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In Situ Functionalization of Stable 3D Nest-Like Networks in
Confined Channels for Microfluidic Enrichment and Detection

Gang Wang, Guoying Shi, Hongzhi Wang,* Qinghong Zhang, and Yaogang Li*

Construction of stable 3D networks directly on the inner wall of microchan-
nels is of great importance for various microfluidic applications. 3D nest-like
networks with large contact surface areas and excellent structural stability
are fabricated via a facile, template-free, continuous fluid construction
process directly in confined microchannels. Bovine serum albumin (BSA)

is chosen as a model albumin to test the adsorption of the network modi-
fied microchannel to the target albumin. The high structural stability of the
networks is confirmed both by finite element analysis (FEA) simulation and

The benefits of miniaturization, integra-
tion, and automation have prompted their
use in various applications ranging from
materials synthesis,? energy harvesting,*!
point-of-care diagnostics, to biomolecule
filtration and capture.’! In many of these
applications, micro/nanostructures built
in the microchannels influence the overall
performances of microfluidic systems. For
example, Dbuilt-in micro/nanostructures

recycling experiments for BSA enrichment. ZnS shells are fabricated based

on the original 3D Zn(OH)F networks through in situ chemical conversion.
The nest-like networks decorated with Ag nanoparticles (NPs) serve as 3D
substrates for surface-enhanced Raman scattering (SERS), exhibiting excel-
lent sensitivity for rapid detection of trace 1012 mol L' (1 pM) BSA. Three
different gap sizes between Ag NPs in the 3D geometry create a large number
of SERS hot spots that contribute to the high sensitivity of the networks. Fur-
thermore, a transparent, flexible, microfluidic device containing the 3D nest-
like structures exhibits excellent recyclability and flexible stability for trace
BSA enrichment, showing potential for application in online SERS detection.

1. Introduction

Microfluidic systems, in which fluids are controlled and ana-
lyzed within microscale channels, have received intense
interest from both industrial and academic communities.[!
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are important in mixing, cell studies, and
separation columns.® Furthermore, spe-
cific topographical morphology leads to
specific functionality.”! Various micro/
nanostructures  (e.g., microcolumns,
microneedles, nanowires) have been pre-
pared to separate biological components
including rare circulating tumor cells,
DNA, and viruses.”®8] However, the tra-
ditional micro/nanostructures situated in
microchannels are mainly fabricated by
expensive, sophisticated processes such
as microelectromechanical system tech-
niques, laser machining, micromechan-
ical machining and ink jet printing. The obtained structures
also suffer from some limitations in elaborate regulation, espe-
cially on scales less than 100 nm.

As a result, chemical fabrication has emerged as a simple
convenient method to form structures in microchannels. We
have previously demonstrated wet chemical methods to fab-
ricate NPs and nanorods on the inner walls of microchan-
nels.’) However, these methods cannot achieve sufficient
contact surface area, and structural stability is limited. Hence,
the integration of 3D networks into microfluidic systems is
becoming increasingly important to enhance their effective
contact surface area and structural stability. Several strategies
have been used to generate 3D network structures.P*1% Lee
and co-workers suspended 3D single-walled nanotube struc-
tures in microchannels by thermal chemical vapor deposition
combined with photolithography to develop a new type of
microfluidic platform. Jamal et al. reported the self-assembly
of 3D photopatterned polymers embedded in microfluidic
channels.l'%l Tt should be noted that the tethering of 3D net-
works described above is exclusively accomplished via an open-
surface approach; that is, micro/nanostructure fabrication
must be achieved prior to its integration. Such off-site modifi-
cation is rather tedious, and most importantly, the integration
process will damage micro/nanostructures fabricated in the
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microchannels. The in situ fabrication of a stable 3D structure
in a closed-surface channel system has not been reported. This
suggests direct fabrication of 3D networks with large surface
area and good structural stability in confined microchannels
via facile methods is difficult. However, construction of stable
3D networks directly on the inner wall of microchannels is of
great importance for various microfluidic applications, so it
should be attempted.

