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Abstract

Viral diseases are perpetual threats to human and animal health. Detection and characterization of
viral pathogens require accurate, sensitive and rapid diagnostic assays. For field and clinical
samples, the sample preparation procedures limit the ultimate performance and utility of the
overall virus diagnostic protocols. Here, we presented the development of a microfluidic device
embedded with porous silicon nanowire (pSiNW) forest for label-free size-based point-of-care
virus capture in a continuous curved flow design. The pSiNW forests with specific inter-wire
spacing were synthesized in situ on both bottom and sidewalls of the microchannels in a batch
process. With the enhancement effect of Dean flow, we demonstrated ~50% H5N2 avian influenza
viruses were physically trapped without device clogging. A unique feature of the device is that
captured viruses can be released by inducing self-degradation of the pSiNWs in physiological
aqueous environment. About 60% of captured viruses can be released within 24 hours for virus
culture, subsequent molecular diagnosis and other virus characterization and analyses. This device
performs viable, unbiased and label-free virus isolation and release. It has great potentials for virus
discovery, virus isolation and culture, functional studies of virus pathogenicity, transmission, drug
screening, and vaccine development.
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1. Introduction

Viruses are infectious agents at sub-micrometer scale, which can infect all types of life
forms, including animals, plants and bacteria. The spread of highly pathogenic viral
infections caused some of the deadliest pandemics in recorded human history and had
significant negative impact on global economy.[X~71 Moreover, high mutation rate and rapid
adaptation of viruses, human demographics and behavior, environmental changes,
technology and economic development, international travels, and global trades facilitate the
rapid spread of viral infectious diseases global.[8 °] There is an urgent need for the
development of new techniques that can rapidly detect viruses and perform surveillance of
viral infectious diseases at any location. A number of methods have been developed for virus
detection. The viral antigens, nucleic acids and serological antibodies are the core repertoire
of techniques used for laboratory diagnosis of viral infection.[10-13] However, in clinical and
field applications, the low virus titer and the high level of contaminants from host and
environment often severely limit the performance of these detection methods. Thus the
enrichment and concentration of viruses from practical samples, or more generally referred
as virus sample preparation, become critical in the overall virus diagnosis protocols.

Virus enrichment methods fall into two categories of biological methods and physical
methods.[11. 14. 15] Bjological methods exploit bioaffinities using antibodies to identify virus
surface antigens to isolate viruses, in which the viral antigens need to express on the surface
and the antibodies have to be available. On the other hand, physical methods, including
differential ultracentrifugation, dielectrophoresis, and filtration, mainly utilize differences in
density, electrical affinity, and size between viruses and impurities.[16-20] Physical methods
are label-free and can be operated easily and offer excellent flexibility in subsequent
molecular analyses and virus culture without affecting virus’s capability in pathogenesis and
transmission.[21] Among the available methods, size-based filtration is frequently
used.[22-24] As most of viruses have unique spectra of size distribution, ranging from 20 nm
to 400 nm (Fig. 1A),[17: 18, 25-28] sjze_hased isolation can differentiate viruses from
impurities, such as proteins and protein complexes of 10 nm and below in size, bacteria and
mammalian cells of 1 pm and above in size. So it can be used for unknown or unidentified
viruses. Nanostructures and nanomaterials like nanowires, graphene are frequently used to
control cell capture and release.[29-38] The unique characteristics of nanomaterials, such as
large surface-to-volume ratio, lightweight, high tensile strength, biocompatibility, and
tunable pore size at nanoscale, are particularly appealing for virus isolation and

analysis.[25 28] In our recent study, we successfully demonstrated that the vertically aligned
carbon nanotube (CNT) forests with tunable inter-tubular distance could be integrated into a
microfluidic virus isolation device in a dead-end filtration configuration for virus capture.[24]
Isolated viruses are available for subsequent molecular analyses, virus culture or other virus
characterization and studies. Although the device was successful in isolating emerging
viruses from field samples for virus identification, there are still opportunities for new

Small. Author manuscript; available in PMC 2018 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Xia et al.

Page 3

developments, including the small batch fabrication, custom-made nanomaterial synthesis
system, and limited sample capacity. Most of these size-based filtration systems, including
CNT microdevice mentioned above, are configured as dead-end filtration. Unlike cross-flow
filtration, impurities especially large particles can quickly block pores,39 leading to low
sample capacity and slow processing speed. Moreover, as captured viruses are buried firmly
inside the stable nanomaterial of the filters, it is difficult to recovery the viruses alive and
intactly from the devices for further analyses.

