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We demonstrate the first microfluidic-based on-chip liquefaction device for human sputum samples. Our
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device is based on an acoustofluidic micromixer using oscillating sharp edges. This acoustofluidic sputum
liquefier can effectively and uniformly liquefy sputum samples at a throughput of 30 uL min™%. Cell viability
and integrity are maintained during the sputum liquefaction process. Our acoustofluidic sputum liquefier

can be conveniently integrated with other microfluidic units to enable automated on-chip sputum pro-

www.rsc.org/loc cessing and analysis.

Introduction

Effective processing and analysis of sputum samples are criti-
cal to the development of diagnostic platforms and personal-
ized treatment approaches for pulmonary diseases, ranging
from asthma'? to tuberculosis (TB).>* The current sputum
processing and analysis techniques involve labor-intensive
procedures that are typically performed only at specialized
research and clinical centers. Given the complexity of sputum
processing and analysis protocols, appropriate training and
quality control are required of the staff that perform the tests.
The need for highly trained personnel, however, limits the
widespread utilization of the current sputum processing and
analysis approaches for the care of patients with pulmonary
diseases. Furthermore, since the processing and analysis of
induced sputum samples is operator-dependent, the possibil-
ity of error or inter-operator variability can potentially con-
found the results. Moreover, all human specimens, even from
healthy individuals, may be infectious. Conventional sputum
processing and analysis assays also have biosafety concerns
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because in these approaches, sputum samples need to be
handled manually by the operator and run through several
instruments. Therefore, there is a pressing need for a new
approach that can liquefy and analyze sputum in a closed liq-
uid environment within a single device in an automated man-
ner. This type of approach will not only enable biohazard con-
tainment but will also promote standardization and
reproducibility of liquefaction relative to the traditional,
operator-dependent method.

Microfluidics is ideally suited to the development of a
next-generation sputum liquefaction and analysis platform.
Microfluidic-based approaches®'® are advantageous for this
application due to their automation, biohazard containment,
fast reactions, reduced reagent consumption, and low cost of
manufacture. Thus far, microfluidic-based approaches for
sputum analysis have been developed;'’>* however,
microfluidic-based sputum liquefaction has not yet been
reported. Developing a microfluidic-based sputum liquefier is
challenging because human sputum samples are highly vis-
cous and the Reynolds number in a microfluidic sputum liq-
uefier is extremely low.

In this work, we demonstrate for the first time, to the best
of our knowledge, the microfluidic liquefaction of human
sputum samples. Our approach is built upon an
acoustofluidic ~ (i.e., the fusion of acoustics and
microfluidics®®**) micromixer that we developed previ-
ously.***> This acoustofluidic micromixer realizes rapid,
homogeneous mixing of two fluids by exploiting the acoustic
streaming effects’®*® induced by oscillating sharp-edges
inside a microfluidic channel (Video S1t).***° Using this
approach, we were able to consistently liquefy human spu-
tum samples without compromising cell viability or sample
integrity. Furthermore, as the viscosity of clinical sputum
samples can vary between patients with different levels of
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disease activity, our device's ability to liquefy sputum sam-
ples with a wide range of viscosities is valuable. The control-
lability and tunability of our acoustofluidic sputum liquefier
enables us to liquefy sputum samples of a wide range of vis-
cosities by adjusting the voltage applied to a piezoelectric
transducer. Our acoustofluidic device features advantages
such as simplicity of use, automation, low cost and flexibility;
these advantages are ideal for the future development of an
automated, all-in-one, on-chip sputum processing and analy-
sis device.

Standard liquefaction procedure

The standard procedure for the liquefaction of sputum®® is
comprised of two steps. First, the sputum sample is uni-
formly mixed with an equal volume of 0.1% dithiotreitol
(DTT) (Sputolysin® reagent, Cat# 560000, EMD Millipore, Bil-
lerica, MA, USA) using a vortex mixer for 30 seconds and
incubated at room temperature for 15 minutes. Second, the
sample is filtered through a sterile cell strainer with a 100
pm mesh size (Cat# 22363549, Fisher Scientific Inc., USA) to
isolate a uniform single-cell suspension. Lastly, the liquefied
sputum sample is then centrifuged at 1500 rpm for 5
minutes, and the pelleted cells are re-suspended in PBS (Cat#
10010-049, Life Technologies, NY, USA) or medium such as

Inlet II
(DTT solution)

(e) Liquefaction region
N
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RPMI 1640 (Cat# 11875-093, Life Technologies, NY, USA), for
further analysis.

