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ABSTRACT: Straightforward, sensitive, and specific human immunodeficiency virus (HIV) assays are urgently needed. The
creation of a point-of-care (POC) device for decentralized diagnostics has the potential to significantly reduce the time to treatment,
especially for infectious diseases. Notably, however, many POC solutions proposed to date fall short of meeting the ASSURED
guidelines, which are crucial for effective deployment in the field. Herein, we developed a DNA biosensor platform for the specific
and quantitative detection of HIV. The platform contains a rolling circle amplification (RCA)-based DNA biosensor and a portable
fluorescence detector, in which HIV-encoded integrase (IN) enzyme activity is used as a biomarker to achieve HIV-specific
detection. The cleavage and integration reaction of IN on the sensor surface and RCA are combined in this detection platform to
perform detection signal cascade amplification, ultimately achieving a detection limit of 0.125 CFU/μL of HIV particles. Moreover,
the DNA sensor system exhibited high sensitivity and accuracy for detecting HIV in clinical samples, suggesting that it has potential
for application in clinical settings to detect retroviruses other than HIV. In addition, quantitative detection based on this biosensing
platform was significantly correlated with the CD4+ lymphocytes count, which can provide guidance for antiretroviral therapy and
which affects long-term death risk assessment in HIV patients. Therefore, this DNA biosensing platform based on IN activity is
expected to be useful for rapid HIV testing, diagnosis, and treatment monitoring, enabling the development of new POC diagnostic
tests and will thus be highly valuable for developing HIV prevention strategies and effective treatments.

■ INTRODUCTION
Human immunodeficiency virus (HIV) destroys lymphocytes
and causes the body to lose its immune function, leading to
acquired immunodeficiency syndrome (AIDS). This virus can
persist in the body for years without causing any symptoms.1,2

Therefore, early and sensitive diagnosis, especially in under-
developed regions, is an effective strategy for preventing the
spread of AIDS. The current diagnostic methods for AIDS
mainly rely on HIV antibodies and antigens and include virus
neutralization, serological tests, and enzyme-linked immuno-
sorbent assays.3−5 Due to the low level of HIV antibody in the
early stage, these methods have good specificity but lack high
sensitivity, making early detection of HIV difficult. In addition,
these approaches generally require expensive instruments and
equipment, special reagents, professional operators, and

exceptionally long analysis times.6,7 These requirements are
increasingly recognized as difficult to meet in underdeveloped
and remote epidemic areas and even in cities when epidemics
peak. Therefore, there is an urgent need to develop fast, easily
operated, low-budget, and portable point-of-care (POC)
testing facilities that enable the convenient and timely
monitoring of patients for HIV infection in a community or
home setting.8−10
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Different sensing strategies for designing POC devices with
simple operation, rapid, highly sensitive responses, and
quantitative digital results have been assessed in recent years.
Enzyme-linked immune sorbent assay (ELISA)-based techni-
ques employing Au nanoparticles11,12 and DNA barcodes13

have significantly improved the HIV-1 p24 detection limit to
less than 0.5 pg mL−1. Even better results have recently been
acquired with pathogen-specific enzyme activity-based DNA
biosensors.14,15 These methods involve directly measuring the
activity of microbe-expressed enzymes using various DNA
nanosensors. Examples of real-time optical or electrochemical
systems for a variety of enzymes relevant to the detection of
human diseases such as tuberculosis and cancer16,17 have been
presented. However, most real-time sensors lack adequate
sensitivity for real-life diagnosis, and/or their performance is
hampered when used to analyze crude biological samples. For
diagnostic applications, additional amplification of enzymatic
products without hampering the quantitative readout, robust-
ness of the assay, or ease of operation is desirable. One such
amplification technique is rolling circle amplification (RCA), in
which a circular DNA template is converted to a long tandem
repeat RCA product (RCP), which can be visualized at the
single-molecule level by using fluorescence (FL) staining or in
bulk by using various colorimetric readouts.18−21 Some notable
features, such as isothermal amplification, cost-effectiveness,
and high sensitivity, make this technique highly valuable for
diagnostic purposes. RCA technology eliminates the precise
cyclical heating requirements of qPCR because of its highly
efficient continuous synthesis ability and robust strand
displacement activity at room temperature. The HIV-encoded
integrase (IN) is located in a highly conserved region of the
HIV genome with relatively little sequence variation. The
selection of the IN gene as the target gene for HIV detection
can ensure the specificity of detecting all different subtypes of
HIV without being affected by environmental factors. At the
same time, it has the advantages of high specificity, strong
stability, early diagnosis ability, wide applicability, and drug
resistance monitoring. Based on the above characteristics, the
single-molecule detection platform developed previously by
Wang et al. relies on a DNA biosensor-based RCA technique
for sensitive, dose-dependent, and specific detection of HIV-1
and the moloney murine leukemia virus (MLV) in crude
biological samples.22 However, this biosensor can only detect
recombinant HIV virus particles (rHIV-1) in crude biological
samples and cannot achieve quantitative and qualitative
detection of HIV in untreated serum samples from HIV
patients. Meanwhile, due to the lack of fast, easily operated,
low budget, and portable POC testing facilities, previously
developed biosensors were only suitable for laboratory settings
and could not conveniently and promptly monitor HIV-
infected individuals in POC settings. Therefore, by taking
advantage of IN and the low cost and isothermal amplification
of RCA technology, we used a modular reaction method to
develop a rapid, easy-to-operate, low-budget, and portable
single-molecule HIV detection platform that can meet the
requirements for a diagnostic application in different scenarios
and potentially play a crucial role in AIDS monitoring.23−33

