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a  b  s  t  r  a  c  t

Immobilization  of  the  suspended  nanoparticles  is  essential  for  many  microfluidic  applications.  This  work
reports  a novel  biomimetic  method  to immobilize  nanoparticles  by using  a common  adhesive  tape  as  the
substrate of  microfluidic  chip.  It mimics  the  clams’  feeding  system  that  utilizes  the  mucus  (i.e.,  sticky  fluid)
to capture  small  phytoplankton  particles  in water.  This  work  proves  experimentally  that  this  method
has  a better  immobilization  effect  and  a stronger  shear  stress  resistance  than  the  traditional  methods
using  hard  glass  substrates.  Moreover,  we  have  applied  this  method  to immobilize  Au  nanorods  for  the
detection  of R6G  of  various  concentrations  using  the  surface-enhanced  Raman  scattering  (SERS)  effect.
This method  enjoys  several  major  merits:  the  sticky  adhesive  tape  can  seal  the microfluidic  structure
ERS
anoparticle immobilization
iochip
icrofabrication

easily,  avoiding  the  bonding  process;  the immobilization  is  easy  and  environmental  friendly,  without
the  need  for  expensive  reagents  or complex  processes;  the  adhesive  tape  substrate  allows  the flexibility
of microfluidic  chips;  and  the adhesive  tape  substrate  can  be  stripped  off  for off-chip  detection  and  can
be replaced  easily  for  the  reuse  of  microfluidic  structures.  With  these,  the  biomimetic  method  may  find
potential  applications  in  environmental  sensing,  biocatalysis  and  biosynthesis  using  microchips.

© 2015  The  Authors.  Published  by  Elsevier  B.V. This  is  an  open  access  article  under  the  CC  BY-NC-ND
. Introduction

Microfluidics presents great potential for high-throughput bio-
ogical/chemical detection, catalysis and synthesis due to its
nherent advantages, such as large surface-area-to-volume ratio,
ast reaction rate, high-precision manipulation and easy flow con-
rol [1–5]. The corresponding detection–promoting substances
atalysts or carriers are mostly nanoparticles or nanoparticle-
nvolved compounds [6,7]. Actually, nanoparticles are highly
referred to be immobilized on the substrates since their separa-
ion and recycling from a mixture are laborious and troublesome
8]. Based on the working principles, the immobilization techniques
an be broadly divided into four categories: magnetic attraction,
ovalent binding, polymer entrapment and surface adsorption. The

rst three methods function well, but mostly require complicated
rocesses, expensive reagents/equipment, and even harmful chem-

cals. The surface adsorption method is simple and environmentally

∗ Corresponding author at: The Hong Kong Polytechnic University Shenzhen
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friendly, but the adsorption amount is disappointing and the bond
strength is often too weak to resist the high shear stress caused by
the laminar flow in microfluidic devices.

Our mother nature has already evolved a highly efficient model
of particle immobilization, i.e., the feeding system of clams (as
shown in Fig. 1A). In this system, water and food particles (e.g.
the phytoplankton) are drawn in through the incurrent siphon, in
which the hair-like cilia move the water to the gills. Then, food
particles are caught in mucus (sticky fluid) produced by the gills
[9]. In this process, mucus plays a very important role in the effi-
cient food particle capture process (Fig. 1B). To simply mimic  such
an efficient model for nanoparticle immobilization, we  propose to
use a common adhesive tape as the microfluidic chip substrate,
which has sticky polyacrylate surface with surface charges and rad-
icals. Actually, the common adhesive tape has contributed to the
Nobel-winning work on graphene [10], triboluminescence [11] and
the reduction of metal salts to the corresponding metal nanoparti-
cles [12]. Moreover, other different kinds of tapes, such as double

