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hid viruses by analyzing Brownian
diffusion of nanobeads and virus–immunobead
association

Yu-Jui Fan,a Ya-Chun Chang,*b Chao-Ti Teng,a Ting-Ya Liao,a Wen-Chi Hub

and Horn-Jiunn Sheen*a

This paper describes a new sensing technique for detecting orchid viruses by measuring the Brownian

diffusion of immunobeads in liquid samples. Both the capsid proteins and virus particles of

Odontoglossum ringspot virus (ORSV) are detectable targets by using this technique. When the targets

bind to immunobeads, the Brownian diffusion of the beads decreases. Thereafter, the kinetic model of

the antibody–antigen interaction in a free liquid space can be established. This model is used to

calculate the association constant rate, dissociation constant rate, and dissociation constant of ORSV

capsid proteins and antibody-coated nanobeads. This paper presents the results of using 300 nm

immunobeads to detect ORSV capsid proteins and particles in a phosphate-buffered saline solution, as

well as the results of using 500 nm beads to detect ORSV particles in a plant sap solution. In addition,

transmission electron microscopy images of the antibody-coated nanobeads reacting to low and high

concentrations of the ORSV are shown.
Introduction

Immunoassays are normally used to quantify the biological
targets of interest and are widely used in many important areas
such as diagnosis of diseases, therapeutic drug monitoring,
clinical pharmacokinetic and bioequivalence studies in drug
discovery, and pharmaceutical industries.1 The sensitivity and
reaction rate are highly related to the antibody–antigen speci-
city, reaction area, and the rate of physical collision. The
conventional immunoassay methods require a sensing region to
modify the ligands. The detection zone is a xed two-dimen-
sional (2D) region, so that the probability of antibody–antigen
collision and the number of captured targets are highly limited.

Recently, micro/nanobeads have been used for immunoassays
by modifying the ligand on the spherical surface to interact with
the targets. Compared with a traditional immunoassay, immu-
nobeads provide a three-dimensional (3D) interaction environ-
ment and substantially increase the reaction area for target
detection and probability of the antibody–antigen collision.

Immunobeads have been used for many purposes including
the determination of the incidence of sperm-bound antibodies,2

detection of ciguatoxin on cell membranes,3 multiple analyses
of cytokines in human serum,4–6 detection of cancer biomarkers
in saliva,7 and detection of tacrolimus.8 The challenge of an
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immunobead assay is to quantify analytes captured on immu-
nobeads. Several approaches have been developed to extract
immunobeads and/or quantify analytes, such as ELISA,7

collection of magnetic immunobeads for PCR,9,10 collection of
magnetic immunobeads for chemiluminescence,11 enzyme-
based electrochemical immunoassay,12 collection and quanti-
cation of immunobeads by using a microuidic channel
structure,8 and quantication of immunobeads by ow cytom-
etery.13 However, these approaches normally require complex
processes and may not be suitable for system integration.

To simplify the capturing and quantication of analytes by
performing the immunobead assay, the ligand-coated nano-
beads were suspended in a sample solution and then the vari-
ation in Brownian diffusion of nanobeads was measured to
quantify analytes.14–17 The biomolecule detection method
involving the direct measurement of nanobead diffusion
demonstrates high sensitivity and uses nanoliters of samples.
Compared with other transducer mechanisms, the present
method shows substantial potential to integrate with a micro-
uidic device because the measurement of nanobead diffusion
does not require a micro-structure through micro-fabrication.

This study reports the orchid virus quantication by statis-
tically analyzing the time-dependent variation in the Brownian
diffusion of nanobeads as shown in Fig. 1. Among the various
orchids, Phalaenopsis and Oncidium are two major orchid
genera, cultivated by commercial growers in Taiwan.18 More
than 50 viruses have been reported to infect orchids in various
regions of the world, and the Cymbidium mosaic virus (CymMV)
and Odontoglossum ringspot virus (ORSV) are the most prevalent
This journal is © The Royal Society of Chemistry 2015
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Fig. 1 Schematics of the sensing mechanism. After ORSV binding, the
Brownian displacement of anti-ORSV coated nanobeads is decreased.
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and economically important viruses.19–21 Because of their
worldwide occurrence and their ability to induce obvious
symptoms, CymMV and ORSV can infect several orchid genera,
oen reducing the vigor of plants and lowering the quality of
owers. However, the leaves of some orchid cultivars appear
normal even when infected with these two viruses.19

