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A B S T R A C T

In this work, we propose an innovative electrochemical DNA biosensor for the early, rapid, selective, and sen
sitive detection of the human immunodeficiency virus (HIV) based on its genetic code. This platform is based on 
the integration of few-layer bismuthene (FLB) which provides a nanostructured surface and facilitates the 
anchoring of the DNA dendrimer which incorporates the biorecognition element (a capture probe complemen
tary to the HIV-specific DNA sequence). The hybridization between the capture probe and the specific HIV target 
sequence is detected using Azure A (AA) as a redox indicator. The dendrimer-based DNA biosensor selectively 
detects HIV from 10.0 fM to 10.0 pM, exhibit a low detection limit of 3.03 fM and a 60-day stability, and has been 
validated using plasma samples from infected patients with varying viral loads.

1. Introduction

The human immunodeficiency virus (HIV), a type of retrovirus that 
targets the CD4+ cells of the human immune system, compromises the 
body’s ability to combat diseases and infections. HIV is the primary 
cause of the disease known as acquired immunodeficiency syndrome 
(AIDS), transmitted through contaminated blood transfer, sexual con
tact, or from mother to child (Farzin et al., 2020; Rizvi et al., 2023). 
Although significant advances in diagnosing and treating this disease 
have been made over the years, through antiretroviral therapies (ART), 
the number of global HIV infections remains very high, with two-thirds 
of the total occurring in African regions, where resource capacity and 
access to detection techniques for a quick and effective diagnosis and 
treatment of the disease is quite limited. (Kabiibi et al., 2024). There
fore, the scientific community is focusing on finding new methodologies 
that enable simple, rapid, sensitive, and cost-effective detection of this 
virus to curb its spread. In this context, electrochemical DNA nano
structured biosensors emerge as an alternative technique due to their 

robustness, miniaturization capacity, sensitivity, selectivity, portability, 
ease of use, and low cost.

Due to the numerous advantages presented by electrochemical DNA 
biosensors, many applications of these devices have been described over 
the years for the detection of all types of pathogens, such as viruses or 
bacteria (Abrego-Martinez et al., 2022; Afonso et al., 2013; Liébana 
et al., 2016; Martínez-Periñán et al., 2021; Qian et al., 2024). However, 
there is significant ongoing interest in the development of novel bio
sensing platforms with boosted analytical performance, as the ability to 
detect low viral loads is critical for accurate disease diagnosis. It has 
been demonstrated that the integration of nanomaterials in biosensor 
development enhances the sensitivity and stability of these devices. 
Currently, numerous studies are focused on the application of new 
two-dimensional (2D) nanomaterials in biosensor development (Yang 
et al., 2022). One of the most promising emerging 2D-nanomaterial is 
bismuthene, a bismuth derivate with excellent electrical and mechanical 
properties, high electrical conductivity, which improves electron 
transfer, ensuring rapid and detectable electrochemical signals, a high 
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relative surface area, which favours the immobilization of the bio
recognition element through interaction with thiol groups (-SH) 
(Gutiérrez-Gálvez et al., 2024; Torres et al., 2022), high chemical and 
thermal stability, and biocompatibility, giving rise to stable platforms 
that are scalable to the industry and have real-time applications in 
biomedicine and clinical diagnostics. (Baig, 2023; Rohaizad et al., 2021; 
Su et al., 2019).

