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Colorimetric aptasensor for progesterone detection
based on surfactant-induced aggregation of gold

nanoparticles

Gaoshang D& « Lumei Wang™ « Dongwei Zhand » Xuan Ni? « Xiaotong Zholf
Hanyi Xu?e Lurong Xu®e Shijian Wu®s Tong Zhang* « Wenhao Wand
Abstract
This paper proposes an aptasensor for progestéedieletection in human
serum and urine based on the aggregating behavwmiad nanoparticles
(AuNPs) controlled by the interactions among P4dlsig aptamer, target P4
and cationic surfactant hexadecyltrimethylammonbromide (CTAB). The
aptamer can form an aptamer-P4 complex with P&jigaCTAB free to
aggregate AuNPs in this aptasensor. Thus, thersgasiution will turn from
red (520 nm) to blue (650 nm) in the presence db&tause P4 aptamers are
used up firstly owing to the formation of an aptaiRd complex, leaving
CTAB free to aggregate AuNPs. However, in the absari P4, CTAB
combines with aptamers so that AUNPs still rema@peatsed. Therefore, this
assay makes it possible to detect P4 not only bgrélance measurement but
also through naked eyes. By monitoring the vanmatbabsorbance and color,
a CTAB-induced colorimetric assay for P4 detecth@s established with a

detection limit of 0.89 nM. Besides, the absorbarat® A650/A520 has a
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linear correlation with the P4 concentration ofd3-800 nM. Due to the
excellent recoveries in serum and urine, this ssehas great potential with

respect to the visual and instrumental detectiof4in biological fluids.

Keywords: gonadal hormone, aptamer, biosensor, AUNPs, raptthy, visual

test

1. Introduction

Progesterone (P4) is a steroid hormone that is\eaktor the development of
mammary tissue and maintenance of pregnancy.dthedips female regulate
the menstrual cycle, and plays an important rolm@émopausal hormone
therapy and oral contraceptives [1,2]. P4 is armspghsable for human body
and the concentration varies in different periotifef For example, the
concentrations of serum progesterone in adult fesnate normally in the range
of ~0.48 to ~79.5 nM, while the P4 concentratianpriegnant women can rise
to ~731 nM [3]. If P4 concentration is below themal level, people need to
take P4 supplements. However, when the concentrafi®4 is over the
normal level, P4 can be toxic and have carcinogeffigcts [4]. So it is crucial
to monitor and control P4 concentration in an appate range. Yet, P4
detection in biological matrices is challengingcgithe concentrations are
around the ng-mt (1 ng-mL* = 0.325 nM) level or even lower [5]. Thus,

more sensitive and effective assay is required.
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Although many analytical methods have been developenonitor P4, there
are only two kinds of methods commonly used whi&cimmunoassays
(radioimmunoassay, enzyme-linked immunosorbentyagsactrochemical
Immunoassay, etc.) and chromatographic methodh (fFegformance liquid
chromatography, liquid chromatography-mass speatomgas
chromatography-mass spectrometry et al.) [6,7]s€hmaethods are sensitive
but they require expensive equipments and complicaerformance
procedures, or some suffer from poor specificitglaiacy and reproducibility
because of the cross-reaction and batch-to-batddtiosm of antibodies [8].
Aptamer was first selected and named in 1990 [93idke then, aptamers of
various targets (metal ions, proteins, antibiotats,) have been selected and
applied to their target detection [11-20]. Therentermolecular interaction
between the aptamer and its target so that thepicanto each other with high
selectivity and affinity [14]. Thus, aptamers hdezn applied to clinical,
medical monitoring and food analysis [21]. Rencgrsbme researchers
successfully selected P4 aptamer and developeketnoehemical aptasensor
with a detection limit of 2.86 nM [12]. And based this breakthrough, our
group had built a NaCl-induced colorimetric aptasgrwhich obtained a LOD
of 2.62 nM [22].

Gold nanoparticle (AuNP) is superior material fgnal transduction due to its
aggregation behavior and has been frequently ustakidesign of biosensors

[23-28]. AuNPs alone are dispersed and appeamnrsdlution. The aggregation
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of AUNPs will bring about an increase in the siz@articles in solution,

leading to a rise in the absorbance within a cerange and a color change to
blue.

