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1  Introduction

Total internal reflective fluorescence (TIRF) is a vital 
approach in nano-biotechnology for overcoming diffraction 
limitations and enables the researcher to observe samples 
or molecular interactions in real time by using a far-field 
optical microscope. The principle is to detect fluorescence 
by delivering a biased laser beam via a TIRF lens to gen-
erate a reflection at the interface of a glass slide and sam-
ple liquid. When light travels from a dense medium (glass) 
into a less-dense medium (sample), as long as the incident 
angle exceeds the critical angle, which can be derived from 
Snell’s Law, the total internal reflection occurs at glass–
sample interface. At the meantime, an evanescent wave 
penetrates the glass–sample interface and propagates in 
perpendicular direction out of the glass surface. This phe-
nomenon enables the images obtained under the TIRF 
microscope to have low background light intensity and to 
show high-contrast objects, so that it can be used to observe 
particles smaller than 200 nm (Jin et al. 2004).

The TIRF microscopy (TIRFM) has long been used 
in biological studies involving cell–substrate contacts 
(Thompson and Troian 1997), vesicle fusion (Burmeister 
et al. 1998), and single-molecule observation (Toomre and 
Manstein 2001). Recently, TIRFM contributed to an inten-
sively studied issue on near-wall particle behaviors. Sev-
eral experimental fluid mechanics studies have combined 
TIRFM images with particle image analysis. Zettner and 
Yoda (2003) used the particle-image-velocimetry (PIV) 
technique combined with TIRFM to measure the near-
surface velocity field in a rotating Couette flow. Jin et  al. 
(2004) used particle-tracking velocimetry (PTV) instead 
of PIV to measure the flow slip velocity near the boundary 
by locating the positions of particles. Three-dimensional 
(3D) TIRFM was proposed to observe the near-wall 3D 
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movements of the particles at several hundreds of nanom-
eters away from the boundary (Kihm et  al. 2004). Fluo-
rescent particles receive and emit exponentially different 
evanescent wave densities and fluorescent densities when at 
various elevations in the near-wall region. The characteri-
zation of such high spatial resolution in the vertical direc-
tion from the surface can be implemented to distinguish 
the various elevations of the particles. 3D TIRFM can be 
used to describe the vertical distribution of the particles 
in various electrolytes by analyzing one evanescent wave 
illumination image to establish a 3D profile of the micro-
channel boundary flow (Fan et al. 2009) and to measure the 
3D Brownian motion of a single or multiple particles in the 
near-wall region (Huang and Breuer 2007).

Application of Brownian motion measurement to immu-
nosensing assays for bio-nanomolecules has received great 
attention in recent years. A method for determining anti-
gen–antibody interaction by monitoring Brownian motion 
variations of two suspended micron beads, one coated 
with antibodies and the other with antigens, was initially 
proposed by Kulin et  al. (2002). The interaction of the 
two beads was observed in real time through the variation 
of their Brownian motions. Another approach of meas-
urement Brownian motion of antibody-coated nanobead 
interacting with antigens was developed (Fan et  al. 2009; 
Gorti et  al. 2008). By statistically analyzing Brownian 
diffusion decay in a population of antibody-coated nano-
beads in a particular period, the concentration of antigens 
in the liquid solution can be determined. The efforts men-
tioned above indicate that the biosensing technique based 
on Brownian motion measurement was used for multi-scale 
bio-target detection from protein to virus scale. Although 
high-sensitivity detection of multi-scale bio-molecules has 
been realized, the conventional micro-PTV, using the two-
dimensional (2D) image particle-tracking technique, exhib-
its experimental deviations when measuring 3D Brownian 
diffusion. The use of TIRF-enhanced micro-PTV allows 
the observation of the quasi-2D behavior of nanobeads in 
the near-wall region, and this technique can also be used 
to estimate the kinetic constant of antibody–antigen inter-
action (Fan et al. 2010). Further, the observable minimum 
spot size of an optical microscope system is limited by 
optical diffraction. The resolution of the images, known as 
the diffraction limit, is approximately half the length of the 
illuminating wavelength. The limited resolution restricts 
the utilization of the nanobeads, and this phenomenon 
leads to that the smaller nanobeads are more sensitive on 
the bio-targets.