In this report, we describe a new continuous flow microfluidic point-of-care (POC) device
integrated with pSiNWs forest by in situ synthesis for high efficient virus isolation and
release. As a nanoscale material with unique propertiesl40-43] and a variety of morphologies
and tunable fabrication methods,[44-47] silicon nanowires have been studied extensively for
their applications in electronics,[48 49 photonics,[4%-51 energy generation and
storage,[52-54] and biomedicine.[5>-57] In virology, silicon nanowires have been used in field
effect transistors for label-free viral detection.[25 58. 591 However, to the best of our
knowledge, they have never been explored for viral isolation. The device adopts a
continuously flow design similar to cross-flow filtration configuration to achieve large
sample capacity and high processing speed. With judiciously optimized the curvature and
dimensions of channels, our results show that approximately 50% of influenza viruses can
be isolated in 30 minutes with clinical relevant sample volume from microliters to milliliters.
Moreover, our pSiNWs forest is biodegradable in physiological conditions attributed to the
extensive porous surfaces,[60: 611 enabling the release and harvest of trapped viruses in 24
hours for further virus culture and molecular analysis. Together, combined with the
portability, high isolation efficiency, large sample capacity, and unique viral release
mechanism, this POC devices can provide much faster access to results at or near the sites of
the patient care, discover unknown or emerging virus, and monitor outbreaks of viral
infectious diseases.

2. Results and Discussion

2.1. Design of the porous silicon nanowires forest-embedded microfluidic device

Overall the microfluidic device adopts a continuous flow design and the virus capture is
configured similar to cross-flow filtration. The pSiNWs forests used to capture virus were on
bottom and sidewalls, perpendicular to the flow direction. Meanwhile, the channel curvature
introduces circular flow pattern within the transverse plane of the channel,[62-64] which
spontaneously brings viruses and other sub-micrometer particles to the pSiNWs forest on the
bottom and sidewalls (Fig. 1B). The pSiNWs forest with well-controlled inter-wire space
was prepared by metal-assisted wet etching within the curved channels (Fig. S1-S2). Viruses
within a certain size range can enter the gaps between pSiNWSs and physically trapped inside
the forest. Meanwhile, larger impurities can be directly excluded, while smaller ones may
escape from the pSiNWs forest during continuous fluidic flow of sample loading and the
subsequent washing step. Moreover, this design allows uncaptured particles removed from
the outlet quickly, minimizing pore blockage by impurities.
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2.2. Tuning the inter-wire spacing of the pSiNWs forest for size-based capture of sub-
micrometer particle

For label-free size-based isolation of nanoparticles in the pSiINWSs continuous flow
microfluidic device, the inter-wire spacing between pSiNWSs needs to be slightly larger than
the nanoparticles to allow them trapped inside the pSiNWs forest. Therefore, the ideal inter-
wire spacing was determined first. In metal-assist etching, silver nanoparticles (SNPs) serve
as the catalyst and only silicon beneath the SNPs are effectively etched (Fig. 2A), thus the
size of SNPs after deposition directly determines the inter-wire spacing (Fig. 2B-D) and the
diffusion of small SNPs determines the size of the mesopores on a single nanowire (Fig. 2E).
By adjusting the SNP deposition time from 45 s to 90 s, We found that the average size of
the SNPs clusters increases from approximately 75 nm x 100 nm to 140 nm x 190 nm (Fig.
2B and 2F). Accordingly, after wet etching the average size of inter-wire spacing increased
from about 180 nm x 230 nm to 250 nm x 330 nm (Fig. 2C and 2F). As the size range of
influenza viruses used in this study is approximately from 80 to 120 nm,[65] we need to
generate the inter-wire spacing slightly larger than 120 nm, which would require 45-60 s for
deposition of SNPs (Fig. 2F). To determine the ideal deposition time, 50 locations were
randomly selected to measure the inter-wire spacing for pSiNW synthesis after 45 and 60
seconds SNP deposition (Fig. 2G and 2H). It clearly shows that over 30% of the inter-wire
spacing is smaller than 120 nm if the deposition time is reduced to 45 s. In contrast, with 60
s deposition, almost all of inter-wire spacing is larger than the threshold value of 120 nm
(Fig. 2H), and the average inter-wire spacing is about 227 nm x 291 nm (Fig. 2G). Such
inter-wire spacing distribution would allow viruses and other sub-micrometer particles
around 100 nm in size to enter into pSiINWs forest and trap them within the forest. On the
other hand, as less than 10% of pores (short side) are larger than 300 nm, particles in
micrometer size range, such as bacteria, eukaryote cells and large cell organelles (e.g. nuclei,
mitochondria, chloroplasts), are unable to penetrate the relatively narrow gap and enter into
pSiNWs forest; while smaller nanoparticles and macrobiomolecules, e.g. serum proteins,
protein complexes and ribosomes, are much smaller and can enter and escape from the
pSiNWs forest under continuous flow. Thus, deposition time of 60 seconds was used to
prepare pSiNWs forest to isolate influenza virus.

