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Abstract

Rapid and accurate diagnosis of methicillin-resissiaphylococcus aureus (MRSA)
is vital for patient treatment, control of infeaticand monitoring epidemiology.
Penicillin binding proteins (PBP2a), as an impadrtararker protein of MRSA, has
been proposed as the screening test target faatdleacteria of MRSA. However,
current technologies based on PBP2a activity or Z22BEmmunoassays were
suboptimal specificity and sensitivity. In this ogp the selection and characterization
of DNA aptamers that binds to PBP2a was describkd.DNA aptamer is with high
affinity and selectivity to binding with PBP2a. Eugrmore, utilizing the switched
mimicking peroxidase for gold nanoparticles loadgdphene oxide (GO/Au)
nanomaterials based on the effect between GO/AWLDMNA, a powerful strategy was
set out for designing aptamer-based colorimetrisdmsor for detection of PBP2a. In
this strategy, the employment of biosensor basedc@1Au and PBP2a aptamer
greatly improved the detection sensitivity and sty with limit of detection as
low as 20 nM. Accordingly, the reversible nanozymieibition/activation approach
may be universally applicable for the biomedicalgiosis.
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I ntroduction

For decades, a large public hospital healthcarecagsd with infections resulting
from the rapid emergence of antimicrobial resistaddRSA has been identified as
typical antimicrobial since firstly reported in 1®%evidence of penicillin-resistance[1,
2]. More recently, several epidemics of communiffee associated MRSA have
occurred in healthy populations[3-5]. UniversallfRSA causes varied infections
including the hand, skin, mucosal membranes arndisstie infections[6, 7]. Thereby
signifying that achieving a rapid and timely diagisas highly desirable to reduce the
negative outcomes of MRSA, so that hospital or hmgpital spread of these
infections can be effectively controlled and asated risk will decrease.

MRSA acquired resistance to methicillin resistard mecA gene encodes altered
PBP2a resulting in low affinity foB-lactam. PBP2a can resist to $Hlactam
antibiotics. Alternatively, significant efforts, ¢l as PCR, phenotypic tests and
enzyme-linked immunosorbent assay (ELISA), havenbdeected for detecting
PBP2a due to their high expression by most MRSAwéil@r, PCR technology is
very time-consuming and labor intensive, also ddpeon well-defined colony
morphology[8-11]. Culture condition including thesmolarity of the medium and
temperature may vary phenotypic expression of tasg[12]. Though
immunological method has achieved for sensitive ect&in of MRSA,
time-consumption and costly and highly enzyme-ddpat make it impractical for
clinical diagnosis[13, 14]. Though the developmaeit biosensor offered great
opportunity for creative highly sensitive and fessponse time for PBP2a detection,
the expensive price and poor stability required datigen still impedes practical
application. Aptamers are single-strands nucleidsa¢DNA or RNA) which own
particular spatial structure with high affinity amsgecificity to targets in a manner
analogous to function of antibodies[15-17]. Theque properties of nucleic acids
endow aptamers with lots of relative advantagemtdodies, including non-immune,

low-cost, fast time preparation, and thermal siigbiresulting widely applied in
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various detection applications[18]. Aptamers candiained via an exponential
enrichment technique known as systematic evolutbnligands by exponential
enrichment (SELEX)[19-22].

During the recent years, graphene-based nanoniatsuieh as graphene oxidase (GO)
or graphene oxidase compose, have come out as gingmnanomaterials for
biosensor due to its excellent electronic and apticoperties, good endocytosis and
biocompatibility[23-26]. In particular, aptamersncaonjugate with graphene via
electronic andt-n stacking interaction between graphene surfacenanktotide base,
which has successfully been used as detectionopiatfincluding electrochemical
sensors[27, 28], fluorescent sensors[29-31] andoricoktric sensors[32, 33].
Colorimetric biosensors have attracted great isterelue to noncovalent
functionalization and unlabeled aptamers[34, 35arédver, our group has reported
that the peroxidase-like activity of GO/Au can béfedently influenced by
single-stranded DNA (ssDNA). In particularly, tal&/Au as nanozyme enhanced
peroxidase-like activity has been regarded as mising method to achieve aptamer
label-free detection[36]. However, the lack of msl on aptamer for selection of
PBP2a impedes the graphene/Au-aptamer based cetadndetection platform
construction.