C-reactive protein (CRP) is an important risk factor for 
atherosclerosis and coronary heart disease (Tracy 2003). The 
risk groups have been defined by American Heart Associa-
tion and U.S. Disease Control and Prevention and separated 
to three levels that are low risk: less than 1 μg/ml, average 

risk: 1–3 μg/ml, and high risk: above 3 μg/ml. Recently, sev-
eral miniaturized devices for CRP detection were reported, 
e.g., a piezoresistive micro-cantilever beam (Wee et  al. 
2005), an antibody-coated magnetic particle immunoas-
say (Tsai et al. 2007), a quartz crystal microbalance (QCM) 
immunosensor (Kurosawa et  al. 2004), a surface plasmon 
resonance (SPR) immunosensor (Hu et al. 2006; Meyer et al. 
2006), a CMOS image sensor (Devadhasan et al. 2012), an 
enzyme-linked immunosorbent assay (Pultar et al. 2009; Wu 
et al. 2002), and an electric current using a field-effect tran-
sistor (Kim et al. 2013). Such applications give CRP detec-
tion time typically in the range of 10–40 min.

In this study, we quantified various CRP concentration 
samples with different viscosities of glycerol solution by 
using TIRF-enhanced micro-PTV, and we further deter-
mined the dissociation constants of CRP and anti-CRP 
in these solutions. For higher viscosity solutions, larger 
values of the dissociation constants of anti-CRP and CRP 
were obtained. Various concentrations of CRP in human 
serum solutions have been prepared for further immunoas-
say. We can estimate the CRP concentration in the range 
of 1–6  μg/ml in human serum by measuring Brownian 
diffusion of a population of 185-nm fluorescent beads in 
real time. The detecting process can be finished in 10 min. 
Variations in the Brownian velocity of the nanobeads 
were recorded during the interaction process, as shown in 
Fig. 1a.

2 � Experiments

2.1 � Nanoparticle, micro‑chamber, and sample

Polystyrene beads (Merck™ XC010) with a diameter of 
185  nm and optimal excitation and emission wavelengths 
of 475 and 525 nm, respectively, were used in this experi-
ment. The beads, with a density of 1.05 g/cm3, were modi-
fied to bind with a carboxyl functional group (COOH−) at 
their surfaces. The antibodies were coupled to carboxyl-
coated nanobeads via the standard EDC/NHS cross-linking 
protocol (Cao et al. 2006; Rocha et al. 2002). A shaker and 
several types of porous membrane filters with various aper-
ture sizes were used to reduce the particle self-assembly 
and filter out particle clusters. The individual antibody-
coated nanobeads without clustering can be collected 
by using the apparatuses mentioned above. Reactors for 
antibody-coated nanobeads and antigen interaction were 
manufactured by following a simple polydimethylsiloxane 
(PDMS) fabrication process that involves patterning SU-8 
on a silicon wafer as a mold, pouring PDMS into the mold, 
and subsequently baking the PDMS. The depth and the 
diameter of the micro-chambers were 40 μm and 12 mm, 
respectively.
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For the CRP samples, various weight percentages of 
glycerol solutions, 0, 16, 36.2, and 45.8  %, respectively, 
which correspond to viscosities of 1, 1.8, 4, and 6 cP, were 
used as basic solutions. In addition, human serum (H4522, 
Sigma) was also used in this experiment. CRP (C4063, 
Sigma) with an original concentration of 53  μg/ml was 
diluted in these five basic solutions to have different con-
centrations for this study.