Hexadecyltrimethylammonium bromide (CTAB) posseds&seffective
features in this biosensor: CTAB can not only aggte AUNPs but also bind to
DNA, owing to its positive charge and the electtstattraction [29,30,31]. As
a cationic surfactant, CTAB has also been apphdtie isolation of genomic
DNA from plants samples. Futhermore, the bindin@®AB to ssDNA and
dsDNA are different: sSSDNA-CTAB complexes are fodweth cubic
nanostructures, while dsDNA forms hexagonal naoosires with CTAB
[23,32]. The principle of the colorimetric biosensmder ideal conditions was
outlined inScheme 1In the absence of P4, P4 aptamers are freertosome
supramolecule with CTAB, so that the AUNPs mainthgpersed. However,

the sensing solution will turn from red to bluethe presence of P4 because P4
aptamer are used up firstly owing to the formabban aptamer-P4 complex,
leaving CTAB free to cause the aggregation of AuNBEsides, the absorbance
ratio A650/A520 has a linear correlation with the concentratibR4 in a

certain range. Therefore, this assay makes it plest detect P4 in biological

fluids not only by absorbance measurement butthlsugh naked eyes.
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85 Scheme 1Schematic diagram of the colorimetric aptasensopifogesterone (P4)
86 detection based on hexadecyltrimethylammonium bdenCTAB)-induced

87 aggregation of AUNPs.

88

89 2. Materials and Methods

90 2.1 Chemicals and materials

91 CTAB, diethylstilbestrol (DES), ampicillin (AMP)htamphenine (THI),

92 aztreonam (AZT), were obtained from Sigma-Aldri&ht. (Louis, MO, USA,;
93 www.sigmaaldrich.com). P4, g7estradiol (E2), estriol (E3), bisphenol A
94 (BPA), sodium citrate, HAuGi4H,0O, NaOH, 3-(N-Morpholino)

95 propanesulfonic acid (MOPS, 10 mM, pH 8.0), wertawoted from Sinopharm
96 Chemical Reagent Co., Ltd (Shanghai, China; shredgekchem.com).

97  Synthetic human urine and serum were purchased BIGMMART.CN

98 (www.biomart.cn). Unless otherwise mentioned, Hikeo reagents were of
99 analytical reagent grade and used without furtlweifipation. The 96-well

100 microplates and centrifuge tubes were bought fréw@rio Fisher Scientific
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Inc. (Nunclon, Denmark; www.thermofisher.com/cnfadvhe.html). The
ultrapure water used in all experiments and aquseolugion preparation was
purified by a Milli-Q Advantage A10 System (Millipe Inc., Bedford, MA,
USA). The sequence of P4 aptamer is
5-GCATCACACACCGATACTCACCCGCCTGATTAACATTAGCCCACCG
CCCACCCCCGCTGC-360-mer) [12], synthesized by Sangon
Biotechnology Inc. (Shanghai, China; www.sangon.cdrhe aptamer was
dissolved in ultrapure water and stored at 4 °©igetfise.

2.2 Instrumentation

Colorimetric assays were recorded on an InfinitdMPro microplate
spectrophotometer (Tecan Austria GmbH, Salzburgira). A thermostat
(Eppendorf, Hamburg, Germany) was used for incobath circular dichroism
spectroscopy (CD; J-815, Jasco, Japan) was emptoyethracterize the
structural changes of P4 aptamer. The average thameAuNPs was
measured on a Zetasizer Nano S (Malvern, England).

2.3 Preparation of AUNPs

AuNPs were prepared by sodium citrate reductiodAfiCl,- 4H,0, based on a
previous study [24]. First, the boiled solutiontthuCl,- 4H,0O (100 mL,

0.03% (w/w) was added with 3.5 mL of 1 % (w/v) sadicitrate solution, then
continue to be boiled and stirred for 30 min. Whtthat period, the color of
solution changed gradually from light grey, bluergle, and to wine red finally.

The mixture was boiled for another 10 min and stirantil it was cooled to
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room temperature. At last, the cooled solution fitkesed by 0.2um
ultrafiltration membranes (HP134, Sangon Biotecbgglinc.), and then stored
in a brown glass bottle at 4 °C for further use.