In this work, the process was reported of selecdod characterization of PBP2a
aptamers with high affinity and selectivity. Mor@wsyan engineering of a colorimetric
biosensor for PBP2a detection was employed baseleoswitchable peroxidase-like
activity of GO/Au nanomaterials and PBP2a aptarié&e biosensor shows high

sensitivity and specificity to targets and achiedetection limit as low as 20 nM.
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M aterials and method

Chemicals and reagents

The nucleic acids library was obtained from LLC ptamer selection Kit (AM
biotechnologies, America). PBP2a (His-tagged) waschmsed from Sangon
(Shanghai, China). Pfu DNA polymerase, 5xTBE, Ammonpersulfate, N, N, N’,
N’-Tetramethylethylenediamine, 2xTBE-Urea Sampleff@u TBE-Urea Sample
Buffer, dNTP buffer, Acryl/Bis 40% solution and Anomium were obtained from
Sangon (Shanghai, China). All other reagents uselis paper were analytic degree
without any purification in use. Ultrapure watersmabtained via a Millipore water
purification system (Laikie Instrument Co., Ltdhahghai, China). Gel electrophoresis

was performed by mini camera-obscura UV system GQL.-2

Characterization

Transmission electron microscopy (TEM) images wemgained from

high-magnification TEM (FEI Tecnai G2 F30 S-Twidasco V-550 spectrometer was
employed for ultraviolet-visible (UV-vis) absorptiospectra. Polymerase chain
reaction (PCR) was obtained from PCR instrumentOQT 1bio-rad, Singapore).

Table-top and high-speed refrigerated centrifuge wsed for nucleic acid recycling.

In vitro selection of aptamers

The protocols of aptamer selection for PBP2a wexdopmed according to LLC
X-aptamer selection Kit. B. Briefly, selection berff preparation, two buffers
(selection buffer A (1xPBS pH 7.4, 0.05% tween 20nM MgCL), selection buffer
B (1xPBS pH 7.4, 0.05% tween 20, 1mM Mg@@.2% BSA)). Preparation of library,
resuspend the library with buffer A, leaving albls in the tube, as well as 95 for

5 minutes. Protein preparation, utilizing His-tagg€BP2a hatching with Biotin.
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Negative selective. Coupling of target protein oagmetic particles. Positive selection.
Cleavage putative aptamers. Spinning column bugiahange. Secondary pulls down
selection. PCR and gel analysis. Starting Additigo®ml PCR. Next generating sequence.

Data analysis and candidate X-Aptamer synthesisNdyBiotechnologies.

I dentification of high-affinity aptamer and specificity for PBP2a

Q-PCR was employed for evaluating the binding cttaretic of several aptamers.
Briefly, the protein was labeled with biotin, anidtin-labeled proteins were purified.
Quantitative detection of biotin based on UV-vial&llating the number of biotin
moles per mole of protein.

The selectivity of aptamer was performed by elgdtoyetic mobility shift assays
(EMSA). Binding analyses were conducted in 2000f 1xbinding buffer containing

3 nM PBP2a aptamer and 30 nM PBP2a, 1000 nM paeit, 1000 nM GOx and
1000 nM BSA. After incubation for 60 min, the raaot mixtures were spiked with
2xTBE-Urea sample buffer, and subsequently loadet ithe wells of the

non-denaturing polyacrylamide gel (8%) at room terafure. Visualization of DNA

bands was performed by mini camera-obscura UV sy&e-200.

Preparation of rGO/Au

Graphene oxidase was synthesized according to amnowad published route of
Hummers’ method with additional of KMnOThe rGO/Au was prepared via our
previous reports. Briefly, 2.5 mL GO (0.5 mg/mL)0InL HAuCk- 3H,O (10 mM),

1.1 mL NaOH (0.1 M) and 20.4 mL ultrapure water avenixed under vigorous
stirring for 0.5 h. The mixture was transferrediat Teflon-lined autoclave for 10 h at

180 °C. The product was centrifuged and washedtbgpure water several times.
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Detection of PBP2a and selectivity

