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Abstract

Aptamers have shown a number of potential apptinatin sensing and therapeutic due to
the high affinity and specificity towards their gat molecules. Not all the nucleotides in the
full length aptamers are involved in the bindinghatheir targets. The non-binding domain of
the aptamer may affect the binding affinity of tAptamer-target complex. Mapping the
aptamer binding region could increase the affimtyd the specificity. In this paper, we
designed aptamer-based fluorescence sensors froum@ated progesterone (P4) aptamer.
Then, fluorescein and quencher labelled aptamermptamentary oligonucleotide sequences
were hybridized to the truncated aptamer at diffesétes to form duplex structures. We used
fluorescence-quencher pair displacement assay upgesterone binding for the
determination of P4. One of the truncated sequehags shown high binding affinity with
16 fold increase in the dissociation constant(X1 nM ) compared to the original aptamer.
The aptasensor was highly selective for P4 againstar compounds such as B#stradiol,
bisphenol-A and vitamin D. The sensor has beeniegpfdr the detection of P4 in spiked tap
water and in urine samples showing good recovetys hiew developed aptamer-based

fluorescence biosensor can be applied in food,rpaeeutical, and clinical industries.



1. Introduction

Food products and drinking water contamination wéhdocrine-disrupting chemicals
(EDCs) may have a serious effect on hormonal fonstisuch as metabolism, biosynthesis,
etc [1]. Progesterone (P4) is a small hydrophosieroid hormone secreted from
corpusluteum, which plays a major role in mammal@egnancy, animal growth and
development. Progesterone level is used as anaitadifor early pregnancy. Many clinical
assays are currently used to measure hormonalslemeb variety of body fluids. The
progesterone concentration is 1 ng/ ml in serunmnduhe pre-ovulation period, 20 ng/ml in
the mid cycle and more than 300 ng /ml at the paagy period. Elevated levels of P4 leads
to headache, breast tenderness, stomach upsetipating, diarrhea, body pain, tiredness,
virginal discharge and urinal infections [2]. Comtion of high levels of progesterone in
cow milk may case breast and lung cancers [3, 4] iamffect the gonadotropin (GnRH)
releasing hormone secretion in males [5]. When laigiount of P4 is consumed, the body
retains certain amount and the rest is releasd¢let@nvironment as waste. Therefore, it is

highly important to monitor P4 levels in environrtedrand clinical samples.

Several methods are applied for the detectiondoflfstrumental analysis methods
such as high performance liquid chromatography (E)fLgas chromatography-mass
spectrometry (GC/MS) and liquid chromatography-msissctrometry (LC-MS) are highly
sensitive. However, they need well-trained opegtbigh cost and not suitable for field
applications. Immunoassays like enzyme linked imosonbent assay (ELISA),
radioimmune assays, electrophoresis-chemiluminescamd non-competitive audiometric
assays are used for the detection of P4 in diffesamples [6-8]. However, the limited

stability and high cost of the immunoassays atierséjor challenges.



Recently, there is an increasing interest towandsmaers as alternatives to antibodies.
Aptamers are widely used for sensor developmenthf®idetection of various compounds for
clinical, food and environmental applications. Ap&s bind their target specifically with
high affinity (Kgs in the nanomolar to picomolar range). They carsyghesized easily,
highly stable and their production cost is very lofptamers are single stranded DNA
(ssDNA) or RNA, consisting typically of 40 to 10Qucieotides. At suitable conditions,
aptamers form unique 3D structure due to the imtcdecular forces of attractions such as
hydrogen bonding, hydrophobic and Wan der wallgerattions between the nucleotides.
This unique secondary or tertiary structures ofaptamer forms a binding packet that fits
the target molecule and form a stable target-apt@omplex. Aptamers for various analytes
have been reported including metal ions [9], pr&€il0], bacteria [11], viruses [12] and
small molecules [13-15]. The in vitro selectionaptamers are usually screened from a pool
of DNA or RNA libraries using systematic EvaluatiohLigands by Exponential Enrichment

(SELEX) method.