sided adhesive tapes and adhesive transfer tapes have been used
in microfluidics for various functions, such as rapid prototyping
and PCR [13–15]. The acrylic pressure-sensitive adhesive is typi-
cally a “pure polymer” composition (e.g., polyacrylates, the average
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olecular weight from 100,000 to 1,000,000–5,000,000) [16], it can
roduce adhesion by itself. It is reasonable to expect the nanopar-
icles to be trapped by the adhesion force, or more specifically, van
er Waal’s force. This is the same mechanism as what the mucus
f clams uses to capture the floating particles [17]. In contrast, the
lass slide is traditionally a common substrate for particle immo-
ilization, but often needs complicated surface modifications to
nchor linker molecules containing organic groups like amine and
hiol, especially when Au nanoparticles are to be trapped [18,19].
n this sense, the adhesive tape substrate is favorable as it avoids
he need for surface modifications and expensive reagents.

This biomimetic device presents many advantages. First, the
pper layer of microfluidic chip (usually made of polydimethyl-
iloxane, PDMS) can be sealed by simply pressing it against the
dhesive tape, without the use of plasma bonding. The adhesive
ond is temporary but strong enough to resist a high flow rate. Sec-
nd, the adhesive tape can be easily stripped off from the PDMS
tructure for off-chip detection and can be replaced by a new
dhesive tape to reuse the microfabricated PDMS layer, making
he device portable, repeatable and inexpensive. Third, similar to
he mucus-covered feeding structures, the adhesive tapes immobi-
ize nanoparticles easily and efficiently. Fourth, the combination of
DMS and adhesive tape allows the microfluidic chip to be soft and
exible. In this work, we will experimentally study the immobi-

ization properties of nanoparticles by the adhesive tape substrate
nd will further investigate the surface-enhanced Raman scatter-
ng (SERS) detection of rhodamine 6G (R6G) using the immobilized
u nanoparticles, with the aim to demonstrate the potential for
iochemical sensing applications.

. Materials and methods
The PDMS layer (width 1 mm and height 40 �m)  with a simple
attern of serpentine microchannel was fabricated using standard
oft lithography techniques (see Fig. 1C) [20]. Different from the
ormal plasma bonding process on a glass substrate, the PDMS

ig. 1. Nanoparticle immobilization of the adhesive tape substrate by mimicking the cla
ecreted mucus. (C) Process flow of the PDMS microfluidic device using soft lithography. (
ressing against the adhesive tape, without the need for the bonding process by plasma c
tors B 222 (2016) 106–111 107

layer was  sealed directly by pressing it onto the transparent adhe-
sive tape (3 M Company), without the use of plasma cleaners. As
the tape has tacky substance on the surface, it can be adhered to
another surface by applying a light pressure. The recommended
bonding pressure is 14.5–29 psi (i.e., 100–200 kPa). Optical images
show that the fabricated microfluidic chips are still transparent.
Liquid with blue color is flowed along the microchannel smoothly
and the flexibility of these chips is good (see Fig. 1D and the inset).

The bond strength between the PDMS and the adhesive tape
substrate was characterized by two methods, channel deforma-
tion test and direct interface bond strength test using a digital force
gauge (Aigu, Hong Kong). In the first test, the flow injected into the
microchannel was  slowly increased until a clear channel deforma-
tion was  observed, and this flow rate was recorded as the critical
flow rate. Here, we  consider the channel deformation as an impor-
tant factor but not the leakage since the stability of channel shape
is important to many microfluidic applications, such as droplets,
bubbles and laminar flow formation [21–25]. In the second test, a
PDMS layer (5 mm × 5 mm)  adhered to a transparent adhesive tape
was pulled by a digital force gauge. With the increase of the tension
offered by the force gauge, the PDMS layer was separated from the
adhesive tape. This force read from the gauge is the bond strength
between the PDMS and the adhesive tape substrate. Each test was
repeated for five times.