The micro/nanostructures in microchannels need to possess
functional surfaces for biomolecule (blood cell, bacteria, virus
and protein) enrichment and detection.'] Such functionaliza-
tion is mainly achieved by grafting specific biomolecules on
the surface of substrates via electrostatic bonding. However,
the functional surface formed by this method has relatively low
structural and chemical stability, especially toward fluid erosion
in microfluidic applications. Generating core/shell structures
with structural and chemical stability in situ on the inner walls
of microchannels by wet chemical methods is a new strategy
to fabricate functionalized microfluidic devices.'?l In addition,
surface-coating of a 3D stable network by in situ chemical
conversion can not only enhance stability because chemical
bonding is used rather than electrostatic, but also provide sup-
port for further modification with other functional groups, and
thus offer potential for many more functionalities to be intro-
duced. Therefore, in situ chemical conversion to form a func-
tionalized shell via chemical bonding onto a substrate surface
followed by formation of surface specific-group electrostatic
interactions will be a novel approach to realize surface func-
tionalization in confined microchannels, which is important for
microfluidic applications.

The integration of active SERS substrates into microfluidic
device has been developed rapidly for its tremendous poten-
tials in chemical and biological sensing applications due to
its high sensitivity, rapid response, and low dosage.'3] For
instance, Lee et al. reported a flexible integration fabrication
of SERS-based immunoassay using a gold array-embedded
gradient microfluidic chip.') Choo et al. used silver colloids
as reproducible SERS substrates for detection of DNA in an
alligator teeth-shaped microfluidic channel.l®) The above
substrates were found to provide highly sensitive detection.
Despite the fact that SERS substrates are successfully adopted
by microfluidic systems, there are still a lot of problems in
compatibility, reproductivity and accuracy in real microflu-
idic analysis. The most important reason is that optical scat-
tering and light collection occur in a three dimensional focal
volume.l'l To maximize the quantity of the scattered light
generated and detected, SERS substrates should contain hot
spots in a large three dimensional volume. Therefore, it is
desirable to integrate 3D composites SERS substrates with the
microchannels to form plentiful hot spots for highly sensitive
detection activity.

Herein, 3D nest-like networks with large surface area and
excellent structural stability were fabricated directly in confined
microchannels using a facile, template-free, continuous fluid
construction process. Furthermore, a functional surface coating
was produced by in situ chemical conversion on the original
networks to enhance its specific interactions with biomolecules.
BSA was chosen as a model albumin and used to test the pro-
tein adsorption and SERS detection ability of these networks.

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. A) Schematic of the experimental system; B) Typical FE-SEM
image of tilted view of networks (the inset is the corresponding highly
magnified image); C) Typical FE-SEM image of cross-sectional view of
networks grown on the inner wall; D) TEM image; and E) HRTEM image
of pristine networks on the inner wall of a microchannel.

The integration of Ag NPs decorated nest-like networks into
the microfluidic channels acted as 3D SERS substrates, which
exhibited excellent sensitivity for rapid microfluidic detection of
trace biomolecules owing to three kinds of hot spots in a large
3D volume.

2. Results and Discussion
2.1. Structure and Morphology

2.1.1. Zn(OH)F Nest-Like Networks

The nest-like networks were obtained by continuous fluid con-
struction with two kinds of reaction fluid flowing through the
microchannels, just as Figure 1A shows. As the reaction time
and the amount of continuous flow reaction fluid increase,
the Zn(OH)F nanorod interlaced with one another and con-
tinuous growth of the cross-linked nanowire structure leads
to the final nest-like network, detailed formation mechanism
of the network was discussed in the Supporting Information
(Figures S1, 2). Field emission scanning electronic microscope
(FE-SEM) images of pristine Zn(OH)F nest-like networks on
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the inner walls of microchannels were shown
in Figure 1B,C. The 3D nest-like networks
contained numerous micro- and nanosized
pores. The structural units linked with each
other to form a stable network with large
specific surface area. From Figure 1C (the
cross section of the networks), we can see
that there existed good connection of the
network with microchannels. The energy-
dispersive X-ray (EDX) spectrum (Figure S3A,
Supporting Information) of the networks
showed the presence of Zn, O, and F, sug-
gesting the network consisted of Zn(OH)
F. Transmission electron microscope (TEM)
and high-resolution transmission electron
microscope (HRTEM) measurements were
performed to further investigate the net-
work structures. A TEM image of pristine
Zn(OH)F nestlike networks (Figure 1D)
revealed that the network structure was com-
posed of nanorods about 200 nm in diameter
with a smooth surface. From Figure 1E, the
HRTEM image (the magnified image of the
boxed area in Figure 1D) gave further insight
into the structural features of the nanorods.
The lattice spacing of 0.22 nm between
adjacent lattice planes in Figure 1E corre-
sponded to the distance between two (4 1 0)
crystal planes of Zn(OH)F, which indicated
the successful fabrication of Zn(OH)F. The
fluid flow performance through the 3D net-
work-modified microchannels was achieved
using Ansys-Fluent software based on the
structural model, as shown in Figure S4 (Sup-
porting Information). The finite element
analysis (FEA) results theoretically prove the
structural stability of the 3D nestlike net-
works in microchannels; these findings are
further corroborated by the following experimental results.