Herein, we present a single-molecule detection platform
containing a portable FL detector for the readout of an
ultrasensitive DNA biosensor chip that allows the selective
detection of HIV-1 at a concentration of 0.125 colony-forming
units (CFU)/μL. The DNA biosensor has been demonstrated
to enable the specific, sensitive, and quantitative detection of

purified HIV IN (pHIV-1 IN) and active rHIV-1, which are
used as a safe model for HIV. Moreover, the platform
demonstrated a potent ability to detect HIV in clinical patient
serum samples, with an accuracy of 98.8%, a sensitivity of
99.2%, and a specificity of 98.5%. The biosensing platform can
realize rapid on-site diagnosis and screening of HIV, and the
quantitative test data are significantly correlated with the CD4
count, which is used in guiding antiretroviral treatment (ART)
and in long-term death risk assessment in HIV patients. The
current approach represents a significant step forward in the
development of a rapid HIV testing platform to enable the
ultrasensitive detection of biomarkers, which could have a
major impact on public health.

■ EXPERIMENTAL SECTION
Biosensing Platform Detection of HIV IN. Five

femtomoles of 5′amine U5HIV LTR substrate was linked to
codelink-activated slides in print buffer overnight in a humidity
chamber with saturated NaCl at room temperature. Blocking
was carried out for 30 min at 50 °C in a blocking buffer, and
the slides were washed twice in ion-exchanged H2O for 1 min.
Subsequently, the slides were washed for 30 min at 50 °C in
wash buffer 1, washed twice in ion-exchanged H2O for 1 min,
and air-dried. The U5HIV LTR substrate was generated by
hybridization of 5 fmol of a complementary U5HIVB LTR
substrate for 30 min at 37 °C in a humified chamber on a hot
plate and then washed in wash buffer 2 for 1 min at room
temperature and subsequently wash buffer 3 for another 1 min.
Finally, the slides were dehydrated in 99.9% ethanol for 1 min
and air-dried. Integration reaction assays were performed in 5
μL of a reaction mixture containing 0.5 μL of HIV IN, 50 fmol
of 500 bp circle, and 5 fmol of LTR substrate on slides in a
reaction buffer. This integrase reaction mixture was incubated
for 5 min on ice and then for 2 h at 37 °C. The reaction was
stopped by washing in wash buffers 2 and 3 and dehydrated.
Rolling circle DNA synthesis was performed in 1 × Phi29
buffer supplemented with 1 μg/μL BSA, 250 μM dNTPs, and
1 unit/μL Phi29 DNA polymerase for 1 h at 37 °C in a
humidified chamber on a hot plate. The synthesis reaction was
stopped by washing in wash buffers 2 and 3, and the reaction
mixture was dehydrated. The RCPs were detected by
hybridization to 0.2 μM FAM (green)-labeled probe ID33
and FAM-labeled probe ID A1 in a hybridization buffer. The
slides were washed in wash buffers 2 and 3, dehydrated,
mounted with Vectashield without DAPI, and placed on glass
coverslips. Epifluorescence and bright-field images were
captured with a portable FL detector. The detector collects
monochromatic emission from each fluorophore and filters it
through an appropriate filter. The DNA biosensing platform
data system we developed was used for imaging and
quantitative FL analysis.
Investigation of the Specificity of the Biosensing