2.3. Optimization of the microchannel geometry and flow rate for efficient capture of sub-
micrometer particles

In our design of the curved channel geometry, the channel curvature amplifies the lateral
instability that drives the Dean flow, which is a secondary flow field in the transverse plane.
When the channel height is comparable to the channel width, the secondary flow field in the
transverse plan is characterized by the presence of two main counter-rotating vortices
located above and below the horizontal plane of symmetry of the channel.[®8] Inertial
focusing of spherical microparticles with diameters ranging between 5 and 20 pm has
demonstrated the promise of efficient separation of micrometer-sized particles at relatively
high Reynolds number for increased throughput.[62-64] To date, the Dean flow-based
technique has not been reported for nanoparticles. We tested the idea of employing the Dean
flow to improve particle capture and separation at the sub-micrometer scale.
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Our idea of employing Dean flow for sub-micrometer particle separation is different from
those of microparticle separation. In separation of particles in the micrometer scale,
microparticles obtain their balanced locations at the transverse plane and are thus separated.
For efficient virus capture by the pSiNWSs on the microchannel surface, the viruses (~100
nm in size) inside the flow need to be brought to the pSiNWSs surface. In our design, we
achieve this goal by designing microchannel curvature and adjusting flow rate to generate
vortices in the transverse plane of the flow. Moreover, in the flow, the Dean force pushing
virus particles toward the microchannel walls is expected to be larger than the wall lift force
in the opposite direction by several orders of magnitude (Fig. S3). Thus it can guide viruses
into the inter-wise spacing of the pSiNWs forest, and make them trapped inside.

Given the curvature of channels is fixed in photomask design, the vortices in the transverse
plane could be optimized by changing the channel height during device fabrication and flow
rate during device operation. To study the effect of channel height on the Dean flow in the
transverse plane, a finite element method (FEM) model was established to simulate the
fluidic field inside the channel. We found the intensity (Fig. S4-S6) and position of local
vortices (Fig. 3A-3C) changed in the three designs of different channel heights of 20 pm, 40
pum and 60 pm. Relatively more local vortices near the channel wall were observed in the
curved channels of 20 um height in comparison with those in the rest two groups, and thus
we conclude more viruses would be brought into the pSiNWs forest in channels with
relatively low channel height. Further, we experimentally investigated the height effect on
capture efficiency using fluorescent nanobeads. Green or blue fluorescent nanobeads of 75
nm and 400 nm in size mimic the influenza virus particles and larger impurities in body
fluid, respectively. In consistent with the design principle and simulation results, when the
flow rate was kept at constant 8 pl/min and the channel height decreased from 60 um to 20
um, the capture efficiency of 75 nm nanobeads increased from 6.4% to 14.1%, while that of
the 400 nm nanobeads was approximately 4% in all groups (Fig. 3D). Thus, the channels
with 20 um height were prepared for the following optimization.

In addition to channel height, flow rate can also affect the capture efficiency of viruses. In
general, high flow rate is preferred as it can shorten sample-processing time and increase
sample capacity. In addition, to generate strong local vortices in the transverse plane,
relatively high flow velocity is needed. However, our designed extremely high flow rate limit
the interaction time between the nanoparticles and the pSiNWs, resulting in lower capture
efficiency. To study the effect of flow rate on the capture efficiency, we tested flow rates
ranging from 2 pl/min to 16 pl/min using 75 nm and 400 nm nanobeads, respectively. As
shown in Figure 3H, the capture efficiency of 75 nm nanobeads reaches the maximal value
of 14.1% at 8 pl/min. In the regime of lower flow rate, capture efficiency of 75 nm
nanobeads is gradually improved by increasing flow rate. This can be explained by
strengthening the local vortices by increasing the flow rate, which effectively brings
nanobeads to the surface of the pSiNWSs forest. However, once the flow rate reaches or
beyond 12 ul/min the capture efficiency of 75 nm nanobeads decreases significantly. We
believe that at this high flow rate regime, nanobeads might not have sufficient time to
interact with the pSiNWs forest and are flushed out of the device. In the control group using
400 nm nanobeads, which are expected to be barely captured inside the pSiNWs forest based
on their size compared with the inter-wire spacing of the pSiNWs forest, the capture
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efficiency slightly fluctuates between 2% and 4.5% (Fig. 3H). Thus flow rate of 8 pl/min is
used as optimized flow rate of the pSiNW microdevice for capture of sub-micrometer
particles.