Working concept

Fig. 1a illustrates the working concept of our acoustofluidic
sputum liquefier. Samples of sputum and an equal volume of
DTT solution were co-injected into the acoustofluidic device
where they mixed uniformly in the presence of an acoustic
field. The yield is equivalent to a standard sputum-
liquefaction procedure using a vortex mixer. As an example
of mixing two different solutions, Fig. 1b shows an unmixed
laminar flow of two different solutions (DI water and fluores-
cein) when a piezoelectric transducer (PZT) was inactive,
whereas Fig. 1c¢ shows uniform mixing of the two solutions
when the PZT was active. Mixing performance of the two
solutions at different regions in the channel can be found in
Fig. S1 (ESIY).

In the standard procedure for sputum liquefaction, a spu-
tum sample is mixed with DTT solution using a vortex mixer
for 30 seconds. By comparison, our acoustofluidic liquefac-
tion device is composed of serpentine microchannels with
sharp-edges, called the “liquefaction region” as diagrammed
in Fig. le. By doing so, we repeatedly, uniformly mixed the
sputum sample and the sputolysin for as long as 30 seconds.

Filtration region
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Fig. 1 (a) Schematic of the acoustofluidic sputum liquefier. Experimental images showing the mixing of fluorescein and DI water when (b) PZT
was off: a laminar flow pattern was observed; (c) PZT was on: excellent mixing of two fluids was achieved. (d) Photograph of our acoustofluidic
sputum liquefier. (e) Drawing showing the detailed design of our acoustofluidic sputum liquefier. Simulated results showing the Lagrangian mean
flow velocity when the fluid is (f) water and (g) a high viscosity fluid (such as sputum) with a viscosity ten times that of the water. Circular
streamlines are observed in both cases indicating excellent mixing in both cases.
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We were concerned that microchannels might be easily
clogged by viscous sputum samples. Therefore, we designed
our acoustofluidic device with two parallel sputum-liquefying
channels on a single device to prevent the channels from
clogging. As a result, even if one of the channels is blocked
with sputum, the other will still function. In the standard
sputum liquefaction process, sterile cell strainers with a 100
pm mesh size are used to isolate cells from liquefied sputum
samples and obtain a uniform single-cell suspension. To per-
form this filtration step on-chip, instead, a series of parallel,
narrow 100 um wide channels were designed and constructed
at a downstream region, named the “filtration region” as
diagrammed in Fig. 1e. These narrow channels not only iso-
late cells in the liquefied sputum sample, but also prevent
the particularly viscous portions of the sputum sample from
collecting at the outlet. Additionally, they filter debris from
the sputum.

Numerical simulation was also conducted to prove the
concept of liquefying high viscous fluids wusing our
acoustofluidic sputum liquefier. Fig. 1f-g show the compari-
son of mean Lagrangian flow velocity for fluids of different
viscosities, simulated with COMSOL (Multiphysics 5.0,
COMSOL Inc.) by a numerical method that we reported previ-
ously.*” Fig. 1f shows the mean Lagrangian flow velocity for
water, while Fig. 1g shows the velocity for a fluid of viscosity
10 times that of water. Circular streamlines spanning the
width of the channel were observed in both cases, indicating
good mixing capability. However, the magnitude of mean
Lagrangian velocity is found to decrease with increasing vis-
cosity for the same vibration amplitude, necessitating greater
input power for mixing of high viscosity fluids. A similar
trend has been reported for bulk acoustic wave devices by
Muller et al.*® Thus, the numerical results shown in Fig. 1f-g
confirm the capability of our acoustofluidic device to mix
high viscosity fluid. High velocities near sharp edges result
from the large values of Stokes drift near the sharp edge
(Fig. 1f-g); the acoustic streaming speeds in the bulk of the
channel are much lower.

