle numbers were plotted 
for all four trials. Figure  1c indicates that AuNP@BSA-ADA 
and CD@AuNP pairs displayed increased OD values over the 
repeated incubation cycles of CD@AuNPs, whereas no changes 
in the OD values were obtained in the three other control cases 
of the AuNP@BSA-ADA and BSA@AuNP pair, the AuNP@
BSA and CD@AuNP pair, and the BSA and CD@AuNP pair. 
This result demonstrated the successful layer-by-layer assembly 

of CD@AuNPs via the supramolecular binding between CD 
and ADA or CD and TCPP and the high selectivity of ADA for 
the specific binding of CD@AuNPs over nonspecific adsorp-
tion. An excellent linear dependency between the OD values 
recorded after each incubation cycle and the cycle number was 
obtained (Figure 1c), indicating the feasibility of our designed 
host–guest recognition-triggered self-assembly signal amplifi-
cation for the accurate quantitative detection of target analytes. 
In summary, the supramolecular self-assembly strategy could 
serve as a smart platform to produce highly specific and mean-
ingful AuNP accumulation signal amplification.

2.2. Self-Assembly-Mediated Signal Amplification for  
Customized Carcinoembryonic Antigen (CEA) Detection

Encouragingly, the designed layer-by-layer self-assembly signal 
amplification strategy was then integrated with the common 
strip nanobiosensor platform for realizing the customized 
detection of CEA, a well-accepted biomarker for early cancer 
diagnosis.[15] As depicted in Figure 2a, the CEA molecule in the 
sample solution was first bound to AuNP@BSA-ADA@mAbs 
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Figure 1.  Characterization of AuNP@BSA-ADA and CD@AuNP pair-mediated layer-by-layer self-assembly of AuNPs to form network nanoparticles at 
the NC membrane through supramolecular recognition. a) Schematic representation of supramolecular AuNP self-assembly onto different decorated 
membrane surfaces by repeat CD@AuNP incubation cycles, including AuNP@BSA-ADA membrane surface and CD@AuNP pair (self-assembly), 
AuNP@BSA-ADA membrane surface and AuNP@BSA pair (control 1), AuNP@BSA membrane surface and CD@AuNP pair (control 2), as well as BSA 
membrane surface and CD@AuNP pair (control 3). b) The prototype images of four NC membrane surfaces after each CD@AuNP assembly incubation 
cycle from 0 to 8 with the AuNP@BSA-ADA and CD@AuNP pair (self-assembly) on the first row, the AuNP@BSA-ADA and AuNP@BSA pair (control 1) 
on the second row, the AuNP@BSA and CD@AuNP pair (control 2) on the third row, and the BSA and CD@AuNP pair (control 3) on the fourth row. 
c) Plots of the OD values recorded from (b) versus the number of CD@AuNP incubation cycle for self-assembly, control 1, control 2, and control 3.



1903861  (4 of 8)

www.advancedsciencenews.com

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.small-journal.com

to form a complex. The formed complex was then captured by 
anti-CEA cAbs on the T line of the strip. After running the strip 
with the sample solution, the strip was further treated with 
CD@AuNPs that were used as a skeleton to trigger the AuNP 
assembly because of their highly specific host–guest interaction 
with ADA or TCPP. Consequently, at such a successive AuNP 
self-assembly, target analyte binding events occurred on the 
T lines could be efficiently transduced and magnified by the 
assembled AuNP accumulation, ensuring an increased detec-
tion sensitivity. To maximize this supramolecular self-assembly-
mediated signal amplification efficiency for achieving the best 
sensitivity for CEA detection on the strip nanobiosensor, sev-
eral key factors, including the coupling ratio of ADA on BSA, 
the labeled ratio of BSA-ADA and anti-CEA dAbs on the cit-
rate-coated AuNP surface, and the concentration of TCPP and 
CD@AuNPs for triggering the self-assembly of CD@AuNPs, 
were systematically investigated and optimized. As shown in 
Figure S3 (Supporting Information), the optimized parameter 
combinations were summarized as follows: the labeling ratio of 
ADA on BSA at 60:1 (Figure S3a, Supporting Information), the 
labeled ratio of BSA-ADA and anti-CEA dAbs on AuNP surface 
at 6:4 (v/v) (Figure S3b, Supporting Information), as well as the 
concentrations of TCPP and CD@AuNPs at 3.5 × 10−6 and 35 × 
10−12 m (Figure S3c, Supporting Information). At the meantime, 
the content of AuNP@BSA-ADA@mAbs and the concentration 
of anti-CEA cAbs on the T line were further optimized via a 
similar “chessboard titration” method. Table S1 (Supporting 
Information) indicates the optimal combinations: 1 mg mL−1 of 