2.4. Study the size selectivity of the pSiINW microdevice

To study the capture selectivity, 40 ul suspension of mixed nanobeads of 75 nm and 400 nm
in diameter were introduced into the pSiNW device with 20 um channel height at flow rate
of 8 pl/min. As the inter-wire spacing of the pSiNWs was approximately 227 nm x 291 nm,
we expected 75 nm nanobeads (mimicking viruses) would be trapped, while 400 nm
nanobeads (mimicking large impurities) would be excluded. After thoroughly rinsing with
DI water, the green fluorescence derived from the 75 nm nanobeads inside the microfluidic
channel was more than 3 times stronger than that of the original beads suspension in pSiNW
device at the beginning of the experiment (Fig. 3E and Fig. S7A), and the capture efficiency
was ~14.1%, indicating that 75 nm nanobeads were efficiently captured and enriched inside
the pSiINWSs. On the contrary, the blue fluorescence from the 400 nm nanobeads was
extremely weak (~1/8 of the original beads suspension) and very close to the pSINW
microchannel background after capture and rinse (Fig. 3F and Fig. S7B). The capture
efficiency was ~4.5%, suggesting the pSiNW forests could barely capture the 400 nm
nanobeads. The SEM image further validated that many 75 nm nanobeads and very few 400
nm nanobeads were captured inside the pSiNW forests (Fig. 3G, nanobeads labeled by red
circles). These experimental results obtained in our study support that the pSiNW forest with
~250 nm inter-wires spacing in the curved microchannels of 20 um channel height can
effectively and specifically isolate and enrich 75 nm nanobeads, but reject nanobeads of 400
nm in diameter. So by choosing the right inter-wire space of pSiNWs, this device can
capture particles with smaller size and exclude larger impurities.

2.5. Improvement of capture efficiency by cyclic iteration

In the cyclic iteration mode of sample introduction, the same sample run for multiple times
inside the same device to increase the capture efficiency. This strategy has been used
previously to isolate rare molecules.[671 As shown in Fig. 3D, after a single run of the 75 nm
green fluorescent nanobeads in the curved channels of 20 um channel height, 14.1% capture
efficiency can be achieved. However, more careful observation found the fluorescence
distribution was random and non-uniform (Fig. 3D), and there were still many empty pores
and gaps beneath nanowires’ top surface (Fig. 3G), indicating there was still considerable
empty spacing inside the pSiNW forest for trapping 75 nm nanobeads. Hence, we
hypothesized that the capture efficiency of 75 nm nanobeads could be significantly improved
by re-introducing the sample into the same device as a cyclic iteration operation. In the
following experiment, we recollected the nanobeads suspension from the device outlet and
re-introduced them into the same devices for up to 5 times. The capture efficiency of 75 nm
nanobeads significantly increased from 14.1% to 37.6 % after the five iterations. In contrast,
the capture efficiency of 400 nm nanobeads was increased from 4.5% to 12.9 % (Fig. 3I).
After five iterations, the pSINW device still captures much more 75 nm nanobeads than 400
nm nanobeads. However, the ratio of the captured beads of 75 nm in diameter to those of
400 nm maintains roughly the same of ~3, suggesting the cyclic iteration runs do not change
the size selectivity of the pSINW device. Although cyclic iteration cannot increase the purity
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of captured nanobeads, it can further enrich the targets by ~2.7 times. It is important
especially when the concentration or quantity of the target in the original samples is low.