The goal of applying aptamers in bioanalysis isréport the presence of target
without any complicated steps. Fluorescence detecis one of the commonly used
analytical ways using aptamers. The aptamer re$udta the classical SELEX does not
usually exhibit intrinsic fluorescence. The fluscent molecule is introduced at the position
where the aptamer undergo the target induced cmatton change [16, 17] or fluorescent
nucleotides in the library pool are introduced dgrthe in vitro selection of aptamer [17].
However, it is not straight forward to identify tlegion where the confirmation change
occurs. Moreover, if there is no significant chamg the fluorescence intensity upon target
binding, the sensitivity of the detection assayl W low. Therefore, it is important to know

the target binding region where the aptamer undemgaformation change upon target



binding. By truncating the non-binding region, #qgamer may form better conformation to
make a stronger aptamer-target complex. Many appesahave been used for truncating the
aptamers. For example, the secondary structutleectat HIV protein aptamer can be split
into two parts. A molecular beacon (in which theoflophore and quenchers are attached to
both ends) and a complementary sequence to theoftdra beacon. In the presence of target
the beacon undergo conformation change which ldada physical separation of the

fluorophore and quencher resulting in a changaerfluorescence signal [18].

Here, we have developed a fluorescence-based aptader the detection of P4 via structure
switching mechanism. In this study, we designeddated aptamers/DNA duplex structures
by annealing fluorescein-labelled (FDNA) and quendabelled DNA (QDNA)
complementary sequences at different sites. Ofigina the designed duplex structures the
fluorophore and quencher will be in close contaxtetach other leading to minimal
fluorescence intensity. However, in the presenceP4f an increase in the fluorescence
intensity is recorded due to the conformation clean§ the aptamer upon target binding
which leads to FDNA and/or QDNA dissociation. Thsgdue to the favourable formation of
the aptamer-P4 complex than the DNA duplex formowimg the minimal binding sequence

within the aptamer, a biosensing platform for tleéedtion of P4 was established.

2. Experimental

2.1. Materialsand M ethods

Progesterone, 1f- estradiol, bisphenol, vitamin D, 2-amino-2-(hydymethyl)-1,3-

propanediol (Tris base), sodium chloride, ethylémméhetetraacetic acid (EDTA),
sodiumazide, potassium phosphate, sodium hydrogim#ium chloride, potassium chloride,
urea, sodium phosphate hydrochloric acid and nsgmechloride were purchased form

Sigma-Aldrich (Saint-Louise, MO, USA). HPLC purifie labelled and unlabelled



oligonucleotides (Table 1) were purchased from Mieta International (Planegg, Germany).
A solution of 50 mM tris-HCL ( pH 7.5), 150 mM Na@hd 5mM MgClis used as binding
buffer. The stock solution of P4, PBrestradiol, bisphenol A and vitamin- D was prepared
DMSO and further dilutions were made in bindingfbuf The DNA were dissolved in ultra
pure Milli-Q water to make the stock solutions astdred at -20°C until further use. The
DNA solutions used in the experiments were dilutedinding buffer. The fluorescein-

labelled oligonucleotides were protected from tgbktlwhile performing the experiments.

2.2. Fluor escence M easur ements

The fluorescence of the fluorescein labelled complatary aptamer oligonucleotides and the
aptamer-beacon has been measured using NanodroBORORIorospectrometer (Thermo
Scientific, Canada) and Molecular device F5 fluoaanmicrotiter plate reader (Sunnyvale
CA, USA) using 96 well fluorescence plates. The glaswere excited at 470+10 nm and the
emission was monitored at 519 nm. All the measunesne@ere recorded in binding buffer at

room temperature.

2.3. Designing the aptamer sequences

The truncated aptamers were designed based omd¢badary structure of PG13 full length

aptamer selected in our previously published watk].[| The secondary structure was
obtained from the mfold software. Two designs wdee; displacement of a complementary
sequence and molecular beacon. The complementguesees, 5'-fluorescein labelled and

3’-dabcyl quencher labelled oligonucleotides wemsighed for the fluorescence-based
competitive displacement assays in which the flscgen quencher pair are in close contact

upon hybridization with the truncated aptamer. H@13 aptamer was truncated into two



different domains as shown in the Table .1 The mpta beacon was designed from the
original full length aptamer with addition of fewucieotides either 5’or 3’end. Aptamer-
beacons are similar to molecular beacon in whice #and 3’end nucleotides are
complementary to each other to form stem-loop s#&onstructure. In this design, the
truncated aptamer oligonucleotides were labellett fiuiorescein and dabcyl quencher at 5°
and 3’ ends, respectively

2.4. Competitive fluor escence displacement and Aptabeacon Assays

For the fluorescence displacement assay, a mixtu&00 nM solutions of each truncated
DNA aptamer and equal concentrations of their bifltscein-labelled and 3’dabcyl-labelled
complementary sequences in binding buffer were &ep0°C . Then the solution was kept at
4°C for 10 min. followed by keeping at room tempera for 10 min. 100 nM of hybridized
oligonucleotide () were incubated with differenincentrations of P4 ranging from 0 to 250
nM for 45 min. and the fluorescence intensity atleaample was measured. The saturation
curve was obtained for each aptamer sequence ang;ttalues were calculated using non-
linear regression fitting.