2.4 Characterization of the interactions among aptaer, P4, CTAB and
AuNPs

The CD spectrum of 4 samples was tested: (a) 20@misimer; (b) 200 nM
aptamer + 200 nM P4, (c) 200 nM aptamer u#OCTAB; (d) 200 nM
aptamer + 200 nM P4 + 40M CTAB. Sample (a) was directly tested, sample
(b) and (c) were tested after 20-min incubationfédxssample (d), CTAB was
added after 20-min incubation of the aptamer andt&h the CD spectrum
was tested after another 20 mins.

The dynamic light scattering (DLS) is to measuedhierage diameter of
AuNPs in 4 different samples: (a) AUNPs; (b) AuNP3.6uM CTAB; (c)
Sample b + 28 nM aptamer; (d) Sample c#V2P4. Sample (a) was directly
tested and sample (b) were measured after 20-roudbation. As for sample (c),
AuNPs was added after 20-min incubation of theraptaand CTAB, then the
particle size of AUNPs was measured after anotienihs. Aptamers and P4
were firstly incubated for 20 mins in sample (gt CTAB was added for
another 20-min incubation, following the 10-minubation with AUNPs. At
last, the size of AUNPs was measured.

2.5 Measurement of the absorbance

At the end of each experiment, the absorbance sa@tué50 nmA650) and

7



145 520 nm A520) were recorded. Then the absorbance ratio 50520 was
146  calculated to reflect the aggregation degree of Rs1\3,25,33]. In some

147  experiments, thA650/A520 values in the blank solutions without Rg) @nd
148 sample solutions containing PA)(were both measured to calculate the values
149 of 4A (4A = Ag-A).

150 2.6 Optimization of detection conditions

151 The total volume of each sensing system was $QiL, containing 20QuL
152  AuNPs. P4 was firstly dissolved to 1 mM in anhydr@thanol, which was

153 diluted to the desired concentration of P4 by M@iB8er. Unless otherwise
154 noted, all experiments were performed at 25 °C. Alhdolutions were mixed
155  sufficiently by pipette. Each experiment was pearfed for three times.

156  To optimize the concentration of CTAB, 2(0 AuNPs were treated with

157 different volumes of 2QM CTAB solution (25, 35, 45, 50, 55, 60, 65, 70, 75
158 85, 95 and 10nL) and MOPS buffer were added to obtain a totalired of

159  500pL. After 10-min incubationA650 andA520 were recorded, and the

160 minimum CTAB concentration that can fully lead e taggregation of AUNPs
161 was chosen.

162  For the optimization of P4 aptamer concentratio@Qm% buffer with 0.22M

163 P4 aptamer at different volumes (10, 20, 30, 4055060, 65, 70, 80 and 90
164 uL) were incubated for 20 min with or withouiu®1 P4 respectively, as the
165 experimental and blank groups. Then, all groupsveeided with the optimized

166 concentration of CTAB. After 20 mins, 2@ AuNPs was added and
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cultivated for 10 min. Ten mins late%, A and4A were measured, and the
minimum concentration of aptamer resulting in maxmyA was chosen.

2.7 Sensitivity and selectivity of this aptasensor

For the sensitivity investigation, optimized conication of P4 aptamer and P4
with various final concentrations (0, 10, 20, 500,1200, 300, 400, 500, 600,
800, 1000 nM) were added in centrifugation tubes WMOPS buffer. After
20-min incubation, the optimized concentration G1AB was added to
incubate for another 20 min. Then, 2A0AuUNPs was added for 10-min
incubation. ThenA,, A and4A were measured.

In order to test the selectivity,.@M potential interferents such as E2, E3, DES,
AMP, THI, AZT, BPA and the mixture (P4 + E2 + E3gke added to the
biosensor instead of P4 in the sensitivity testiigally, Ay, A and4A were
recorded.

