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Abstract

Hand, Foot and mouth disease (HFMD) is a commosagdis with high infectivity

for children, and enterovirus 71 (EV71) is oneldd tnain pathogens to cause the type

of illness. Therefore, the aim of this study wasptopose a rapid and effective

technique for detecting EV71 directly based on thechanism of biological

intermolecular force by using atomic force micrgsgedAFM). At first, we coated

EV71 particles on the mica surface and made thelEAfitibodies (anti-EV71) fixed

on the AFM tip by means of several chemical procesluThen, AFM chemically

modified tip was applied to measure the unbindiogcds between EV71 and

anti-EV71 by contact mode. Finally, by using AFMaging calculating software, the

EV71 patrticle size (mearSD) was 31.363.87 nm (n=200) and this result was

concordance with previous literature. Besides,ftiee (mearSD) between EV71

antigen and antibody complex was 33664.7 pN. The force (mea&D) between

anti-EV71 and non-specific specimens was 423.1 pN and was significantly

smaller (P<0.05). Apparently, the results show thatcan precisely identify EV71

infection among the samples by measuring the fomegnitude and observing the

occurrence of EV71/anti-EV71 unbinding events. Efae, the combination of AFM

system and the chemically modified tip has the pitdeto be a rapid and effective

method for detecting EV71 directly.



1. Introduction

Hand, foot, and mouth disease (HFMD) is commonlgnsen countries of the

Asia-Pacific region and a number of literaturesehandicated that enterovirus is the

dominant pathogen [1-3]. Enterovirus was first digred from neurological disease

in the United States in 1969 and caused epidemid¢dong Kong and Malaysia, in

1985 and 1997, respectively [4-6]. Especially ir®89approximate 120000 people

were infected and 78 children even died from ewiens 71 (EV71) in Taiwan [7].

Even up to now, the complications of HFMD causecdebterovirus infection are still

serious threats to children. Because of the rapdngssion of HFMD, many clinical

conditions usually deteriorate within 24 hours [8]some special cases, HFMD even

causes some complication such as severe pulmoxamee and respiratory failure

within 12 hours [9]. The diagnosis of HFMD that ggmptom caused by usually

depends on clinical manifestation but such appro@ctdetermine the cause of

sickness lacks of rapid and accurate specific disign tool [10]. EV71, one kind

non-enveloped single-stranded RNA virus, is the tnramsnmon pathogen that let

children suffer from HFMD [11]. To test for diseasausative agent so as to assist

physicians in diagnosing effectively, it is desirex develop a simple, rapid, and

accurate procedure to acquire the information etspen for early diagnosis.

Traditionally, the diagnosis of enterovirus infecti is based on clinical



manifestation and clinician’s assessment. Howdabgratory methods demonstrated

increased sensitivities and specificities to idgrtie causative agent effectively. The

virus culture obtained from the hosts, includingpdt swabs, anal swabs, sputum and

cerebrospinal fluid, is the gold standard for idfesdtion the virus and for accurate

diagnosis. However, this testing approach mostgsaabout 7 days or even more to

grow the enterovirus. Nowadays, polymerase chaintien (PCR) is also a common

and rapid method to identify a genetic region ie émterovirus with high sensitivity

and specificity. But the accuracy of enterovirusRP@&nhd whether it could replace

viral culture are still under debate [12]. The eneylinked immunosorbent assay

(ELISA), is another method by using qualitative iommassays for the detection of

human antibodies, directed against enterovirusashwiliere produced by the human

immunes system [13]. But it also required at I¢hste days for human antibodies to

react after infection. Therefore, we hope to buifda direct method to identify the

EV71 with accuracy and timely response. In thisdgtuwe use atomic force

microscopy (AFM) as a measurement tool to acquie unbinding force of the

EV71/EV71 antibody (anti-EV71) complex based on dnéigen-antibody specificity

phenomenon during the experimental process. TheeaMl was separated from the

EV71/anti-EV71 complex so as to obtain the diredtence that EV71 existed in

specimens from the unbinding force of the EV71/aBY71 complex.