Recent studies have demonstrated that the use of DNA nano
structures (tetrahedral DNA nanostructures, DNA nanoflowers, or DNA 
nanotubes) as building blocks results in biosensors with advanced 
properties. (Bai and Wei, 2019; Enebral-Romero et al., 2024; Ye et al., 
2024; Zhao et al., 2021). Among the different DNA nanostructures, DNA 
dendrimers have attracted the attention of the scientific community. 
DNA dendrimers were prepared for the first time in 1993. They are 
formed by three-dimensional hyperbranched DNA assemblies with a 
shape- and size-controlled, bulky, geometrically symmetrical structure, 
relative conformational rigidity, and chemical stability. One of the most 
commonly used methodologies for preparing this type of nanostructure, 
due to the ease of the process, is the divergent growth from Y-shaped 
DNA monomers (Liu et al., 2021; Zhou et al., 2014). This process in
volves the controlled hybridization of different Y-shaped DNA mono
mers, each composed of three single-stranded DNA sequences that are 
complementary to one another, forming three Y-shaped double helices. 
Each of the prepared monomers has a free fragment, known as a sticky 
end, complementary to the free fragments of the other monomers. With 
the hybridization of these sticky-ends, the different generations of the 
dendrimer (G0 → Gn) will be formed, from the central core to the outer 
branches, creating the three-dimensional spherical hyperbranched 
tree-like nanostructure (Meng et al., 2014; Mohri et al., 2012, 2015). 
Thanks to the potential functionalization of these nanostructures, the 
outer branches of the DNA dendrimer can be modified with different 
DNA probe sequences, enabling the detection of a broad spectrum of 
analytes. In this study, we present the synthesis of a DNA dendrimer 
incorporating the specific probe sequence designed for HIV detection, 
referred to as the HIV-based DNA dendrimer (DendVIH-SH). These probe 
sequences are also thiolated at the 5′-end, allowing the DNA dendrimer 
to be anchored onto the FLB-nanostructured electrode surface. The use 
of DNA dendrimers in the development of DNA electrochemical bio
sensors helps amplify the reporter signal at the working electrode, 
resulting in a higher hybridization capacity and improved recognition of 
the hybridization event, which achieves lower detection limits (Xu et al., 
2025). This provides biosensors with improved sensitivity and selec
tivity, making them a potential alternative to traditional detection 
methods for virus detection (Tian et al., 2024).

Based on the principles outlined above, this work proposes the design 
and synthesis of a novel DNA dendrimer carrying the specific HIV cap
ture probe (HIV-based DNA dendrimer). An innovative electrochemical 
DNA biosensor is developed with the immobilization of the DNA den
drimer onto the few-layer bismuthene (FLB) nanostructured electrode 
surface. Azure A (AA) is employed as a redox indicator of the hybridi
zation event, for the rapid, selective and sensitive detection of the HIV 
by its genetic code.

2. Material and methods

All the reagents, apparatus and procedures are presented in detail in 
the Supporting Information.

3. Results

The dendrimer-based DNA biosensor proposed in this work was 
developed according to the steps outlined in Scheme 1A. The first step 
involves the nanostructuration of a carbon screen-printed electrode 
(CSPE) with the FLB through drop casting, facilitated by the interaction 
between the carbon of the CSPE and the bismuth of the bismuthene 
(CSPE/FLB). The next step involves the immobilization of the HIV-based 

DNA dendrimer synthesized (DendVIH-SH probe), resulting from the 
binding between the thiol group of the DendVIH-SH probe and the bis
muth of the bismuthene (CSPE/FLB/DendVIH-SH). Thus, the FLB serves 
as a nanomaterial for improving the analytical properties of the 
biosensor and as an anchoring platform for immobilizing the bio
recognition element, the HIV-based DNA dendrimer. Then, the resulting 
biosensing platform (CSPE/FLB/DendVIH-SH) is faced to the analyte, the 
HIV-specific DNA sequence, under optimal conditions (40 ◦C, 1 h, hu
midity chamber, stirring). The hybridization event is electrochemically 
detected using Azure A, which act as an electrochemical indicator 
(CSPE/FLB/DendVIH-SH/HIVc/AA), and differential pulse voltammetry 
(DPV) as detection technique, in 0.1M PB pH 7.0 electrolyte buffer. All 
the experimental details are described in the experimental section in the 
SI.