2.8 Application in urine and serum samples

According to previous reports [20,23], the senspgtem was established in
the ideal buffered condition, and then appliedrinaiand serum for P4
detection. Synthetic human urine and serum wes#\fidiluted by ultrapure
water according to the previous report [19]. Thaifferent concentrations of
P4 (50 nM, 100 nM, 300 nM, 500 nM) was spiked @ luman serum and
urine samples respectively to investigate the pralotlity of the assay. Then

they were tested by the established biosensor.
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3. Results and Discussion

3.1 Interactions among aptamer, P4, CTAB and AuNPs

CD spectrum can reflect the structural change cdrdmers effectively.
According to the principle of this assay, both Rd £TAB are able to interact
with the P4 aptamer to form complexes. Therefoi2 was used to monitor the
structural change of P4 aptamers. As showkign 1, the P4 aptamer had a
negative peak at 240-260 nm and a positive pe2k@&t290 nm, which
corresponds to B-DNA structure [34]. After the datai of P4 or CTAB or

both P4 and CTAB, the bands intensity changed, hvimdicated a disruption of
staking contact of the bases and a destabilizafidime DNA helix [35].
Therefore, it could be concluded that the aptars&DNA) interacted with P4
or CTAB through an intercalation mode and changéal a different

conformation [35].
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Fig. 1 Circular dichroism (CD) spectra of progesterone) @ptamer treated with P4
or hexadecyltrimethylammonium bromide (CTAB).

DLS was employed to characterise the aggregatibaver of AUNP and
confirm the principle of this biosenséiig. 2 shows the AuNPs distribution of
different size treated with various substances.driggnal AUNPs were well
dispersed in spherical shape with an average dearoétll nm Fig. 2a). After
the addition of CTAB, due to the formation of th€AB-AuNPs
supermolecular complex, significant aggregatioAwfPs was observedrig.
2b). In the absence of P4, CTAB was exhausted bgpt@mers so that the
AuNPs were still dispersedrig. 2¢). After adding P4, AUNPs aggregated into
larger clusters since the aptamers binded to B«irlg CTAB to aggregate

AuNPs Fig. 2d).
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216  Fig. 2 Particle size changes of gold nanoparticle (AuNfR)tgns in the presence of
217 different substances: (a) AUNPs; (b) AuNPs +i@M6CTAB; (c) Sample b + 28 nM

218 aptamer; (d) Sample c +uM P4.
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3.2 Optimization of detection conditions

The following parameters were optimized: (a) CTABhcentration; (b)
aptamer concentration. Respective data and Figueegiven in the
Supplementary Material. The following experimeranhditions were found to
give best results: (a) a 2uB1 concentration of CTABKig. SJ), (b) a P4
aptamer concentration of 26 niig. S2.

3.3 Sensitivity of this biosensor

The colorimetric biosensor was carried out withaarirations of P4 from O to
1000 nM, and the absorbance values at 520 and 65@&®lrecorded. As
shown inFig. 3, AUNPs aggregated gradually with increasing cotraéinns of
P4. Meanwhile, the color of the sensing soluticadgially changed from wine
red, purple to blue. The presence of P4 is distsigble with naked eyes when
the concentration of P4 is above 20 nM. In addjttberAA at low P4
concentrations was fitted to a linear plot withegression equation afA =
0.0014Cp, + 0.0398 (R = 0.99). Referring to previous repf2&25], 3/s
represents the limit of detection (LOD), where 3.84x1(' is the standard
deviation of the instrument that was calculatednftbe measurements of the
blank sampleTable S1) and s =0.0014 is the slope of the linear calibrgplot.
So the detection limit is 0.89 nM, which is gengrédwer than the P4
concentration in serum and urine of people in mases. Futhermore,
AB650/A520 has a linear correlation with the P4 conceiotnatf 0.89-500 nM.

Compared with other P4 detection methofib(e 1), this aptasensor offers a

13
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number of advantages, including high sensitivippwenience and visual
detection. Although chromatographic methods arsisee, accurate and
reproducible, these require expensive instrumeamdsraensive labor.
Immunoassay methods are widely used in clinicadednination but they also

have drawbacks like time-consuming, poor specifioitreproducibility.

0.8

0.6

0.4

0.2

Equation y=a+b*
Adj. R-Squa 0.97113
Value Standard Err|

Intercept 0.0398 0.00947
Slope 0.0014 4.76733E-5
T T

0.0 = B
0.0 . _E .