The selectivity of the sensors has been testecrdss reacting the sensors with 100
nM solutions of similar structural and functionadnepounds such as bisphenol A, A7-
estradioland vitamin D.

The aptamer-beacons were heated to 95°C for 5 #1i@, for 10 min and room
temperature for 10 min. Various concentration afgassterone was incubated with 100 nM
solution of aptamer beacon and the fluoresceneasityy of each samples were recorded.

For real samples experiment, concentration rargye 0 to 80 ng/ml of P4 was
spiked in tap water and in artificial with the coosgion of 0.17M NaCl, 0.08M KCI , 0.52M
NaH4PO4and 700mg/L urea [19]. The percentage regavas determined from the increase

in the fluorescence intensity of the sensors.



3. Results and Discussion

Previous studies have shown that most of the apta@guences resulting from SELEX
screening are hardly to be integrated directly imsénsor platforms [20]. Therefore, post-
SELEX optimization of the selected aptamer is uguedquired in order to regulate the
aptamer sequence to a specific sensing platforis.diso believed that not all nucleotides in
the aptamer sequence are involved in target bindliggse non- binding domains may
destabilise the aptamer-target complexes [21-23pur previous work, P4-binding aptamers
were successfully selected from a 60 mer DNA liprapntains 2x1¥ sequences of
oligonucleotides by in vitro selection [15]. Thdlfiength PG13 aptamer which showed the
highest affinity (k=35 nM) and conformation change upon target bindmaye been utilized
for the detection of P4 using a label-free impedimnenethod [15]. It was also found that
hybridizing complementary DNA (10 mers) sequencegha different regions of PG13
aptamer has improved the binding affinity towards Phe maximum affinity was observed
when the position 40 to 50 from 5’end was hybridigE5]. This may indicate that this region
of the aptamer is not involved in the P4 bindingr(#inding domains).

3.1. Aptamer truncations and displacement designs

With the aim to ascertain the binding site of th@1B aptamer and to find the shortest
sequence with the highest binding affinity, we deed here two truncated aptamers by
rationally splitting the sequence into two halv@&(3T1 and PG13T2). Then, fluorescent-
guencher complementary DNA reporters were desifmedach truncated part to form DNA

duplexes. The PG13T1 truncated sequence was hxdidvith a fluorescein-labelled short



complementary fragment (PG13C1l) as well as a dabatylled fragment (PG13C2).
Similarly, the PG13T2 sequence was hybridized wathfluorescein labelled fragment
(PG13C3) and a dabcyl labelled fragment (PG13CHé. fluorescein and quencher reporters
are designed to be in close proximity when the eiki?NA is formed which should lead to
guenching of the fluorescence signal. However, upoget binding, certain binding region of
the aptamer is expected to undergo a conformaticmahge which may result in a full or
partial displacement of one or both complementagusences (Scheme 1). This can be
eventually detected by the increase in the flu@ese intensity due to the increased distance
between the fluorescein and dabcyl labels.

Fig. 1A and B shows the fluorescence spectra offltterescein-labelled fragments
before (black curve) and after (red curve) hybatian with the truncated aptamers as well as
after P4 binding (blue curve). As shown in Fig. #jen equal concentrations of PG13T1
and its complementary sequences PG13C1 and PG13t2 hybridized, 70 % of the
fluorescence intensity was quenched compared \Withfriee fluorescein-labelled PG13C1.
The quenching of the fluorescence confirms the esgof the hybridization step which leads
to bringing the fluorescein and dabcyl labels wsel contact in the duplex sensor probe as we
expected. However, after incubating the duplex erafth the P4, no significant change in
the fluorescence intensity was observed, indicatihgt no displacement in both
complementary probes has occurred. These resudtgesuthat the PG13T1 fragment may
not be involved in the target binding.

On the other hand, as shown in Fig.1B, when PG138ni@ its complementary
sequences PG13C3 and PG13C4 were hybridized, tlmeeficence intensity was also
guenched similar to the case with PG13T1. Howeupon target binding, a dramatic
increase in the fluorescence intensity was seertdtidg that the fluorescein and dabcyl

labels were forced apart from each other presumdbby to displacement in one or both



complementary fragments. These results confirm thattruncated sequence PG13T2 is

involved in the target binding.