3.1. HIV-based DNA dendrimer synthesis and characterization

The synthesis of the HIV-based DNA dendrimer follows a divergent- 
growth strategy from Y-shaped DNA monomers (YA, YB, and YC) through 
the hybridization of the complementary nitrogenous bases. YA (red Y 
DNA monomer) and YB (blue Y DNA monomer) are composed of three 
40-base DNA sequences each (TriX-1, TriX-2 and TriX-3), while YC in
cludes two 61-base (TriC-1 and TriC-2) and one 40-base DNA sequence. 
Each monomer contains 12-base sticky-end fragments at the 5′-end, 
enabling sequential hybridization and the stepwise formation of the 
dendrimer generations (G0 to G2). The TriC-1 and TriC-2 sequences 
contain two 5′-thiolated 24-base sequences that correspond to the spe
cific HIV probe sequence (yellow sequences), which remain free and 
available for the hybridization reaction with the target analyte. All se
quences are listed and highlighted in different colours in Table S1 of SI 
and shown in Scheme 1B. Monomers were assembled by mixing equi
molar amounts (1.00 μM) of each strand in TE buffer, and dendrimer 
formation was achieved by mixing YA, YB, and YC in a 1:3:6 ratio. Hy
bridizations were performed in a thermocycler using temperature- 
controlled steps, with melting temperatures (Tm) calculated to prevent 
non-specific binding. All details regarding the synthesis of each mono
mer and the complete structure of the HIV-based DNA dendrimer are 
provided in the Experimental and Results sections of the Supporting 
Information.

Once the HIV-based DNA dendrimer was synthesized under the 
required experimental conditions, it was verified that the synthesis had 
been successfully performed using characterization techniques such as 
electrophoresis, atomic force microscopy (AFM), and scanning electron 
microscopy with energy dispersive X-ray spectroscopy (SEM-EDX).

The image obtained from the electrophoresis (Fig. 1A) reveals dif
ferences between each stage in the formation of the HIV-based DNA 
dendrimer, resulting from the variations in the weights of the structures. 
It can be observed that in well 8, where the complete HIV-based DNA 
dendrimer is located (G2), the band has moved much slower compared 
to wells 5, 6 and 7, which contain the different generations and possible 
combinations between the Y-shaped DNA monomers (G0, G1 and YB:YC, 
respectively). Similarly, in wells 2, 3, and 4, where the YA, YB, and YC 
monomers are located, the bands have moved faster due to their lower 
molecular weights. The bands observed that do not correspond to the 
marked structures are likely due to fragments that may be, have 
remained unhybridized or impurities.

Fig. 1 shows the SEM images (Fig. 1B, C, 1F, and 1G) and AFM im
ages (Fig. 1D and H) acquired before (Fig. 1B–D) and after (Fig. 1F–H) 
the dendrimer immobilization on a silicon substrate modified with 
evaporated gold. The AFM (Fig. 1D) and SEM (Fig. 1B) images illustrate 
the characteristic surface morphology of Au, composed of gold grains. In 
contrast, Fig. 1F and H reveal the presence of dendrimer on the surface, 
where its well-defined structure can be clearly distinguished. Addi
tionally, the backscattered electron (BSE) images (Fig. 1C and G) high
light contrast differences corresponding to distinct materials. Regions 
with higher atomic number elements appear brighter, which in this case 
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Scheme 1. Scheme of the dendrimer-based DNA biosensor development (A) and of the synthesis of the HIV-based DNA dendrimer (B).
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corresponds to gold.
The elemental analysis by energy-dispersive X-ray spectroscopy 

(EDX) (Fig. 1E and I) of a gold substrate exhibits the characteristic peaks 
of Au and Si (Fig. 1E). However, after dendrimer immobilization, new 
peaks associated with the main molecular chain such as N and P appear 
(Fig. 1I), confirming its successful attachment to the substrate.

3.2. Dendrimer-based DNA biosensor development

As previously described, the dendrimer-based DNA biosensor was 
developed using the procedure outlined in Scheme 1A. To confirm that 
all the steps in the development of the dendrimer-based DNA biosensor 
were correctly performed, various microscopic and spectroscopic tech
niques, including SEM-EDX, AFM, fluorescence microscopy, Raman 
spectroscopy, and electrochemical impedance spectroscopy (EIS), were 
employed.