2.1.2. Zn(OH)F@2ZnS and Ag-Zn(OH)F@ ZnS Nest-Like Networks

A functional zinc sulfide (ZnS) surface coating was formed
via in situ chemical conversion on the original networks to
enhance its specific interactions with biomolecules. FE-SEM
images of Zn(OH)F@ZnS after 100 min of exposure to thio-
acetamide (TAA) revealed modified nanorods consisting of the
nest-like networks with wrinkled surfaces (Figure 2A). An EDX
spectrum of these composite networks showed the presence of
both Zn and S, suggesting the formation of ZnS (Figure S3B,
Supporting Information). TEM and HRTEM measurements
were performed to further investigate these structures. In a TEM
image of Zn(OH)F@ZnS-2 h, all nanorods showed dark inner
centers and relatively lighter edges, indicating a core/shell struc-
ture (Figure 2B). From the HRTEM image in Figure 2C (a mag-
nified image of Figure 2B), the calculated interplanar spacing
of ~0.31 nm corresponded to the lattice spacing for the (0 0 2)
face of wurtzite ZnS. Together, the TEM and EDX results were
consistent with the successful formation of Zn(OH)F@ZnS

Adv. Funct. Mater. 2014, 24, 1017-1026

Figure 2. A) Typical FE-SEM image (inset shows a magnified image),
C) HRTEM image of Zn(OH)F@ZnS nest-like networks on the inner wall of a microchannel.

D) Typical FE-SEM image (inset shows a magnified image),
image of Ag-Zn(OH)F@ZnS nest-like networks on the inner wall of a microchannel.
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B) TEM image, and

E) TEM image, and F) HRTEM

core/shell nanorods. X-ray photoelectron spectroscopy (XPS)
analysis also confirmed the successful synthesis of Zn(OH)F@
ZnS core/shell nanorods (Figure S5, Supporting Information).
To enhance enrichment efficiency and specific SERS detec-
tion performance of the networks, Ag-Zn(OH)F@ZnS nest-like
networks were prepared. FE-SEM images of Ag-Zn(OH)F@
ZnS nest-like networks on the inner walls of microchannels
(Figure 2D) showed that their morphology was similar to that
of Zn(OH)F@ZnS nest-like networks. An EDX spectrum of the
Ag-modified networks indicated that the composite nanorods
consisted of Zn, Ag, and S, suggesting the presence of ZnS and
Ag (Figure S3C, Supporting Information). A TEM image of the
Ag-Zn(OH)F@ZnS nest-like networks showed the nanorods
were covered with dark dots that were ascribed to Ag NPs. An
HRTEM image obtained for the rectangular region in Figure 2F
showed the shell was polycrystalline. The calculated inter-
planar spacings of ~0.31 and ~0.23 nm corresponded to lattice
spacings for the (002) face of wurtzite ZnS and (111) face of
cubic Ag, respectively. The above results together suggested the
successful synthesis of Ag-Zn(OH)F@ZnS networks.
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Figure 3. Continuous construction of functional nest-like networks on the inner wall of microchannel.