anti-CEA cAbs were spotted on the NC membrane as a T line, 
and 2 µL of AuNP@BSA-ADA@mAbs (35 × 10−12 m) was incu-
bated with 78  µL of 1% HSA sample solution for 3  min, and 
then added to the sample well for the strip test. Under the opti-
mized conditions, the LOD of the strip before the self-assembly 
signal amplification reached 0.5 ng mL−1 by a strip reader.

To further determine the sensitivity of the strip after signal 
amplification, a series of CEA sample solutions with concen-
trations ranging from 0 to 50  ng mL−1 were detected using 
our designed strip nanobiosensor. As described in Figure S4  
(Supporting Information), without the CD@AuNP self-
assembly amplification, the color intensities of the T lines 
gradually increased as the concentrations of the target CEA 
increased, showing target concentration-dependent col-
orimetric signal changes. The color intensities of the T lines 
also gradually increased as the incubation cycle of CD@
AuNPs increased. Meanwhile, all the strips exhibited distinct 
red bands at the C lines, and the colors of the C lines deep-
ened with the cyclic repetition of CD@AuNP self-assembly, 
revealing that the fabricated strips and the self-assembly signal 
amplification strategy were valid. Notably, no red bands at the 
T lines were observed at 0  ng mL−1 CEA even after the con-
tinuous CD@AuNP assembly, indicating that the appearance 
of the red band on the T line of the strips strictly depended 
on the specific immunorecognition between the target antigen 
and the capture antibody pre-immobilized on the T line rather 
than the nonspecific binding of CD@AuNPs. To confirm 
the incubation cycle-dependent AuNP accumulation at the 
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Figure 2.  Supramolecular recognition-based layer-by-layer self-assembly-mediated signal amplification for the sensitive and customized detection of 
CEA in serum. a) Schematic representation of the customized CEA detection by using our supramolecular self-assembly-amplified strip nanobiosensor. 
b) SEM images verifying the AuNP accumulation at the T line of the assembled CD@AuNP after different cycle numbers, including Cycles 0, 2, 4, 6, 
and 8 and blank NC membrane as a control. c) Variation in the OD values at the T line against the CEA concentration in 1% HSA serum sample solu-
tion after eight CD@AuNP incubation cycles. d) The LOD change trend for CEA detection over the number of CD@AuNP incubation cycle. e) Linear 
response for CEA detection at the concentration ranging from 0.1 fg mL−1 to 10 ng mL−1 under six runs of CD@AuNP incubation cycle. f) Selectivity 
evaluation of our amplified strip nanobiosensor by determining the signal responses against several common protein biomarkers in serum, including 
CEA (50 ng mL−1) and other nontargets of BSA, HSA, PSA, CRP, AFP, and PCT at 500 ng mL−1. g) Correlation analysis of the measured CEA concentra-
tions between our self-assembly amplified strip nanobiosensor and the clinically used CEA chemiluminescence assay kits in 26 human serum samples 
with target concentrations ranging from 0 to 89.1 ng mL−1.
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T lines, the blank NC membrane and five positive T bands 
from cycles 0, 2, 4, 6, and 8 were observed through scanning 
electron microscopy (SEM) imaging after the assembled strip 
detected the sample at 10  ng mL−1 CEA. Figure  2b reveals 
that no AuNPs were found in the blank NC membrane. By 
contrast, a small number of AuNPs were seen on the T band 
from cycle 0, indicating that the target CEA could induce the 
successful capture of AuNP@BSA-ADA@mAbs at the T line. 
Furthermore, the number of AuNPs on the T bands increased 
as the incubation cycle of CD@AuNPs increased, suggesting 
an effective target induced AuNP accumulation at the T line 
via self-assembly. These phenomena demonstrated that the 
presence of the targets could induce the specific capture of 
AuNP@BSA-ADA@mAbs at the T lines, and then the captured  
AuNP@BSA-ADA@mAbs could serve as a selective frame-
work for the specific self-assembly of CD@AuNPs over non-
specific adsorption, which was essential for the CD@AuNP 
signal amplification through supramolecular self-assembly in 
the actual analysis application to remove background signals.

