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Abstract

It is great significance to identify interferon-gana (IFN+), as a biological
marker for diagnosis of latent tuberculosis, inusersamples. In this paper, a
novel fluorescent aptasensor was fabricated andiedpfor sensitive and
specific detection of IFN-= This biosensor was based on hairpin structure of
oligonucleotide, single-stranded DNA-binding praotei (SSB), copper
nanoparticles (CuNPs) and silica nanoparticlesecbatith streptavidin (SNPs-
Streptavidin). The presences of double-stranded DiMONA) region and poly
thymine (T) in the hairpin structure of the oligateotide, SSB and SNPs-
streptavidin caused IFNM-determination with high selectivity and sensifvit
Upon addition of IFNy, the hairpin structure of the oligonucleotide was
disassembled and therefore, poly T strand intedaotgh SSB and a weak
fluorescence signal was obtained. Without introducof IFN-y, the hairpin
structure of oligonucleotide was preserved andrfisocent CuNPs were formed
on the stem region of hairpin structure of oligdrotide, resulting in strong
fluorescence intensity. Under optimal conditionenaentration as low as 1
pg/mL IFN-y could be detected, with a linear range betweempd/thL and 4
ng/mL. The presented method was further perfornoediétection of IFNy in
the spiked human serum samples and the recoveres 92.52%-98.32%,
showing the great potential of the proposed aradltmethod in biomedical

analysis.
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1. Introduction

Tuberculosis (TB) is an infectious bacterial digeadich is a major cause of
mortality worldwide. Most of the people infectedtviTB have a latent
infection with no symptom. So, this is of great onjance to detect people with
latent TB infection and prepare protective treathfenthem [1, 2]. Interferon-
gamma (IFNy) is an important cytokine which acts as a biolagmarker for
diagnosis of tuberculosis and its release increasdse early stages of the TB

infection [3].

Analytical techniques based on enzyme-linked imnsonioent assay are the
clinical standards for detection of IFN\While these immunoassays have good
sensitivity, they suffer from some limitations, lmding need for highly trained
staff, performing time-consuming protocols and tise of costly devices [2, 4,

5].

Aptamers are artificially-synthesized single-strethdDNA (SSDNA) or RNA
structures with high selectivity and affinity forfferent targets, ranging from
whole cells and proteins to organic small molecaled metal ions [6, 7]. The
in vitro selection procedure of aptamer is namedt&yatic Evolution of
ligands by Exponential enrichment (SELEX) [8]. Camgd to antibodies,
aptamers have several advantages for applicatiahfferent types of sensors,

including resistance to denaturation, easy regéparacapabilities, high



temperature stability, easy synthesis and low {#&4i0]. Therefore, aptamers

have been used in a variety of analytical techraqu#, 12].

Silica nanoparticles (SNPs) have been widely usedherapeutic delivery
systems and sensing platforms, owing to their featu including
biocompatibility, low cost, good solidity and dispibility in various sensing
environments. Moreover, SNPs can serve as enhamuferfluorescence

intensities of fluorophores [13-15].

Among different sensing methods, aptamer-basedrdtoent sensors have
received much attention, because of their simpligiapidness and low cost

detection [16-18].

In the present study, we designed a fluorescemisapsor for IFN- detection,
based on single-strands DNA-binding protein (SSBiga nanoparticles coated
with streptavidin  (SNPs-Streptavidin), fluorescembpper nanoparticles
(CuNPs) and hairpin structure of oligonucleotidataming aptamer sequence
and poly thymine (T) sequence (Fig. S1). The higkcHicity of the proposed
aptasensor was generated by the hairpin strucfukgonucleotide. Also, SSB
caused the formation of fluorescent CuNPs only e absence of IFN;
leading to a very significant difference in the ditascence signal of the
presented aptasensor in the absence and preseifidé-paind increasing of the

sensitivity of the aptasensor. Furthermore, the S8tPeptavidin could amplify



the fluorescence signal of CuNPs and improved #resigvity of aptasensor

more.



2. Materialsand Methods

2.1. Reagentsand chemicals
The oligonucleotide, 5'-Biotin-

CCAAAAAAAAAAAAAAAAAAAAAAGGGGTTGGTTGTGTTGGGTGTT

GTGTATTTTTTTTTTTTTTTTTTTTTT-3' (the underlined seguce is IFNy

aptamer [5, 19]), was provided from Bioneer (Sdthiea). Interferon-gamma
(IFN-y), bovine serum albumin(BSA), L-Cysteine (L-Cys)yoglobin (MB),

CuSq, ascorbic acid, plasma from human, 3-(N-Morphdimopanesulfonic
acid (MOPS) were obtained from sigma-Aldrich (US8jngle-stranded DNA-
binding protein (SSB) was ordered from AffymetrixCahada). Silica
nanoparticles coated with streptavidin (SNPs-Sténagin) were purchased
from Micromod (100 nm, Germany). Salmon sperm DNAswordered from

Thermo Fisher Scientific (USA).