100 puL rGO/Au (0.05 mg/mL), 9QiL ultrapure water were mixed with 1. TMB
(20 mM) and 10QuL H,0; (10 mM) at acetate buffer (pH = 4) for 30 min irono
temperature. For detecting PBP2a,d0aptamer (5uM) in buffer, 30puL different
concentrations of PBP2a and 100 rGO/Au (0.05 mg/mL) were incubated at room
temperature for 2 h, followed by 1@ TMB (10 mM) and 10QuL H,O, (10 mM) at
acetate buffer (pH = 4). After being incubated 36 min at room temperature, the
absorbance of these solutions in a cell was meadsuith 652 nm excitation. For
analyzing aptasensor on selective properties ofZ2BEOuL aptamer (uM) in buffer,
30 puL other three protein (1000 nM) and 1QQ rGO/Au (0.05 mg/mL) were
incubated at room temperature for 2 h, followed.B9uL TMB (10 mM) and 10QuL
H,0, (10 mM) at acetate buffer (pH = 4). After beingubated for 30 min at room
temperature, the absorbance of these solutionscellavas measured with 652 nm

excitation.

Results and discussion

The selection strategy was illustrated in Schemé Epecial DNA library in the
selection process was used, which contained aatelirbaes pairs (bp) nucleotides
fixed sequence at 5 flank, 5 bp nucleotides fixequence at 3 flank and 42 bp
random region at central. Notably, some bases wemdified nucleotides indole-dU,
phenol-dU and amine-dU. PBP2a (C-terminal (Ktaly) washatching with Biotin. The
initial DNA library (typically 1¢ members) was mixed with PBP2a-coated magnetic
particles. Some aptamers were then released fraaskend followed by a secondary pull
down to remove false-positive aptamers. Subseqgueh# true aptamers were identified
via next-generation methods by Sangon Biotech. Batdysis and candidate aptamers

synthesis was supplied by AM Biotechnologies.
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Scheme 1

After the PBP2a aptamer screening process, theifeadphnd extracted DNAs produced
were examined by gel electrophoresis (Fig. 1). [Emgth of DNAs was from 75 bp to
100 bp. The result of gel electrophoresis shows tha target PBP2a specific DNA
aptamer was successfully amplified and extractethbysystem. The concentration of the

aptamers is enough for the high through-put seqongnc

Fig. 1

After data analysis and aptamer synthesis, theSttighest multiplicity sequences for
PBP2a were investigated in Table 1. W, Y and Xespntsnodified nucleotides indole-dU,
phenol-dU and amine-dU, respectively. The sequevere chosen for its ability to bind

with PBP2a via Q-PCR for testing affinity.

Table1

The equilibrium dissociation constantsg{kvas calculated in the low concentration range.
The lowest K value of was obtained for S1 and S3. Ther#&lues of the two aptamers were
30 nM and 15 nM, respectively. As known that thedo of the K value represents the
higher of the affinity, confirming that the affigibf S3 to the PBP2a was better than that of
SA. To explore the structure difference among tphtamers, the theoretical secondary
structures was estimated by using the Mfold progbmsed on a dynamic program of
lowest free energy (Fig. 2). Typically, differet¢s-loop motifs were found in secondary
structure, which has been frequently reported imymather previously RNA or DNA
aptamersThe stem-loop motifs may be the mainly functioredi domain for binding

with PBP2a.
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Fig. 2

As known that some nucleoids usually have affitotgeveral targets. The highest aptamer,
S3, was the chosen fostudying functional binding specificity to PBP2a\EMSA.
Except for PBP2a, no obvious band can be obsertet wsing other proteins such as
Proteinase K, GOx and BSA (Fig. 3), indicating tB8tshowed excellent affinity and

specificity to PBP2a.

Fig. 3

The S3 aptamer was then used for constructing aricwtric-based biosensor to
detect PBP2a. Biosensors via colorimetric methagl dtracted numerous attentions
in designing of multifarious biosensors owning t® sensitivity and simplicity. Our
group has demonstrated that the peroxidase act¥igraphene can be regulated by
ssDNA due to the multiplexed interaction betweddNA& and graphene, which have
been successfully employed for establishing coletim sensor platform. In the
presence of targets, aptamers will release fromABQbH the targets leading to
variation of UV-vis absorbance due to the changeatélytic activity of GO/Au. In
spite of the general utility of the approach, thestruction of colorimetric aptasensor
based on the GO/Au nanomaterials still remains |lehgé due to significant
conformational change of aptamers in the presehtagets. Therefore, to overcome
the problem, PBP2a aptamer coupled with GO/Au wapleyed for constructing
biosensor for PBP2a detection. The micromorphologyprepared GO/Au was
characterized by TEM (Fig. 4a). The TEM images stibiwhe Au nanoparticles well
dispersed on the surface of the graphene surfaBFEMNI images exhibit that the
lattice fringes of Au nanoparticl@gth an interplane distance of 0.233 nm (Fig. 4b)
refer to the (111) plane of Au particles with the\pous reports. The results above

indicated that the GO hybrids with Au nanopartickese successfully synthesized.
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Fig. 4