2.2 � TIRF‑enhanced micro‑PTV 
(particle‑tracking‑velocimetry) setup

TIRFM velocimetry can be used to measure flow behav-
iors at the near-wall region. In this study, we used a TIRF-
enhanced micro-PTV, which is a TIRFM system integrated 
with a micro-PTV, to measure the nanobeads’ Brownian 
velocities at the near-wall region in real time. Micro-PTV 
was used to measure the Brownian motion of nanobeads 
because this method can provide real-time observation 
and rapid statistical analysis for a large number of parti-
cles. However, when the sizes of the observed objects are 
smaller than 200  nm, the particles can neither be clearly 
identified nor yield low SNR images in a high-density par-
ticle solution, as shown in Fig. 3. To provide higher SNR 

images for analyzing the behaviors of particles by using 
micro-PTV, this study used TIRF to assist micro-PTV on 
Brownian motion measurement for immunosensing assays.

Figure 1b depicts the schematic diagram of the experi-
mental setup. An inverted microscope equipped with a 
fluorescein–isothiocyanate (FITC) filter cube was used to 
collect the emission light from the fluorescent nanobeads in 
the epi-fluorescent mode. A continuous-wave laser beam, 
which has 473 nm wavelength from a 50-mW diode laser, 
was guided into the microscope via a multiple-mode fiber. 
The incident angle of the light beam can be adjusted by a 
2D tunable mirror. Hence, the light beam passing through 
the object lens generated total reflection at the glass–sam-
ple interface, and the evanescent wave penetrated the sam-
ple in a parallel direction.

To reduce the background noise, a dichroic mirror and emis-
sion filter permitted only the emissions of the fluorescent nano-
beads to pass through. A CCD camera mounted on the micro-
scope was used to record the image pairs via an oil-immersed 
TIRF object lens (Nikon™), which had a magnification of 
60X and a numerical aperture of 1.49. Particle recognition in 
the images was accomplished by setting a threshold, which is 
a fraction of the peak image intensity, and particle size sorting. 
The velocities of the particles can be quantified by the PTV 
algorithm described by Fan et al. (2009), which means that the 
Brownian velocities can be evaluated by statistically analyzing 
the particle velocities. Furthermore, 3D-TIRFM technology 
enables the distances between the nanobeads and the boundary 
to be evaluated by their own intensities.

3 � Theory

3.1 � Optimal light intensity

To have physical reasoning for the antigen-sensing mecha-
nism, a proper explanation must separately address TIRF-
enhanced micro-PTV and hindered Brownian motion. In this 
study, TIRFM was constituted and thus combined with a PTV 
algorithm of Brownian motion measurement. Samples in the 
TIRFM are illuminated by the evanescent wave, which occurs 
when the incident angle of the light exceeds critical angel.

The evanescent wave intensity I with respect to normal 
distance z measured from the interface can be expressed as

where Io is the incident light intensity at the surface bound-
ary and zp is the capable penetration depth of the evanes-
cent wave field, which is defined as

(1)
I(z)

Io
= e

−z/zp ,

(2)zp =
�o

4π

(

n
2
g sin

2 θ − n
2
m

)− 1
2
,

Fig. 1   Schematic diagram of the detection apparatus and measure-
ment principle: a Brownian motion of nanobeads detection concept, 
and b TIRFM apparatus and setup

Author's personal copy



88	 Microfluid Nanofluid (2015) 19:85–94

1 3

where λo is the wavelength of the incident light and θ is the 
incident angle, nm is the refractive index of the medium and 
ns is the refractive index of the substrate. The penetration 
depth was inversely proportional to the incoming incident 
angle until reaching the critical angle; thus, by adjusting the 
incident angle, we can effectively control the measurement 
depth-of-field. At a specific incident angle, the evanescent 
wave intensity I(z) rapidly decreases with increasing nor-
mal distance z, and the intensity increases well below 1 % 

of Io within z = 1 μm (Margraves et al. 2006). According 
to Eq. (2), the penetration depth resulting from the incident 
angle variation in human serum was calculated as shown 
in Fig.  2. The refractive index of the serum was 1.51. 
From Eq. (2), the predicted penetration depth substantially 
decreased as the incident angle increased. Furthermore, 
according to Eqs. (1) and (2), the evanescent wave intensity 
dropped dramatically with the normal distance from the 
boundary; thus, higher penetration depth of the evanescent 
wave relates to weaker intensity of excitation light.