2.2. Preparation of the Oligonucleotide-modified SNP-Streptavidin

complex

SNPs-Streptavidin (120 pg/mL) was incubated withul0oligonucleotide (2
1M) in 80 pL SSB buffer (10 mM Tris-HCI, 20 mM MgClL mM EDTA, 200
mM NaCl, pH 7.4) for 1 h at room temperature. 2.58garose gel
electrophoresis was applied to assess the formatiothe Oligonucleotide-

modified SNP-Streptavidin complex (Fig. S2).

2.3. Optimization of SSB concentration
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First, 200 pL reaction systems containing 100 plig@ilucleotide-modified
SNP-Streptavidin complex and 100 pL IFN4 ng/mL) were pre-incubated for
30 min at room temperature. Then, the samples wenifuged at 11000 g for
10 min and the supernatants were removed. Nextul80SSB buffer and
different concentrations of SSB (0-1200 nM) weredduced to the pellets and
incubated for 15 min at room temperature. Then stmaples were centrifuged
again at 11000 g for 10 min and the supernatants discarded. After that, 80
uL MOPS buffer (10 mM MOPS, 150 mM NaCl, 2 mM Mg@H 7.6), 10 pL
ascorbic acid (20 mM) and 10 pL CuSQ mM) were added to the pellets and
the mixtures were kept in dark for 10 min at roe@mperature. Finally, the
fluorescence intensities of the mixturés,= 340 nm andz,= 615 nm, were

recorded by a Synergy H4 microplate reader (BioTé8A).
2.4. Optimization of theincubation time with SSB

Oligonucleotide-modified SNP-Streptavidin complexeeated with 4 ng/mL
IFN-y, were incubated with 80 pL SSB buffer and 800 n8BSat room
temperature from 0 to 25 min. After centrifugatitim pellets were treated with
80 uL MOPS buffer, 10 pL ascorbic acid (20 mM) dfduL CuSQ (1 mM)

for 10 min at room temperature and the fluorescerng®als were measured.
2.5. Assay procedure

100 pL Oligonucleotide-modified SNP-Streptavidimyguexes were incubated

with 100 pL various concentrations of IFN-6 ng/mL) for 30 min at room



temperature, followed by centrifugation at 1100fbg10 min. Thereafter, the
supernatants were eliminated and the solutionsagcung 80 pL SSB buffer
and 20 pL SSB (800 nM final concentration) wereemttb the pellets. After
incubation for 15 min at room temperature, samplese centrifuged and
supernatants were removed. Then, pellets were atedbwith 80 uL MOPS
buffer, 10 pL CuS®(1 mM) and 10 pL ascorbic acid (20 mM) for 10 mm |

dark at room temperature. Finally, the fluorescentensities were measured.
2.6. Selectivity of the aptasensor

The presented aptasensing platform was employed aftalyzing other
substances, including BSA, L-Cys and MB (the cotre¢ion of each substance

was 4 ng/mL) as mentioned before.
2.7. Monitoring of IFN-y in serum samples

The feasibility of the developed aptasensing ptatfovas monitored by
assaying IFN¢ in the spiked serum samples, treated with 0.03mhgdalmon

sperm DNA.



3. Resultsand Discussion

3.1. Principleof the proposed fluorescent method

In this assay, we fabricated a novel fluorescetdsgmsor for IFN- detection,
based on CuNPs nanoparticles as the fluoresceatteep, high specificity of
SSB for ssDNA, SNPs-Streptavidin-assisted fluonetscamplification and
conformational structure of oligonucleotide as maptate for the formation and

binding of CuNPs to the surface of SNPs-Streptavidithe absence of IFIX-

In the experiments, high concentrations of NaCl sigd" were applied to make
sure all four subunits of the SSB tetramer coutdllio the ssDNA (poly T) in
the presence of target and remove nonspecificaatien of SSB [20, 21]. It has
been shown in the presence of ascorbic acid andecapns, double-stranded
DNA (dsDNA) and poly T strand can act as sites foe formation of

fluorescent CuNPs [22, 23].

Scheme 1 depicts the principle mechanism of thepgeed assay. Without
introduction of IFNy, the oligonucleotide preserved its hairpin streeton the

surface of SNPs-Streptavidin. So, there was no sk SSB binding. Upon

the addition of copper ions and ascorbic acid, GuMWEre formed via binding
to the stem region of oligonucleotide structure aihcontained both dsDNA
and poly T. DNA-templated CuNPs acted as fluoretsceporters and strong
fluorescence intensity was recorded. Because offdhmation of fluorescent

CuNPs on the surface of SNPs-Streptavidin, theosading environment of
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CuNPs changed and became more hydrophobe andutbredtence intensity

was more amplified.