2.1.3. Proposed Formation Mechanism

Based on the above results, a formation process for the net-
works was proposed. A schematic diagram of the process
for the continuous construction of multi-layered networks
was shown in Figure 3. When TAA solution flowed through
the microchannels, Zn(OH)F networks in the inner walls of
microchannels served as the zinc source and in situ reac-
tion template. TAA solution provided the S~ to react with
Zn?* from the Zn(OH)F networks. The lone pair electrons
in TAA molecules integrated with empty orbitals of Zn?* to
form ZnHS" coordination compounds, which enhanced the
activity of Zn?* in Zn(OH)F networks, facilitating nucleation
and growth of ZnS on the surface of the Zn(OH)F networks.
The ZnS layer formed while maintaining the original struc-
ture of the nest-like network. The following chemical reac-
tions were involved in fabrication of the Zn(OH)F@ZnS
networks:

Zn2* + CH3;CSNH; ¢ ZnHS* + CH3CSNH* )

2ZnHS* +8% > 2ZnS+H,S )

This growth mechanism was also confirmed by XPS analysis
of Zn(OH)F@ZnS (Figure S5, Supporting Information). In situ
chemical conversion is required to develop functional ZnS sur-
faces that integrate structure and function with structural and
chemical stability. As an effective Ag protecting agent, sodium

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

thioglycolate (ST) has —SH groups on its surface that react with
Ag adsorbed on the surface of the network structure to form Ag-S
bonds,”! resulting in Ag-decorated networks (Ag-Zn(OH)F@
ZnS). Again, the original nest-like network structure is retained.

2.2. Enrichment of BSA Molecules Through the Nest-Like
Network-Modified Microchannels

The ability to isolate and manipulate certain biomolecules, such
as DNA or protein, from biological matrices opens up a host of
potential opportunities for researchers interested in clinical and
diagnostic medical science. The separation, determination, and
quantification of proteins are basic requisites in clinical medi-
cine, biochemistry, and laboratory tests.'¥l BSA was chosen as
a model albumin to test the adsorption of the network modi-
fied microchannel to the target albumin.The different networks
described above were used to capture BSA from 500 g mL™!
BSA solution (Cy) while monitoring the BSA concentration at
the microchannel exit (C) (Figure 4A). Most BSA molecules
were adsorbed and retained by the networks in the microchan-
nels, while solvent molecules were flushed away through the
channels. With increasing residence time (RT), the ratio of C to
Co gradually decreased, suggesting that the BSA concentration
at the microchannel exit decreased.

Comparing the results in Figure 4A, the Zn(OH)F@ZnS and
Ag-Zn(OH)F@ZnS networks showed superior BSA capture
abilities compared to those of the Zn(OH)F and Ag-Zn(OH)

Adv. Funct. Mater. 2014, 24, 1017-1026
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Figure 4. A) Adsorption capture of 500 g mL™" BSA solution with various
nest-like network-modified capillary microchannels with different RTs;
B) adsorption capture of different BSA concentrations with Zn(OH)F@
ZnS network-modified capillary microchannels versus RT.

F networks. The Ag-Zn(OH)F@ZnS networks showed the
highest absorption performance with a RT of 10 s, where C/
C, approached 0. Zn(OH)F@ZnS and Ag-Zn(OH)F@ZnS net-
works demonstrated that superior BSA trapping ability could be
achieved by enhanced interactions between networks and BSA
molecules caused by the in situ ZnS shells. For the Ag-Zn(OH)
F@ZnS networks, the interactions between Ag and BSA also
contributed to its high BSA adsorption ability in addition to the
above mentioned factors. The above results suggested that the
in situ chemical conversion ZnS shells were of great impor-
tance in protein enrichment. To further evaluate the ability of
the Zn(OH)F@ZnS-modified microchannels to capture BSA,
different BSA concentrations were injected through the micro-
channels. The results showed that the two lowest concentrations
of BSA, 200 and 50 ug mL™!, were rapidly fully adsorbed with a
RT of 6-8 s (Figure 4B). This indicates that the network-mod-
ified microchannels show excellent enrichment efficiency for
low BSA concentrations similar to those of real biological fluids.