Fig. 2 presents the SEM (Fig. 2A, B, 2E, 2F, 2I, and 2J) and AFM 
(Fig. 2C, G, and 2K) images of all the steps involved in the development 
of the dendrimer-based DNA biosensor. AFM images reveal how the 
electrode surface morphology changes with each modification step. 
After nanostructuration of the CSPE electrode with FLB (CSPE/FLB, 
Fig. 2G), the smooth and homogeneous surface observed on the bare 
CSPE (Fig. 2C) disappears due to the deposition of bismuthene nano
sheets. Upon immobilization of the HIV-based DNA dendrimer (Dend
VIH-SH) on the CSPE/FLB platform (CSPE/FLB/DendVIH-SH, Fig. 2K), the 
surface becomes rougher, indicating successful dendrimer attachment. 
In the SEM image of the unmodified CSPE (Fig. 2A), as it was expected 
an uniform surface composed of carbon is observed. After the modifi
cation and nanostructuration of the CSPE with FLB (CSPE/FLB, Fig. 2E), 

hexagonal shapes corresponding to the bismuthene nanosheets become 
visible in the image. Following the immobilization of the DendVIH-SH 
dendrimer onto the CSPE/FLB platform (CSPE/FLB/DendVIH-SH, 
Fig. 2I), small spots appear on the bismuthene hexagons, likely corre
sponding to the spherical nanostructured dendrimer. The backscattered 
electron image of the bare CSPE (Fig. 2B) lacks contrast, as it presents a 
homogeneous surface composed solely of carbon. Following modifica
tion with FLB (Fig. 2F), lighter areas appear, associated with bismuthene 
nanosheets, which have a higher atomic number than carbon. For the 
CSPE/FLB/DendVIH-SH biosensing platform (Fig. 2J), new darker re
gions are visible on the bismuthene nanosheets, attributed to the 
immobilized HIV-based DNA dendrimer, which effectively reduces the 
effective atomic number of the platform.

These results have been confirmed through elemental characteriza
tion by energy-dispersive X-ray spectroscopy (EDX). The EDX spectrum 
of the bare CSPE (Fig. 2D) exhibits the characteristic C peak from the 
carbon electrode surface. After nanostructuration with FLB (Fig. 2H), 
additional Bi peaks corresponding to the FLB nanosheets appear. Finally, 
with the immobilization of the DendVIH-SH dendrimer (Fig. 2L), in 
addition to the C and Bi peaks, new P peaks corresponding to the 
phosphate backbone of the HIV-based DNA dendrimer are observed.

Additional complementary characterization studies were also carried 
out using fluorescence microscopy, Raman spectroscopy, and EIS 
(Fig. S3, which are discussed in detail in Section 3.3 of the Supporting 
Information).

The comprehensive analysis performed using multiple character
ization techniques confirms the successful performance of each step 
involved in the development of dendrimer-based DNA biosensors.

Fig. 1. Gel electrophoresis analysis and schematic representation (A) of the different samples studied in the HIV-based DNA dendrimer (DendVIH-SH) synthesis: wells 
2 to 4 are the Y-shaped DNA monomers (YA, YB and YC, respectively); wells 5 to 7 are the different dendrimer generations and possible combinations between the 
monomers (G0, G1 and YB:YC, respectively); well 8 is the complete DendVIH-SH. Images of secondary electrons (SEM) (B and F), Backscattered electrons images (C and 
G), AFM (D and H) and EDX (E and I) of silicon substrate modified with evaporated gold (B-E) and a silicon substrate modified with evaporated gold and with the 
DendVIH-SH immobilized (F-I). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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3.3. HIV DNA sequence detection