2.6. Degradation of the pSiNW forests inside the microdevice

Although sub-micrometer particles like viruses can be trapped and enriched in the device,
without releasing and collecting, they cannot be used for either further characterization (e.g.
virus isolation/culture, genomic sequencing) or functional studies (e.g. virus pathogenicity,
transmission, drug screening and vaccine development). Different from solid silicon
nanowires, pSiNWs have been demonstrated to be degradable in various aqueous solutions

including phosphate buffered saline (PBS) due to its mesopores at nanoscale (Equation
1):160]

Si+20H ™ +4H0 — Si(OH)5" +2Hy+40H (Equation 1)

However, they cannot be simply degraded in deionized (DI) water.[6%] The degradation of
pSiNWs will allow captured particles to escape from the pSiNW forest. We tested in situ
degradation of the pSiNWs by flowing 1x PBS continuously through the pSiNW integrated
microfluidic device for 24, 48 and 72 hours at RT, respectively. The appearance of pSiNW
forest at each time point was imaged by SEM in Figure 4A and 4B. The images reveal that
the degree of degradation is time-dependent, and the pSiNW forest can totally degrade
within 72 hours.

The feasibility of releasing captured 75 nm nanobeads was further tested. As captured
nanobeads will not be buried too deep in pSiINW forest, degradation time of 24 hours is
initially chosen to release them as longer degradation time might decrease the viability of
viruses. After continuous perfusion with 1x PBS for 24 hours under flow rate of 4-15 pl/hr,
the green fluorescence (from the 75 nm nanobeads) was only ~2% of that before degradation
within the location of the microchannels (Fig. 4C and Fig. S8A), indicating trapped 75 nm
nanobeads were released from forest. Extended perfusion would not significantly improve
the release efficiency since only ~2% of captured beads were left after 24-hour perfusion,
thus 24 hours are long enough for releasing captured particles. However, as expected, after
perfusion with DI water, the green fluorescence within the microchannel remains ~85%
compared with that before perfusion (Fig. 5C and Fig. S8A), indicating the pSiNW forest
did not degrade in DI water and only a small percentage of nanobeads could be released by
extensive perfusion only. Compared with the flow rate during the capture of sub-micrometer
particles, the flow rate during particle release was much lower for two purposes. First, it
limits the total volume after particle release, thus particle concentration could be maintained
at relatively high level to facilitate their detection. Second, the slow flow rate induces small
shear stress on the particles, about one order of magnitude lower than the shear stress in
arterioles and capillaries,[88] which is expected to maintain the integrity of the fragile
biological particles (e.g. viruses) and not affect their viability.
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2.7. Capture of influenza virus using pSiNW forest embedded microfluidic device

After optimizing operation parameters using nanobeads, the pSiNW forest embedded
microfluidic device was used to capture H5N2 avian influenza virus (AlV). For the
experimental group, 40 pl of HSN2 AlV suspension with hemagglutination (HA) titer of
1:512 was introduced into the device under various flow rates ranging from 2 pl/min to 16
ul/min with 3 cyclic iterations. The captured viruses were then detected by indirect /n situ
immunofluorescence assay using H5 specific monoclonal antibody (mADb) to react with the
H5N2 AIV first. We measured the fluorescence intensity after the /n situ
immunofluorescence assay and found that the fluorescence from the device processed with
the virus-containing sample was approximately 5.7 times higher than that in negative control
group that contained no viruses (Fig. 5A-5B, Fig. S8B). SEM images also demonstrated
H5N2 AlVs were captured inside the pSiNW forest (Fig. 5C and Fig. S9). Similar to the
measurement of capture efficiency of the 75 nm nanobeads, the highest capture efficiency of
H5N2 AIV was also achieved at 8 ul/min (Fig. 5D). Since most POC applications for virus
diagnosis use sample volume in the range of 1-100 pl,[11. 14. 69-73] the high flow rate for
optimal capture efficiency translates to a processing time of less 13 minutes for a 100 pl
sample in a single pass of a single device. If we scale-up the device size to standard 1 cm x 1
cm, we will be able to process a 100 ul sample in ~2.5 minutes for a single run. The time-
scale of pSiNW degradation in 1x PBS solution is in hours to days, while the whole capture
process takes only 30 min, therefore it is safe to assume the pSiNW forest structure will be
stable during the capture process.[61: 74]

To further quantitatively determine the capture efficiency of HSN2 AlV, we collected the
flow-through of each sample, measured the virus concentration inside the flow-through
using quantitative reverse transcription PCR (RT-gPCR) and compared it with the original
sample (Fig, 5E). Based on the Ct value of the flow-through of each group, we determined
virus capture efficiency using our device as 48+4% (Table 1).