Based on the successful fabrication of GO/Au, tleeoxidase-like activity was
evaluated by oxidation of TMB in the presence ofOKH Fig. 5 shows that the
prepared GO/Au possess peroxidase activity folyzate TMB producing blue color
in the presence ¥, with an absorbance maximum at 652 nm. In contthste is no
absorbance change under the same concentratiopQfdtbne. In order to validate
the effect of PBP2a adsorption for peroxidase agtof GO/Au, an absorbance test
was also evaluated. As shown in Fig. 5, the absadganaximum at 652 nm of
GO/Au with PBP2a aptamer significantly enhanced parad to GO/Au alone,
revealing that the PBP2a aptamer can up-regulaep#roxidase-like activity of
GO/Au. The phenomenon may be attributed to bothmatm stacking and
electrostatic interaction with the substrate TMB[3T lays as foundation for

detection of PBP2a used for the interaction betwe@&hu and PBP2a aptamer.

Fig. 5

Aforementioned that sensitive and selective diatinoapproaches for PBP2a
detection are urgently need for early and accudatection. On the basis of PBP2a
aptamer effect on the peroxidase like activity @/Gu, a strategy is investigated by
monitoring the absorbance change of substrate TNIBhe presence of different
concentration of PBP2a. As shown in Fig. 6a, in presence of PBP2a, the
absorbance maximum at 652 nm reduced graduallyabkerbance of PBP2a at 652
nm linearly depends on the concentration of PBFR@a 20 nM to 300 nM with a
regression coefficient of 0.999 (Fig. 6b). The Hesaveals that a colorimetric
aptasensor platform based on GO&sunanozyme was successfully established for

PBP2a detection. The results above indicated tmatproposed assay presents a
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sensitive aptasensor platform for PBP2a detection.

Fig. 6

Escherichia coli (E.coli) transfected withec A as model was investigated to the
practical application of this biosensor for thelrsamples. After breakdown of the
inducible expression of bacteria (1.9%fu/mL, 3L), cell lysis solution was collected
in total of 500uL. The solution was diluted £010" and 18 fold. With the addition of
various concentration of cell lysis solution mixunto the reaction system of GO/Au
and aptamer without PBP2a, the absorbance of $wiation was detected by UV-vis
absorption spectra at 652 nm. As shown in Figurewith the concentration of cell
lysis solution increasing, the absorbance was dserk gradually at 652 nm. The
results suggest that the feasibility of this metisddr the detection of real samples. For
analyzing aptasensor on selective properties of28B80uL of 300 nM PBP2a, 1000
nM proteinase K, 1000 nM GOx, and 1000 nM BSA wadeal to the reaction system
under the same detected system, respectively.éPtese, the concentration of other
three proteins was 3 times higher than that of RBPhe absorbance of these
solutions in a cell was measured with 652 nm etoita(As shown in Figure 7a).
Since the absorbance of three other proteins isehithan that of PBP2a at 652 nm,
considering the differences of their concentrationg reasonable to think that this

method possessed good selectivity for PBP2a detecti

Fig. 7

Conclusion

To summarize, the aptamer of PBP2a was successtligted with high affinity and
specificity based on SELEX technology. The highcdpsty of aptamer and PBP2a

interaction provided the outstanding selectivity RBP2a detection. Furthermore, a



263 colorimetric reliable aptasensor strategy for hygdgnsitive and selective detection of
264 PBP2a was proposed on the basis of the peroxidesadtivity of GO/Au mimics.
265 The sensitivity of the aptasensor to PBP2a is 8aamt with detection range from 20
266 nM to 300 nM. The proposed aptasensor potentidfigr @ novel approach for the
267 detection of PBP2a. Furthermore, this techniqusgsses great potential for using in

268 the diagnosis of diseases associated with MRSA.
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Figurelegends

Scheme 1. In vivo selection of PBP2a aptamers

Figure 1. The extracted and amplified DNAs after the lastn@were seen by gel
electrophoresis. 1: DNA ladders; 2: Control ofialisolution; 3: PBP2a; 4: Magnetic
beads contrast.