The OD values at the T and C lines after each incubation 
cycle of CD@AuNPs were then recorded with a strip reader 
to obtain the customized detection of CEA in the spiked HSA 
sample solution. Figure 2c indicates that the OD values at the 
T lines increased with the CEA concentrations and the number 
of CD@AuNP assembly cycles. The LOD of our strip nanobio-
sensor after each CD@AuNP incubation cycle is defined as the 
lowest CEA concentration to yield an OD value greater than 
that obtained from the negative control (ODControl = 0). Accord-
ingly, the LOD values after each self-assembly cycle amplifi-
cation were reduced from 0.5  ng mL−1 to 0.1 fg mL−1 against 
the repeated CD@AuNP incubation cycle, and the lowest 
LOD reached 0.1 fg mL−1 after six CD@AuNP assembly cycles 
(marked as cycle 6 in Figure  2d). The added volume of the 
CEA sample solution was 78  µL, and the LOD indicated that  
≈23 CEA molecules per strip were detectable by using our 
proposed strategy. This value was approximately six orders of 
magnitude lower than that of the conventional AuNP-based 
strip without amplification (0.5 ng mL−1, Figure S5, Supporting 
Information). Our method was also several orders of magnitude 
more sensitive than those of conventional CEA ELISA method 
and other reported immunoassay-based methods (Table S4, 
Supporting Information). It should be emphasized that the LOD 
of the proposed method under no cycle amplification reached 
0.5 ng mL−1, which was tenfold lower than the clinical cutoff of 
5.0  ng mL−1 (a potential cancer risk).[16] This result suggested 
that our approach could serve as a rapid screening tool within 
15  min with an LOD comparable with that of conventional 
ELISA. The monitoring of the CEA level in the serum is also 
crucial to evaluate the treatment efficacy and prognosis and to 
monitor the recurrence and metastasis of cancer.[17] However, 
in these cases, the CEA occurs in serum in such trace amounts 
and is difficult to detect by using conventional analytical tools. 
Alternatively, our method could provide a high sensitivity of 
10 pg mL−1 after four CD@AuNP assembly cycles (marked as 
cycle 4 in Figures S4 and S6, Supporting Information), which 
could achieve the trace detection of target CEA. Furthermore, 
only less than 90 min was required, that is, less than or equal to 
the total analysis time required to complete traditional ELISA. 
The lower CEA concentration in the serum should be measured 

by simply increasing the number of CD@AuNP incubation 
cycles. Our amplified strip nanobiosensor shared a broad linear 
detection range from 0.1 fg mL−1 to 10 ng mL−1 with a correla-
tion coefficient (R2) greater than 0.9912 (Figure 2e). The wide 
linear detection range contrasted strikingly with that of con-
ventional CEA ELISA (1 to 50  ng mL−1) and was suitable for 
simple and rapid target determination without any dilution and 
enrichment step. Collectively, the layer-by-layer CD@AuNP 
assembly-modulated signal amplification strategy provided a 
smart analytical platform for the customized target detection to 
match the requirement of the “customized sensitivity” in actual 
applications.

Furthermore, a series of continuously 100-fold diluted serum 
sample solutions with CEA concentrations at 200  ng mL−1,  
2  ng mL−1, 20 pg mL−1, 200 fg mL−1, 2 fg mL−1, 0.2 fg mL−1, 
and 0 fg mL−1 were analyzed with our method to explore the 
feasibility of our fabricated method for determining the pres-
ence of targets at different concentration levels. For each CEA 
concentration, the standard for stopping the CD@AuNP incu-
bation cycle was the appearance of a positive red band on the 
T line of the test strip, and the corresponding OD value was 
recorded via a strip reader. In Table S2 (Supporting Informa-
tion), when the CEA concentrations were 200 and 2 ng mL−1, 
the sample solutions could be detected directly on the basis 
of our reported method without CD@AuNP assembly cycles. 
When the CEA concentration was reduced to 20 pg mL−1, the 
serum sample solution could be detected after three CD@
AuNP assembly cycles. As the CEA concentration continu-
ously decreased to 200 fg mL−1 or lower, more CD@AuNP 
assembly cycles were required to achieve the positive detec-
tion. By contrast, no OD values at the T line were collected 
on a strip reader in the CEA-negative serum sample solution 
even after six CD@AuNP assembly cycles. These results fur-
ther confirmed that our designed layer-by-layer CD@AuNP 
assembly technology could provide a sensitive and reliable 
detection at different CEA concentrations with or without 
CD@AuNP assembly cycles.