Platform. To validate the assay specificity of the biosensing
platform, the IN inhibitor raltegravir was used for reverse
validation. Raltegravir (MK-0518) is a potent integrase
inhibitor against WT and S217Q PFV IN with IC50 values
of 90 nM and 40 nM, respectively, in a cell-free assay. It is
more than 1000 times more selective for HIV IN than other
related Mg2+-dependent enzymes.34 0.5 μL of HIV IN, 1 μL of
TADA B circle (280 nM), and 0.5, 1, and 2 μL of raltegravir
(500 nM/μL) were mixed in 5 μL of reaction buffer separately,
incubated on ice for 5 min, then added to the sensor chip
coupled with U5HIV LTR substrate and incubated at 37 °C
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for 2 h. The reaction was stopped by washing in wash buffers 2
and 3 and dehydrated. Rolling circle DNA synthesis was
performed in 1 × Phi29 buffer supplemented with 1 μg/μL
BSA, 250 μM dNTPs, and 1 unit/μL Phi29 DNA polymerase
for 1 h at 37 °C in a humidified chamber on a hot plate. The
synthesis reaction was stopped by washing in wash buffers 2
and 3, and the reaction mixture was dehydrated. The RCPs
were detected by hybridization to 0.2 μM FAM (green)-
labeled probe ID33 and FAM-labeled probe ID A1 in
hybridization buffer. The slides were washed in wash buffers
2 and 3, dehydrated, mounted with Vectashield without DAPI,
and placed on glass coverslips. Epifluorescence and bright-field
images were captured with a portable FL detector.
Optimization of the Biosensing Platform. We inves-

tigated the effects of different RCA primer concentrations, the
ratio of TADA B circle to RCA primers, and the concentration
of TADA B circle on the detection capability of the biosensing
platform. We coupled different concentrations of RCA primers
(0, 25, 50, 100, and 200 nM) to the sensor chip, Reaction
buffer containing 0.5 μL of HIV IN and 1 μL of TADA B circle
(280 nM) was added for integration reaction. After the
integration reaction was completed, Phi29 DNA polymerase
and FAM-labeled probe ID33 were added sequentially for
RCA reaction and FL probe binding reaction. Simultaneously,
at a given RCA primer concentration of 100 nM, reaction
buffer containing different concentrations of TADA B circle (0,
70, 140, 280, and 560 nM) and 0.5 μL of HIV IN are added to
the sensor chip for integration reaction followed by RCA
reaction and fluorescence detection. Finally, at a given RCA
primer concentration of 100 nM, reaction buffer containing
different concentrations of TADA B circle (100, 200, 300, 400,
and 500 nM) and 0.5 μL of HIV IN were added to the sensor
chip for integration reaction. RCA reactions and FL detection
were then performed. The reaction conditions for the
integration reaction, RCA reaction, and FL probe binding
reaction are the same as described in the specificity
investigation section of the biosensing platform.

At the given RCA primer concentration (100 nM) and
TADA B circle concentration (300 nM), we gradiently
shortened the integration reaction and RCA reaction times
to optimize the detection time expenditure of the biosensing
platform. The reaction conditions of the integration reaction
and RCA reaction were the same as those in the specificity
investigation section of the biosensing platform except for
time. The reaction conditions for the FL probe binding
reaction are the same as described in the specificity
investigation section of the biosensing platform.

■ RESULTS AND DISCUSSION
Design and Working Principle of the Biosensing

Platform. The single-molecule detection platform relies on a
DNA biosensor-based RCA technique and a portable FL
detector (Figure 1) that enables the specific and sensitive
testing of clinical serum samples from patients with HIV. We
collected and processed serum samples from HIV patients,
which were subsequently used in detection with the biosensing
platform. The design principle of the DNA biosensor is as
follows:22 first, we designed a double-stranded DNA fragment
containing an att site recognized by HIV IN (referred to as the
LTR segment). The flanking regions of this segment include
two long terminal repeat (LTR) sequences, which are available
for binding of HIV IN. The double-stranded DNA circle
(TADA B circle) was designed with an identifier sequence
identical to the sequence of a fluorescently labeled visualization
probe on one strand [termed the (−) strand] and
complementary to the sequence of the probe on the other
(+) strand. The addition of the IN and TADA B circle to the
surface-bound LTR fragment was anticipated to allow the U5
end of the donor to be processed, and the generated recessed
3′-OH end was expected to be integrated into one of the
strands of the TADA B circle, followed by the addition of phi-
polymerase-generated RCA products that could subsequently
be visualized at the single-molecule level upon hybridization to