Atomic force microscopy (AFM) belongs to the familyf scanning probe

microscopes (SPMs), and it was proposed by BinrGadyin Quate, and Gerber for

the first time in 1986 [14]. AFM possesses someci§ipecapabilities such as high

image resolution (nanometer level) and high medsasensitivity (pico-Newton (pN)

level) so that it has been used widely in the felof semiconductor physics,

molecular biology, etc [15-18]. According to prew# studies, the biological

intermolecular forces fall in the range betweenogiewton and nano-Newton

[19-23]. Therefore, AFM system is a suitable tool observe the mechanics

relationship between virus particles and theirkaodies. In this study, we proposed a

procedure for detecting EV71 directly based on thechanism of biological

intermolecular force by using the chemically mcatifiAFM tip as a virus mechanics

biosensor.



2. Material and methods

2.1. Abrief introduction of the experiment purpose and procedure

To acquire the unbinding forces between EV71 aridEWi71 so as to obtain the

direct evidence that EV71 particles exist in sampilge establish an experimental

environment which makes anti-EV71 interact with EVdirectly by AFM system.

Besides, this setup needs two preparations for umegs the unbinding forces

between EV71 and anti-EV71; one is to make EV7Zligas coated on the mica

substrate (as described in 2.2.), and the othdéo imiake AFM tips modified (as

described in 2.3.). After finishing above-mentionedrks, we can measure the

unbinding forces by AFM system (as described in)2.4

2.2. An approach to make EV71 coated on mica substrate surface

In this study, mica was used as the substrate &king EV71 particles coated on

cleaved mica surface because the surface posskedress level that is usually below

1 nm. Negative electrical property appears on @dawica surface, but such property

couldn't make EV71 particles fixed on the substisieface firmly because virus

particle surface shows negative electrical propeityilarly [24]. To overcome this

problem, we use 0.02% poly-L-lysine solution to mfpa mica surface electrical

property from negative electricity to positive dhagty so that EV71 particles could



be coated on substrate surface stably, and th pieieedure is shown in Fig. 1A.

2.3. Functionalization of AFM tips coated with anti-EV71

First, AFM tips were immersed in 65% nitric acidwimn for 20 minutes and then

all were taken out from the solution. The secomrg $ to make AFM tips immersed

in 5% ethanol solution for 20 minutes at room terapge, and rinsing the AFM tips

simultaneously. The third step is to make AFM tipsimersed in 5%

3-Aminopropyltriethoxysilane (APTES) solution fod Bninutes, and then were taken

out. Next, we make AFM tips immersed in 5% ethaswltion and rinse AFM tips

thoroughly for 10 minutes. The fourth step is tokm®FM tips immersed in 2.5%

glutaraldehyde solution and then were taken ouiallyi, AFM tips were immersed in

anti-EV71 solution (Anti-Enterovirus 71 antibodyOR0] ab36367, Abcam), and then

the tips were put ind°C refrigerator for overnight. The above-mentionedcedure

is shown in Fig. 1(B). In additiorthe AFM tip is composed of silicon, and such

material is very hard. After a series of procedweslescribed in above content, the

antibodies coated on tip were fixed firmly. On tivbole, the chemical property

change only occurred on the tip surface, and silivery hard so that the tip

structure will not change after antibody fixatiorogess. The only change about tip

surface morphology was that tip surface was covetitdantibodies (anti-EV71).



2.4. AFM force measurement procedure

After finishing the preparation works (as showrRi@. and 2.3.), we could proceed

with AFM force measurement, and all AFM force measwents were performed with

a SPA-300HV scanning probe microscope controllecabySPI 3700 probe station

unit (Seiko Instruments Inc., Chiba, Japan). Dutimg force measurement procedure

(Fig. 2), the piezo-scanner is moved toward the Aipvby piezo-expansion, and the

moving velocity keeps constant until the scannérasight into contact with the AFM

tip (point 2 in Fig. 2). As the forward motion canies, the cantilever is pressed into

sample surface until a maximum load point is reddlpeint 3 in Fig. 2). Finally, the

direction of motion is reversed, and then the piezanner withdraws from the AFM

tip.



3. Results and Discussion

3.1. Imagesof EV71 acquired by AFM

AFM has two main modes to observe the sample sirfame is contact mode, and

the other is tapping mode evolved from non-contactle [25-28]. Fig. 3A and 3B

show the operation mechanism of contact mode apgirtg mode, respectively.

Compare to contact mode, tapping mode is moreldaita be used to acquire the

images of soft matters such as cell, protein, angsybecause contact mode makes

the AFM tip and the sample too close to each otbetinuously. Therefore, contact

mode is easy to destroy the surface structureampkes, soft matters especially [29].

