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Rapid and reliable diagnosis of Human Immunodeficiency Virus (HIV) Type I that causes autoimmune defi-
ciency syndrome (AIDS) is still important today. In this study, the HIV-I Tat (trans-activator of transcrip-
tion) protein-specific RNA-aptamer (antiTat) and spectroscopic ellipsometer were preferred to increase
specificity and sensitivity in the diagnosis. The ellipsometry is a well-known characterization tool for the
ultra-thin films, where polarization state changes show surface deposition in terms of the ellipsometric an-
gles, psi (Ψ) and delta (Δ). Here, we reported the HIV-Tat protein detection performance of antiTat
aptamers both for the spectroscopic ellipsometry (SE) and for the surface plasmon resonance enhanced
total internal reflection ellipsometry (SPReTIRE), first time. Detection limits for antiTat aptamers with var-
ious configurations were in the range of nM-pM protein in the buffer solution. For instance, SPRe-TIRE con-
figuration revealed a detection limit of 1 pM (or about 1.5 pg/mL) for HIV-Tat protein in the range of
1.0–500 nM.

© 2019 Elsevier B.V. All rights reserved.
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1. Introduction

Epidemiological data on autoimmune deficiency syndrome
(AIDS) indicate that rapid and sensitive diagnostic techniques
should be developed to detect the virus as soon as possible following
the infection [1]. Moreover, treatments using antiviral agents require
a diagnosis of human immunodeficiency virus type I (HIV Type 1) as
early as possible [2]. Antibody-based assays are available for the
identification of HIV. Serological tests such as enzyme-linked immu-
nosorbent assays (ELISA), particle adhesion assays, nucleic acid am-
plification by polymerase chain reaction (PCR) and Western blot
(WB) assays are routine HIV antibody detection methods used to di-
agnose and validate HIV infection [3,4]. Commercial ultrasensitive
HIV-gp24 glycoprotein capsid antigen-specific ELISAs often use an
amplification technique, allow the detection of low antigen concen-
trations in the range of 0.2–10 pg/mL [5–8]. However, they require
specific reagents and sophisticated, large and costly equipment and
detailed sample preparation stages which are often necessary for op-
timal results [9–11]. Therefore, it is important to develop alternative
detection techniques with comparable sensitivity and molecular
specificity. Also these techniques should be applied as a simple
ağ).
assay format. To this end, various studies have been carried out on
the development of alternative HIV diagnostic methods. A compre-
hensive review article on point-of-care (POC) technologies capable
of providing early diagnosis of HIV has been published [12]. A plas-
monic nanoprobe for HIV-1 GAG gene (126 bp), consisting of a
stem-loop DNA molecule labeled with the Raman-tag and a metal
nanoparticle has been proposed [13]. Homogeneous genotyping
analyses based on various fluorescence resonance energy transfer
techniques that employ hybridization techniques with PCR products
has also been reported in the literature [14,15].

There are limited numbers of studies dealing with the aptamer ap-
plications, in the literature. Aptamers are oligonucleotides that can
bind target molecules such as drugs, proteins, or even small inorganics,
with high affinity and specificity [16,17]. Aptamers are obtained by an
in vitro selection method called SELEX (systematic evolution of ligands
by exponential enrichment) which was reported in 1990 [18,19]. This
method allows the identification of unique oligonucleotide sequence,
which selectively binds to a specific target, from a random library [20].
Aptamers have got comparable or even better affinity than somemono-
clonal antibodies, since their dissociation coefficients typically in the
range of μM to pM [21], therefore they are defined as synthetic antibod-
ies. Moreover, their selectivity to their targets can be 10,000-fold more
than the interferingmolecule [21]. There are a large number of different
aptamers have been reported for various targets such as organic dyes,
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amino acids, antibiotics, peptides, proteins, vitamins and viruses
[22–25].