Upon the introduction of IFN- to the Oligonucleotide-modified SNP-
Streptavidin complex, the hairpin structure of ohgcleotide was dismantled
via the formation of Aptamer/IFN-complex. So, the SSB could interact with
the 3'-end of oligonucleotide as ssDNA, contaimmody T. When copper ions
and ascorbic acid were added to the mixture, tivaseno dsDNA and free poly
T strand in the sample which acted as a templatetfe formation of

fluorescent CuNPs. Therefore, a very weak fluonesesignal was obtained.
3.2. Optimizationsfor |FN-y detection

Before quantification of IFN- by the established assay, the detection
conditions, including concentration and incubatiome of SSB were optimized.
In this study, the responses of the Oligonucleetmbelified SNP-Streptavidin
complex, treated with 4 ng/mL IFN- in the presence of different
concentrations of SSB were monitored using fluaase signals as a function
of concentration. Fig. 1 (a) indicated that by easing the concentration of
SSB, the relative fluorescence intensity of theasgmsor rapidly enhanced and
kept unchangeable at 800 nM SSB, implying that pblgtrands completely

bound to SSBs at this concentration.

The effect of SSB incubation time on the sensirgjesy was then investigated.

As shown in Fig. 1 (b), the relative fluorescenigmals of the presented sensing
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method increased and reached to plateau in 15 moubation time of SSB,
confirming that poly T strands interacted with SSBsnpletely within 15 min.
So, the incubation time of 15 min after the additad SSB was applied in the

next experiments.
3.3.  Proof of concept for the developed sensing strategy

Fluorescence emission spectra were used to corfen function of the
presented sensing assay. Without introduction BfFfFthe hairpin structure of
oligonucleotide was preserved on the surface of sS8lireptavidin and SSB
could not bind to poly T strand, which was hybretizwith its complementary
stand on the stem region of the hairpin structdreligonucleotide. So, in the
presence of ascorbic acid, the copper ions usestéme of the hairpin structure
of oligonucleotide as a template for the formatainfluorescent CuNPs. As
expected a strong fluorescence intensity was meds(Fig. 2, red curve).
When IFNy and SSB were added to the Oligonucleotide-modif&dP-
Streptavidin complex, a very weak fluorescencensity was recorded (Fig. 2,
green curve), indicating the formation of AptaméNly complex, destruction
of the hairpin structure of oligonucleotide andesscof SSB to poly T strand as
a ssDNA. Upon addition of ascorbic acid and coppes, very less fluorescent
CuNPs were formed as there was no dsDNA regiomm(gtegion) in the

environment and also, the poly T strand was coveyetie SSB.

3.4. Analytical performance of aptasensor
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To confirm the ability of the developed aptasernsodetect IFNy, a series of
various concentrations of IFiNwere measured under the optimal conditions
Fig. 3 (a) showed the relative fluorescence intgnskhibited a good linear
relationship with the logarithm of IFM-concentrations ranging from 10 pg/mL
to 4 ng/mL. The limit of detection (LOD) was deteéned to be 1 pg/mL

(3o/slope, where was the standard deviation in blank sample, n=4)

Compared to recent assays, as summarized in Talihe presented analytical
method exhibited a satisfying LOD. Also, the deedjmethod did not need any

complicated sample pre-treatment.
3.5. Selectivity of the proposed analytical method for IFN-y

Selectivity is a critical issue in the developmehaptasensors for utilization in
biomedical systems. Different materials were emgtbgs interfering reagents
to investigate the selectivity of the assay. THedity test was carried out by
measuring and comparing the relative fluorescergmakof the aptasensor to
such interfering substances as L-Cys, BSA and M8skown in Fig. 3 (b), the
relative fluorescence signal of IFNwas much higher than other interfering
materials. These results showed that the biosemasrcapable to detect IFN-

with high specificity.
3.6. Monitoring of IFN-y in real samples

To analyze analytical reliability and applicatiomtgntial of the presented
aptasensing platform, known concentrations of My the spiked serum
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samples were detected by the developed aptaséssodicated in Table 2, the
relative standard deviation (RSD) of analyticalutesswere less than 7.1% and
the recoveries for the spiked serum samples rafrgad 92.52% to 98.32%,

confirming that the matrix effects were not severe.
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4. Conclusion