The immobilization stage was  processed by the introduction of
TiO2 nanoparticle–water or TiO2 nanoparticle–ethanol suspension
into the microfluidic channels (50 mg/mL). The TiO2 nanoparticles
were P25 from Sigma–Aldrich, with the average size of 21 nm. Dur-
ing this immobilization process, the adhesive tapes trapped the
TiO2 nanoparticles tightly. To assess the immobilization effect, we
compared the immobilization density on the adhesive tape with
that on the glass slide using the same method. To investigate the

adhesion strength of nanoparticles, we performed a shear stress
test by flushing the microchannel at the critical pressure for ten
minutes. During this test, we  captured the optical images once
every minute, followed by the calculation of TiO2 nanoparticle

m. (A) Clam internal anatomic diagram. (B) Capture of floating particles by the gill
D) Optical image of the fabricated microfluidic chips. PDMS layer was sealed simply
leaners. The inset illustrates the flexibility of this chip. The scale bar is 5 mm.
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Fig. 2. Immobilization of TiO2 nanoparticles and test of bond strength. (A) Optical
image of the immobilized TiO2 on the adhesive tape substrate after the drying pro-
cess  and the slow refilling of water (the initial state, also named as 0 �L/min). (B)
Parts of the microchannel (pointed by the blue arrows) start to deform when the
08 X. Huang et al. / Sensors and

ensities before and after the test using the software Image-Pro Plus
. To explore more functions, we immobilized Au nanorods for SERS
etection. The synthesis of the Au nanorods followed the previous
eed-mediated method [26,27] and the as-prepared Au nanorods
ere precipitated, washed and redispersed in water (10 mL). Here,

he zeta potential of the nanoparticles is +31.0 ± 1.0 mV,  as by
easured by the particle sizer (Zetasizer 3000 HSa, Malvern). A
ixture of 10 �L Au nanorods suspension and 10 �L rhodamine 6G

R6G, Sigma-Aldrich) (1 × 10−4 M)  were premixed and incubated
or 10 min  at room temperature, followed by the manual injec-
ion into the microchannel and then the incubation for another
0 min. During this process, the Au nanorods absorbed with R6G
ere immobilized on the microchannel substrate. Nevertheless,

he glass slide without the modification like thiol is hard to immo-
ilize the Au nanorods, and thus the SERS detection of R6G has low
ensitivity and is inaccurate.

The prepared Au nanorods were drop-cast on a TEM grid to
erform high-resolution morphology characterization and EDX ele-
ent mapping using a JEM2100F TEM system operating at 300 kV.

he extinction spectra of the metal nanorods were obtained on a
V–vis absorption spectrometer (Shimadzu Scientific Instruments,
V2550). The Raman spectra of the solution were recorded using a
aman spectrometer from Princeton Instruments (Horiba HR800)
ith an excitation laser of 633 nm.  The laser power was approxi-
ately 1 mW.  Through an aperture of 100 �m in diameter, the laser
as focused onto a ca. 0.3 �m diameter spot on the sample surface

ia a long working distance 100 × objective. The integration time
as set at 5 s, and the spectral range was from 1000 to 1800 cm−1.

In the above immobilization tests, the as-synthesized Au
anoparticles are positively charged, whereas the TiO2 nanopar-
icles are not charged (i.e., having high surface energy). For
omparison and also for the study of adhesion mechanisms,
e further tested polystyrene nanospheres, which is neutral

ut hydrophobic (having a low surface energy) [28]. Two  types
f polystyrene nanospheres (�5 �m without fluorescence and
0.39 �m with orange fluorescence) were procured from Duke Sci-
ntific Corp. The excitation wavelength is 542 nm and the emission
s 612 nm.

. Results and discussion

.1. Fabricated microfluidic chips

For experimental study, we fabricated microfluidic chips using
he adhesive tape as the substrate for nanoparticle immobilization
nd proved the stability, high efficiency and detection ability of this
mmobilization method. The preparation of the PDMS microflu-
dic device was shown in Fig. 1C. And the adhesive tape offers

 good sealing of the PDMS microstructure as shown in Fig. 1D.
otably, the thickness of the microfluidic chip with the adhesive

ape substrate is much thinner than that with a glass substrate
ecause the adhesive tape is only 22 �m thick. Also, this adhe-
ive tape substrate makes the microfluidic chip flexible, which the
lass substrate lacks. In the inset graph of Fig. 1D, we  show the
exibility of the as-prepared chip by bending it but without disrupt-

ng the microchannel structure or function. This flexibility feature
olds great potential for wearable electronics, health monitoring,
oint-of-care diagnostics, environmental sensing and many other
pplications [29].