HIV-Tat protein is a protein consisting of 101 amino acids and
controls the first stages of the HIV-1 replication cycle [26–28].
There are very limited numbers of papers involving on the deter-
mination of this protein. Published studies have generally been
performed with peptides derived from HIV-Tat [29,30]. HIV-Tat
protein binds to HIV-1 RNA, which shows a natural affinity for
the TAR (Trans-Activated Response) element of the virus [27]. An
RNA-aptamer specific for Tat-protein has been reported in the lit-
erature [31]. This aptamer has a similar structure to the TAR and
shows a 130-fold greater affinity for HIV-Tat protein compared to
TAR [32].

Ellipsometry and spectroscopic ellipsometry (SE) methods pre-
cisely determine the optical properties of ultra-thin films such as
thickness, refraction index by examining the variation between the
states of polarization of light which reflected from a surface and
passing through the thin film. Ellipsometry determines the complex
reflectance ratio of p- and s-polarized light which are defined as the
Fig. 1. Schematic drawing of a) SE setup and its usual sensor re
function of two ellipsometric angles, Δ and Ψ, in relation with each
other as in Eq. (1) [33].

ρ ¼ rp
rs

¼ tanΨ:eiΔ ð1Þ

In the SEmethod,molecular deposition in case of aptamer-target in-
teraction changes both thickness and optical properties of deposited
layer film on the substrate (Fig. 1a). Among the optical properties, Δ is
sensitive to this deposition.

Surface plasmon resonance (SPR) aided total internal reflection
ellipsometry (TIRE), on the other hand, is a technique in whichmolecu-
lar deposition can be observed very precisely due to the infinite slope
change of Δ at SPR conditions. In this method, SPR conditions are met
using aflow cell configuration assembled as attenuated total internal re-
flection setup (Fig. 1b) [34]. In both techniques, the interaction between
the target and the recognition element (i.e. aptamer) can sensitively be
monitored. Examples of biosensor applications of SE and SPR-TIRE tech-
niques can be found in the literature [34–36]. So far, to the best of our
sponse; b) SPReTIRE setup and its usual sensor response.

Image of Fig. 1


Table 1
antiTat aptamers used in this study.

Aptamer Array

AntiTat1 5′-SH-(CH2)6-ACGA AGCU UGAU CCCG UUUG CCGG UCGA
UCGC UUCGA-3′

AntiTat2 5′-SH-(CH2)6-(A)10-ACGA AGCU UGAU CCCG UUUG CCGG
UCGA UCGC UUCGA-3′

AntiTat3 5′-NH2-(CH2)6-ACGA AGCU UGAU CCCG UUUG CCGG UCGA
UCGC UUCGA-3′

AntiTat4 5′-NH2-(CH2)6-(A)10-ACGA AGCU UGAU CCCG UUUG CCGG
UCGA UCGC UUCGA-3′

AntiTat5
(hair-pin type)

5′-NH2-(CH2)6-ACGA AGCU UGAU CCCG UUUG CCGG UCGA
UCGC UUCG AAAA AAAA AAAA CGAA GCUU GAUC CCGU UUGC
CGGU CGAU CGCU UCG-3′

Table 2
Thicknesses for 0.1 μM AntiTat1 immobilization.a

Time (s) Thickness (nm) RMS roughness (nm)

s 0.68 ± 0.09 1.46 ± 0.08
120 0.97 ± 0.11 1.35 ± 0.12
240 1.12 ± 0.14 1.88 ± 0.11
300 1.89 ± 0.12 2.81 ± 0.31
1500 1.96 ± 0.10 2.94 ± 0.61

a The number of repetitions is 3.
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knowledge, there is no published study in the literature on the sensitive
detection of HIV-related proteins by ellipsometry, spectroscopic
ellipsometry or total internal reflection ellipsometry.

2. Materials and methods

2.1. Optimization of anti-Tat aptamer immobilization conditions on Au and
Si surface

Anti-Tat aptamers, which are thiol and amine-functionalized at 5′
end, were immobilized on two different platforms. Aptamers used in
this study are listed in Table 1.

All containers to be used during the experimentwere cleanedwith a
blocking solution (RNaseZAP) to prevent RNA degradation via ribonu-
clease. Sensor chips (50 nm Au film coated BK7 type glass slides or Si
wafer pieces) were immersed in the oxidative solution consisting of a
mixture of H2SO4 and H2O2 (v/v 7:3) for 2 s, and then rinsed well with
ethyl alcohol. The metal film was physically coated on a pre-cleaned
and plasma-treated glass slides using physical vapor deposition
method. The coating thickness was 50 nm Au as over-layer coating of
3 nm Cr. Following this process, the sensor chips (Au-chips) were re-
cleaned under plasma (100 W/ air) in a Diener (Germany) model
plasma device.