3.2. Molecular beacon design

As explained above, it was confirmed that PG13Ttarapr contains the binding site
to P4. Two possible regions can be involved in imgd1) region 39 to 52 which was
hybridized with PG13C3 or 2) region 27 to 48 whveas hybridized with PG13CA4. In order
to gain more insight into this, we designed otlmendated sequence by cutting the sequence
at 49 from the 5’end to eliminate the second red®#48). Fortunately, we found that this
truncation forms a hairpin structure as shown i@ thfold secondary structure prediction
(Fig. 2). Therefore, we added few nucleotides &hlends to complete the stem and we
modified both ends with fluorecein and quenchédotm a molecular beacon (PG13MB). We
then tested PG13MB after incubation with P4. Nasicant change in the fluorescence
intensity was detected in this case, indicating tha first region (39-52) was not involved in
the target binding and therefore, the stem sequehttee molecular beacon was not opened.
In fact, these results are in good agreement withpoeviously published work that showed
better binding affinity when the site 40-50 wasdbled by hybridization [15].
Fig. 3 shows the percentage changes in the fluenesc intensity for the three tested
truncated sequences (PG13T1, PG13T2 and PG13M#&) afiding with P4. Only PG13T2
hybridized with PG13C3 and PG13C4 have shown higioréscence signal change,
concluding the involvement of the region 27 to 48the target binding. It is worth
mentioning that the aptamer binding domain is rextessarily to be too long. Miaral et al.
has used an aptamer with 11 nucleotides which sti@pecific binding t@-conglutin with
three orders of magnitude enhancement in the detsmt constant [24].

3.3. Fluorescence-based displacement progester one aptasensor

10



The design which showed the highest fluorescergrebkchange after P4 binding was
then exploited for the detection of P4. A titratiasith different concentrations of P4 was
done and the fluorescence measurements were recgkdeshown in Fig. 4A, a saturation
curve was obtained with different P4 concentratiohBe dissociation constant of the
PG13T2-P4 complex calculated using non-linear segoa fitting of the obtained curve was
found to be 2.2 nM. This Kis 16 times less that the value obtained for tbe-tnuncated
PG13 aptamer reported in our previous work [15]pficsming the enhancement of the
binding affinity of the aptamer after truncation.

Fig. 4B represents the calibration curve of theaptasensor (a plot of the % change
of the fluorescence intensity before and after inigd(i-i°)/i°b) versus the logarithm of the
P4 concentration). A linear relationship was ol#dim the range from 10 t0100 ng/ml. The
detection limit of the P4 aptasensor was calculédeble 110 pg/ml based on 3SD/b, where
SD is the standard deviation of the aptasensorepwdien no analyte was added and b is the
slope of the straight line. This detection limitlicates the high sensitivity of the developed
assay compared with previously published aptasefiss)r and immunosensors [25-27].
Recently X-aptamers selected against progesteroag wsed for the development of
nanoSPRi-aptosensors. The limit of detection of dansor was 1.575 ng/ml in PBS buffer
[28]. However, our method is 10 times more sensi(i¥10 pg/ml) than the SPR method.
Moreover, in the SPR assay, the detection of thgetain the real sample was not
demonstrated whereas our method is applicablehoptogesterone detection in water and
urine. Colorimetric methods based on the aggregadf gold nanoparticle progesterone
aptasensors have been reported recently with siredasitivity [29,30]. These methods
depend on the aggregation of gold nanoparticldganted by the concentration of NaCl and
surfactant. However, the real samples usually corgalt and liposomes (surfactants) which

limit the sensitivity of the progesterone detectidn 2007, Yuan et al has reported an SPR

11



based biosensor for the detection of P4. The PHoeajugated to ovalbumin (OVA) with an
oligoethylene glycol (OEG) and form self-assemhteoholayer on the sensor surface. This
gold nanopatrticle linked antibody -based biosengas able to detect 4.9 pg/ml of P4 [31].
However, this method was applied only in the HB&drucontaining 0.3 M NaCl and not in

real samples. Moreover, it is not straight forwemdthe field applications.

3.4. Selectivity of the progester one aptasensor

The selectivity of the Pg13T2 duplex aptasensdP4owas tested against molecules which
share similar chemical structures and functionghsas 173 estradiol, bisphenol-A and
vitamin D. As shown in the Fig.5, there is no detdcsignificant increase in the fluorescence
intensity with these molecules compared with thghhresponse obtained with the P4,

indicating the selectivity of the developed aptaserior P4.