Figure 1. Schematic diagram of the HIV IN-specific DNA biosensing platform based on the RCA technique for multiple amplifications for HIV
detection. (A) Flowchart of the detection of serum samples from HIV patients. (B) Detection principle of the biosensing platform. The reaction
was performed by adding the double-stranded DNA circle (containing the probe annealing site marked in red) and the test sample containing IN to
the slide coupled with the U5 LTR fragment (blue circles). The double-stranded DNA circle is integrated into the slide by IN-mediated LTR
fragment cleavage. Upon integration, the double-stranded DNA circle becomes covalently attached to the glass slide, and a free 3′-OH end is
generated. Phi-29 polymerase (yellow circle) is added to support the RCA of the uncut strand of the double-stranded DNA circle, generating a long
tandem repeat product that can be visualized via a portable FL detector upon hybridization of fluorescently labeled probes. The FL signals
generated by the biosensors are analyzed using a portable FL detector. The green FL points represent one RCP generated upon amplification of the
product generated by an integration event mediated by HIV IN. A portable FL detector is used to quantitatively analyze the FL intensity of the
RCP products.
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the fluorescently labeled visualization probes. Then, our
independently developed portable FL detector and data
processing system were utilized to detect and analyze the FL
signals generated by the reaction. The enzymatic integration
reaction signals were directly transformed into visualized and
quantified FL signals to achieve accurate detection of clinical
serum samples of HIV patients.
Validation of the Biosensing Platform. To validate the

detection capability of the biosensing platform, we first
performed direct detection of rHIV-1. After lysis, the rHIV-1
were directly added to the DNA biosensor for reaction. We
measured the FL intensity every 1 min throughout the reaction
period using a portable FL detector. The rHIV-1, TADA B-
Circle, phi29 DNA polymerase, and fluorescent probes were
individually added to the biosensor system for the reaction.
The FL intensity results revealed a background FL of less than
1000 au; however, when all of the above four substances were
added to the reaction system, significant amounts of FL were
generated compared with that in the control group.
Interestingly, after RCA was completed, the addition of the
fluorescent probe to the biosensor system without phi29 DNA
polymerase resulted in a higher background FL in the group,
possibly due to nonspecific adsorption of the FL probe on the
functionalized glass slides (Figure 2A). Moreover, we

performed quantitative statistics on the number of FL points
in the four groups (Figure 2B). These preliminary validation
results showed that our DNA biosensor could enable rHIV-1
detection.
Next, we further evaluated the specificity of the biosensor

platform we developed by using pHIV-1 IN, rHIV-1, and
recombinant moloney murine leukemia virus (rMLV). We
added 10 ng/μL pHIV-1 IN and 125 CFU of rHIV-1 to the
biosensor platform for detection. The quantitative results of FL
intensity and FL spot numbers showed that both the pHIV-1
IN group and the rHIV-1 group produced strong FL signals
compared to those in the control group (Figure 2C,D).
Additionally, to assess the ability of the biosensor platform to
distinguish similar RNA viruses, 125 CFU of rMLV was added
to reaction slides modified with the U5HLV LTR substrate,
after which the FL intensity and spot number were detected
using the portable FL detector. The results revealed that only a
small number of signals in the samples with added rMLV were
stronger than the background, indicating that our single-
molecule-scale DNA biosensor platform can accurately identify
HIV IN for specific HIV detection (Figure 2E,F).
Investigation of the Sensitivity and Specificity of the

Biosensing Platform. To evaluate the sensitivity and
specificity of the HIV single-molecule detection biosensing

Figure 2. Validation of the specificity and reliability of the biosensing platform. (A) Quantitative plot of the FL intensity of rHIV-1 detected by a
portable FL detection system. (B) Bar graph of the counted FL spots detected by the biosensing platform after 180 min of rHIV-1 reaction. (C)
Quantitative detection of pHIV-1 IN and rHIV-1 by the biosensing platform. (D) FL intensity quantification graph of pHIV-1 IN and rHIV-1
detected by the biosensing platform. (E) Quantitative detection of rHIV-1 and rMLV by the biosensing platform. (F) FL intensity quantification
graph of rHIV-1 and rMLV detected by the biosensing platform. Error bars were generated from 3 independent replicates. Data were normalized
against the average obtained from 10 random images obtained in each repetition. The error bars represent the standard error of the mean of the
indicated three independent experiments. *P < 0.05, **P < 0.01, ****P < 0.0001.
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platform for HIV detection, we prepared simulated patient
samples from engineered rHIV-1 with defects cultured in a cell
culture medium containing 10% fetal bovine serum. Extracts
obtained from gradient-diluted defective rHIV-1 were added to
the detection system for the reaction. Under conditions of 37
°C, HIV IN integration for 50 min, and RCA for 30 min,
fluorescence microscopy images based on the developed
single-molecule detection platform were obtained for rHIV-1
at the concentrations of 125 CFU, 12.5 CFU, 1.25 CFU, and
0.125 CFU, as shown in Figure 3A. Each rHIV-1 group
exhibited strong FL signals, while the virus-free group showed
no FL signal and only a minimal background FL signal. The FL
spot signals obtained from the portable FL detection data
analysis system were 3355 + 252.4, 557 + 78.3, 37 + 8.5, and
13 + 2.6 (Figure 3B). The detected FL signals decreased