AntiTat1 and AntiTat2 aptamers prepared (1.0–1.0 μM) in HEPES
buffer (0.01 M N-2-hydroxyethyl piperazine-N′-2-ethanesulfonic
acid, 0.15 M NaCl, 3 mM EDTA and 0.005% polyoxyethylene
sorbitomonolaurate) were immobilized on the Au-chips under SPRe-
TIRE conditions. Then, Au-chip surface was blocked using 6-mercapto-
1-hexanol (MCH) to minimize non-specific interactions. The thickness
of the layer on the sensor chips was monitored via ellipsometric mea-
surements at each stage. The surface roughness was also determined
by atomic force microscopy.

AntiTat3, AntiTat4, and AntiTat5 aptamers were immobilized on the
modified silicon (Si) wafer (Si-chips). Si wafers cut into 1 cm × 1 cm
werewet cleanedwith nitric acid, hydrogen peroxide and ethyl alcohol,
acetone, and water after the plasma treatment for 30 min. Then,
the mercaptopropyl triethoxysilane (MPTES), prepared in absolute
ethyl alcohol was used for -SH functionalization. Immobilization
on the surface was monitored by ellipsometric thickness measurement.
Mercapto undecanoic acid (MUA) was used for \\COOH
functionalization on Si-chips. NH2-functionalized aptamers were then
immobilized on the\\COOH functionalized over-layer via 1-ethyl-3-
(3-dimethylaminopropyl) carbodiimide (EDAC) route. In this step,
where concentration and exposure times have been optimized, the
thickness of the organic layer deposited on the Si-chips was confirmed
using an ellipsometer.

2.2. Determination of the sensor performance

The HIV-1 Tat protein detection performances of the AntiTat3–
AntiTat5 assays were determined using HIV-Tat solutions
(1.0–500 nM) prepared in the buffer solution. Si-chips were washed
with buffer solution (HEPES) after dipping into the HIV-Tat solution.
Si-chips were then analyzed using spectroscopic ellipsometer to obtain
the delta (Δ) and psi (Ψ) for 200–1200 nm. The sensor response was
evaluated as Δ and ψ variations. The Δ angle (in other words, the
phase shift between polarization states) was selected as sensor re-
sponse since it was more sensitive to the surface deposition (the thick-
ness and refractive index changes).

The analytical performances of the AntiTat1 and AntiTat2 aptamer
assays were evaluated using SPRe-TIRE. For this purpose, Au-chips
were washed using HEPES in a flow cell consisting of a BK7 glass
prism (R.I. 1.58) to get a baseline signal. The HIV-Tat solutions in differ-
ent concentrations (1.0–500 nM) were then analyzed using delta (Δ)
and psi (Ψ) measurements. First, spectrum was scanned between
200 nm and 1200 nm to find the SPR wavelength where Δ has an infi-
nite slope. Then the amount of protein captured by the aptamer was
evaluated as Δ changes.

Sensor calibration graphs were plotted as Δ vs HIV-Tat concentra-
tion, then the detection sensitivity and the detection limit (LOD) were
calculated. Bovine serum albumin (BSA) was used for the specificity
analysis.

2.3. Thickness measurements and roughness analysis

The thickness of accumulated molecule layer on each chip surface
was measured then calculated using both Δ and Ψ via built in model-
solver of the equipment. All thickness measurements were done on
the 3 test specimen, for at least 10 randommeasurement points. Surface
topography images of the samples were obtained using a ParkSystems
XE-100 model atomic force microscopy (AFM) equipment (Suwon,
Korea) to carry out a roughness analysis using built-in software of the
equipment. 512 × 512-pixel topography images were acquired in air
using CM-silicon probes (Park Systems, Korea) in contact mode. Rough-
ness analyses were carried out on 4 test specimens atminimum10 ran-
domly selected points.