The most important factor in the protein enrichment process
for the fabricated structures was the effective contact area with

Adv. Funct. Mater. 2014, 24, 1017-1026
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the fluid in confined channels. The micropores in the 3D net-
work reduced fluid resistance, while the nanopores led to nano-
fluid formation, which greatly enhanced effective fluid contact
area of the network. With their large fluid contact area in mind,
we investigated the enrichment capacity of the network modi-
fied microchannel toward BSA solution. Equivalent length of
Zn(OH)F@ZnS networks, ZnO@ZnS nanorod arrays and ZnS
nanoparticles modified microchannel were used to enrich BSA
molecules; a series of samples using varying amounts of BSAs
were prepared. After the samples were loaded, the flow-through
fractions were analyzed using UV-vis spectroscopy. When the
total amount of BSA was lower than the capacity of the mate-
rials, the BSA could not be detected. Once the BSA's signal was
detected by UV-vis; meaning that the material could not cap-
ture all of the BSAs at the concentration in question; the enrich-
ment capacity of the material could be estimated. As illustrated
in Figure 5A, the enrichment capacities of ZnS nanoparticles
and ZnO@ZnS nanorod arrays modified microchannels
were 1800 g m~ and 5850 g m~>. Here, ‘g m™> represents the
adsorption amount in the microchannels with the volume of
1 m3. The Zn(OH)F@ZnS networks modified microchannels
showed enrichment capacities as high as 56 700 g m~, nearly
10 times higher than that of ZnO@ZnS nanorod arrays. As
detailed above, the Zn(OH)F@ZnS networks modified micro-
channels featured a large fluid contact area, which ensured the
adsorption of the molecules into the networks. And the fast dif-
fusion speed of the fluid in microchannels increase the enrich-
ment speed attributed to the pores in the networks. Also by
virtue of the large fluid contact area and fast fluid diffusion, the
enrichment could be completed in less than 15 s, nearly 4 times
faster that of ZnO@ZnS nanorod arrays, just as illustrated
in Figure 5B. From Figure 6, these Zn(OH)F@ZnS network-
modified microchannels displayed high performance durability
to trap BSA multiple times, which further proved the chemical
and structural stability of the in situ chemical conversion shells.

2.3. SERS Detection of Trace BSA Molecules

To date, protein identification has been performed by various
techniques, such as two-dimensional polyacrylamide gel elec-
trophoresis (PAGE), N-terminal sequencing on individual
PAGE spots, immunoblotting, and western Dblotting, all of
which require complex operations and are not suitable for
determination of trace amounts of proteins.l'”l The SERS effect
opens up exciting opportunities for the application of vibra-
tional spectroscopy in biology, and makes SERS a promising
method in bioanalytics.?” There are numerous reports that Ag
NPs have specific interactions with BSA.2! Thus, to increase
the ability of the modified microchannels to trap and detect low
concentrations of BSA, Ag-Zn(OH)F@ZnS network-modified
microchannels were used to concentrate BSA and then SERS
was employed to detect BSA.

SERS measurements obtained after BSA solution (20 uL,
1 pM) was injected into the Ag-Zn(OH)F@ZnS network and
rough Ag substrates modified microchannels exhibited vibra-
tional bands indicative of secondary structure as well as the
functional groups of BSA (Figure 7A). For the Ag-Zn(OH)F@
ZnS network modified microchannel, peaks at 625 and 940 cm™
were attributed to C-C, 1002 cm™! to phenylalanine, 1193 cm™!
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Figure 5. A) Enrichment capacity; B) Adsorption capture of 500 ug mL™' BSA solution with different RTs; using Zn(OH)F@ZnS networks, ZnO@ZnS

nanorod arrays and ZnS nanoparticles modified capillary microchannels.

to tyrosine, and 1280 cm™ to the amide III region.?”! The band
localized at 1559 cm™ was assigned the amide II region, and
that at 1600 cm™ to tryptophan/tyrosine/phenylalanine.?%
The band at 1647 cm™! mainly originated from amide 1, and
was characteristic of the high o-helical content of BSA.?3 In
comparison, only two weak peaks at 1002 and 1647 cm™ could