gradually with decreasing quantity of HIV viruses in the
samples. The average FL signal of the negative control group
(2 + 1.0) plus three times its standard deviation was set as the
positive threshold (cutoff value = 4). The HIV single-molecule
detection platform achieved a minimum detection limit of
0.125 CFU/μL for packaged HIV particles, which was
significantly lower than that of the FL spots in the negative
control group (P < 0.05). Notably, the samples used for HIV
testing are typically serum isolated from blood samples of
suspected patients. To exclude the interference of various
biological samples on the detection performance of the system
and to verify the potential of this DNA biosensing platform in
future diagnostic applications, we used a human serum test
detection device to assess specificity and sensitivity. We mixed
viruses generated from cell cultures with human serum extracts

Figure 3. Evaluation of the sensitivity and specificity of the biosensing platform. (A) FL imaging of rHIV-1after different treatments. (B)
Quantitative detection results of FL points at different concentrations of HIV. (C) Quantitative detection of FL spots at different concentrations in
HIV + serum. (D) Statistical analysis of the quantitative results of FL points at different concentrations of HIV + raltegravir. (E) Comparative
quantitative results of FL points between the HIV group, HIV + serum group, and HIV + raltegravir group. The scale bar represents 10 μm. The
number of virus particles is stated in CFU corresponding to 25 virus particles per μL in the initial sample. The error bars represent the standard
error of the mean of the indicated three independent experiments. *P < 0.05, **P < 0.01, ****P < 0.0001.
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for system testing, FL readings, and quantitative analysis.
There was no significant difference in the number of FL spots
between the signals from HIV alone and those from the
addition of human serum (Figure 3C). The FL spot signals in
the rHIV-1 group with serum were not significantly different
from those in the rHIV-1 group without serum (P > 0.05)
(Figure 3E). These results further indicate that various
complex components in serum samples have little effect on
the detection of HIV RNA. Simultaneously, we conducted a
series of tests to determine the influence of sample processing
and storage conditions. By testing positive and negative
simulated patient samples, we found a nonlinear relationship
between the concentration of rHIV-1 and the quantity of FL
signals. The exact cause of this nonlinearity remains unclear

and may be related to the degree of aggregation among the
HIV IN monomers.
To validate the specificity of the HIV single-molecule

detection biosensing platform, reverse validation was per-
formed using the IN inhibitor raltegravir. We selected
concentrations of 50 nM, 100 nM, and 200 nM to assess the
reliability of the single-molecule detection platform. At 37 °C,
with HIV IN integration for 50 min and RCA for 30 min, 50
nM, 100 nM, or 200 nM raltegravir was added to the DNA
sensor along with 125 CFU rHIV-1 for detection. FL imaging
revealed a strong signal in the 50 nM raltegravir group, while
the signals in the 100 nM and 200 nM raltegravir groups were
very weak. The blank control group exhibited the highest FL
signal, indicating that treatment with raltegravir at concen-
trations of 100 nM and 200 nM completely inhibited the IN

Figure 4. Biosensing platform optimization scheme. (A) FL imaging of the single-molecule HIV detection biosensing platform under different
parameter conditions. Scale bars: 10 μm. (B) Relationships between the RCA primer concentration and the FL signal. (C) Effect of the RCA
primer:TADA B circle ratio on the FL signal. (D) Investigation of the effect of the TADA B-cell concentration on the FL signal of the biosensing
platform. (E) Quantitative statistical plot of circle cyclization for 1.5 h and RCA for 1 h. (F) Quantitative statistical plot of circle cyclization for 55
min and RCA for 40 min. (G) Quantitative statistical plot of circle cyclization for 50 min and RCA for 30 min. The scale bar represents 10 μm. The
number of virus particles is stated in CFU corresponding to 25 virus particles per μL in the initial sample. The error bars represent the standard
error of the mean of the indicated three independent experiments. *P < 0.05, **P < 0.01, ****P < 0.0001.
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activity of 125 CFU rHIV-1 (Figure S1). Subsequent
experiments were conducted using 100 nM raltegravir.
Next, 100 nM raltegravir was mixed with HIV particles