The dendrimer-based DNA biosensor developed was tested for the 
detection of the HIV virus by its genetic code using differential pulse 
voltammetry (DPV) as a detection technique. To improve the analytical 
performance of the device and ensure reproducible results, all steps in 
the development of the dendrimer-based DNA biosensor were carefully 
optimized. First, the immobilization time of the HIV-based DNA den
drimer on the electrode (24 h, 1 h, and 30 min) and secondly, its con
centration (1.00 μM, 1:2 dilution, and 1:4 dilution) were optimized by 
comparing the electrochemical response obtained before (CSPE/FLB/ 
DendVIH-SH) and after hybridization with the HIV target sequence 
(CSPE/FLB/DendVIH-SH/HIVc). For the DendVIH-SH immobilization 
time optimization, 10.0 μL of the synthesized DendVIH-SH at a concen
tration of 1.00 μM was immobilized on the CSPE/FLB platform and 
incubated at room temperature for 24 h, 1 h, or 30 min. After incuba
tion, hybridization with the HIVc sequence at a concentration of 10.0 fM 
was performed under optimal conditions (40 ◦C, 1 h, in a humidity 
chamber, with mechanical agitation). Finally, the platform was incu
bated with Azure A (at room temperature, 1 h, in the dark), and the DPV 
was recorded using 0.1M PB pH 7.0 buffer as electrolyte. Fig. 3A pre
sents the relative reduction in current intensity observed before and 
after the hybridization process, as a function of the different incubation 
times applied for DendVIH-SH. As shown, the highest percentage signal 
decrease is obtained for a 1-h incubation time, making it the selected 
optimal time for dendrimer-based DNA biosensor development. On the 
other hand, for the optimization of HIV-based DNA dendrimer concen
tration, 10.0 μL of DendVIH-SH at a concentration of 1.00 μM, diluted 1:2 
and 1:4, was incubated on the CSPE/FLB platform for 1 h. After the 
hybridization with HIVc 100 pM and incubation with Azure A, the 
current intensities depicted in Fig. 3B were obtained for each concen
tration. It is observed that in the case of 1.00 μM DendVIH-SH, there is a 

significantly higher decrease in current intensity and better reproduc
ibility after the hybridization event, compared to the other cases. 
Therefore, this is the selected optimal concentration.

Once the steps in the dendrimer-based DNA biosensor development 
were optimized, its sensitivity and selectivity for HIV were evaluated. 
Fig. 3C shows the DPVs obtained for the oxidation of Azure A at − 0.45V, 
for the dendrimer-based DNA biosensor in absence (CSPE/FLB/DendVIH- 
SH, black line) or in presence of the HIV sequence (CSPE/FLB/DendVIH- 
SH/HIVc, red line) or a non-complementary sequence (CSPE/FLB/ 
DendVIH-SH/NC, blue line) at a concentration of 100 pM. As illustrated, 
only when the biosensing platform is faced to the specific HIV sequence 
(HIVc), a decrease in the anodic current intensity is observed compared 
to the blank (prior to hybridization), due to the hybridization between 
the capture sequence integrated into the DNA dendrimer structure 
(DendVIH-SH) and the HIVc These results confirm the ability of the 
biosensor to selectively recognize the HIV-specific genetic code.

To confirm the sensitivity improvements provided by the use of 
dendrimers in the field of sensing, the biosensor response was compared 
using either a DNA probe (HIV-SH) or the synthesized HIV-based DNA 
dendrimer (DendVIH-SH) as the biorecognition element.

Over the years, it has been demonstrated that the arrangement of the 
DNA probe on the electrode surface affects the hybridization event. It is 
essential for the DNA probe to be well-oriented and evenly spaced across 
the electrode surface to facilitate efficient hybridization with the specific 
analyte DNA sequence. Numerous studies state that the duration of DNA 
probe immobilization on the electrode surface plays a critical role in the 
successful fabrication and performance of biosensors. Therefore, in this 
work, a DNA biosensor was prepared, using a thiolated-DNA capture 
probe complementary to the HIV (HIV-SH) as biorecognition element, 
and different immobilization times of the DNA capture probe (1, 24, and 
72 h) were tested to determine which time shows the greatest signal 
difference before (CSPE/FLB/HIV-SH) and after hybridization with the 

Fig. 2. Secondary electrons images (SEM) (A, E and I), Backscattered electrons images (B, F and J), AFM (C, G and K) and EDX (D, H and L) of a bare CSPE (A–D), a 
CSPE modified with FLB (CSPE/FLB, E-H) and of the DendVIH-SH dendrimer immobilized on the CSPE/FLB platform (CSPE/FLB/DendVIH-SH, I-L).
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specific HIV sequence (CSPE/FLB/HIV-SH/HIVc). To evaluate the 
selectivity of the biosensor, the platform was exposed to a non- 
complementary sequence (CSPE/FLB/HIV-SH/NC).