.2. Test of bond strength
Various methods have been developed to test the bond strength,
uch as peel test, scratch test, pull test and blister test [30]. For the
eel test, the sample preparation is typically simple and gives a
flow rate is gradually increased to 225 �L/min, indicating the maximum bearable
flow rate. The scale bar is 100 �m.  (For interpretation of the references to color in
this  figure legend, the reader is referred to the web version of this article.)

semi-quantitative measure of the test layer to the substrate, but it
is difficult to initiate a peel strip if the test layer is strongly adhered
to the substrate. Similarly, the sample preparation of the scratch
test is relative easy, but this method is limited to hard brittle coat-
ings. On the other hand, the pull test is suitable for almost all types
of test layers; however, the test should be repeated for several times
to get reliable quantitative data. In contrast, the blister test is a fully
quantitative analysis but requires a complicate preparation of the
functional device. Thanks to the easily repeatable nature and the
functional diversity of the microfluidic chips, here we choose the
blister test and the pull test to detect the bond strength between the
PDMS and the tape substrate. The first one is the channel deforma-
tion test, which essentially belongs to the blister test. In the initial
state, the optical image of the microchannel is shown in Fig. 2A.
With the increase of the flow rate, the microchannel is deformed
gradually and some bubble-like defects are developed slowly. For
instance, up to 200 �L/min, the defect is still small as shown in
Fig. S1. When the flow rate reaches 225 �L/min and goes beyond,
the size of defects begins to increase rapidly (see the blue arrows
in Fig. 2B and more discussions in ESI session S1). And this criti-
cal flow rate, 225 �L/min, reflects the bond strength between the
PDMS layer and the adhesive tape substrate. Actually, it is favor-
able to use the critical flow rate as the bond strength indicator.
First, the flow rate is a basic parameter of the microfluidic systems,
providing a straightforward operation parameter. In addition, the
flow rate can be precisely controlled by a syringe pump. By setting
the flow rate below the critical one, it is easy to avoid the deforma-
tion, leakage and breakage of the microfluidic system. However,
the flow rate is not enough to directly quantify the bond strength.
Therefore, a standard pull test (i.e., a direct interface bond strength
test) using a digital force gauge is conducted. When the tension
of the force gauge was increased gradually, the PDMS layer was
separated from the adhesive tape. It is measured that the bond
strength between the PDMS and the adhesive tape substrate is
∼0.2099 N/mm2 (equivalent to 210 kPa), and this test has been
repeated for five times. Although the bond strength between the
PDMS layer and the adhesive tape substrate is weaker than the tra-
ditional plasma method, the critical flow rate and the bond strength
in this method are high enough for many microfluidic applications.
3.3. Immobilization of TiO2 nanoparticles

The immobilization of nanoparticles is easy to operate. The
TiO2 nanoparticle–water suspension was  introduced into the
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Fig. 3. Shear stress tests of the immobilized TiO2 nanoparticles. (A) Optical images
of  the immobilized TiO2 nanoparticles on the adhesive tape substrate and the glass
substrate before and after applying a flow rate of 225 �L/min for ten minutes. (B)
Particle densities of the optical images. After flushing, the glass substrate loses more
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selected locations of the substrate near the inlet. The major SERS
anoparticles than that on the adhesive tape substrate. The scale bar is 200 �m.

icrochannel and became ready to use once the liquid was dried by
he evaporation through the PDMS layer. To prove that the organic
olution is also applicable for this acrylate-made adhesive tape, we
ried ethanol as the solution as well. In fact, ethanol has much faster
vaporation rate than the water. On average, this process only takes
0 min  to get a good result as shown in Fig. 2A. Unavoidably, there
re small void regions in the substrate because of the aggregation
f TiO2 nanoparticles during the drying process.