2.8. Release of influenza virus captured in the pSiINW forest embedded microfluidic device

To lease the captured H5N2 AlV, the microchannel was continuously perfused with 1x PBS
for 24 hours after immunofluorescence staining. The green fluorescence intensity of the
pSiNW microchannel was only ~6% after virus release (Fig. S8B). While when perfused
with DI water, the green fluorescence intensity only decreased to ~65% after 24 hours (Fig.
6A and Fig. S8B). This result indicated that captured viruses were released by degradation
of pSiNWs forest with PBS and flowed out in the PBS flow. In contrast, simply perfusing
using DI water, which has insignificant effect on degradation of pSiNWs, is inefficient to
directly release trapped viruses from the pSiNW forest.

The released viruses were collected for subsequent identification and culture. First, a
sandwich enzyme-linked immunosorbent assay (ELISA) was performed on the surface of
magnetic beads for released virus identification (Fig. S10). The red fluorescence intensity in
the experimental group was more than twice higher than that of the negative control group
containing pSiNW degradation solution only without any viruses (Fig. S10D), indicating
released viruses can be successfully collected for identification tests.
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To quantify the virus recovery efficiency, we measured the virus concentration in the
releasing buffer by using RT-gPCR (Fig 6B, and Table 2)., The overall recovery efficiency in
Ct values was 29+7% in virus-releasing solutions. The range of the solution volume spans
from 60 pl to 1000 pl. An estimated amount of ~60% of the captured viruses could be
released and collected from the pSiINW microdevice in considering the capture efficiency.

In recovery sample A, the Ct value was 16.8+0.6, corresponding to an expected virus titer of
~6x106 EIDsg/ml (EIDso = Embryo Infectious Dose 50%). Such high virus concentration
would satisfy the sample requirement for virus cultivation if the viruses were alive. To test
the viability of the released viruses and the feasibility of virus culture after enrichment by
the pSiNW microdevice, we inoculated the released viruses into embryonated chicken eggs
for virus cultivation, and used HA test to measure the virus presence and concentration in
harvested allantoic fluid (AF) after 72 hour incubation. The virus HA titer in the harvested
AF sample was measured as 1:29 HA titer (Fig. 6C). Additionally, we also tested the AF
sample in 2-fold serial dilutions by RT-gPCR assay. The measured Ct value of the AF
sample at 1:219 dilution was 16.45, which is equivalent to virus concentration of ~4x108
EIDgg/ml. These findings demonstrated that the captured viruses remained viable during the
entire capture and release processing in pSiNW-embedded microdevice, the viable viruses
provide great potentials for subsequent virus propagation, pathogenicity and other
characterization or vaccine development studies.

3. Conclusion

We developed a pSiNW forest embedded microfluidic POC device for label-free capture and
release of viruses. We demonstrate that particles at sub-micrometer scale can be physically
trapped inside the inter-wire spacing of pSiNW forest. The inter-wire spacing of the pSiINW
is tunable during device fabrication. The microfluidic design with curved microchannels
enhances Dean flow in the transverse plane of the sample flow. Approximately 50% of
viruses can be physically captured in the pSiNW forest after 3 iterative cycles. The
continuous flow and curved channel design enable the device to peak its virus capture
efficiency at a relatively high sample flow rate of 8 pl/min for a single device of six parallel
microfluidic channels. Viruses can be released through the degradation of the pSiNWs forest
in 24 hours and remain viable. The release efficiency is ~60% and the overall recovery
efficiency including virus capture and release is ~29%. Moreover, we also demonstrated the
released H5SN2 AlV could be lysed for RT-gPCR and cultured in embryonated chicken eggs.
With this POC device, virus with specific size could be isolated from 100 pl in 30 minutes
with triple passes and recovered by degrading pSiNWs in PBS for another 24 hours. This
high sample processing capability, simple operation and facile integration with other virus
analysis methods make this device suitable for real clinical and field applications.

4. Experimental Section

Design of pSiNWs forest-embedded microfluidic devices

The complete pSiINW microdevice has one inlet, one outlet and six parallel curved
microfluidic channels. Each microfluidic channel is curved and 9.5 mm in length, 100 pm in
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width and 20-60 um in height (Fig. 1B). In our device, the pSiNWs forest bearing inter-wire
spacing was created on both sidewalls and bottom of the flow channels (Fig. 2C & 2D).