packaged with different concentration gradients and added to
the DNA biosensing platform for reaction. The FL imaging
results revealed a significant reduction in FL signals upon the
addition of raltegravir, with only the 125 CFU and 12.5 CFU
groups exhibiting faint FL signals (Figure 3A). This reduction
may be attributed to the inhibitory effect of raltegravir on the
integration of HIV IN at the DNA nanosensor interface. The
HIV + raltegravir group displayed FL spot signals of 38 + 13.2,
12 + 1.6, 3 + 0.6, and 1 + 0.0. This result confirmed the
excellent specificity of the HIV single-molecule biosensor
platform based on HIV IN detection (Figure 3D,E).
Optimization of the Biosensing Platform. To achieve

optimal detection, a series of parameters affecting the detection
capability of the RCA-based DNA sensor system, including the
RCA primer concentration, the ratio of the TADA B circle to
the RCA primer, and the concentration of the TADA B circle,
were systematically investigated (Figure 4). As expected, the
FL signals increased with increasing RCA primer concen-
trations (Figure 4A,B). When the RCA primer concentration
exceeded 40 nM/μL, the FL signals slightly decreased with
increasing RCA primer concentration, possibly because of the
covalent attachment of two or more primer fragments when a

large excess of RCA primer was incubated with the TADA B
gene. Thus, 40 nM was selected as the concentration of RCA
primers for subsequent experiments. The TADA B circle serves
as a template for RCA reactions, and its concentration may
greatly affect the FL signal yield of the DNA sensor system. As
shown in (Figure 4A,C), higher concentrations of TADA B led
to higher FL output signals, with a plateau at 3-fold. Moreover,
at an RCA primer concentration of 100 nM, after 120 min of
cleavage and ligation, higher concentrations of the TADA B
circle led to significantly greater FL signals than did lower
concentrations of the TADA B circle or the absence of the
TADA B circle. When the TADA B concentration was 280
nM/μL, the FL signals of the RCPs reached a plateau (Figure
4A,D). Therefore, 280 nM TADA B was chosen for HIV IN
detection in the HIV single-molecule detection platform. The
optimized parameters mentioned above were used for
subsequent experiments.
Simultaneously, to meet the requirements of on-site rapid

detection, the incubation time of IN and the RCA
amplification time in the HIV single-molecule detection
biosensing platform were optimized. The RCA primers
generated by the cleavage and integration of the TADA B
circle by HIV IN were used to determine whether the
subsequent RCA reaction could proceed smoothly; the FL
signal is related to the incubation time, so the RCPs resulting

Figure 5. Biosensing platform detects HIV in human serum samples. (A) Schematic representation of serum sample collection from HIV-positive
patients. (B) Quantitative statistics of FL spots in the biosensing platform detection of HIV-positive patient serum samples. (C) Threshold statistics
of FL spots in the biosensing platform for detecting HIV-positive and HIV-negative samples. (D) FL imaging of healthy individual serum
specimens, TP patient serum specimens, HBV patient serum specimens, HCV patient serum specimens, and HIV patient serum specimens for
detection via the biosensing platform. The scale bar represents 10 μm.
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from different incubation times were examined. The reaction
time of HIV IN integration was shortened from 2 to 1.5 h, and
the reaction time of RCA isothermal amplification was
unchanged. Compared with the experimental results obtained
under the optimized reaction conditions, the FL intensity and
number of FL spots did not change significantly under the
optimized reaction conditions. Shortening the integration
reaction time of HIV IN by 0.5 h did not affect the sensitivity
of HIV-specific detection (Figure 4E). The integration reaction
time of HIV IN was further reduced from 2 h to 55 min, and
the isothermal amplification reaction time of RCA was further
shortened from 1 h to 40 min. Compared to the experimental

results obtained under nonoptimized reaction conditions, there
was no significant change in the FL intensity or number of FL
spots under the optimized conditions. This finding indicates
that HIV-specific detection can be achieved with an incubation
time of 55 min for HIV IN and an isothermal amplification
time of 40 min for RCA without compromising the detection
sensitivity (Figure 4F). The reaction time of HIV IN
integration further decreased from 2 h to 50 min, and the
reaction time of RCA isothermal amplification decreased from
1 h to 30 min. Compared with the experimental results
obtained under the nonoptimized reaction conditions, the FL
intensity and FL amount under the optimized reaction