We rstly demonstrated the ORSV sensing. The anti-ORSV
IgG-modied nanobeads were suspended in a solution
prepared using ORSV particles and/or capsid proteins. The
nanobeads in different concentrations of ORSV particles/capsid
proteins exhibited variations in Brownian diffusion. In the
detectable range, a high concentration of the ORSV was related
to a large variation in the Brownian velocity of the nanobeads.
When the concentration of the ORSV reached a saturation
point, the decaying curves of the Brownian velocities of the
nanobeads in different concentrations almost overlapped.
Based on the results of the anti-ORSV IgG-coated nanobead-
sensing of ORSV capsid proteins, we developed a new kinetic
association model to analyze the anti-ORSV IgG and ORSV
interaction in a 3D free liquid space. The sensing results of the
ORSV particles in pure phosphate-buffered saline (PBS) solution
and leaf sap prepared by PBS were investigated.
Experimental section
Preparation

Testing sample. Phalaenopsis orchids collected from growers
were veried as healthy or infected with the ORSV by ELISA
using the ORSV antibody.2 The ORSV isolated from the orchids
was maintained in tobacco (Nicotiana benthamiana) plants for
virion purication. These plants were kept in a greenhouse with
day and night temperatures of 28 �C and 25 �C and for 16 h and
8 h, respectively, at the National Taiwan University. Virus
particles were puried from ORSV-infected tissues according to
the method described by Chapman22 and treated as experi-
mental standards.

Healthy plant sap was prepared by grinding healthy leaves
with 10 volumes of PBS (1 : 10, w : v). For sample preparation,
different amounts of ORSV particles or capsid proteins were
added into healthy plant sap to mimic the infected samples
containing different concentrations of viruses.

Antibody modication on nanobeads. Polystyrene beads
with diameters of 300 nm (Merck™ XC030) and 500 nm
This journal is © The Royal Society of Chemistry 2015
(Merck™ XC050), which are observable sizes of particles in our
system, were used. The optimal excitation and emission
wavelengths of these nanobeads were 475 nm and 525 nm,
respectively. The nanobeads were modied to bind with a
carboxyl functional group (COOH�) at their surface for
coupling ORSV antibodies on the nanobead surface through
the standard ethyl(dimethylaminopropyl)carbodiimide/N-
hydroxysuccinimide (EDC/NHS) crosslinking protocol.23 A
sonicator and several types of porous membrane lters with
different aperture sizes were used to reduce self-assembly of
beads and lter bead clusters. Reactors for antibody-coated
nanobeads and antigen interactions were manufactured using
a simple polydimethylsiloxane (PDMS) fabrication process that
involves patterning of a thick photoresist (SU-8 2050) on a
silicon wafer as a mold, pouring PDMS into the mold, and
subsequently baking the PDMS. The depth and diameter of the
microchambers were 40 mm and 12 mm, respectively.

Theory

Brownian diffusion. Brownian diffusion, which is the
random motion of particles suspended in a liquid, results from
the collision of atoms, molecules, and particles. In 1905, Albert
Einstein statistically explained the probability distribution of
the particle motion (p) in a 2D environment and derived the
ensemble average of the particle motion24 as follows:

p(x, y, t) ¼ hxp2 + yp
2i ¼ 4Dt (1)

where t is the time. The diffusion coefficient D is given as
follows:

D ¼ a
kT

3pmdp
(2)

where k is the Boltzmann constant, k ¼ 1.3805 � 10�23 J K�1, T
is the absolute temperature of the uid, m is the solvent
viscosity, and dp is the particle diameter. Assuming that the
temperature and viscosity are constants, when the antigen and
the antibody interact, the particle diameter will increase and the
diffusion coefficient of the particle will decrease. The
measurement results showed that as the number of antigens
conjugating with antibody-coated nanobeads increased, the
Brownian diffusion of nanobeads decreased.

Micro-particle tracking velocimetry. A micro-particle
tracking velocimetry (micro-PTV) method was employed to
statistically analyze the variation in the Brownian velocity of
nanobead population in a specic time-interval. The liquid
sample containing uorescent nanobeads was loaded on an
inverted microscope with a 20� objective lens with a numerical
aperture of 0.7. A 3D random movement of the nanobeads was
projected onto a charge-coupled device (CCD) camera and 2D
images of the nanobeads were captured. A time-resolved
imaging system was used to analyze the mean displacements
and the standard deviations of the nanobeads in a specic time.