3.5. Testing the progesterone aptasensor in spiked water and urine samples

In order to check the performance of the PG13T2@eim real samples, spiking of P4 in tap
water and urine has been done. Table 2 and 3 shod/rgcovery percentages of P4 from tap
water and urine without significant interferencenfr other components in the sample. This

result suggests the possible applicability of tbealioped aptasensor assay in real samples.

4. Conclusions

We have developed aptamer-based competitive deplewct assay for the detection of

progesterone with high affinity and specificity. & dissociation constant of the aptamer-P4
was enhanced by 16 fold after deleting the nonibondegion from the original aptamer. The

aptasensor assay developed using the truncatedrsmG13T2 has shown high sensitivity

with a detection limit of 110 pg/ml without sigrdént cross reactivity with structurally

12



related compounds such as E2, BPA and Vitamin-tbmRhese results, we could conclude
that the truncation of the aptamer has signifigamtiproved the affinity of the aptamer and
consequently the sensitivity of the fluorescenceaws Finally, the aptasensor assay has

shown high recovery percentage of progesterone §uked tap water and urine.
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Scheme.1

&

e

Scheme.1 : Detection assay design: (A) A tripaflilorescence-quenching dsDNA duplex
assembly composed of fluorescein (green) and Dalgsdy) labelled complementary

oligonucleotides with unlabelled DNA aptamer (Black the presence of target molecule
(Blue), the dsDNAduplex undergo a conformation geim the aptamer and the fluorescein
labelled DNA and/or quencher labelled DNA were askd which and enhances the
fluorescence.
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Fig. 1. The fluorescence spectra of the fluoresaashdabcyl labelled cDNA hybridized with
PG13T1 (A) and PG13T2 (B). Black curve is the smeaf the fluorecein-labelled

complementary fragments, red curve: after the dufdemation and the blue curve is after
P4 binding.
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Fig. 2
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Fig. 2 . The secondary structure of original PGpsamer obtained form mfold software
program. (A)The nucleotide 27-52 region used foe ttisplacement studies (B) The
nucleotides from 37 to 59 in the PG13 were trurccatdich, form stem-loop structured
molecular beacon. At the %7hucleotide, the T was replaced by G to make stabion.

The 5'and 3' ends of the stem was labelled witlorélscein ( green) and dabcyl

(gray)respectively.
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Fig. 3
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Fig.3. the relative change in the fluorescencensitg of truncated aptamers obtained from
various regions of the original aptamer. Pgl3T2wshahe largest increase in the
fluorescence intensity in the presence of 100 nM R4 significant change in the

fluorescence intensity of Pgl3T1 and PG13MB inpgtesence of P4 was observed.
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Fig. 4
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Fig 4. (A) The binding affinity curve of PG13T2 trcated dsDNA aptamer duplexed upon
progesterone binding. (B) The calibration curvetglt as the change in the fluorescence
intensity versus logarithm of P4 concentration.
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Fig. 5

el

100 4

80 4

60 -

40 -

(l-lo)/lo, Normalized

20 -

Fig.5 The cross reactivity of the progesteronemptaagainst 17-bestradiol, vitamin-D,

Bisphenol A
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Table 1 Original and truncated aptamers sequences

Name Sequences

Pg13 GCATCACACACCGATACTCACCCGCCTGATTAACATTAGCCCAGBCCCACCCCCGCTGC
PG13T1 GCATCACACACCGATACTCACCCGCCTGAT

PG13C1 Flu-5-CGGTGTGTGATGC

PG13C2 GGCGGGTGAGTAT-3'-Dabcyl

PG13T2 GATTAACATTAGCCCACCGCCCACC

PG13C3 Flu-5-CTAATGTTAATC

PG13C4\ TGGGCGGTGGG-3'-Dadceyl

PG13MB Flu-5"CAGCCCACCGCCCACCCCCGCTG-3"-Dabcyl
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Table .2 Application of PG13T2 in detection of Pdnf tap water

Spiked P4 (nM)  Found Concentration (nM) ecBvery (%) SD
100 95.2 95.2 12.03
250 221.5 88.6 10.19
400 357.43 89.35 9.35

Table .3 Application of PG13T2 in detection of Pdnh artificial urine samples

Spiked P4 (nM)  Found Concentration (nM) ecBvery (%) SD
100 97.3 97.3 8.23
250 233.2 93.28 10.31

400 348.69 87.17 11.6
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