Materials and methods
Device fabrication and operation

Fig. 1d represents a photograph of our acoustofluidic device
for sputum liquefaction. A single-layer PDMS device was
bonded to a 150 um thick glass slide (Cat# 48404-454, VWR,
USA). A piezoelectric transducer (Part# 81-7BB-27-4L0, Murata
Electronics, Japan) was bonded adjacent to the PDMS device
on the same glass slide using a thin layer of epoxy (Part#
G14250, DEVCON, MA, USA). The activation of the piezoelec-
tric transducer was controlled by amplified square-wave sig-
nals from a function generator (AFG3011C, Tektronix, OR,
USA) and an amplifier (25A250A, Amplifier Research, WA,
USA). The PDMS device was 100 um in channel depth, and
600 pm in channel width for those channels in liquefaction
region.

This journal is © The Royal Society of Chemistry 2015
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The sputum sample and the DTT solution were infused
into our acoustofluidic sputum liquefaction device by two
separate inlets through two separate 1 mL syringes
(McKesson, CA, USA), which were controlled by one auto-
mated syringe pump (neMESYS, Germany). The liquefied spu-
tum sample was then collected through the outlet to a 1.5
mL centrifuge tube. Every 15 minutes, a 1.5 mL centrifuge
tube filled with approximately 500 pL of liquefied sputum
sample was replaced by an empty 1.5 mL centrifuge tube, to
continue the collection of liquefied samples for further sam-
ple characterization and analysis.

Before conducting liquefaction experiments with sputum
samples, all of our acoustofluidic devices were experimentally
tested with DI water and fluorescein to determine the opti-
mized working frequencies of PZT to achieve uniform mixing
of these two solutions. Based on these tests, 5.50 kHz was
determined to be the working frequency for all our liquefac-
tion devices; all the liquefaction experiments were conducted
at this frequency. Detailed procedures to determine the opti-
mized working frequency for the piezoelectric transducer can
be found in ESI} (Fig. S2).

Human sputum samples

To establish reproducibility in this initial work, we analyzed
four separate sputum samples from a single asthmatic
patient using our acoustofluidic device. The sputum samples
were collected at the National Institute of Health (NIH) once
a week from a patient who had provided informed consent to
participate in protocol 99-H-0076. After collection, sputum
samples were placed on ice and immediately transported
from NIH to our lab at The Pennsylvania State University, for
liquefaction experiments performed on the same day. Due to
the time for transportation and experimental set-up, the spu-
tum samples were typically processed after an interval of
approximately 8 hours. Upon arrival at our lab, each sample
was divided into two portions of roughly equal volume. One
portion was liquefied using our acoustofluidic device, and
the other was liquefied using a vortex mixer. Both liquefied
portions were further divided into three aliquots for charac-
terization, which included cell viability, modified Wright-
Giemsa staining, and flow cytometry analysis.

Cell viability

Cell viability was assessed to evaluate the biocompatibility of
our liquefaction device for processing clinical human sam-
ples. Cells from sputum samples liquefied using our
acoustofluidic micromixer (experimental group) were stained
with the cell-permeant dye, Calcein-AM (Life Technologies,
NY, USA), to determine the number of live cells, and
propidium iodide (Sigma-Aldrich, MO, USA), to identify dead
cells. As a control group, cell viability was also assessed for
sputum samples that were liquefied using a vortex mixer. For
both the experimental and control groups, four independent
experiments were performed.

Lab Chip, 2015, 15, 3125-3131 | 3127
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Modified Wright-Giemsa staining

A thin layer of sputum cells was prepared by centrifugation
using a Cytospin™ 3 cytocentrifuge (Thermo Scientific, USA)
at 600 rpm for 10 minutes and then allowed to air-dry before
modified Wright-Giemsa staining. The slides were stained
with a commercial staining kit (Shandon™ Kwik-Diff™,
Thermo Scientific, USA) as follows: (1) 25 seconds in fixative
solution (green); (2) 30 seconds in solution I (red); (3) 30 sec-
onds in solution II (blue); (4) rinse the slides with DI water.
After staining, the cytospin slides were examined under an
inverted microscope (Eclipse Ti, Nikon, Japan) with a 100x
objective lens, and images were captured using a digital cam-
era (D3s, Nikon, Japan).

Statistical analysis

Data were presented as group mean * standard deviation
(SD), and were analyzed by student's t-test using Prism 6.0
(GraphPad Software Inc., CA, USA). A p-value of less than
0.05 was considered statistically significant.