Micro-PTV is a powerful method for particle movement
analysis by using sequential images. A programmable CCD
camera, which can control the time interval between each image
pair, was used to recognize and trace the trajectory of the
Anal. Methods, 2015, 7, 5476–5482 | 5477
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uorescent nanobeads. The position of each nanobead in an
image was identied and recorded based on the intensity and
size of the nanobeads. By comparing the position of particles
between each image pair, the displacement of each particle was
calculated; furthermore, the standard deviation of nanobead
population between image pairs was calculated and considered
as the Brownian velocity of the nanobeads. The variations in the
Brownian velocity of nanobeads with time can be determined by
analyzing sequential image pairs. By employing micro-PTV, the
probability distribution of the nanobead velocity can be
obtained using the following modied equation:

p
�
Vx; Vy; t

� ¼
D
Vx;p

2 þ Vy;p
2
E
¼ 4D

t
(3)

where Vx and Vy are the nanobead velocities in x and y direc-
tions. In this study, the probability distributions of particle
velocities are designated as Brownian velocities.

Kinetic association model. We assumed that the two
combining sites of a bivalent antibody, anti-ORSV IgG, are
equivalent and that neither was affected by the other. Therefore,
the anti-ORSV IgG can be considered as a monovalent molecule.
The antibody (anti-ORSV IgG, B) was immobilized on the
nanobeads suspended in a free liquid space, and the antigen
(ORSV capsid protein, A) was transported by diffusion and
random collision to the nanobeads. The formation of a surface-
bound complex (AB) on the nanobead surface is a three-step
process. First, the capsid protein travels a distance from the
liquid space to the bead surface. Second, the antibody and
antigen rotate to an appropriate orientation for the reaction.
Finally, a complexation process occurs:

Abulk
�����! �����km

km
Asurface þ B �����! �����ka

kd
AB (4)

where km is the rate constant for mass transport to and from the
bead's surface. Furthermore, the rate constants of mass trans-
port for the forward and backward directions are similar. For
the AB complex, ka and kd are the rate constants for the
formation and degradation, respectively. The equilibrium
equation and its reaction rate for complex formation may be
written as follows:

Abulk þ B �����! �����kf

kr
AB; (5)

and

d½AB�
dt
¼ kf ½Abulk�½B� � kr½AB� (6)

where kf and kr are the measured effective forward and reverse
rate constants, respectively, according to Glaser et al.25

kf ¼ kakm

ka½B� þ km
¼ ka

1þ ka½B�=km

kr ¼ kdkm

ka½B� þ km
¼ kd

1þ ka½B�=km

(7)

If the mass transport rate (km) from the bulk solution to the
surface is substantially faster than the interaction-controlled
association rate (ka[B]), the term 1 + ka[B]/km is approximated to
5478 | Anal. Methods, 2015, 7, 5476–5482
one, and the measured forward (kf) and backward (kr) rate
constants are approximated to the association (ka) and disso-
ciation (kd) rate constants, respectively. Therefore, the antigen
concentration at the surface [Asurface], which is maintained at
the same concentration as that in the bulk phase [Abulk], can be
obtained. Based on these conditions, the rate equation can be
rewritten as follows:

d½AB�
dt
¼ ka½A�½B� � kd½AB� (8)

The concentration of the unoccupied antibody epitopes [B] is
the difference between the total amount of the antibody
epitopes on the surface [B]o and the amount of the complex
[AB]:

[B] ¼ [B]o � [AB] (9)

Because the immunobeads are much larger than the anti-
gens, we assumed that the variation of [AB] is linearly increased
with the nanobeads' diameter. Based on eqn (2), the diffusion
coefficient is also related to the variation of [AB]. Here, we used
R to represent the Brownian velocity of nanobead population
Thus, an increase in the antibody–antigen interaction resulted
in an increase in the amount of the complex [AB] and a decrease
in the Brownian velocity (R) of the nanobeads. When the total
amount of ligands on the occupied surface increased, Brownian
diffusion was the lowest and can be expressed as Rmin. This
indicated that the total amount of unoccupied ligands can be
expressed as R � Rmin. Therefore, the formation rate of a
complex molecule is quantied and presented as follows:

dR

dt
¼ kaCðR� RminÞ � kdR when

dR

dt
\0; (10)

where dR/dt is the rate of change in the binding signal, ka is the
association rate constant, C is the analyte (ORSV capsid protein)
concentration, and kd is the dissociation rate constant. Based
on the measurement of Brownian diffusion, the Brownian
velocities R decreased as the analytes bound onto the antibody-
coated nanobeads; thus, dR/dt was negative. To estimate the
reaction constant by using this kinetic association model, eqn
(10) is rearranged as follows:

dR

dt
¼ ðkaC � kdÞR� kaCRmin (11)