In this study, a sensitive fluorescent aptasenpiatform for the detection of
IFN-y was reported. The presence of both dsDNA regiah @oly T in the
hairpin structure of oligonucleotide made a verytadle template for the
formation of fluorescent CuNPs. Also, the presenic8SB in the sample could
guarantee no fluorescent CuNPs could be formedhensurface of SNPs-
Streptavidin in the absence of IRN-leading to the improvement of the
sensitivity of the developed aptasensor. The preghagptasensor exhibited a
satisfying linear range (10 pg/mL-4ng/mL) and vy LOD (1 pg/mL) in the
buffer. The developed method was also successiiiliged to determine the
concentrations of IFN-in the spiked serum samples. It seems the proposed
aptasensor has potential to be modified and usedefi@cting other molecules

In biological samples.
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Table 1. Reported detection limits of IRNn different manuscripts.

Method LOD Linear range
Amperometric IFNy immunosensors [3] 28.22pg/mL Not reported
An electrochemical aptasensor detection of §Fdsing 3 pg/mL 10 pg/mL-50 ng/mL

graphene and a dual signal amplification stratexpet on
the exonuclease-mediated surface-initiated enzgmati

polymerization [4]

Aptamer based field effect transistors (FET)-like 1400 pg/mL Not reported

electrochemical biosensor [5]

LSPR biosensing using DNA-functionalized gold naisr| 160 pg/mL 160 pg/mL-16 ng/mL
[24]

A cyclometalated iridium(lll) complex used as adoator | 0.275 pg/mL 0.843-50.637 pg/mL
for the electrochemical sensing of IFN25]

Table 2. Recovery of IFNifrom serum samples (n=4). Data are mean + start#asidtion (SD).

Serum Found Added Total Found  Recovery RSD
samples (pg/mL) IFN-y (pg/mL) (%) (%, n=4)
(pg/mL)
1 11 60 65.69 92.52 4.9
2 11 200 204.33 96.84 5.3
3 11 600 587.35 96.13 2.5
4 11 2000 1977.21 98.32 7.1
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Scheme 1. Schematic illustration of IFNdetection using the presented fluorescent aptasens
In the absence of IFN- the hairpin structure of oligonucleotide is prese on the surface of
SNPs-Streptavidin and SSB could not bind to pobtrand. So, fluorescent CuNPs were formed
on the surface of SNPs-Streptavidin, leading tr@ng fluorescence signal (a). In the presence
of IFN-y, the hairpin structure of oligonucleotide is dested and SSB could bind to the
released poly T strand. Thus, the fluorescent CulN&® not formed on the surface of SNPs-
Streptavidin, resulting in a weak fluorescencenaity (b).

Fig. 1. Optimization of the factors involved in tiperformance of the proposed method. (a)
Relative fluorescence signals of Oligonucleotidedified SNP-Streptavidin complein the
presence of different concentrations of SSB. (b)laRe fluorescence signals of
Oligonucleotide-modified SNP-Streptavidin compkex a function of SSB incubation timey F
and F are the fluorescence intensities at 615 rfordand after addition of SSB, respectively.

Fig. 2. Validation of the performance of the depeld sensing platform. Fluorescence spectra of
the proposed analytical method in the absencec{rece) and presence of IFN(green curve).

Fig. 3. (a) Relative fluorescence responses of dbéeeloped methodfter interaction with
different concentrations of IFN-The insert figure is calibration plot in the pease of different
amounts of IFNy. iy and F are the fluorescence intensities at 615 efior® and after addition of
IFN-y, respectively. (b) Relative fluorescence sigraflshe designed sensing method in the
presence of different interfering materials (the@ntration of each substance was 4 ng/mg.). F
and F are the fluorescence intensities at 615 niordeand after addition of each substance,
respectively.

Table 1. Reported detection limits of IRNR different manuscripts.

Table 2. Recovery of IFNfrom serum samples (n=4). Data are mean + stard#asidtion (SD).
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Fig. S1. Hairpin structure of oligonucleotide pdd by Mfold web server.

25



Fig. S2. Confirmation of the formation of Oligonaotide-modified SNP-Streptavidin complex.
Agarose gel electrophoresis of Oligonucleotide-riiedi SNP-Streptavidin complex. Lane 1:
Oligonucleotide, Lane 2: Oligonucleotide-modifietlS-Streptavidin complex; Lane 3: 50 bp
ladder. As shown in the in figure, the band of ©figcleotide-modified SNP-Streptavidin
complex was retarded relative to the oligonucleobdnd.
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* Interferon-gamma (IFN-y) is a biological marker for diagnosis of latent
tuberculosis.

* A fluorescent aptasensor was designed for |FN-y detection.

* Under optimal conditions, concentration as low as 1 pg/mL IFN-y could be
detected.

* The sensor was performed for detection of IFN-y in the spiked human serum

samples.