3. Results and discussions

3.1. Optimization of anti-aptamer immobilization conditions on Si and Au
surface

In Table 2, ellipsometric thickness data for definite time intervals of
immobilization are given. Ellipsometric thickness was calculated using
equipment built-in software by modeling, according to model parame-
ters for BK7 substrate/Cr layer/Au layer/Organic layer (n = 1.46)/Air
multilayer model.

The thickness of the accumulated organic layerwas steady at around
300 s. The RMS roughness obtained from the topography analysis also
increased with the immobilization duration. Moreover, the longer im-
mobilization durations also resulted in surface non-uniformity as ob-
tained from standard deviation value. RMS roughness for bare Au-
coated material was 0.89 ± 0.11 nm. It was decided that 2 min buffer
flow after 5 min AntiTat1 (1.00 μM) circulation were appropriate for



Table 3
Optimum parameters for probe immobilization on Au surface.

Aptamer Time
(s)

Probe
concentration

Sensor signal at the optimum conditions
(Δ,
degree)

AntiTat1 300 1.00 μM 4.18 ± 0.11
AntiTat2 300 1.00 μM 4.51 ± 0.24

Fig. 2. Sensor calibration curves for (a) AntiTat3 aptamer (SE configuration) and
(b) AntiTat2 aptamer (SPRe-TIRE configuration), under optimized conditions.

Table 5
Sensor performance for SE and SPRe-TIRE.a

Aptamer Platform Coefficients of Langmuir
model

Regression
coefficient, R2

LOD (3σ)

AntiTat3 SE a = 5.6980
b = 0.1409
c = 0.5559

0.98 194 pM
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the immobilization. Immobilization parameters for other aptamer
probes are given in Table 3.

AntiTat3 to AntiTat5 aptamers were immobilized on the modified Si
wafer to obtain an assaymethod that can easily evolve intomicrofluidic
channels on glass slides suitable for the “lab on a chip” applications. Two
mechanisms are effective in the formation of self-assembled mono-
layers. These mechanisms, in turn, are surface adsorption and covalent
bonding. Both steps depend on the concentration of the silanol and
the duration of the interaction of the molecules at certain concentra-
tions with the surface. The thickness variations of Si-wafer immersed
in 1 μM MPTES solution were determined as 0.46 ± 0.03, 0.93 ± 0.02,
0.98 ± 0.02, 1.63 ± 0.02 and 2.21 ± 0.03 nm for 1, 2, 3, 4 and 8 h, re-
spectively. Thicknesses were determined by ellipsometric measure-
ments where Si/SiO2 oxide layer/organic layer (Cauchy model)/air
materials were selected from the equipment library as model parame-
ters. In the first 3 h, a formation thickness corresponding to the single-
layer deposition was observed on the surface. Beyond 3 h, an increase
in thickness indicated the formation of macromolecules on the surface.
The increase in thickness for long periodswas probably as a result of the
accumulation of MPTES-mers on the surface due to the air moisture,
which is not avoidable unless using an air-conditioned environment.
For this reason, the optimum immobilization duration was selected as
2 h (in the dark, at the room temperature). The effect of MPTES concen-
tration onmonolayer formation (50, 10, 5, 1 and 0.5 μMMPTES/absolute
ethyl alcohol solution) was investigated. Thicknesses at 0.5 and 1.0 μM
were determined as 1.09 ± 0.027 nm and 1.31 ± 0.021 nm, respec-
tively. Thus,MPTES at a concentration of 1.0 μMwas found to be suitable
for the formation of the desired layer. Subsequent surface modification
with MUA was performed to achieve carboxyl terminated functional
surface. The disulfide reaction was carried out for 2, 4, 8, 12 and 24 h
(Table 4) with 1.0 μm MUA at room temperature, in the dark, in a vac-
uum and a nitrogen-swept closed container. The optimum layer-
formation conditions for MUA/MPTES interaction were selected as 8 h
for 5 μMMUA, according to the thickness measurements. The optimum
parameters for AntiTat3 to AntiTat5 binding via EDAC routewere 1.5 μM
aptamer and 2 h.