0.4
e | —s— ZN(OH)F@Zn$S
0.3}
S 02} .
O —
0.1}
00 | L 1 \ 1 L 1 L 1
0 2 4 6 8

Number of cycles

Figure 6. Recycling performance of Zn(OH)F@ZnS network-modified
capillary microchannels used to continuously adsorb BSA with RT=10s.
(Co=500 ug mL™", the concentration of BSA solution after adsorption was
measured every 50 min.) (The inset is the FE-SEM image of the Zn(OH)
F@ZnS networks after being continuously used for 400 min.)
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be found in the rough Ag substrates modified microchannel.
High intensity bands in the region of 1400-1500 cm™ were
mainly attributed to signals from the silica glass capillary
microchannel, although they might also have included some
BSA vibrational bands. The SERS detection results suggested
the high sensitivity of the 3D nest-like network modified chan-
nels. The high SERS sensitivity of the Ag-Zn(OH)F@ZnS net-
works was mainly related to its unique 3D network geometry,
as depicted schematically in Figure 7B. Firstly, small Ag NPs
were assembled on the surface of the 3D networks via contin-
uous fluid construction to achieve a high density of hot spots
in the 3D geometry. The resulting new hybrid 3D substrate
showed such high SERS activity that BSA with a concentration
as low as 1 pM could still be identified. This is attributed to
three gaps of different sizes between the Ag NPs, indicated as
1st, 2nd, and 3rd, form 3D hot spots. 1st were the gaps between
the Ag NPs located on the surface of the same nanorod; 2nd
were the gaps between the two Ag NPs located on the sides of
two neighboring nanorods; and 3rd were the gaps between Ag
NPs distributed around the same nanopore in the 3D networks.
In summary, three sizes of gaps between Ag nanoparticles in
the 3D geometry create a large number of SERS hot spots that
contribute to its high sensitivity.

2.4. Device Fabrication

The large surface-to-volume ratio of the modified networks
implied that more proteins would bind to the networks than

Adv. Funct. Mater. 2014, 24, 1017-1026
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Figure 7. A) SERS after BSA solution (20 UL, 1 pm) was injected into
the Ag-Zn(OH)F@ZnS network and rough Ag substrates modified micro-
channel B) Schematic diagrams of the 3D SERS mechanism.

to an unmodified microchannel. Although albumin bound
to networks has been successfully isolated by centrifuga-
tion, gel filtration, magnetic separation, and membrane-based
static microfiltration, there are obvious nuances and specific
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limitations with each method.?* In centrifugation, the out-
come can be affected by washing duration, solution volume,
and protein content and aggregation, and care must be taken to
ensure that no false results are obtained.””! Compared with the
above traditional methods to trap and detect albumin, a device
based on 3D nest-like network-modified microchannels, such
as that depicted in Figure 8A, could not only allow continuous
high-throughput separation of proteins from large volumes of
complex biological matrices, but could also offer a new route
to detect proteins by direct examination of the protein-coated
material surface. Furthermore, during the enrichment process
in the 3D network-modified capillary microchannels, the inte-
gration of micro- and nanofluid volumes achieved high enrich-
ment efficiency because of the micro- and nanopores in the
network, respectively.

To show the practical applications of the 3D network-mod-
ified microchannels, Ag-Zn(OH)F@ZnS network-modified
capillary microchannels were sandwiched between two poly-
dimethylsiloxane (PDMS) slices, as shown in Figure 8B. The
enrichment performance using an original BSA concentration
of 50 pg mL™! was tested using normal and bent configura-
tions, as shown in Figure 8C. Under the same conditions, the
specific enrichment performance of the 3D network-modified
microdevice decreased by only 2% when bent compared with
that when flat. To further explore the structural stability of the
microdevice, its recycling enrichment performance was also
tested, as shown in Figure 8D. The bent microdevice was evalu-
ated by continuously using Ag-Zn(OH)F@ZnS network-mod-
ified capillary microchannels to adsorb 50 pg mL™ BSA solu-
tion for 20 s and measuring the exit BSA concentration every
50 min. C/C, increased slightly with the duration of fluid flow.
After 400 min, the BSA adsorption performance of the bent
microdevice was similar to that of the flat microdevice, which
indicated that the fabricated 3D network exhibits high stability
in its standard liquid contact medium. These results revealed

After adsorption
o0

Microfluid

Nanofluid

20

30
Residence time / S

40 50 60

Number of cycles

Figure 8. A) Prototype device containing multiple Ag-Zn(OH)F@ZnS network-modified capillary microchannels for continuous protein enrichment.
Photographic images of B) the fabricated microdevice, C) comparison of BSA enrichment performance from a concentration of 50 pug mL™ for
the flexible microdevice tested as normal and bent, and D) comparison of recycling performance for continuous BSA enrichment for bent and flat

microdevices.
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the potential of the fabricated flexible microdevice in practical
applications. The transparent flexible microdevice also showed
great potential for online SERS detection of trace biomolecules.