Figure  3 shows a comparison of particle images from 
wide-field (mercury lamp) illumination and evanescent 
wave field illumination. Figure 3a shows that the lower SNR 
image, observed in the case of mercury lamp illumination, 
results from strong background noise, which is attributed to 
the light emitting from the out-of-focus particles in the bulk 
of the fluid. This phenomenon leads to poor particle recog-
nition during the image process with micro-PTV measure-
ments. Conversely, Fig. 3b shows that higher SNR images, 
illuminated in the evanescent wave field, eliminates much of 
the background noise because the evanescent light penetra-
tion is restricted to several hundreds of nanometers, and par-
ticles beyond the evanescent wave field are not illuminated. 
In this experiment, the critical angle for the lens with total 
internal reflection at the water–glass interface was 61.4°. 
The image in Fig. 3b was captured when the incident angle 
was 62°, which is larger than the critical angle, and the 
capable penetration depth of the evanescent wave is 272 nm.

3.2 � Hindered Brownian motion

Brownian motion depends mainly on the particle size, 
temperature, and properties of the solution. The charac-
teristics of Brownian motion were statistically analyzed 
by Einstein (1905) and were mathematically described by 
Langevin (1908). Applying the Stokes–Einstein relation to 
suspension mechanics yields the assumption that particles 
are dilute in a free space with constant temperature (white 
noise). The self-diffusion coefficient D for a dilute suspen-
sion, as given by Stokes–Einstein, is

and the self-diffusion coefficient tensor α is

where k is the Boltzmann constant, k = 1.3805 × 10−23 J/K, 
T is the absolute temperature of the fluid, μ is the viscos-
ity of the solvent and dp is the particle diameter. When the 
particle movement near the boundary wall is extreme, its 
hydrodynamic behavior is significantly changed. Due to the 

(3)D = α
kT

3πµdp
,

(4)α = I =





1 0 0

0 1 0

0 0 1



,

Fig. 2   Calculation of the penetration depth (zp) of evanescent wave 
with respect to the incident angle for four different weight percent-
ages of glycerol solutions, 0, 16.0, 36.2, and 45.8 %, and their vis-
cosities measured to be 1, 1.8, 4, and 6 cP, respectively

Fig. 3   Two observed images that were illuminated by a mercury 
lamp and b evanescent wave are shown. Due to the evanescent wave 
only penetrating through the sample several hundred nanometers, the 
fluorescent nanobeads, which were out of the evanescent wave field, 
were not excited and resulted in higher SNR
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no-slip effect of the nearby wall, the dynamics of a particle 
near the wall become significantly non-Gaussian and non-
isotropic (Choi et al. 2007). If the boundary effect is con-
sidered, the near-surface (hindered) diffusion coefficient 
(DH) can be derived by extending the hindered self-diffu-
sion tensor (αH) as

Each value along the principal diagonal in the hindered dif-
fusion tensor has been determined to have asymptotic solu-
tions. The near-wall correction coefficient in the normal 
direction, λzz, for hindered Brownian motion was derived 
by Brenner (1961). The solution is given as

where β = cosh−1
(

2z/dp − 1
)

. An approximation for λ⊥ 
has been derived by using the method of reflection (Lin 
et al. 2000). The expansion solution is

where a is the radius of a particle.
The near-wall correction coefficients in the tangential 

direction, λxx and λyy, for hindered Brownian motion were 
derived by Goldman et al. (1967), who analyzed the Stokes 
equation for a sphere parallel to a semi-infinite boundary 
surface with a quiescent viscous fluid by using an asymp-
totic solution. From method of reflection,

which is generally valid for (h − a)/a > 1.
Figure  4 plots the normalized diffusion coefficient 

derived in Eq.  (5). According to the calculation, the near-
wall diffusion coefficient in the normal direction is 20  % 
lower than that in the tangential direction. These results 
were also experimentally demonstrated by Kihm et  al. 
(2004), who statistically measured the diffusion coefficient 
of a population of nanobeads in the tangential direction and 
normal direction. The phenomenon of the near-wall dif-
fusion coefficient in the normal direction actually makes 

(5)DH = αH
kT

3πµdp
, αH =







1
�xx

0 0

0 1
�yy

0

0 0 1
�zz






.