Table 1. Data analysis and aptamer synthesis.

Figure 2. Secondary structures of S1 and S3.

Figure 3. The sequence of PBP2a aptamer incubated with RBfaeinase K, GOx
and BSA.

Figure4. TEM (a) and HRTEM (b) images of GO/Au.

Figure5. Peroxidase-like property of different reactionteyss.

Figure 6. UV-vis absorption spectra of the GO/Au and aptameubated with

different concentration of PBP2a (a). Liner relasbip between the absorbance value
at 652 nm (b) at concentration of 20 nM to 300 nM.

Figure 7. Selectivity analysis of PBP2a detection via cotmiric peroxidase mimetic
assay of GO/Au (a). UV-vis absorption spectra & @0O/Au and aptamer incubated

with various concentration of cell lysis solutidy).(
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457 Table 1. Data analysis and aptamer synthesis

Sequence  (5-3")

Sl TTTTTAACACGACAGCCCYGTGGWAGXCGAACCAAWACAC
TGTGGGCCCATG
S2 TTTTTAAGCCCACACACGWYCGAAXCACGAACAYCATGCC
CGTGGGCCCATG
S3 TTTTTAAGCCCACGAACCYGTGCCXCACGAACTAAWTGCCA
GXCGYGCCATG
S4 TTTTTAAGCCCACAAGCCYGTGCWCAXCACAGTGYGTWGA
GGTGGGCCCATG
S5 TTTTTAAGCCCACAGGWCYGTGGWGGXCACAGCYCGTCAA
GGXCGYGCCATG
S6 TTTTTAAGCCCACAAGGGWYCGAAAGXCGAACAAYGGGCA
AGXCGYGCCATG
S7 TTTTTAACACGACXGGWGWYCGGGCAXCGAACGCCACCA
GTGTGGGCCCATG
S8 TTTTTAAGCCCACGYGCCYGTGCWGGCCACAGTCCGACAG
GGXCGYGCCATG
458
A-Wen 6-CC=Cp
/A C\ /A/ a,
c A T A
é C— 40 T'T A'<:
\A\ T‘ T c
A\ a2 g G-aG. T Y
o G—-CZ \8/ \T/ G\ G
c—a \A/ C\C G\T GT
X—A A/ 5 Ae CiGcixc/C
G—-C : | Y-A
TR a
\21 : T\T . G/ A/G’"X AAC
G c\ 8 c T
G-Y
st s3
459 '

460 Fig. 2



o
O
4

Fig. 3

462

463

g w0
© O
< <

Fig. 4

466

467

—a—TMB-HO,

—e— Graphene/Au=TMB+H0,

—i— Graphene/Au+aptamer~TMB+H,0 |

N
—

_ . _ . _ . _ . _

0.86.4.2

— (=] (=) (=] (=]
ueqIosqy

<
S

550 600 650 700 750 800

500

Wavelength (nm)

468
469

Fig. 5



470
471

472
473

474
475
476

477
478
479
480

Absorbance

S o o = =
+ (o)) [ole] o o
1 1 1 1 " 1

o
88}
1

~—=—20 nM PBP2a
0912 —ix= | os0b
0.8+ T oompena 1
~—<+—200 nM PBP2a
L 0.7 i | %
£ 0.6 £ Q
£ 0.6 s ]
2 £ 0.80
=) 0.5 =]
Z 2
< 0.4- 12 0751
0.3+
Y 0.70 >
0.2 etz |
0.1 T T T T T 0.65 T  E— T T T T T —T
500 550 600 650 700 750 800 0 50 100 150 200 250 300
Wavelength (nm) PBP2a concentration (nM)
Fig. 6
a

o
(=]
I

il

PBP2A Proteinase K GOx

Fig. 7

600 650 700 750

Wavelength (nm)

550




Highlight
1. Aptamers of PBP2awas selected.
2. A colorimetric biosensor based on GO/Au was constructed for detection of PBP2a