3.2. SE and SPRe-TIRE sensor performance

The interaction between the AntiTat assay and the Tat protein (1 nM
to 500 nM in the buffer) was evaluated between 400 nm and 1700 nm
by SE. The Δ-λ relation between 600 and 700 nm was almost-linear
with the 0.94 regression coefficient (R2), since the material deposited
on the surface is an organic layer. This linear-relation zone shifted to
the lower Δ values due to the antiTat-Tat interactions. This shift (Δ)
was selected as sensor response and the calibration curve was plotted.
Table 4
Ellipsometric thickness and roughness measurements for MUA monolayer formation.a

Time (hours) Thickness (nm, as over layer) RMS roughness (nm)

2 0.84 ± 0.32 7.72 ± 1.94
4 0.95 ± 0.21 8.90 ± 1.21
8 1.23 ± 0.18 8.12 ± 1.89
12 1.38 ± 0.17 9.02 ± 0.76
24 1.27 ± 0.17 8.88 ± 1.02

a The number of repetitions is 3.
The calibration curve obtained for the AntiTat3 and its fitting results
(for the Langmuir model) is given in Fig. 2a.

The interaction between the aptamer on the sensor surface and the
captured HIV-Tat protein took place in a single site, and the binding
rate decreased with the amount of the free aptamer. The aptamer
AntiTat4 SE a = 7.8581
b = 0.0936
c = 0.5067

0.95 151 pM

AntiTat5 SE a = 8.6201
b = 0.0396
c = 0.1342

0.98 1.88 nM

AntiTat1 SPRe-TIRE a = 24.5674
b = 0.0841
c = 0.4794

0.99 17.9 pM

AntiTat2 SPRe-TIRE a = 46.961
b = 0.0573
c = 0.5467

0.99 1.11 pM

a The number of repetitions is 3, 1.0–500 nM active range.

Image of Fig. 2


Table 6
Comparison of HIV detection methods.

Method Element Active/Linear range LOD Methodology References

Electrochemical cyclic
voltammetry (CV)

HIV-gp120 antibody 600 fg/mL–375
pg/mL

NR Direct measurement of HIV virus like particles (VLPs), direct
electron transfer based on CV, without mediators

[37]

Surface plasmon
resonance (SPR) and
localized SPR

HIV-gp120 antibody 200 fg/mL–125
pg/mL

200 fg/mL Direct measurements of VLPs on Au-dots fabricated on ITO
coated glass substrate

[38]

Electrochemical CV HIV-NF-κB protein
specific aptamer sequence

5–500 nM 7.05 pM Sandwich like aptasensor, NF-κB protein, HRP and H2O2

mediated oxidation
[39]

Electrochemical HIV oligonucleotide (ON)
sequence complementary
ON probe

20–100 nM 0.1 nM Hair-pin, HIV specific ON probes immobilized on multi electrode
array, square wave voltammetry

[40]

Nanomechanical
(Piezocrystal)

HIV-gp24 antibody NR 10−17 g/mL Sandwich immunoassay combines nanomechanical and
optoplasmonic methods, antibody (Ab) immobilized
microcantilever and Ab immobilized AuNPs

[41]

Nanomechanical HIV-gp24 antibody 17–1680 TCID50

(tissue culture
infective dose 50%)

12 TCID50

(approx. 3400
viral particles eq.)

Sandwich immunoassay nanomechanical methods [42]

Scanning tunneling
microscopy (STM)

HIV-gp120 antibody 200 fg/mL–125
pg/mL VLPs

200 fg/mL
HIV-VLPs

Direct detection of HIV-VLPs by using AuNPs [43]

Electrochemical
differential pulse
voltammetry (DPV)

HIV-gp24 antibody 0.001–10 ng/mL 0.5 pg/mL Sandwich type immunoanalysis with SiO2 coated Fe3O4

nanoparticles conjugated with gp24 antibody and signal tag
AuNPs/EnVision reagent

[44]

Electrochemical
impedance
spectroscopy (EIS)

HIV-gp24 antibody 0.01–60 ng/mL 6.4 pg/mL AuNP/multi-walled carbon nanotube
(MWCNTs)/acetone-extracted propolis nanocomposite