In order to prevent surface structures from beiegtyed, we acquire images by

using tapping mode in this study.

Fig. 4A and 4B show freshly cleaved mica surface amca surface coated with

poly-L-lysine, respectively. Fig. 4C shows the Akilage of EV71 particles, and we

can find that the virus particles are uniformlytdizuted on the mica surface. By

using AFM imaging calculating software, the sizeEdM71 particles was 31.33.87

nm (mear-SD, n=200), and such result is in agreement wittvipus literatures

[30-34].



3.2.AFM force measurements

AFM force measurements were conducted to checkhehdhe unbinding force

between EV71 and anti-EV71 exists; and furthermeasure the unbinding force

magnitude. Besides, the detailed procedure for umgas the unbinding force has

been described in 2.4.

The results are divided into two groups; one istmdngroup, and the other is

experimental group. In order to check the phenomewiounbinding event occurs

only in the interaction between EV71 and anti-EVWE design two kind control

groups to evidence that the specificity only ocaarghe intermolecular force between

EV71 and anti-EV71. One is the evidence of theradion between a clean AFM tip

and a neat cleaved mica surface (as shown in Rig.&nd the other is the evidence

of the interaction between a chemical modified AEMcoated with anti-EV71 and

the mica substrate surface coated with the norraadpkes acquired from healthy

subjects (as shown in Fig. 5B). In addition, Fi§. $hows the specific event which

occurred in the interaction between EV71 and aN{-E However, compare to the

result as shown in Fig. 5C, the results as showhign 5A and 5B show that no

specific unbinding forces occurred in these conégberiments. Therefore, a series

experimental and control results (as shown in B&:C) evidence that the specific

unbinding force between EV71 and anti-EV71 existsiBes, the result of Fig. 5C



shows the specificity relationship from the existf the unbinding event between
EV71 and anti-EV71. Therefore, we can use the cb&nmodified AFM tip coated
with anti-EV71 to detect whether EV71 particlesséxin addition, the number of
antibodies coated on the AFM tip end (as shownign 6A) is not usually only one,
because the number mainly depends on the surfaze @irthe tip end and the
antibody size. In this study, the surface area®FAip end is approximately 25 rfm
and the contact area between a single antibodyiamehd surface is usually less than
or approximately equal to 10 AnBo the number of antibodies fixed on the tip bpd
estimated is about one or two under the normal itiond As long as one of the EV71
antibodies coated on AFM tip end touched EV71 platiwe could detect the
phenomenon of unbinding force event as shown in Fignd Fig. 5(C). In addition,
sometimes we could observe two unbinding force &vas shown in Fig. 6B, this
phenomenon showed that two antibody molecules doatetip end surface touched
the EV71 particle coated on mica substrate durtmgy AFM force measurement

process.



3.3. Statistical analysis

In this study, an important finding of the obviousitatistical difference between
the samples include EV71 and the samples from trenal subjects is worthy of
attention, and the finding is the force magnitudeneen chemical modified AFM tips
and the mica substrate surface coated with spesirt@nshown in Fig. 7). Fig. 7A
shows the force distribution between EV71 and BM¥-1 and the force distribution
between specimens from normal subjects and antitE¥H forces were calculated
from 400 force-distance curves; the amount of E\$pecimens is 200, and the
amount of normal specimens is also 200. Fig. 7Bvshihe force (meahSD) of the
EV71/anti-EV71 is 336.864.7 pN, and the force (me&aBD) of anti-EV71/samples
from the normal is 47415.1 pN. We can find that the force distributionEM71 and
anti-EV71 is much large than the force distributiohthe normal specimen and
anti-EV71 from the results. Apparently, the aboesults are reasonable because
specificity forces are much larger than non-speityfiforces. Besides, the statistical

data show the significant difference between the gwoups (P<0.05).