Results and discussion
Visual comparison

The raw sputum sample and the DTT solution were each
injected into the channel at a flow rate of 15 pL, min ", yield-
ing a liquefaction throughput of 30 uL min~". Upon the acti-
vation of a piezoelectric transducer with an input voltage of
40 Vpp, the sputum samples and the DTT solution were
repeatedly and uniformly mixed for a sufficient amount of time
(30 seconds). The uniform, liquefied mixture of sputum and
DTT solution was collected over a 15 minutes interval to a
1.5 mL centrifuge tube through the outlet. Concurrently, we man-
ually liquefied the same sputum sample using a vortex mixer
(MINI 230 V, VWR, USA) followed by 15 minutes of incubation.
Next, we visually compared the difference in appearance
between non-liquefied samples (i.e., the raw sputum sample),
and liquefied sputum samples. In Fig. 2, R, V and A denote,

R: raw
V."S‘ D

Fig. 2 Photograph showing the visual comparison of human sputum
samples: (R) an un-liquefied raw sputum sample; (V) a sputum sample
liquefied using a vortex mixer; (A) a sputum sample liquefied using our
acoustofluidic device.

3128 | Lab Chip, 2015, 15, 3125-3131
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respectively, the non-liquefied sputum sample, the sputum
sample liquefied using a vortex mixer, and the sputum sam-
ple liquefied using our acoustofluidic device. As shown in
Fig. 2, the non-liquefied sputum sample was cloudy and
contained visible clumps of mucus. The liquefied sputum
samples, however, were translucent, presenting as a uniform
mixture with a negligible amount of viscous mucus sputum.

It is encouraging that the sputum sample liquefied using
our acoustofluidic device appeared similar to those liquefied
using a vortex mixer, as they demonstrate that on-chip lique-
faction may be achieved with our acoustofluidic approach.
Though the four sputum samples used in this work were all
provided by the same asthmatic patient, the viscosity varied
among the samples, which were collected on different days.
In four independent liquefaction experiments, all samples
were uniformly liquefied, appearing similar to those shown
in Fig. 2. These results demonstrate that our acoustofluidic
liquefaction device can liquefy sputum samples over a range
of viscosities.

We observed that when a volume of sputum was mixed
with a greater volume of DTT solution, liquefaction was more
uniform; however, this higher volume of DTT solution may
affect the cell viability and further cellular analysis.*"*> As a
result, the volume of DTT solution must be considered when
liquefying the sputum samples for downstream analyses.

Viability of cells in liquefied sputum samples

As shown in Fig. 3a-d, both dead and live cells were observed
in sputum samples liquefied using both the vortex mixer and
our acoustofluidic device. After counting the number of live
and dead cells, we were able to statistically compare the via-
bility obtained after each approach. There were over 1500
cells considered for both of the groups. As shown in Fig. 3e,
the viabilities were calculated to be 41.5 + 17.7% and 36.7 +
8.9% for the sputum samples liquefied, respectively, using
the vortex mixer and our micromixer. The results are statisti-
cally similar, with a p-value of 0.692 (p > 0.05). In other
words, our acoustofluidic device preserves cell viability simi-
lar to a vortex mixer, demonstrating that our acoustofluidic
device is biocompatible with clinical samples.

The relatively low cell viability in these two samples may
stem from the sample transportation and storage. In this
work, the human sputum samples were transported from
NIH (Bethesda, Maryland, USA) to our lab at The Pennsylva-
nia State University (State College, Pennsylvania, USA) on the
same day they were liquefied. Each sputum sample prior to
experimentation was stored on ice for at least 8 hours during
transportation & setup. A cell viability in the 60% range is typi-
cally observed when sputum samples are processed right after
collection without transportation. As such, cell viability will
likely be improved when samples are analyzed at a single site.

Cells morphology and identification of immune cells

To verify if immune cells present in liquefied sputum samples
can be preserved and recovered, modified Wright-Giemsa

This journal is © The Royal Society of Chemistry 2015
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Fig. 3 Cell viability of sputum samples liquefied using: (a)-(b) a standard sputum-liquefaction procedure; (c)-(d) our acoustofluidic sputum lique-
fier. (e) Statistical analysis showing the comparison of cell viability of two liquefaction procedures. Data represent an average of n = 3 to 4 inde-
pendent experiments per group. In each independent experiment, over 500 cells were counted to assess cell viability. N.S. represents groups that
are not statistically different (p > 0.05). Data are presented as group means + standard deviation (SD). Scale bar: 200 um.