[45]

Electrochemical CV HIV-gp160 antibody 1–400 ng/mL 0.5 ng/mL Fe3O4/Au core-shell particle and chitosan nanocomposite film on
glassy carbon electrode, copper complex as electron transfer
mediator

[46]

Electrochemical CV
and DPV

HIV-gp24 antibody 0.6–160 μg/mL 0.32 ng/mL Fe3O4/Au core-shell particle/MW-CNTs composite on screen
printed electrode

[47]

Diffraction HIV-gp120 antibody 104 copies/mL−108

copies/mL
NR TiO2 surface with silanol, succinimide ester and NeutrAvidin

modification
[48]

Spectroscopic
ellipsometry

antiTat protein aptamer 1.0–500 nM 151 pM Direct measurement of phase shit on aptamer immobilized Si
surface

This work

SPRe-TIRE antiTat protein aptamer 1.0–500 nM 1.11 pM Signal amplification via SPR on SE system This work
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AntiTat4 and AntiTat3 carrying A10 as spacer unit did not show a signif-
icant difference in terms of affinity (c coefficient in Table 5). Model pa-
rameters of AntiTat5 probe (hairpin type) were smaller than other
probes. While the LOD for AntiTat3 and AntiTat4 probes were around
200 pM, the LOD for AntiTat5 was 10 times higher than the others. Sen-
sor responses of both aptamers (i.e. linear and hairpin type)were highly
satisfactory in terms of LODs and comparable with the conventional
ELISAmethods (with a detection limit of 0.29 pg/mL–2.9 ng/mL). To de-
termine analytical performances of Au-chip assays 0 nM −500 nM Tat
solution was injected into the SPRe-TIRE flow cell. The flow rate was 5
μL/min and the reaction was carried out at room temperature. The cali-
bration graph for SPRe-TIRE is shown in Fig. 2b. As expected, the inter-
action between the aptamer and the protein fits well to the single-site
binding like the Langmuir model. Coefficients of the Langmuir model
and sensor detection limits are given in Table 5.

In the closed-loop system such as SPRe-TIRE flow cell where addi-
tional steps such aswashing and drying outside of the cell were not nec-
essary, higher regression coefficients for calibration curve fitting
parameters were obtained. Furthermore, in the SPRe-TIRE configura-
tion, the detection limit was lower (1 pM or 1.5 pg/mL) than the SE con-
figuration due to signal amplification at SPR conditions.

3.3. The specificity of SE and SPRe-TIRE sensors

To check the specificity, 100 nM BSA was added in the sample solu-
tion at specified conditions. The sensor response was also checked by
sending 100 nM HIV-1 Tat followed by only 100 nM BSA. The BSA sent
at a median concentration (100 nM) relative to the sensor operating
range caused a signal increase of less than 10% of the original response.
In the case, where only BSA was added, the sensor response (0.252°)
was smaller than the LOD.
3.4. The other HIV-specific methods

Some of the electrochemical, optical, nanomechanical and scanning
probe techniques for the detection of HIV/HIV-related proteins/HIV spe-
cific oligonucleotides are listed in Table 6. Most of these studies listed
are immunoassays based on HIV glycol-proteins such as gp24 and
gp120.Moreover, ranges anddetection limits of these studies arewithin
the range of pg/mL to ng/mL and there are no significant differences be-
tween them, in terms of analytical performances. Although the listed
methods are easy, reliable and comparable with ELISAs, our suggested
method has another advantage of using aptamerswhich are quite stable
than the protein-based assays.

4. Conclusion

Ellipsometry-based sensors have been developed for HIV diagno-
sis, using 5 kinds of HIV-Tat aptamers that have the same specific
functional sequence but have different surface immobilization path-
ways. These sensors have been successfully used in determining the
Tat protein over a range of 1 nM−500 nM, in the buffer solution. The
SPRe-TIRE configuration using the AntiTat2 probe revealed a mini-
mum detection limit of 1 pM (or about 1.5 pg/mL), The detection
mechanism for all sensor configurations proposed was single site in-
teraction which was confirmed by high correlation coefficients for
the Langmuir model.
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