3. Conclusions

A microfluidic platform based on 3D stable nest-like networks
in confined microchannels was fabricated via a facile, template-
free, continuous fluid construction method. The 3D networks
consisted of micro/nanoporous structures with large surface
areas and could be modified easily. The networks exhibited
excellent structural stability performance, which was supported
by FEA simulation and recycle adsorption experiments. Mul-
tifunctional networks were fabricated by in situ chemical con-
version with TAA, and Ag NPs using the original network as
a template. The results indicated that our wet-chemical fluid-
construction method provides a low-cost, facile and feasible
approach to integrate stable 3D networks into confined micro-
fluidic channels for the first time, and could be adapted to gen-
erate other multifunctional structures.

The novel 3D structure integrated with microfluidic tech-
nology readily captured biomolecules because of its large effec-
tive reaction surface area, achieving rapid, high-throughput and
continuous adsorption compared with the traditional methods.
In addition, the integration of Ag decorated 3D stable networks
into the microdevice exhibited excellent trace (1 pm) biomole-
cule SERS detection ability, owing to their unique 3D network
structure and three kinds of hot spots in a large 3D volume. The
flexible integrated device not only realized continuous recycling
high-throughput separation of proteins from large volumes of
complex biological matrices, but also exhibited great potentials
in online SERS detection. As demonstrated for the capture and
detection of biomolecules, this type of functional stable 3D net-
work provided a new design for microfluidic systems suitable
for a variety of biomedical, environment and energy-harvesting
applications.

4. Experimental Section

Reagents and Materials: BSA was purchased from Sigma-Aldrich (St.
Louis, MO, USA). All other chemicals and reagents were purchased
in the highest grade commercially available and used without further
purification. Aqueous solutions were prepared with ultrapure water
(UPW, 18.2 MQ cm) obtained from a Milli-Q water purification system
(Millipore Corp., Bedford, MA, USA) unless stated otherwise. Silica glass
capillaries (GL Sciences, Inc., Japan) with an internal diameter (i.d.) of
530 um and a polyimide outer coating were used as microchannels. The
inner surfaces of the capillary microchannels were successively rinsed
with concentrated sulfuric acid/peroxide/UPW (v/v/v, 4:1:20; 130 °C),
UPW, ammonia/peroxide/UPW (v/v/v, 1:4:20; 70 °C), and UPW and
then dried in an oven.

Fabrication of Zn(OH)F Nest-Like Networks in Confined Microchannels:
Zn(OH)F nest-like networks were prepared in confined microchannels
through a simple two-step process. First, ZnO nanoseeds were fabricated
on the inner walls of the microchannels. Solutions of zinc acetate
(0.01 wm) in ethanol and NaOH (0.04 wm) in ethanol were drawn into two
syringes (10 mL) that were attached to a dual-syringe infusion pump
(Model 22, Harvard Apparatus, USA) and connected by two pinheads
to a prefabricated Y’ pattern formed using Teflon tubes. The ‘Y’ pattern
Teflon tubes were attached to the capillary microchannel with epoxy resin
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in advance. The silica glass microchannels were then filled with solution
as the pump drove the solutions through the ‘Y’ pattern Teflon tubes
at a set rate of 100 uL min™'. When the capillary microchannel was full,
the pump was stopped and the capillary microchannel was placed in a
conventional oven at 60 °C for 4 h. The capillary microchannel was then
annealed at 150 °C to ensure uniform adhesion of ZnO nanocrystals
to the inner walls of the microchannels. Second, Zn(OH)F nest-like
networks were prepared at 90 °C by replacing the two previous solutions
with aqueous solutions of zinc nitrate (0.05 m) and ammonium fluoride
(0.05 wm) in the capillary microchannel over 1.5 h at a pump rate of
25 mL min~'. The reaction schematic diagram of the experimental setup
was shown in Figure 1A. After the reaction was complete, the capillary
microchannel was cleaned with distilled water and dried.