Fig. 4 Representative of optical images (100x) showing modified Wright-Giemsa staining results of cell samples obtained from sputum samples
liquefied using (a)-(c) a vortex mixer or (d)-(f) our acoustofluidic sputum liquefier. Inflammatory cells, such as eosinophils (yellow) and neutrophils

(red), are indicated by colored arrows. Scale bar: 50 pm.

staining was used to inspect cellular morphology and identify
inflammatory cell types. Fig. 4a-c and Fig. 4d-f are stained
cells from the sputum samples liquefied, respectively,
using the vortex mixer and the acoustofluidic sputum lique-
fier. In Fig. 4a-c, inflammatory cells, such as eosinophils
(vellow arrows) and neutrophils (red arrows), which are com-
monly present in sputum samples from asthmatic patients,
were recovered intact after liquefaction using the vortex
mixer. As shown in Fig. 4d-f, intact eosinophils and neutro-
phils were also seen in sputum samples liquefied using our
acoustofluidic device.

In addition to eosinophils and neutrophils, macrophages
and lymphocytes were also present in samples liquefied

This journal is © The Royal Society of Chemistry 2015

using either the vortex mixer or our acoustofluidic device.
The modified Wright-Giemsa staining results demonstrate
that our device uniformly liquefies clinical sputum samples,
without sacrificing cellular integrity.

Flow cytometry analysis

Flow cytometry was next performed to quantitatively charac-
terize the liquefied sputum samples and evaluate the perfor-
mance of our acoustofluidic sputum liquefier. A commercial
bench-top flow cytometer (FC 500, Beckman Coulter, USA)
was used to conduct the flow cytometry analysis. Cells in lig-
uefied sputum samples were stained with Alexa Fluor 488-

Lab Chip, 2015, 15, 3125-3131 | 3129
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Fig. 5 Fluorescence (CD45) vs. fluorescence (CD15) plot of the cell samples obtained from the sputum samples liquefied by (a) a standard
sputum-liquefaction procedure and by (b) our acoustofluidic sputum liquefier. The percentage of co-population of eosinophils and neutrophils are

20.4% and 24.9% for (a) and (b), respectively.

labelled anti-human CD45 antibody (Biolegend, CA, USA) to
identify leukocytes, and PE-labelled CD15 antibody (Bio-
legend, CA, USA) to identify both eosinophils and neutro-
phils, which are common inflammatory cells present in spu-
tum from asthmatic subjects (Fig. 5). The percentage of
CD45'/CD15" eosinophils and neutrophils were 20.4% and
24.9%, respectively, for samples that were liquefied using the
vortex mixer and our acoustofluidic device. These results
show that key inflammatory cells in sputum may be recov-
ered and identified, which thereby demonstrates that our
acoustofluidic device is an effective tool for the clinical lique-
faction of human sputum.

Conclusions

Using a sharp-edge-based acoustofluidic micromixer, we have
demonstrated the first microfluidic-based sputum liquefac-
tion of human sputum. Furthermore, we show that sputum
samples liquefied using our acoustofluidic device were com-
parable to samples that were liquefied using a vortex mixer
based on analyses of cell viability, modified Wright-Giesma
staining and flow cytometry. Our results reveal the potential
of our acoustofluidic device for liquefying clinical sputum
samples on-chip. Our device can liquefy sputum samples at a
throughput of 30 uL min™', a value that will be improved
with further design optimization. When integrated with our
acoustofluidic pump,*® our acoustofluidic sputum liquefier
will be able to liquefy sputum samples in an automated fash-
ion. Compared to the standard approach for sputum liquefac-
tion, the acoustofluidic approach is advantageous not only in
cost, simplicity, and automation, but also in flexibility and
integrability.

3130 | Lab Chip, 2015, 15, 3125-3131

Together, our findings suggest that our acoustofluidic spu-
tum liquefier is a promising candidate for incorporation with
other on-chip components that will enable the development
of a fully integrated, self-contained sputum processing and
analysis platform. Moreover, our demonstration of liquefying
sputum samples opens the gate for applications that require
the processing of highly viscous fluids.
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