The selectivity of our proposed strip nanobiosensors before 
and after the assembly amplification was investigated by 
determining the responses against several common protein 
biomarkers in the serum, including CEA (50  ng mL−1), and 
other nontargets (BSA, HSA, PSA, CRP, AFP, and PCT) at 
500  ng mL−1. A blank sample solution was set as a negative 
control. The strip prototypes of the responses and the corre-
sponding OD values at the T lines are displayed in Figure S7  
(Supporting Information) and Figure  2f. The results indi-
cated that a red band that deepened gradually and the corre-
sponding increase in OD values on the T lines of the strip over 
the repeated CD@AuNP assembly cycle were observed in the 
testing CEA-positive samples, whereas no similar responses 
were observed to measure other proteins and blank control. This 
finding demonstrated an excellent selectivity of our technology 
against target CEA. Encouragingly, our strip nanobiosensor by 
using the CD@AuNP assembly cycle amplification was fur-
ther extended for the sensitive and specific detection of CEA 
in the blood samples from patients with cancer. A correlation 
analysis was conducted between our self-assembly-amplified 
method and the clinically used CEA chemiluminescence assay 
kits in 26 human serum samples to estimate the practicability 
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and reliability. In Figure S8 (Supporting Information), 25 sam-
ples were detected as CEA positive by using our method and 
the commercial kits. Furthermore, one sample was measured 
to be CEA negative by both methods. Figure 2g shows that the 
detection results obtained from the two methods had a high 
linear correlation with an R2 of 0.9911, indicating that our  
CD@AuNP assembly-based signal amplification for the strip 
nanobiosensor functioned reasonably robust in actual bio-
marker detection from complex biological media.

2.3. Self-Assembly Amplified Strip Nanobiosensors  
for Customized p24 Detection

To evaluate the universality of our designed signal amplifica-
tion, the amplified strip nanobiosensor was further extended 
to measure HIV-1 capsid p24 antigen, the earliest protein bio-
marker post HIV infection.[10c] The sensitive and early detec-
tion of the p24 antigen in the serum could largely shorten 
the window period of the early detection of acute HIV infec-
tion that always challenges conventional HIV antibody 
assays (≈28 d after infection).[18] The reduced window period 
contributed to accurate early diagnosis, promoted timely 
intervention, and decreased HIV virus transmission.[19] How-
ever, in most HIV cases, the clinically relevant concentration 
ranges of p24 antigen during acute HIV infection were far less 
than the reported LOD values of these leading colorimetric 
strip nanobiosensors (≈10−15 pg mL−1) that were mainly lim-
ited by the weak absorbance of the labeled probes.[20] Thus, 
a high detection sensitivity and a wide detection range pre-
viously unrealizable in conventional strip nanobiosensors 
were demonstrated through the integration of our designed 