The particle densities on the adhesive tape substrate and the
lass substrate are shown in Fig. 3A. It can be seen that after drying
he nanoparticle solutions in the microfluidic channels and then
lowly refilling the microchannels with water (we define this state
s the flow rate 0 �L/min), the nanoparticles on the adhesive tape
ubstrate (Fig. 3A, upper left) are denser and more uniform than
hose on the glass substrate (Fig. 3A, upper right). As described
bove, the microfluidic chips of both types of substrates were then
ushed at 225 �L/min for 10 min, and the optical images were cap-
ured once every minute. Here, the corresponding shear stress �
ould be calculated from the flow rate Q and the microchannel
eometry based on the equation [31]: � = 6�Q/h2w where h is the
hannel height, w the channel width and � the viscosity of fluid.
n this work, h is 40 �m,  w is 1000 �m and � is 0.001 Pa s (20 ◦C).

hus, the shear stress for 225 �L/min is 563 Pa. In experiment, we
ound an obvious drop of particle density from 0 to 1 min, caused by
he loss of nanoparticles that were bound loosely, but only a slight
Fig. 4. (A) High resolution TEM images of the Au nanorods of single crystal lattice.
(B)  UV–vis absorption spectra of the Au nanorods.

change from 2 min  to 10 min. Thus, we only used the data after the
first minute to evaluate the immobilization effect. From the images
in the lower row of Fig. 3A, it can be seen that the adhesive tape
substrate retains more nanoparticles than the glass substrate. From
the data columns in Fig. 3B, the particle density of the adhesive tape
substrate is close to that of the glass substrate in the initial state,
but becomes 1.43 times more after the flushing. This well shows
that the adhesive tape substrate is effective on the nanoparticle
immobilization and can sustain high shear stress.

3.4. Immobilization of Au nanorods for SERS detection

As a demonstration of the potential applications, we  used the
adhesive tape substrate to immobilize Au nanorods for the SERS
detection of R6G. Fig. 4A shows the high resolution TEM image
of the as-prepared Au nanorods, which are ∼60 nm in length and
∼20 nm in diameter. The absorption spectrum of these Au nanorods
is plotted in Fig. 4B, showing two  absorption peaks at 515 nm and
647 nm owing to the transverse and longitudinal localized surface
plasmon resonances. The Au nanorods were premixed with R6G
before being injected into the microchannels. The SERS detection
was sampled near the inlet because the density of Au nanorods
immobilized onto the adhesive tape substrate decreases along the
flowing direction [32].

The curve group (1) in Fig. 5A plots the SERS–RSD spectra of R6G
molecules (concentration 5 × 10−6 M)  collected from six randomly-
peaks are clear and coherent with the reported studies [33,34]. The
Raman shifts at 1206, 1319, 1369 and 1516 cm−1 are associated
with the characteristic vibrational modes of a C H band and an
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Fig. 5. (A) SERS spectra of R6G molecules (5 × 10−6 M)  collected from six arbitrary
locations of the adhesive tape substrate within the microfluidic channel (curve
group 1) and the corresponding RSD curve (curve 2). (B) SERS spectra for differ-
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nt  concentrations of R6G. The inset plots the intensity of 1507 cm−1 peak versus
he concentration.

romatic C C stretching band of R6G, respectively. Curve (2) of
ig. 5A plots the relative standard deviation (RSD) of the spectral
ata, and the RSD value was below 0.2, indicating the immobilized
u nanorods achieved reliable active sites for the sample detec-

ion. Then, we detected different concentrations of R6G (0.05 �M,
.5 �M,  5 �M and 50 �M)  using the same method. As can be seen
rom Fig. 5B, the intensity of peaks goes up with the increase of R6G
oncentration. The inset plots the intensity of 1507 cm−1 Raman
hift peak as a function of the concentration. Each data point is an
verage of five measurements at five different locations. The peak
ntensity tends to saturate for high concentration level, and the
oncentration of 50 �M R6G is nearly the maximum that can be
bsorbed by the Au nanorods in the microfluidic chip.