Preparation of ZnS-Coated Zn(OH)F (Zn(OH)F@ZnS) Nest-like
Networks in Confined Microchannels: Briefly, Zn(OH)F@ZnS nest-like
networks were prepared by exposing Zn(OH)F surfaces to a sulfur
compound, TAA, by pumping aqueous TAA solution (0.2 m) from two
syringes into a capillary microchannel containing prefabricated Zn(OH)
F nest-like networks at a rate of 25 uL min~' in a conventional oven at
90 °C for 3 h. The final products were washed with UPW and then dried
at 70 °C before the next reaction step.

Preparation of Ag-Decorated ST-Capped Zn(OH)F@ZnS (Ag-Zn(OH)
F@ZnS) Nest-Like Networks in Confined Microchannels: ST-capped
Zn(OH)F@ZnS nest-like networks on the inner walls of microchannels
were produced by pumping ST (0.2 m) from two syringes into a capillary
microchannel containing Zn(OH)F@ZnS networks at a rate of 25 ulL
min~' for 2 h, followed by washing and drying. Colloidal Ag was prepared
by reducing AgNO; with NaBH, according to the procedure described
by Viekové et al.l?® Briefly, AgNO; solution (15 mL, 0.0025 v) was added
at a rate of 1.8 mL min™' at 4 °C to an aqueous solution of NaBH,
(0.0075 g, 150 mL). The Ag colloid was then pumped from two syringes
into a capillary microchannel containing ST-capped Zn(OH)F@ZnS
networks at a rate of 10 uL min™' for 1 h. The capillary microchannel was
then dried at 60 °C.

Characterization of Nest-Like Networks in Confined Microchannels: Field
emission scanning electronic microscope (FE-SEM) images were taken
on an S-4800 FE-SEM (Hitachi, Ltd., Japan) to characterize networks
morphology. FE-SEM samples were prepared by cutting subject
capillaries into pieces. Transmission electron microscope (TEM) and
high-resolution transmission electron microscope (HRTEM) images
were obtained with a JEM-2100F TEM (JEOL, Ltd., Japan, 200 kV).
Energy-dispersive X-ray (EDX) analyses were also performed during TEM
examinations. Samples for TEM and HRTEM analyses were prepared by
scraping and collecting networks from the inner walls of microchannels
on which networks had been grown. X-ray photoelectron spectroscopy
(XPS) was performed using a PHI 5000 versaprobe scanning ESCA
microprobe (Ulvac-PHI, Ltd., Japan).

Capture and Detection of Biomolecules (BSA) Through the Nest-like
Network-Modified Flexible Microfluidic Device: All networks were modified
with ST for BSA enrichment and detection, which were produced by
pumping 0.2 m ST from two syringes into a capillary microchannel
containing various networks at a rate of 25 puL min~' for 2 h, followed by
washing and drying. Appropriate amounts of BSA were dissolved in 0.5%
NaCl aqueous solution to give desired concentrations (50, 200, 500, and
1000 ug mL™") and then directed through various networks modified
microchannels with various residence times (RT). The adjustment of
residence time was realized by changing the pumping speed of the BSA
solution. Determination of BSA concentration at the exit was performed
by the bicinchoninic acid (BCA) method using an Enhanced BCA Protein
Assay Kit (Beyotime, Jiangsu, China). The enrichment capacity was
monitored by measuring the absorption with a Lambda 35 ultraviolet—
visible (UV-vis) absorption spectrophotometer (PerkinElmer, USA).
The durability of a single modified microchannel was also investigated
by continuously using it at the optimum RT for efficient BSA trapping.
The ability of the modified microchannels to detect BSA was tested
by introducing 1 pm BSA into microchannels with Ag-Zn(OH)F@
ZnS networks and assessed by SERS. A Jobin Yvon micro-Raman
spectroscope (Super LabRam, Horiba, Ltd., Edison, NJ, USA) equipped
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with an integral Olympus BX40 microscope with 50x or 10x objective
(8 mm), holographic grating (1800 g mm™), notch filter to remove
Rayleigh line, semiconductor-cooler, and 1024 x 256 pixel charge-coupled
device detector was introduced to obtain Raman spectra. A 632.8 nm
He-Ne laser powered at 5 mW was introduced as an excitation source.
Each spectrum was the accumulation of five measurement cycles, and
the acquisition time in each case was typically 10's.
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