This equation clearly indicates a linear relationship between
dR/dt and R, with slope S, which can be derived as follows:

S ¼ kaC � kd (12)

Therefore, by using the linear regression method based on
the relationship between S and concentration C of the capsid, ka
and kd can be obtained. Furthermore, the results can be used to
determine the dissociation constant KD:

KD ¼ kd

ka
(13)
This journal is © The Royal Society of Chemistry 2015
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Fig. 2 In situ Brownian velocity variations of the anti-ORSV IgG coated
300 nm beads in different ORSV capsid protein concentrations. When
the capsid proteins' concentrations are equal to or higher than 4 mgmL�1,
the decay curves of the variations are almost overlapped.

Paper Analytical Methods

Pu
bl

is
he

d 
on

 2
1 

M
ay

 2
01

5.
 D

ow
nl

oa
de

d 
by

 N
at

io
na

l T
ai

w
an

 U
ni

ve
rs

ity
 o

n 
11

/5
/2

01
9 

11
:2

6:
22

 A
M

. 
View Article Online
Results and discussion
Capsid protein sensing

We conducted an experiment to clarify the interaction between
ORSV capsid proteins and ORSV antibodies by using 300 nm
beads in PBS with different ORSV capsid protein concentrations
of 0, 0.1, 0.2, 0.4, 0.8, 1.2, 2, 4, 8, 16, and 32 mg mL�1. The
prepared antibody-coated nanobeads were thoroughly mixed
with each pretreated ORSV capsid protein solution, and the
mixture was injected into a microchamber and incubated for
180 s before micro-PTV measurements. The variations in the
Brownian velocities for different concentration solutions are
shown in Fig. 2. The results showed that the equilibrium states
of the different concentration samples were attained in 800 s.
The values of the Brownian velocities at equilibrium states are
shown in Fig. 3. At equilibrium, a reasonable linear detection
range of 0.1–2 mg mL�1 can be experimentally demonstrated as
shown in the inset of Fig. 3. When the concentrations of the test
samples were equal to or more than 4 mg mL�1, the tting
variation curves almost overlapped (Fig. 2b), which meant that
the analyte (ORSV capsid protein) concentration was saturated.
In the detectable region, the Brownian velocity of the nano-
beads proportionally decreased as the concentration of the
capsid protein increased. When the concentration of the capsid
protein was more than 4 mg mL�1, the Brownian velocities of the
nanobeads increased because of two reasons: (a) the binding
regions of the nanobeads were saturated and (b) the unbound
proteins might affect the neighboring nanobeads.
Fig. 3 After reacting with different concentrations of ORSV capsid
proteins, the values of nanobeads' Brownian diffusions at the equi-
librium state show a linear decrease in the concentration range of 0.1–
2 mg mL�1.
Kinetic association analysis

The inset in Fig. 3 shows that the usable analyte concentrations
are in the range of 0.1–2 mg mL�1, in which the slope linearly
decreased. Hence, we selected the linear regime of concentra-
tion variations to analyze the kinetic association. Based on eqn
(11), a plot of dR/dt against R is theoretically a straight line with
a slope of kaC� kd, as shown in Fig. 4a for interaction-controlled
kinetics. At the initial state of the interaction, the binding rate is
directly proportional to the antigen (ORSV capsid protein)
concentration. Fig. 2 shows the measurement of the association
sensorgram at different capsid protein concentrations. To
analyze the on and off rates, ka and kd, dR/dt was plotted against
R at different capsid protein concentrations C to produce the
value of slope S, which associated the on and off rates according
to eqn (12). Subsequently, ka ¼ 2 � 105 and kd ¼ 2.67 � 10�2

were calculated using the slope S and the intercept of the linear
regression of S versus C, according to eqn (12) and as shown in
Fig. 4b. The concentration unit was changed to the molar
concentration based on the molecular mass of the ORSV capsid
protein, which was 17.727 kDa.26 Therefore, the corresponding
dissociation constant KD ¼ 1.33 � 10�7 M was calculated using
eqn (13). In addition, a maximum detectable concentration of
2.44 mg mL�1 was obtained.