self-assembly signal amplification platform into AuNP-based 
lateral flow strip architecture. Similar to the amplified CEA 
strip immunosensor, the classical sandwich strip nano
biosensor was developed using the p24 antibody pair to replace 
the CEA antibody pair for target recognition and to detect 
HIV p24 antigen. The layer-by-layer CD@AuNP accumulation 
amplification step through the supramolecular self-assembly 
was unified for both targets as presented in Figure 3a. Figure S9  
(Supporting Information) presents the detailed results for 
the sensitive detection of p24 antigen in spiked serum with 
our amplified strip nanobiosensor, and the results showed 
p24 concentration-dependent changes in color at the T lines 
of the strips. As the number of incubation cycles of CD@
AuNPs increased, the color intensity of the T lines signifi-
cantly increased. Further quantitative analysis was conducted 
by recording the OD values on the T lines of the strip against 
p24 concentration after each self-assembly amplification. In 
Figure  3b, the OD values at the T lines increased as the p24 
concentrations and the number of incubation cycles increased, 
and the corresponding LOD values of our amplified strip nano-
biosensor after each self-assembly cycle amplification signifi-
cantly decreased from 0.5 ng mL−1 to 0.01 fg mL−1 against the 
number of CD@AuNP incubation cycles. The lowest LOD was 
0.01 fg mL−1 (≈18 p24 molecules per strip) under six runs of 
incubation cycle (Figure 3c and Figure S10, Supporting Infor-
mation), which was seven orders of magnitude lower than that 
of the AuNP-based strip without cyclic self-assembly amplifica-
tion (0.5 ng mL−1, Figure S11, Supporting Information). To the 
best of our knowledge, the LOD value for p24 was the lowest 
among the currently available strip nanobiosensors (Table S4, 
Supporting Information) and approached the sensitivity of the 
well-accepted nucleic acid-based “gold standard” method. This 
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Figure 3.  Application of layer-by-layer self-assembly-mediated signal amplification in the sensitive and customized detection of p24 in serum. a) Sche-
matic representation of p24 detection by using our amplified strip nanobiosensor. b) Variation in the OD values at the T line against the concentrations 
of p24 antigen after seven CD@AuNP incubation cycles. c) LOD change trend for p24 determination versus the number of CD@AuNP incubation cycle. 
d) Linear response with R2 = 0.9953 for p24 detection with the concentration ranging from 0.01 fg mL−1 to 5 ng mL−1 after six CD@AuNP incubation 
cycles. e) Specificity analysis of our amplified strip nanobiosensor by recording the responses against several serum protein biomarkers, including p24 
at 5 ng mL−1, and other commen interfered proteins of BSA, HSA, CEA, PSA, AFP, CRP, and PCT at 500 ng mL−1.
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result indicated that our amplified strip nanobiosensor could 
become a promising alternative to the expensive nucleic acid 
detection for the early diagnosis of acute HIV infection in 
clinics. Figure 3d indicates that an excellent linear correlation 
with R2 of 0.9953 was achieved between the OD values at the  
T line and the concentrations of p24 antigen after six CD@
AuNP incubation cycles, and the dynamic detection covered 
approximately eight orders of magnitude target concentration 
ranging from 0.01 fg mL−1 to 5  ng mL−1, which could match 
the p24 antigen detection at different concentrations at dif-
ferent HIV infective stages. Further “customized” detection at 
different concentrations of p24 antigens ranging from 0.025 fg 
mL−1 to 10 ng mL−1 was performed using the same analytical 
protocol as CEA. In Table S3 (Supporting Information), the 
spiked serum samples were directly detectable without self-
assembly amplification when p24 concentrations were more 
than 0.5 ng mL−1. By contrast, the spiked serum samples with 
p24 concentrations of below 0.5 ng mL−1 could be detected with 
an additional self-assembly amplification step and increasing 
incubation cycles of CD@AuNP to match the successful detec-
tion of p24 with decreased p24 concentrations. Notably, after 
six CD@AuNP self-assembly cycles, all p24-spiked serum 
samples could be successfully discovered with positive signals, 
whereas the p24-negative serum samples could not produce 
a similar response even after six runs of self-assembly cycles. 
Moreover, further selectivity analysis in Figure  3e displayed 
that our amplified strip nanobiosensor possessed outstanding 
discrimination capacities for p24 antigen compared with other 
common serum protein biomarkers. These findings demon-
strated a highly sensitive and specific molecular recognition 
of our amplified method to p24 antigen in the serum, pro-
viding huge promise for the early diagnosis of HIV infection 
in resource-limited settings.

3. Conclusion

Herein, we describe a smart cyclic signal amplification strategy 
for effectively transducing and amplifying the undetected 
target binding molecular events on the paper-based strip nano-
biosensor by using supramolecular self-assembly. The ampli-
fied nanobiosensor demonstrates its potential and universality 
in clinically significant ranges for CEA and p24 detection in 
spiked serum and detection of CEA in clinical samples of 
patients with cancer. We achieved high detection sensitivity 
of subattogram level, an LOD of dozens of copies per strip, 
and share an extremely wide dynamic linear detection range 
for concentration over seven orders of magnitude, which can 
cover the clinically relevant ranges of various biomarkers. In 
particular, cyclic incubation-modulated signal amplification 
modes provide the possibility to realize customized biomarker 
detection, along with the on-demand needs of clinicians, such 
as early diagnosis, dynamic monitoring, and prognosis evalu-
ation. In combination with microfluidic chip approaches, we 
can anticipate that the designed layer-by-layer self-assembly-
amplified strip nanobiosensor will provide several enhanced 
performances, including analysis speed, reproducibility, 
and detection throughput, thereby further expanding its 
applications.
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