Fig. S4 shows the percentage decrease in the electrochemical signal 
recorded for the oxidation of Azure A at − 0.45V, obtained for the CSPE/ 
FLB/HIV-SH platform at different DNA probe immobilization times (1 h, 
purple bar; 24 h, orange bar and 72 h, blue bar) after facing the platform 
to the HIV specific sequence (HIVc) or to a non-complementary 
sequence (NC) at a concentration of 100 pM. As evidenced by the re
sults, all cases exhibit a more pronounced signal reduction following 
incubation with the HIV complementary sequence (HIVc) compared to 
the non-complementary sequence (NC). This decrease is attributed to 
the specific hybridization between the immobilized DNA probe and 
HIVc, thereby confirming the biosensor’s selectivity towards HIV. 
Comparing the percentage signal decrease recorded for the different 
probe immobilization times, the most significant signal difference before 
and after hybridization with the HIVc sequence occurs with a 24-h 
immobilization time. Therefore, this was selected as the optimal time 
for developing the DNA biosensor, CSPE/FLB/HIV-SH.

Comparing the percentages of electrochemical signal decrease 
recorded for DendVIH-SH (Fig. 3D) with those of the 24-h DNA probe 

(Fig. S4, orange bar), it can be observed, as expected, that recognition is 
better for the DendVIH-SH. The signal decrease recorded is 20 % higher 
and more reproducible since the DNA dendrimer structure has a higher 
number of hybridization sites, allowing for signal amplification 
compared to the DNA probe.

These results demonstrate that using the HIV-based DNA dendrimer 
as the biorecognition element allows for signal amplification and re
duces the preparation time of the biosensing platform.

After optimizing all steps in the HIV dendrimer-based DNA biosensor 
development and testing its capacity to detect the specific HIV sequence, 
the response of the CSPE/FLB/DendVIH-SH biosensing platform was 
studied for different concentrations of the HIV DNA sequence under 
previously established optimal conditions. To this end, the biosensing 
platform was incubated with varying concentrations of the HIVc 
sequence, ranging from 10.0 fM to 100 pM. The resulting calibration 
plot, presented in Fig. 4A, depicts the normalized current intensity, 
calculated as the absolute value of the difference between the electro
chemical signal recorded after and before (blank, iB) the incubation with 
the target sequence, divided by iB, plotted against the logarithm of the 
HIVc concentration. A linear correlation is observed, described by the 
equation: |(i-iB)/iB| = 0.181⋅log[HIVc] + 0.634 (R = 0.9903). Each data 

Fig. 3. Column chart illustrating the percentage decrease in electrochemical signal of the CSPE/FLB/DendVIH-SH biosensing platform after hybridization with the 
HIVc sequence at 10.0 fM concentration for different HIV-based DNA dendrimer incubation times (A). Comparative column chart of the current intensity recorded 
before (CSPE/FLB/DendVIH-SH) and after hybridization with 100 pM HIVc (CSPE/FLB/DendVIH-SH/HIVc), across different concentrations of DendVIH-SH (B). Dif
ferential Pulse Voltammogram (DPV) of the Azure A oxidation at − 0.45 V obtained prior to hybridization (CSPE/FLB/DendVIH-SH, black line), following incubation 
with HIV DNA sequence (CSPE/FLB/DendVIH-SH/HIVc, red line), and with a non-complementary sequence (CSPE/FLB/DendVIH-SH/NC, blue line), each at a 100 pM 
concentration (C). Column chart of the percentage electrochemical signal decrease obtained for the CPSE/FLB/DendVIH-SH platform after the hybridization with the 
specific HIV DNA sequence (HIVc, red bar) or a non-complementary sequence (NC, blue bar) (D). (For interpretation of the references to colour in this figure legend, 
the reader is referred to the Web version of this article.)
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represents the mean of three independent measurements, yielding a 
percentage coefficient of variation (CV%) of 5.94 % and a sensitivity of 
0.181 a.u. log (pM-1). The detection limit (LOD) was determined to be 
3.03 fM, using the formula y = XB + 3⋅SB (where XB is the mean of three 
times the electrochemical response of the blank and SB the standard 
deviation), introducing the normalized current intensity response ob
tained in the calibration plot and calculating the concentration of HIV.