0 100 2(I]0 300 400 500

Change in the Absorbance Ratio 4650/4520 |4 A]

| L R L B L BN RN B RN B A B
0 100 200 300 400 500 600 700 800 900 1000 1100
P4 Concentration (nM)

Fig. 3 Sensitivity of the biosensor for progesterone (@etection. The picture
displays the absorbance ratio increase of thesgssiutions treated with 0, 10, 20,
50, 100, 200, 300, 400, 500, 600, 800 and 1000 AMIRe inset shows the linear

response at low concentrations of P4.

Table 1 Comparison between our aptasensor and previousoagefor progesterone

(P4) detection
Method

LOD
(nM)

Matrix Linear range Ref.

(nM)
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HPLC-DAD Urine 1.49 30.2-3021  [36]

HPLC-UV Urine 0.22 0.32-636 [37]
SPE-LC-MS/MS Serum 0.10 0.25-79.5 [38]
CdSe/ZnS quantum  Serum 0.67 1.24-14.5 [2]
dot-based immunoassay
impedimetric aptasensor Water 2.86 31.8-292 [12]
NaCl-induced Urine 2.62 2.62—-600 [22]
colorimetric aptasensor
CTAB-induced Serum, 0.89 0.89-500 This
colorimetric aptasensor urine work

HPLC-DAD: high performance liquid chromatographpak array detection. UV:
ultraviolet. SPE-LC-MS/MS: Solid phase extractitiquid chromatography-mass
spectrometry/ mass spectrometry. GC-MS: gas chiagmaphy-mass spectrometry.

LOD: limit of detection. CTAB: hexadecyltrimethylanonium bromide.

3.4 Selectivity of this biosensor

To conform the selectivity of this assay, potentigérferents (E2, E3, DES,
AMP, THI, AZT, BPA) and the mixture solution (P4+E23) were also tested
respectively. The results Fig. 4 indicate that this aptasensor possesses good
selectivity since\A of the solution containing P4 is much higher tb#rers.

And the interference of other chemicals is sligid aeglectable.
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Fig. 4 Selectivity of the biosensor for progesterone (@tection using CTAB to
aggregate gold nanoparticles (AuNPs). Experimaaatiitions: 20QuL AuNPSs, 26
nM aptamer, 2.6M hexadecyltrimethylammonium bromide (CTAB),
3-(N-Morpholino) propanesulfonic acid (MOPS) buftéd mM, pH 8.0) and gM
progesterone (P4), g+estradiol (E2), estriol (E3), diethylstilbestr@lES), ampicillin
(AMP), thiamphenicol (THI), aztreonam (AZT), bispteé A (BPA), the mixture (P4
+ E2 + E3).

3.5 Detection of P4 in serum and urine samples

This aptasensor was employed in human serum and taiinvestigate
practical applicability. The results were showed able 2andTable 3 the

recoveries for P4 at all concentrations were 10QPL8-5 % and 93.2—-107.6 %,

16



276 the relative standard deviations (RSD) were inrtimge of 2.8—-6.5 % and
277  3.4-5.5 %. The good recovery of this aptasensacaneks that there is no

278  significant interference from urine or serum comgs in the aptasensor for
279 P4 detection, suggesting a great potential forédation in biological fluids.
280

281 Table 2 Determination of progesterone (P4) in serum sasnple

Spiked Concentration (nM) Found Concentration (nMRecovery (%) RSD (%)

50 51.2 102.4 3.5
100 116.5 116.5 6.5
300 315.4 105.1 2.8
500 518.9 103.7 4.2

282

283 Table 3Determination of progesterone (P4) in urine sasiple

Spiked Concentration (nM) Found Concentration (nNRecovery (%) RSD (%)

50 53.8 107.6 5.5
100 93.2 93.2 3.8
300 307.8 102.6 3.4
500 486.5 97.3 4.6

284
285 4. Conclusions
286 A colorimetric aptasensor for P4 detection has Iseecessfully developed

287 based on the aggregation of AUNPs controlled byrttezactions among P4, P4

17
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aptamer and CTAB, with high selectivity and a deteclimit of 0.89 nM.
Besides, P4 in the range of 0.89-500 nM are ddikectaa absorbance
measurement and the presence of P4 can also hevetbssy naked eyes when
the concentration is above 20 nM. Due to the geosisivity and recovery of
this aptasensor, its application in biologicaldiifor P4 detection is promising

and worthy of further study.
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