(6)

�zz = �⊥ =
4

3
sinh β ·

∞
∑
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n(n+ 1)
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×
[

2 sinh [(2n+ 1)β]+ (2n+ 1) sinh (2β)

4 sinh2 [(n+ 0.5)β]− (2n+ 1)2 sinh2 β
− 1

]

,

(7)�zz = �⊥ ∼= 1−
9

8
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(
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+ O

(

h
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9
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(
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3D Brownian diffusion approximate to 2D diffusion, in 
which micro-PTV is driven, which results in more accurate 
analysis.

On the basis of the correction coefficient for the afore-
mentioned diffusion coefficient, the hindered behavior of 
the particles in the near-wall region can be described. The 
Brownian diffusion of the particles in one dimension was 
introduced by Einstein (1905) and Langevin (1908), who 
derived the probability density function of a particle at 
position x as

where t is a trivial time and the diffusion coefficient D is 
based on one of the aforementioned models. The mean 
displacement of the Brownian diffusion of the particles is 
equal to the standard deviation of the probability density 
function and can be written as

The mean displacement can be derived to give the mean 
velocity as:

where Vp is the velocity of each particle. In this study, the 
Brownian velocity is mean velocity of the Brownian diffu-
sion of the particles and can be experimentally evaluated 
by measuring the velocity of each particle in a group and 
further using a particle-tracking algorithm to analyze the 
TIRF images.

To evaluate the velocity of the nanobeads, the TIRF 
images were acquired in pairs in a time interval of 360 ms. 
The images of 1,000 pairs were acquired for further 

(9)ρ(x, t) =
1

√
4πDt

e
− x2

4Dt .

(10)
〈

x
2
p

〉

= 2Dt,

(11)
√

�V2
p � =

√

2D

t
.

Fig. 4   Comparison of experimental and theoretical diffusion coef-
ficients is revealed. These theoretical results derived from Goldman 
and Benner, who concerned the parallel and perpendicular direction 
of the surface, respectively
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analyzing nanobeads’ Brownian velocity variation. The 
principle of the particle-tracking algorithm we used is by 
statistically analyzing the particle movements in an image 
pair. Firstly, the particles were recognized in every frame. 
Secondly, each first-frame particle finds the nearest partner 
at the same position of the second frame. The interval time 
of the image pair was also given; therefore, the computer 
recorded each particle’s velocity as Vp in Eq.  (11). The 
Brownian velocity can be obtained by statistically analyz-
ing the standard deviation of these particles’ velocities.

4 � Results and discussion

The Brownian velocity of nanobeads depends on diffusion 
coefficient shown in Eq. (3), which indicates that thermal 
fluctuation, liquid viscosity, and particle size will affect the 
diffusion ability. We controlled the room temperature only 
varied in a small range and assume the viscosity of the sam-
ple liquid did not change during measurement so that when 
CRPs conjugate with nanobead, the diameter of the nano-
beads will be increased. In this experiment, TIRF-enhanced 
micro-PTV was used to observe the particles that travel in 
the near-wall region. The Brownian motion of the particles 
in various viscosity solutions was then studied. Further, the 
different CRP concentrations were determined.

To study the relationship between the sample viscosity 
and the Brownian velocities of nanobeads, we used vari-
ous volume ratios of glycerol-to-water solutions to attain 
the various viscosities of the clinical samples. First, the 
solution viscosity was determined by using a conventional 
viscometer. According to the theory mentioned above, the 
confined Brownian velocity is sensitive to sample viscosity. 
The Brownian velocity of the bare nanobeads versus vis-
cosity has been investigated. The results shown in Fig. S1 
indicated that when the sample viscosity increased from 1 
to 6 cP, the 185-nm beads’ Brownian velocity at the meas-
urement plane of 250  nm above the boundary decreased 
from 11.5 to 7.97 μm/s.