To demonstrate the improvements in sensitivity and amplification 
capacity of the HIV-based DNA dendrimer, a calibration was performed 
using the CSPE/FLB/HIV-SH platform (see Scheme S1 in the Supporting 
Information), for concentrations of the HIVc sequence ranging from 500 
fM to 100 pM. Fig. S5 in the SI presents the calibration plot obtained for 
the normalized current intensity registered (calculated as previously 
described) versus the logarithm of the HIVc concentration. The linear 
equation describes the upward linear correlation observed: |(i-iB)/iB| =
0.238⋅log[HIVc] + 0.218 (R = 0.9944) (n = 3). These results yield a 
sensitivity of 0.238 a.u. log (pM-1) and a CV of 2.27 %. The detection 
limit obtained was 0.235 pM (calculated using the equation y = XB +
3⋅SB, as explained previously). Comparing this with the LOD obtained 
for the HIV dendrimer-based DNA biosensor, it can be affirmed that the 
sensitivity of the device improves considerably, further demonstrating 

the benefits that the use of DNA dendrimers brings to biosensor design.
The selectivity of the dendrimer-based DNA biosensor was further 

evaluated through an interference study. The biosensor response was 
analyzed in solutions containing only the specific HIV sequence at a 
concentration of 1.00 pM, and in solutions containing the HIV sequence 
along with potentially interfering viral DNA sequences, such as SARS- 
CoV-1 and SARS-CoV-2, at the same concentration. As shown in 
Fig. 4B, the normalized biosensor response to HIVc remained virtually 
unchanged in the presence of these non-target genetic materials, as 
hybridization occurred exclusively with the HIVc sequence, totally 
complementary to the capture probe sequence located within the DNA 
dendrimer structure. These results confirm the high selectivity of the 
biosensor developed for the specific HIV DNA sequence.

The stability of the dendrimer-based DNA biosensor was assessed by 
measuring the response of a platform that, after being prepared and 
stored for 60 days at 4 ◦C, was exposed to a 1.00 pM HIVc sequence. The 
electrochemical response remains almost stable, changing by 23 % from 
the initial response.

Fig. 4. Calibration plot (A) of the normalized current intensity plotted against the logarithm of the HIVc sequence concentration (from 10.0 fM to 10.0 pM). Column 
chart (B) of the normalized current intensity obtained for a 1.00 pM concentration of the HIVc sequence, both in absence and presence of potential interfering viral 
sequences (SARS-CoV-1 and SARS-CoV-2), each at the same concentration. Dendrimer-based DNA biosensor response to clinical plasma samples (C) from HIV 
patients with undetectable viral load (NL, blue bar), low viral load (LL, green bar), medium load (ML, red bar) and high load (HL, orange bar), and control signal 
(Blank, grey bar) recorded at the oxidation potential of Azure A. Statistical analysis was performed using one-way ANOVA followed by Tuckey’s test (pairwise 
comparison), with the RConsole software. Significance codes: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘’ 1. Data are present as mean ± SD (n = 3). (For interpretation of 
the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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3.4. HIV virus DNA sequence detection in human serum samples

To establish the matrix effect, we decided to test the developed 
platform using human serum samples. Details regarding the preparation 
of human serum samples spiked with 1.00 pM of the HIVc sequence, as 
well as the methodology used to calculate the normalized current in
tensity response, are provided in the experimental section of the SI. 
Calculating the differences between the non-dopped human serum 
sample electrochemical response with the blank, recalculating the 
electrochemical response obtained for three different measurements 
after the incubation of the CSPE/FLB/DendVIH-SH platform with the 
HIVc-dopped human serum sample and interpolating the normalized 
current intensity obtained for the 1.00 pM concentration of the HIVc 
sequence into the calibration plot, a recovery of (99 ± 8) % was ob
tained. With this result, it is possible to confirm that the HIV dendrimer- 
based DNA biosensor developed is capable of detecting HIV by its ge
netic code in human serum samples, and that it represents a potential 
alternative methodology for virus detection.