The dissociation constant is a specic equilibrium constant
that measures the propensity of a compound object (e.g., anti-
body–antigen complex) to separate reversibly into antibody and
antigen components. The dissociation constant is the inverse of
This journal is © The Royal Society of Chemistry 2015
the association constant, which is a specic equilibrium
constant that measures the antibody–antigen interaction. The
association model that we developed was useful for analyzing
antigen binding onto immunobeads.
Odontoglossum ringspot virus particle sensing

We demonstrated ORSV particle sensing by employing the
Brownian motion sensing technique. The antibody-coated
300 nm nanobeads were used for sensing an ORSV particle,
which is rigid rod-shaped, 18 nm in diameter, and 300 nm in
Anal. Methods, 2015, 7, 5476–5482 | 5479
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Fig. 4 (a) The results of linear regressions of dR/dt and R for eqn (11)
and (b) the plot of S versus C for eqn (12).

Fig. 5 Detection of ORSV particles with different concentrations using
300 nm beads.

Fig. 6 Detection of ORSV particles in plant sap with different
concentrations using 500 nm beads.
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length.27 We prepared ORSV particle solutions at concentrations
of 0, 0.8, 2, 4, and 8 mg mL�1 in PBS, and then mixed the
solutions with antibody-coated nanobeads when performing
sensing examinations. The results of real-time variations in the
Brownian velocity at different concentrations are shown in
Fig. 5. Based on the results, the decay range of sensing ORSV
particles was substantially wider than that of sensing ORSV
capsid proteins; this was because the size of ORSV particles
bound onto nanobeads was larger than that of capsid proteins.
Furthermore, the saturated concentration of ORSV particles was
approximately 4 mg mL�1, which was similar to that obtained
while sensing capsid proteins.

In addition, we detected ORSV particles in plant sap by
measuring the Brownian diffusion of nanobeads. In the exper-
iments, 500 nm antibody-coated nanobeads were used instead
of 300 nm beads. Compared with the 300 nm beads, the 500 nm
nanobeads provided more surface area and binding sites to
bind more targets. The test samples were prepared by mixing
ORSV particles with the plant sap solution at concentrations of
0, 0.1, 0.8, 2, 4, and 8 mg mL�1. For sensing experiments, the
antibody-coated nanobeads were added into the test samples
and injected into the reaction chamber aer thorough mixing.
Fig. 6 shows the results of variations in the Brownian velocity of
the nanobeads in ORSV particle samples with different
concentrations at a specic time-interval. The detectable
5480 | Anal. Methods, 2015, 7, 5476–5482
concentration range of 0.1–4 mg mL�1 was obtained, which was
similar to that obtained using 300 nm beads for ORSV particle
and capsid protein detection. Compared with the variation in
the detectable range obtained using the 300 nm beads, the
variation in the detectable range obtained using 500 nm beads
was narrow. However, the initial values of Brownian velocities
for the 500 nm and 300 nm beads were similar because the
crude plant sap in which the 500 nm beads were suspended
contained many non-targeted containments. The contaminents
suspended in the samples increased the possibility of particle–
particle collision; consequently, the Brownian velocities
increased.

Our experimental results show that using 300 nm beads will
have larger variations of the Brownian velocity than those using
500 nm beads. We can conclude that the smaller particles will
have larger size variations when conjugated with the targets,
This journal is © The Royal Society of Chemistry 2015
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Fig. 7 TEM images show that the nanobeads conjugate with the ORSV
when the nanobeads are suspended in (a) low- and (b) high-
concentration of ORSV samples. The phosphotungstic acid dye will
accumulate at the location of complex structures, so that it looks like a
broccoli when the ORSV fully covers the nanobead surface.

Fig. 8 Detection of ORSV particles in ORSV-infected leaf sample
assay. (a) The variation of the Brownian velocity of the nanobeads, and
(b) the Brownian velocity of the nanobeads at the equilibrium state,
comparing with the fitting curves of different ORSV concentration
assays shown in Fig. 6.
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ORSV. This phenomenon leads to the fact that the Brownian
velocity variations of using smaller particles before/aer target
binding will be more pronounced. Furthermore, our results also
show that the assays using 300 nm immunobeads reached the
equilibrium state faster than that using 500 nm immunobeads.
On the other hand, the 500 nm beads provided more ORSV
conjugation for higher concentration detection rather than
using 300 nm beads.