Fabrication of pSiNWs forest-embedded microfluidic devices

The fabrication process is illustrated in Fig. S1. Channels are etched on the silicon wafer by
the standard photolithography and deep reactive ion etching (DRIE). Then, pSiNWs are
etched on the bottom and sidewalls of the channel by two steps (Equation S1 & S2): SNP
deposition and pSiNW etching. SNPs are deposited in the solution of 0.085% sliver nitrate
and 9.8% HF. pSiNWs are etched in the etchant containing 0.35% hydrogen peroxide and
9.8% HF. Finally, after removing SNPs, the channels are covered with Polydimethylsiloxane
(PDMS).

Simulation of flows in the channels

A FEM model was established to simulate the fluidic field inside the device by the software
COMSOL Multiphysics. Laminar flow stationary study was used. In the inlet of the channel,
the flow rate was 1.33 pl/min for a single channel. The results of velocity field in the
transverse plane (Fig. S3—-S5) were plotted to visualize the flow.

Measurement of virus capture efficiency using fluorescence nanobeads

Virus capture efficiency with different channel geometry was measured by comparing the
fluorescence intensities of the nanobeads suspension before they were introduced into
channels and after they were gathered in the outlet, respectively (Equation S3). The
fluorescence intensities were measured by a microplate reader.

Measurement and optimization of capture and recovery efficiency for HSN2 AIV

The effect of flow rate on capture efficiency of HSN2 AlV was optimized first. During
optimization, the capture efficiency was measured by the fluorescence intensity in the
channels with immunostaining of viruses. To quantify capture and recovery efficiency of
H5N2 AlV, the virus concentrations in the original suspension, the flow-through and
recovery solution were measured using RT-gPCR. The cycle threshold (Ct) value of each
sample was calculated to measure the capture (Equation S4) and recovery efficiency
(Equation S5)

Propagation in embryonated chicken egg and hemagglutination (HA) assay

released H5N2 AIV suspension (200 pl) was inoculated in 10 day old special-pathogen free
embryonated chicken egg for virus propagation. The inoculated eggs were placed inside an
incubator for 72 hours and then were removed for virus harvest. The HA assay using 0.5%
chicken RBCsl75] was conducted to detect the presence of H5N2 AlV and measure the virus
titer. The propagated virus in AF suspension was made 2-fold serial dilutions for the HA test
in 96-well microplate.

Detailed methods are in the supporting material.
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The design and operation of the pSiNWs forest based device for viral isolation. (A) Size of
various biological molecules in the micro and nano scale; (B) Illustrations of pSiNWs forest
based microfluidic device showing the overall microfluidic design in 3D, the location of the
pSiNWs forests (top inset, cross-sectional view), and nanoparticles captured inside the
pSiNWs forest (bottom inset); (C) Photo of the fabricated device.
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Figure 2.
Synthesis and characterization of pSiNWs. (A) Sketch of synthesizing pSiNWs showing

larger SNPs defining the inter-wire spacing between silicon nanowires and tiny SNPs
generating porous structures on individual silicon nanowire. Black solid arrows indicate
reactant fluoride ions coming to the surface. Red dash lines indicate product silicon
hexafluoriode anions leaving the surface into the bulk. (B) Scanning Electron Microscope
(SEM) of SNPs formed on the bottom of the channel (bar: 500 nm, insert bar: 200 nm). (C)
SEM images of pSiNWs on channel bottom (scale bars: 500 nm, 200 nm for the inset). (D)
SEM images of pSiNWs formed on the channel sidewall (scale bar: 2 um). (E) SEM images
of cross-section view of the pSiNWs (scale bars: 2 um, 500 nm for the two insets). (F) Sizes
of SNPs and inter-wire spacing of pSiNWs forests versus the SNP deposition time. (G) &
(H) Distribution of the inter-wire spacing of pSiNWSs with silver nanoparticle deposition
time of 45 s (G) and 60 s (H), respectively.

Small. Author manuscript; available in PMC 2018 February 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Xiaetal. Page 16

A
g: 0=l —
£ 10 DN g
§ Ry N G , =
%0 20 40 60 80 100 0 20 40 60 80 100
Width (um)
0.16
? } -e- 75nm Beads
2 0.12] -»- 400nm Beads
5
£ 0.081 .
8 0.04 i\i %

Width (um)

(ve)
@,
o
)
D

Beginning

Beginning

H I
0.16 o)
& % & |—e— 75nm beads
o &) H
S —e—75nmbeads ¢ —a— 400 bead 2
3 0.12] }/“/ —=— 400nm beads '8 0.3 nm bea 2 _ t
5 S . e
2 0.08; 2 0.2 /
a8 \ 5 ¥ .
® o
0.04- . } So.1/ —
O i\ I/ \./- ././i
| : ; 0.0 . ‘ : ; . ,
000 4 8 12 16 o 1 2 3 4 5 6
Flow rate (ul/min) Iteration
Figure 3.