Figure 6. Relationships between various clinical indicators and HIV infection. (A) Spearman correlation coefficient image between laboratory
markers related to HIV infection. (B) Analysis of the nonlinear fit of the FL readings and CD4+ lymphocyte count. (C) Linear fit analysis images of
FL readings and CD4+ lymphocyte counts in 130 patients. (D−F) Images of Spearman correlation coefficients of laboratory markers associated
with HIV infection in patients at different stages. (G−I) Linear fit analysis images of FL readings and CD4+ lymphocyte counts of patients at
different stages.
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conditions also did not change significantly (P > 0.05) (Figure
4G). Therefore, HIV IN integration for 50 min and RCA
isothermal amplification for 30 min were used as the final
parameters for subsequent clinical sample testing. The
optimization procedure greatly shortened the detection time
and improved the detection efficiency of samples without
reducing the HIV detection sensitivity.
Detection of HIV within Clinical Samples by the

Biosensing Platform. Under the optimal conditions, clinical
serum samples from known HIV-infected individuals with
positive or negative RT−PCR results were tested using the
HIV biosensing platform. A total of 130 serum samples from
individuals at different clinical stages of HIV infection were
collected and processed. Based on the CDC criteria,35 42
(32%), 62 (48%), and 26 (20%) patients were assigned to
stages 1, 2, and 3, respectively (Table S1). Fifty (38%) patients
had not previously received ART. All patients were treated
with a regimen that included at least one nucleoside reverse
transcriptase inhibitor (NRTI) [Zidovudine, Lamivudine,
Tenofovir, Abacavir, Didanosine, Stavudine]. Thirty-two
patients (25%) received a regimen containing the nonnucleo-
side reverse transcriptase inhibitor (NNRTI) [Efavirenz,
Nevirapine], and fifty-nine patients (22%) received a regimen
containing protease inhibitor (PI) drugs [lopinavir/ritonavir,
Kaletra] (Table S2). The mean CD4 counts among patients
with stage 1, 2, and 3 disease were 447.2, 399.1, and 127.5 cells
per cubic millimeter, respectively. The mean viral load was
22,041 in patients with stage 1 disease, 10,845 in patients with
stage 2 disease, and 49,207 in patients with stage 3 disease.
Additionally, serum samples from 55 syphilis-infected (TP)
patients, 55 hepatitis B-infected (HBV) patients, 55 hepatitis
C-infected (HCV) patients, and 130 healthy individuals
undergoing medical examinations were collected as a control
group to validate the specificity of the HIV biosensing platform
and explore whether common clinical RNA viruses would
cause false-positive interference with the DNA sensor
detection (Figure 5A). Clinical serum sample information is
given in Tables S2−S6. The FL imaging results of patient
serum samples detected by the biosensing platform are shown
in Figure 5D. FL signals were detected in 130 clinical serum
samples from HIV-positive patients, with one serum sample
from a patient whose DNA biosensor test result was a false
negative. The abnormal samples were from patients with HBV
infection, and the test results were relatively significantly
different from those of the HIV-positive samples (p < 0.05). As
depicted in Figure 5B, there were significant differences in the
FL signals between the 129 patient samples and the 130
healthy individual samples (p < 0.001), as well as between the
patient samples and the negative control, demonstrating the
ability of the sensor system to effectively discriminate HIV-
positive samples from negative samples (Figure 5B). To
determine infection using the biosensing platform, we derived
a threshold of 300 FL signals based on the current results.
Based on the detection threshold, the clinical samples from TP
patients and healthy individuals showed similar signals, all of
which were below the threshold. In contrast, clinical samples
from HBV and HCV patients each exhibited one abnormal
signal above the threshold. Therefore, according to the
detection threshold, the calculated accuracy, sensitivity, and
specificity of the DNA biosensing platform for detecting HIV
in patient serum samples were 98.8, 99.2, and 98.5%,
respectively. However, further studies involving a larger
number of patients may be necessary to establish a more

accurate threshold for even more sensitive and specific
detection of HIV infections (Figure 5C). The results showed
that the optimized HIV biosensing platform could identify
almost all clinical serum samples of HIV patients sensitively,
specifically, and accurately and could exclude interference from
clinical samples of similar RNA viruses.
Correlation Analysis between FL Readings and