The Brownian velocities of the 185-nm beads versus the 
solution viscosities were then determined, as diagramed 
in Fig. 5a. The results show that as the viscosity increased 
1  cP, the Brownian velocities of the nanobeads decreased 
approximately 10  %. To measure the near-wall nanobead 

Fig. 5   Real-time variations of Brownian velocities with respect to six 
concentrations (open circle 0, open square 0.1, open lozenge 1, open 
triangle 2, open down triangle 3, star 10 μg/ml) of CRPs during the 
binding processes for 185-nm nanobeads in the glycerol solutions 
with viscosity of a 1  cP, b 1.8  cP, c 4  cP, and d 6  cP. e The disso-
ciation constant versus viscosity result shows that higher viscosity of 
solution for binding process exhibits higher dissociation constant

▸
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velocities in solutions of various viscosities, we had the 
penetration depth of approximately 400 nm from the sur-
face by tuning the incident angle, and move the observa-
tion plane to 250 nm above substrate by using z-direction 
remote control stage, which is purchased from Nikon and 
provides the minimum step resolution of 50 nm. The reason 
for measuring the nanobeads at this identical elevation is 
because the near-wall Brownian velocities of the nanobeads 
vary with distance from the solid-wall surface. In this TIRF 
technique, the refractive index of the sample solution deter-
mines the penetration depth of the evanescent wave accord-
ing to Eq.  (2). The optimized signal-to-noise ratio for the 
TIRF images was achieved by tuning the incident angle 
based on the calculation results shown in Fig. 2 to estimate 
the penetration depth of the evanescent wave.

An experiment was conducted to clarify the interaction 
of the CRP and anti-CRP by using 185-nm nanobeads in a 
water solution with six different CRP concentrations of 0, 
0.1, 1, 2, 3, and 10 μg/ml. The anti-CRP-coated nanobe-
ads were mixed with a water-based CRP solution, and the 
mixture was injected into a micro-chamber and incubated 
for 180  s prior to micro-PTV measurement. Fine-tuning 
of the incident angle was required for TIRF image illumi-
nation in every experiment; therefore, the incubation time 
for the TIRF-enhanced sensing technique was set at 200 s. 
Because the measurement plane was focused at an eleva-
tion of 250 nm, the real-time variations of Brownian veloc-
ities are related only to the various CRP concentrations, as 
shown in Fig. 5a. The results exhibit that the variations of 
Brownian velocities are similar to those observed in pre-
vious results, in which the transition and the equilibrium 
states for the antibody-coated nanobeads and CRP could be 
clearly distinguished (Fan et al. 2009).

However, because this experiment involved smaller 
nanobeads than those in previous works, higher Brown-
ian velocity and larger variation ranges of the Brownian 
velocity in real time can be obtained. The results indicate 
that smaller variations in CRP concentration can be distin-
guished than in previous studies. The results also suggest 
that the binding processes of CRPs onto anti-CRP-coated 
nanobeads led to a decrease in the Brownian velocities 
of the nanobeads in the period of 180–300  s. Addition-
ally, a more dramatic reduction in Brownian velocity can 
be observed as the concentration of CRPs is increased. On 
the basis of the experimental results shown in Fig. 6a, by 
applying the kinetic analysis of the protein-binding process 
derived from Lin et  al. (2006a, b) and Fan et  al. (2010), 
the association rate constant, ka, and the dissociation rate 
constant, kd, are determined to be 2.71 × 104 M−1s−1 and 
9.70 × 10−3 s−1, respectively. Therefore, the corresponding 
dissociation constant KD can be obtained as 3.58 × 10−7 M.