3.4. Comparisons of different approachesfor detection of EV71

Rapid identification of the EV71 and early managem&ould be helpful in the

pediatric population. The viral culture and revetsmnscription-polymerase chain

reaction (RT-PCR) with EV71 type specific primers aowadays the direct detection

tools for identification of EV71. The virus cultutessually takes more than 7 days to

grow the enterovirus. Although polymerase chairctiea (PCR) is a rapid method to

identify the enterovirus, more evidences were ngederove the superiority of PCR

than viral culture [12]. The diagnosis of EV71 idfien could be made by

Enzyme-linked immunosorbent assay (ELISA) with redi manners. The EV71

antibodies, like IgM and IgG, were generated by &ainmmune system and became

detectable by ELISA after EV71 infection for sevatays. In this study, we utilized

AFM system and developed the chemically modifiedbprtechnique to detect the

existence of EV71 timely by measuring the unbindioiges between EV71 antigen

and antibody. The experimental results showed Weatcan precisely and rapidly

identify EV71 by using AFM. In the future, we cappdy this detection technique to

analyze different kinds of specimens, includingo#tr swabs, rectum swabs,

blood and cerebrospinal fluid (CSF). More clinicdata will be collected to

standardize the use of AFM system and the appdicatf the chemically modified tip.



4. Conclusion

In this study, we used AFM chemically modified g a label-free biosensor to

measure the unbinding force between the EV71 aditésocoupled to AFM tips and

EV71 particles coated on the mica substrate surfand the experimental results

show that AFM is a high sensitive force (pico-Newtevel) instrument. Therefore,

AFM is a very suitable tool for measuring internmlar force between EV71 and

anti-EV71. Besides, this study shows high resofutroages of EV71 coated on the

mica substrate surface by using tapping mode teepteEV71 particles from being

destroyed.

In summary, we proposed two procedures to deteetttly whether EV71 particles

exist in specimens under test in this study; orte isse AFM tapping mode to check

the pathogen size (as shown in Fig. 4C), and therds to observe the specificity

relationship between EV71 and anti-EV71 by the abaly modified tip technique.

In this study, we used AFM system and the chenyigabdified tip as a dynamic and

label-free biosensor to observe specificity phenmnebetween EV71 and anti-EV71.

The experimental results revealed that we coulectly detect the existence of EV71

in specimens by this proposed technique of chemcatlified tips coated with

anti-EV71 (as shown in Fig. 1Bfinally, we hope that the study results will pale t

way to new research of EV71 detection techniqueckviniill help improvement in the
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approach of therapy for HFMD.
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Fig. 1. Schematic illustrations of the chemical modifiedogedures about (A)
adsorption of EV71 particles (with negative chajgeas the positively charged
poly-L-lysine coated mica surface and (B) AFM tgmted with EV71 antibodies.
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Fig. 2. A schematic diagram of a force measurement cyglasing AFM system as

an intermolecular force-based biosensor to meatereinbinding force to break the
EV71/anti-EV71 bond formed on contact. On the statul, the cantilever is without
bend, and the cantilever was influence by the @t force continually until the

AFM tip jumped at contact with the sample surfatehe status of 2. Then, the
cantilever started to bend upward until the AFM tgached point 3 (the state of
maximum bent extent). As the tip reached 3, thdileaer began to retract (status of
4). Finally, the EV71/anti-EV71 complex startecbteak from the position of 5.



(A) AFM cantilever and tip

—_—
Sample
(B) AFM cantilever and tip
Sample

Fig. 3. Schematic diagrams of (A) and (B) are contact madd tapping mode,
respectively. The mechanism of contact mode isd&ara tip and the sample surface
keep repulsive force continuously because of tosectistance between a tip and the
sample surface while scanning; tapping mode diffeasn contact mode by smaller
surface damage because the AFM feedback system snthke cantilever keep
vibrations during the scanning process (red arepvasents scanning direction).
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Fig. 4. AFM topographic images acquired by tapping modg.A two-dimensional
topographic image of a freshly cleaved mica surf@oanning area: 500 nm x 500
nm); (B) A two-dimensional topographic image of rashly cleaved mica surface
coated with 0.02% poly-L-lysine solution (scannerga: 500 nm x 500 nm); (C) A
two-dimensional topographic image of EV71 particldsch are distributed over the
mica surface (scanning area: 500 nm x 500 nm).
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antibody/healthy specimen without EV71 particlestas control experiments. (C)
The figure shows a force-distance curve of EV71/BR71 complex system with an
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shows two unbinding forces. Such results indicdte tinbinding events of two
interactions between EV71 particle and antibodiesi{EV71).
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Highlights

A rapid, quantitative, and direct approach for enterovirus 71 ( EV71) detection was

developed.

 The unbinding force between EV71 antigen and its antibody was directly observed

by the chemically modified AFM tip.

» The appearance of EV 71 particle was directly observed by AFM tapping mode.