.5. Mechanism of adhesion

Over the past decades, different theories have been proposed
or the mechanism of adhesion, such as mechanical theory, elec-
rostatic theory and adsorption theory [28]. The mechanical theory
s based on the mechanical anchorage of the adhesive by pores
nd irregularities. The electrostatic theory is based on the forma-
ion of an electric double layer at the adhesive–adherent boundary

nd the corresponding Coulomb attraction forces between the two
arts. Differently, the forces that are responsible for the adsorption
heory are the van der Waals’ forces, including three components,
amely, the Keesom’s dipole orienting effect, the Debye’s induced
tors B 222 (2016) 106–111

dipole effect, and the London’s dispersion effect. So the entirely
thermodynamic principles are the basis of this theory and the sur-
face energy of the adhesive must be lower than that of the adherent
for adhesion. For example, metals with a high surface energy and
paper with a medium surface energy can be bonded easily to the
adhesive; whereas some polymers (e.g. polystyrene) having a low
surface energy are difficult for bonding.

In our cases, all these three theories should be used to explain
the adhesion of different nanoparticles. The mechanical theory
works on most types of particles since the sticky layer of the
adhesive tape is a porous structure. However, if the particles have
positive or negative charges, the electrostatic theory comes into
play since the sticky side of the adhesive tape forming positive
and negative charged species upon peeling [12]. In our exper-
iment, the zeta potential of the Au nanorods is +31.0 ± 1.0 mV,
the electrostatic attraction between the positive Au nanorods and
the negative charged species plays the major role in the adhe-
sion. In terms of the neutral particles (e.g., TiO2 nanoparticles),
the adhesion can be attributed to the van der Waals’ force in the
adsorption theory. To prove this point, we tried with two types
of polystyrene nanospheres suspended in water, and found that
very few polystyrene nanospheres could be immobilized onto the
adhesive tapes after the evaporation of water (see details in ESI
session S2). The efficient trapping of TiO2 nanoparticles and the fail-
ing trapping of polystyrene nanoparticles can be easily explained
by the adsorption theory, because the hydrophilic TiO2 nanopar-
ticles have high surface energy and the hydrophobic polystyrene
nanoparticles have very low surface energy.

The above results of the bond strength test, the shear stress test
and the SERS detection, have showed that this method is superior in
many aspects. However, this adhesive tape still has its limitations.
For instance, the adhesive tape is a common type, with low chemi-
cal resistance and low temperature stability. And the bond between
the PDMS layer and the adhesive tape is weaker than the tradi-
tional plasma method. Since the focus of this paper is to present a
new approach, rather than a method to replace all existed methods,
shortcomings and limitations will be improved in future work.

4. Conclusions

We  proposed a novel biomimetic method to immobilize
nanoparticles by using adhesive tape as the microfluidic sub-
strate. It was  inspired by the mucus-covered feeding system of
the clams. After the bond strength test, the shear stress test and
the SERS detection, we found this method simple and effective.
The bond strength between PDMS and the common adhesive tape
reaches 210 kPa and is able to resist a flow rate of 225 �L/min,
high enough for many microfluidic applications. We  observed
that TiO2 nanoparticles immobilized on the adhesive tape sub-
strate are denser than those on the glass substrate and showed a
stronger resistance to the shear stress. Moreover, we immobilized
Au nanorods for the detection of R6G in various concentrations,
demonstrating its usefulness for biochemical sensing applications.
This immobilization method with simple, cheap and replaceable
nature may  find applications in various fields, especially detections,
biocatalyses and biosyntheses.
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