From Figs. 2, 5 and 6, the detection results of the capsid
proteins and ORSV particles reveal that the statistical data show
large deviations. We conclude that these may be contributed by
particle size variation, non-specic binding to the particles, and
heat uctuations from the environment. Although the original
diameters of the nanobeads are not uniform and given as 299�
6 nm and 506 � 6 nm as shown in the Merck™ package, in our
study, we observed the same one group of nanobeads in each
ORSV detection experiment. We concluded that the large devi-
ation is not contributed from the original particle size variation.

We believed that the particle size variation may not be the
major contributor for velocity deviation. Instead, the non-
specic binding is regarded as the major factor for the devia-
tion. However, the statistical data of the detection results in PBS
show similar deviations to the results in leaf sap. Further, the
non-conjugated sites of the nanobeads are quenched, the
results lead to the fact that the non-specic bindings were
dramatically reduced. For heat uctuations, the samples were
isolated in a PDMS chamber and glass substrate. The temper-
ature of the samples cannot be directly measured. However, the
temperature uctuations outside the PDMS chamber were
monitored to be within 1 �C, and it may contribute to the
variation of the statistical results.

To verify the conjugation of the ORSV with anti-ORSV IgG-
coated nanobeads, a transmission electron microscope (TEM)
was used to capture the images of nanobeads when reacting
with the ORSV. For TEM imaging, the samples containing
ORSV-reacted nanobeads were negatively stained with 3%
phosphotungstic acid and examined in a eld emission
microscope (Jeol, JEM-1400). The TEM images shown in Fig. 7
suggest that a notable fraction of the ORSV extended at full
length from the nanobeads. When the ORSV completely occu-
pied the surface of the nanobead as shown in Fig. 7b, the
diameter of the nanobead increased from 500 nm to 1100 nm,
which is an average increase of 600 nm. From the TEM images,
we can conclude that the reasons for the decrease in Brownian
velocity include an increase in the size of nanobeads and an
increase in the form drag of the nanobeads. However, the
present kinetic model, which was developed under the
assumption that nanobeads uniformly increase in size during
target binding, cannot be applied for sensing ORSV particles.

We also measured the Brownian velocity of 500 nm immu-
nobeads suspended in the sample of the ORSV-infected orchid
leaf. The infection of the leaf was validated by ELISA testing. The
results were also compared with the tting curves in Fig. 6 and
plotted in Fig. 8a. From this gure, we found that the decay
curve of the Brownian velocity of the immunobeads was located
in-between the concentration of 0.1 and 0.8 mg mL�1. Fig. 8b
shows the tting curve of the Brownian velocity at the
This journal is © The Royal Society of Chemistry 2015
equilibrium state of the immunobeads in different ORSV
concentrations. Thus, the ORSV concentration of the sample
can be estimated when the immunobeads' Brownian velocity is
obtained.

The anti-ORSV IgG-modied 300 nm beads suspended in
PBS and stored at 4 �C for 0, 3, and 12 months were tested.
These nanobeads reacted with solutions containing 4 mg mL�1

of ORSV particles and were compared with the control sample
(fresh antibody-coated nanobeads without the antigen reac-
tion). Fig. 9 shows that when the anti-ORSV-modied beads
Anal. Methods, 2015, 7, 5476–5482 | 5481
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Fig. 9 The storage life test of anti-ORSV modified nanobeads.
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were stored for 3 months, the Brownian velocity in the equi-
librium state became 2.0 mm s�1, which was 88% of that of the
fresh nanobeads. Similarly, when the anti-ORSV IgG-modied
beads were stored for 12 months, the Brownian velocity became
6.2 mm s�1 in the equilibrium state. Thus, the results demon-
strated that the analyte capturing ability of the antibody-
modied nanobeads weakened during long-term storage.
Conclusions

In this study, an ORSV, one of the important orchid viruses,
sensing technique based on the measuring nanobeads' Brow-
nian velocity in real-time has been developed and characterized.
Based on the results of the capsid protein sensing, a kinetic
association model is established for analyzing the protein and
antibody-coated nanobead binding rate in a free liquid space.
The whole ORSV particle detection in plant sap prepared by PBS
is also demonstrated. TEM images also validate the size and the
shape changes of the nanobeads when binding with the ORSV.
For testing the storage life, the nanobeads, stored up to 1 year
since the modication with anti-ORSV onto them, can still be
used to detect the ORSV.
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