To simulate the viscosities of clinical samples associated 
with different diagnoses, further experiments used different 

volume ratios of glycerol solutions to alter the solution 
viscosity, which were then mixed with antibody-coated 
nanobeads. As shown in Fig.  5b–d, the interactions of 
CRP and anti-CRP in 1.8, 4, and 6 cP glycerol–water solu-
tions yielded KD values of 4.41 × 10−7, 1.39 × 10−6, and 
9.17 ×  10−6  M, respectively. From Eq.  (5), the diffusion 
coefficient depends mainly on the particle size, tempera-
ture, and viscosity of the solution. We assumed a constant 

Fig. 6   Twelve samples with different CRP concentrations in human 
serum has been detected and divided by three group of a normal, 
open circle 0, open square 0.5, open lozenge 1, open triangle 1.5,  
b risk, open downward triangle 2, star 2.5, 3, and c high risky, filled 
circle 4, filled square 5, filled lozenge 6, filled triangle 8, filled down-
ward triangle 10 μg/ml range
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chamber temperature, which is 25 ± 0.2 °C as monitored 
by a thermocouple.

As the viscosity of the solution increased, the diffu-
sion velocities of the nanobeads decreased and their vari-
ation ranges also decreased. Even with a sample viscos-
ity as high as 6  cP, the detection limit of 0.1 μg/ml CRP 
could be obtained. The results show that this sensing 
technique of measuring Brownian motion variation can 
be used to detect low-concentration CRP in a high-vis-
cosity solution. Five determinations of average KD values 
of each sample, with four viscosities from 1 to 6 cP, are 
estimated to be 0.35 ± 0.14 × 10−6, 0.45 ± 0.2 × 10−6, 
1.47 ± 0.28 × 10−6, and 9.02 ± 0.36 × 10−6 M, respec-
tively, as shown in Fig.  5e. The results reveal that when 
the binding process of CRP and anti-CRP-coated nano-
beads were surrounded by a higher viscosity solution, the 
values of KD increased as calculated from kinetic analysis 
for molecular binding. These results indicate that when the 
CRPs and anti-CRPs were suspended in a higher viscosity 
solution, a larger drag force was exerted on the CRP–anti-
CRP interaction to reduce their conjugation, and the inter-
actions generally required a longer time. This result indi-
cates that kinetic analysis for molecular interactions should 
account for the viscosity factor. The dissociation constant 
became higher when the antibodies and antigens were 
immersed in a solution with higher viscosity.

The human serum was used to mimic real detection 
environment of CRP–anti-CRP interactions. To have the 
viscosity of the human serum, the human serum was meas-
ured by a viscometer (Brookfield, model: DV-II) once per 
hour for 24 h period in a temperature-controlled room. The 
results shown in Fig. S2 reveal that the viscosity of the 
human serum did not substantially change in a long time 
period. A mean value of 1.5 cP for the measured viscosi-
ties can be obtained as the representative viscosity of the 
human serum. Furthermore, the Brownian velocity of the 
bare 185-nm beads in human serum was also measured, 
and the results are almost coincident to that in a glycerol 
solution. The refractive index of the human serum is also 
important, because it directly affects the critical angle and 
the penetration depth of the evanescent wave. The refrac-
tive index variations between different human serums are 
not notable, and the critical angels can be experimentally 
determined by fine-tuning the light incident angles.

For detecting CRP in human serum, 12 different con-
centrations of the CRP diluted in human serum, includ-
ing 0, 0.5, 1, 1.5, 2, 2.5, 3, 4, 5, 6, 8, and 10 μg/ml were 
prepared. For the CRP in serum measurement, the same 
volume of the functionalized nanobead solutions with the 
same concentrations was well mixed into the prepared 
samples and observed via TIRF-enhanced micro-PTV. 
The results in Fig.  6 reveal that the various concentra-
tion of CRP can be distinguished in 10 min. CRP appears 

to be correlated to cardiovascular disease and periph-
eral arterial disease risk. Normally, the concentration of 
CRP in human serum should be below 1 μg/ml. People 
with CRP concentrations in the range of 1–2.9  μg/ml 
have an intermediate risk of heart disease. Human serum 
with CRP higher than 3 μg/ml indicates a high risk of 
heart disease. According to the aforementioned reports, 
the present 12 samples were categorized in three levels, 
and their detection results are shown in three groups in 
Fig. 6a–c.