Various Clinical Indicators. We explored the relationship
between laboratory parameters related to HIV infection at
different stages of the disease. For each patient, the number of
FL readings, number of T-CD4 lymphocytes and HIV-1 viral
load were assessed. Figure 6A shows the Spearman correlation
coefficients for the clinical sample parameters for the 130 HIV
patients. Although an inverse correlation between CD4 counts
and HIV-1 RNA levels was observed in previous studies,36,37

this correlation was not evident in our study. The assessment
of changes in the plasma HIV RNA level and CD4+
lymphocyte count over the course of the disease revealed no
relationship between the plasma HIV RNA level and the CD4+
lymphocyte count over time. However, we found that the FL
readings from the biosensing platform did correlate signifi-
cantly with the patient’s CD4+ lymphocyte count and the ratio
of CD4+ to CD8+ lymphocytes. As shown in Figure 6A, as the
CD4+ lymphocyte count and the ratio of CD4+ to CD8+
lymphocytes increased, the number of FL points measured by
the biosensing platform decreased, indicating a negative
correlation. Linear fits of the CD4+/CD8+ lymphocytes to
the FL data are shown in Figure S2. This finding suggested
that, in addition to HIV RNA levels, FL measurements can
play a guiding role in the management of ART. T-CD4+ cells
are the most important cell line affected by HIV. Since CD4
lymphocytes are the first to be affected by the virus and their
number rapidly decreases as the disease progresses, the
measurement of the CD4 count is an important indicator for
assessing the effectiveness of treatments and disease pro-
gression. Therefore, we further employed the gam function to
perform a nonlinear fitting of the CD4+ lymphocyte count and
FL readings in HIV patients. The R2 of the nonlinear fitting
curve was 0.749, p value < 0.001, indicating statistically
significant evidence of nonlinearity between the FL readings
and the CD4+ lymphocyte count. Moreover, we analyzed the
correlation between various experimental parameters in serum
samples from stage 1, stage 2, and stage 3 patients according to
the CDC staging criteria. As shown in Figure 6D−F, the
Spearman correlation coefficients indicated that, in addition to
a significant correlation between the CD4+ lymphocyte count
and FL, there are also correlations between the HIV RNA level
and FL, as well as between the CD4+ lymphocyte count, in
stage 1 patients. This result may be related to the strength of
HIV replication activity in patients at different stages. FL
readings based on integrase activity measurements tend to
represent replication-active viruses in vivo. Considering the
nonsignificance of these nonlinear tests, we conducted linear
fitting of CD4+ lymphocyte counts and FL readings for
patients at different stages according to the CDC staging
criteria. The p values for the linear relationships were all
<0.001, indicating a statistically significant correlation between
FL readings and CD4+ lymphocyte count. In conclusion, our
biosensing platform not only enables rapid diagnosis of HIV
patients but also serves as an auxiliary tool for assessing and
monitoring their health status. Integrating FL readings with
patient age, BMI, socioeconomic factors, treatment modalities,
and other health issues holds significance in predicting long-
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term mortality risk in patients. This can serve as a crucial
indicator of treatment efficacy and disease progression.

■ CONCLUSIONS
A DNA biosensing platform based on HIV IN activity and
RCA technology was designed for the ultrasensitive detection
of HIV. The personalized and controllable synthesis of DNA
substrates in the RCA-based biosensing system makes this
system highly adaptable, allowing alternative types of enzyme
cleavage−ligation reactions or modifications of other kinds of
oligonucleotides on slides and thus offering broad application
prospects. Moreover, an RCA-based cascade amplification
strategy was used to generate a large amount of output DNA,
which can link abundant DNA fluorescent probes to RCPs,
generating significantly amplified signals for sensitive analysis
of HIV. In fact, a small volume (5 μL) of the analyzed sample
was shown to be sufficient for the DNA biosensor to reliably
deliver stable FL output signals for sufficient time to acquire a
digital measurement. Interestingly, this single-molecule detec-
tion platform detects the presence of HIV particles at a
concentration of 0.125 CFU/μL, which is promising for the
POC-based diagnosis of early-stage HIV-1 infection. This work
not only developed a novel DNA biosensor but also provided a
multifunctional portable FL signal detector, which holds
promise as a biosensor for the rapid and accurate detection
of HIV and has been effectively applied in real human serum
samples. The biosensing platform can realize rapid on-site
diagnosis and screening of HIV, and the quantitative test data
are significantly correlated with the CD4+ lymphocytes count,
which has a certain guiding role in ART treatment and in long-
term death risk assessment in HIV patients. To provide a
decentralized approach to diagnostics, the proposed single-
molecule detection platform is a crucial development and
could present new opportunities in the field of ultrasensitive
POC testing, particularly in rural locations.
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