Capture of nanoscale particles inside the pSiNWs microfluidic devices with the effect of the
Dean flow. (A)-(C) FEM simulations showing velocity field on the cross-sectional planes of
meandering flow channels with channel depths of 20, 40 and 60 um, respectively. 0 and 100
pm point the outer and inner rim of channel, respectively. (D) Capture efficiency of 75 nm
and 400 nm nanobeads in channels with 20, 40 and 60 pm height, respectively. (E) Capture
of 75 nm green nanobeads showing top views of the pSiNWs flow channels before, at the
beginning, and after the introduction of the nanobeads (bar: 200 pm); (F) Capture of 400 nm
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blue nanobeads showing top views of the pSiNWs flow channels before, at the beginning
and after the introduction of the nanobeads (bar: 200 um); (G) SEM image of captured 75
nm nanobeads (bar: 150 nm). (H) Capture efficiency of 75 nm and 400 nm nanobeads under
different flow rates. (1) Capture efficiency of 75 nm and 400 nm nanobeads versus number
of run times of the same sample in the same device.
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Figure 4.
Degradation of pSiNWs s and release of captured nanobeads. (A) SEM images of pSiNWs s

from the top view after soaking in PBS for 0, 24, 48 and 72 hours (bar: 1 pm). (B) SEM
images of pSiNWs from the side view after soaking in PBS for 0, 24, 48 and 72 hours (bar:
2 um). (C) Releasing nanobeads by degrading pSiNWs forests for 24 hours in PBS (bar: 200

pm).
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Capture of viruses inside the pSiNW microfluidic devices. (A) Control group using PBS
without viruses (scale bar: 200 um). (B) Capture of virus-containing sample by the pSiINW
device followed by /n situ immunofluorescent staining with antibody against H5 antigen on
the H5N2 AIV surface (scale bar: 200 um). (C) SEM image of a captured virus (scale bar:
150 nm). (D) The fluorescence intensity of the microchannels after /n situ
immunofluorescent staining versus the flow rate during virus capture. (E) RT-gPCR profiles
of the original sample (only one is shown here) and the flow-through of three separate virus-

containing samples.
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Figure 6.
Release, recovery and propagation of captured virus. (A) Releasing virus by degrading

pSiNW forests for 24 hours in PBS (scale bar: 200 um). (B) RT-qgPCR profiles of the
original sample and recovered samples to measure the recovery efficiency of virus release.
“Dissolved in PBS” is a negative control of pSiNW degradation in PBS solution without
viruses. “Water” is a negative control of RT-gPCR using DI water as sample surrogate. (C)
HA tests on two samples (Sample 1 and Sample 2) after virus release and propagation in
embryonated chicken eggs. “PBS control” is a negative control sample of pSINW
degradation in PBS solution without viruses. “Positive control” is a virus suspension with a
titer of 1:29. “Negative control” is DI water.
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Capture efficiency of the pSiNW device for HS5N2 AIV measured by RT-gPCR

Table 1

H5N2 AlV

Ct value

Original sample 1
Original sample 2

Original sample 3

19.58
19.25
19.50

Flow-through sample 1
Flow-through sample 2

Flow-through sample 3

20.47
20.25
20.40
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Table 2

The release and recovery of captured H5N2 AIV from the pSiNW microdevice

Initial volume | Diluted volume | CT valueof | Overall recovery
for RT- gPCR RT-gPCR efficiency

Original sample A 120 pl 120 pl 15.92 -
Recovered sample Al 60 pl 60 pl 17.43 17.6%
Recovered sample A2 60 pl 60 pl 16.33 37.6%
Recovered sample A3 60 pl 60 pl 16.61 31.0%

Original sample B 40 pl 40 pl 15.92 -
Recovered sample B 400 pl 400 pl 21.6 29.2%

Original sample B 40 pl 250 pl 19.40 -
Recovered sample B 1000 pl 1000 pl 23.55 28.2%
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