In this study, the CRP sensing technique using TIRF-
enhanced micro-PTV shows high sensitivity of 1 μg/ml in 
human serum and 0.1 μg/ml in 6 cP glycerol solution, with 
a short detection time of 5–10 min. A plot of the CRP con-
centration versus the nanobeads’ Brownian velocity at equi-
librium state is shown in Fig. 7. When the CRP concentra-
tion in the range of 0.5–6 μg/ml, the Brownian velocity can 
be linearly approximated. When the concentration is higher 
than 6 μg/ml, the binding sites on the nanobeads will satu-
rate, and the Brownian velocity no longer linearly decreases 
as CRP concentration is further increased. Moreover, the 
present method needs no micro-fabrication process and can 
be flexibly incorporated into microfluidic devices.

As the CRP detection results shown in Figs.  5 and 6, 
large deviation can be found in the statistic data. It may 
be contributed by particle size variation, nonspecific bind-
ing to the particle, the resolution of depth of focus of the 
optical system, and heat fluctuation from the environ-
ment. The observed nanobeads are almost the same group 
in each Brownian velocity measurement experiment. 
The results give that the particle size variation is not the 
major contribution of the deviation. The nonspecific bind-
ing has been considered as the contribution of the devia-
tion. However, the statistic data of the detection in glycerol 
solution showed similar deviation to that in human serum. 

Fig. 7   Equilibrium Brownian velocities of the anti-CRP-coated 
nanobeads in different CRP concentration solution. A linear decrease 
in the Brownian velocities can be found in CRP concentration range 
of 0.5–6 μg/ml
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Further, the non-conjugated sites of the nanobeads are 
quenched, the results led to that the nonspecific binding 
was dramatically reduced. For the TIRF system, the pen-
etration depth of the evanescent wave around 400 nm pro-
vides the best image contrast. During the experiment, we 
located the image plane at 250 nm above the glass surface. 
The depth-of-field of the oil-immersed 60X objective with 
N.A. of 1.49 is around 200  nm. Based on the calculation 
result shown in Fig. 4, the normalized diffusion coefficient 
in lateral direction is in a range of 0.55–0.65, which could 
be the major contribution of the deviation. For heat fluc-
tuation, the samples were isolated in a PDMS chamber and 
glass substrate. The temperature of the samples cannot be 
directly measured. However, the temperature fluctuation 
out of the PDMS chamber was monitored to be 1 °C, and it 
may contribute the deviation of the statistic results.

5 � Conclusions

The Brownian velocities of 185-nm nanobeads in high-
viscosity solutions were successfully measured by using 
TIRF-enhanced micro-PTV. The incident angle of the 
laser beam was optimized for samples with various vis-
cosities, i.e., different refractive indices, to give the same 
evanescent wave penetration depth. The correction coef-
ficients for Brownian velocity in viscous solutions and 
confined environments were applied to clarify the results. 
As the size difference between the target and the nanobe-
ads decreased, the Brownian velocity variation increased. 
Through TIRF-enhanced micro-PTV, the measured Brown-
ian motion of the nanobeads could be treated as quasi-2D 
movement because of the confined Brownian motion in 
the near-wall region and the narrow observation depth of 
TIRF. Under real-time observation, the Brownian veloci-
ties of the nanobeads decreased dramatically during the 
interaction between CRP and anti-CRP. On the basis of the 
relationship between the variations in nanobead size and 
CRP concentration, the kinetic model proposed in previ-
ous research was applied to successfully evaluate the dis-
sociation constant. Moreover, the relationship between 
the dissociation constant and the viscosity suggests that 
the sample viscosity is a critical factor for biomolecule 
interaction. Furthermore, CRP concentration can be deter-
mined in human serum, and the entire process can be com-
pleted within 10 min. The present results can be used for 
biosensor design in the future based on Brownian motion 
measurement.
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