3.5. HIV DNA sequence detection in clinical plasma patient samples and 
statistical analysis

Finally, based on the excellent results obtained for the HIV 
dendrimer-based DNA biosensor, and the emerging need for new devices 
capable of early virus detection to curb the spread of diseases such as 
AIDS, especially in developing countries, we have taken a step further 
and tested the developed biosensor for detecting the HIV in infected 
patient samples. The biosensing platform developed was validated by 
studying the response of the dendrimer-based DNA biosensor to clinical 
plasma samples that had not undergone prior PCR amplification, from 
negative patients (NL, blue bar), or infected patients, that contains the 
specific HIV viral sequence in different viral loads, low viral load (LL, 
green bar), medium viral load (ML, red bar), and high viral load (HL, 
orange bar). The samples were supplied and previously analyzed by PCR 
using the Cobas 6800 automated system (Roche) by the “Microbiología y 
Parasitología Clínicas” service of the Hospital Universitario La Paz, with 
the consent of all participants and approved by “Comité de Ética de la 
Investigación con Medicamentos del Hospital Universitario La Paz”. 
Reference: PI-6465. Three samples from each of the infected patient 
groups (LL, ML, and HL) and one negative sample (NL) as a control, were 
analyzed after pretreatment, as detailed in the experimental section in 
the SI. The signal recorded at the Azure A oxidation potential was 
compared with that of the biosensor before incubation (Blank, grey bar). 
The results obtained for one sample from each group, analyzed in trip
licate, are shown in Fig. 4C. As can be observed, after incubation with 
the clinical samples, a decrease in current intensity was recorded, even 
for the negative sample, indicating that the effect of the matrix studied 
on the biosensor response should be considered. Comparing the signals 
for each of the samples from infected patients, it can be demonstrated 
that as the viral load of the sample increases, the current intensity de
creases (resulting in a higher normalized signal compared to the blank). 
Statistical analyses confirm that the signals recorded for each of the 
samples are significantly different, with a significance level of 0, except 
between LL and ML, where the significance level is 0.001, and between 
NL and LL, and ML and HL, where it is 0.05. In addition, the biosensor 
response was compared for each of the three samples analyzed (in 
triplicate) within each of the different viral load groups, as shown in 
Fig. S6. Statistical analysis reveals that the recorded signals do not differ 
significantly between samples within each group. Only in the case of low 
viral load samples a difference was observed between LL1 and LL2 with 
a significance level of 0.001, and between LL2 and LL3 of 0.1. Based on 
the data, it can be concluded that the dendrimer-based DNA biosensor 
developed is capable of detecting HIV in plasma samples from infected 
individuals with varying viral loads (low, medium, or high), although it 
cannot distinguish between samples within the same group with sig
nificant accuracy.

Table S2 presents electrochemical biosensors described in the liter
ature for detecting HIV. The analytical performance of the Dendrimer- 
based DNA biosensor developed in this work compares favourably 
with similar platforms reported in the literature, exhibiting an improved 
detection limit and highlighting the signal amplification capabilities 
provided by the DNA dendrimer. This proves the great applicability of 
the biosensing platform for HIV detection.

4. Conclusions

This work demonstrates that the integration of nanomaterials such as 
FLB and nanostructures like DNA dendrimers enables the development 
of highly sensitive DNA biosensors. Specifically, a dendrimer-based DNA 
biosensor was developed using FLB as an anchoring platform for the 
immobilization of the thiolated HIV-based DNA dendrimer synthesized 
onto the surface of the transducer (CSPE). The DNA dendrimer served as 
a biorecognition element for the sensitive and selective detection of HIV 
genetic code. Electrochemical detection of the hybridization event was 
achieved via Differential Pulse Voltammetry (DPV), using Azure A (AA) 
as a redox indicator, due to its affinity for DNA. The developed HIV- 
based DNA biosensor was incubated with concentrations from 10.0 fM 
to 10.0 pM, and exhibited a detection limit of 3.03 fM, a value lower 
than those reported for similar platforms. Its selectivity was confirmed 
by the absence of significant signal interferences from non- 
complementary sequences and other viral DNAs. The biosensor main
tained stable performance over a 60-day storage period. Analytical 
validation was carried out using human serum samples dopped with 
HIVc at 1.00 pM, achieving a recovery rate of 99 %. Furthermore, the 
biosensor successfully detected HIV in clinical plasma samples from 
patients with varying viral loads, without prior PCR amplification. These 
results position the dendrimer-based DNA biosensor as a promising 
alternative to conventional virus detection methodologies.
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