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Tuberculosis (TB), caused by infection with airborne Mycobacterium tuberculosis (MTB), seriously threa-
tens human health and has become a public health problem of worldwide concern. To achieve effective
control of TB, rapid and sensitive detection of MTB is particularly important. At present, the common
detection methods for MTB cannot meet the requirements of speed, flexibility and portability simul-
taneously. In this work, a multichannel microfluidic chip was developed and packaged with an ultra-sensi-
tive silicon nanowire field-effect-transistor biosensor. The fluid system was tested and optimized through
simulation, and the best conditions were determined: the flow rate was 0.3 mL min~" and the flow direc-
tion was perpendicular to a silicon nanowire. A one-way valve, a switching valve and a peristaltic pump
were combined to establish a biosensor detection system to realize the automatic detection of TB
samples. Then we systematically explained the factors affecting simulated exhaled breath condensate
(SEBC) collection, and established and optimized the method for collection of SEBC from the perspective
of collection volume and biological activity. The best collection conditions were determined for a 5 mm
pipe diameter at 0 °C, and a sufficient sample volume was obtained in only 2 minutes for microfluidic
detection. Then, the actual application value of the established collection method was further evaluated.
Volunteers were recruited and this method was used to collect their exhaled breath condensate to
analyze the collection effect. The system detected MTB in SEBC with good sensitivity (~4 x 10% particles
per mL). It is expected to be further integrated and miniaturized in the future to realize point-of-care
testing.

1. Introduction

Infection with tuberculosis (TB) is caused by the spread of air-
borne Mycobacterium tuberculosis (MTB). When an infected
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person coughs, speaks, spits or sneezes, MTB is released into
the environment and spreads through aerosols.””> MTB has a
strong resistance to harsh environments and can survive for a
long time in aerosols. The continuation of the TB epidemic is
driven by successive cycles of infection, lung disease, bioaerosol
excretion of MTB and inhalation by susceptible individuals.
Therefore, rapid and accurate detection of TB is the basis for TB
control.> Rapid, efficient, effective and low-cost detection of
MTB is a challenge facing scientists all over the world. At this
stage, the conventional detection methods for MTB include the
culture method, imaging detection, sputum smear microscopy,
the PPD experiment, serological detection and molecular
diagnosis.*® However, most of these technologies are usually
limited by the need for a sample to be collected and analyzed in
a laboratory environment. The detection process is complicated
and time-consuming and has high operation requirements, and
it is difficult to meet the actual detection needs of MTB.®
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Nowadays, non-invasive methods are a good choice for TB
diagnosis. As a commonly available non-invasive sampling
method, exhaled breath samples are considered an attractive
strategy, mainly collecting non-volatile molecules in the
patient’s exhaled breath, including small molecules, lipids and
proteins.” The mixture contained in breath is not as compli-
cated as those in sputum, serum and urine, and can be used
for screening, early auxiliary diagnosis and disease monitoring
of TB.>® 1t has been confirmed that there is cultivable MTB in
the exhaled breath of TB patients and it is feasible and repro-
ducible to collect exhaled breath for detection.'® Collecting
exhaled breath condensate (EBC) is a common method for
exhaled breath sample collection. EBC collection relies on the
existence of a temperature gradient between the hot and high-
humidity exhaled air and the cold collection structure, so that
the exhaled air can be condensed and collected as a liquid for
analysis.

The EBC collection method has advantages because it only
requires tidal energy to breathe and does not require an exter-
nal air pump and the sample is easy to obtain. However, the
current collection method of EBC has not yet been standar-
dized. Under normal circumstances, young people can collect
1-3 mL EBC in 10 minutes of tidal breathing. It is worth
noting that the EBC collection volume could be affected by
many factors, such as the condensing temperature and time,
the collection flow rate and the basic characteristics of the
subject (such as age, gender, vital capacity and smoking
status).'’ At present, there is a lack of standard methods for
EBC collection and the assessment of biological activity in
EBC, and many related studies are urgently needed. Xu et al.
designed a simple condensation sampler based on conden-
sation collision, which can collect 100 pL of EBC within 2 min.
However, the device uses a narrow-diameter suction tube for
oral test sample collection, which is not conducive to the
patient maintaining continuous steady-state breathing.'?

Moreover, the real-time detection of MTB in air is difficult,
and several factors complicate it. Perhaps the most challenging
obstacle is the extremely low levels of particles found in aero-
sols, making detection difficult for common detection
methods owing to their low sensitivity.">'* Biosensor techno-
logy development is relatively mature, and it has the advan-
tages of high integration, high sensitivity and short detection
time.'> Many existing air samplers are not very effective collec-
tors, resulting in additional loss of captured pathogens and
making it difficult to detect them. Mcdevitt et al. designed the
G-II EBC collector to distinguish the different types of EBC pro-
duced by the oral cavity and respiratory tract. However, this
sampler collects by collision and settlement, which has a low
collection efficiency and high loss, making it unsuitable for
practical applications.’® Therefore, in order to perform a
sufficiently sensitive detection, an optimal air sampler para-
meter must be found to capture as much aerosol as possible
for accurate sampling."’

The next problem to be solved is how to connect the micro-
organisms captured by the above method and the interface of
the actual detection device. Sousa et al. developed an electro-
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static air sampler to collect cough samples from TB patients.
However, the collected samples require DNA extraction and
amplification to complete the test, which is quite time con-
suming.'® In our previous study,'® the silicon nanowire field-
effect-transistor (SiNW-FET) biosensor as an ultra-sensitive
detection technology could detect 33aM MTB samples, and the
shortest response time was 30 s. The specificity and stability of
the sensor have been tested in detail, and good results have
been achieved. Compared with other molecular, immune and
sensor detection technologies, our biosensor can detect MTB
Ag85B protein with a wider concentration range in a shorter
time.?® However, the sample usually requires manual labor to
load it onto the actual sensor for detection, which will cause
errors."> Moreover, since MTB is mostly transmitted through
air, it is not enough to detect only liquid TB samples.
Therefore, a continuous sampling system that can automati-
cally load captured airborne TB samples into sensors should
be established.

In order to improve the efficiency of the experiment, the
microfluidic system came into being. Compared with other
analysis technologies, the microfluidic chip flexibly combines
multiple operating units, showing the unique advantages of
system integration, equipment miniaturization, portability,
automation of the operation process, low reagent consump-
tion, the elimination of man-made interference, pollution pre-
vention, ease of integration with other technical equipment
and good compatibility.*** The above-mentioned character-
istics of the microfluidic chip make the experiment of the chip
concept into a reality.**** This shift from a traditional central
laboratory to a chip experiment has brought revolutionary pro-
gress for many researchers. Work that originally needed to be
done in a laboratory can now be done on a chip.”>*® Shen
et al. developed a sensor for the real-time detection of H3N2
influenza virus by integrating electrostatic air sampling, micro-
fluidics and SiNW-FET biosensors. However, static air
sampling is not easy to charge, so it cannot effectively capture
the virus.’

In this work, we developed a multichannel microfluidic
chip with an ultra-sensitive SINW-FET biosensor to detect
MTB. The fluid system was simulated to get the best flow con-
ditions. We systematically explained the factors that affect the
simulated exhaled breath condensate (SEBC) collection. Then
we established and optimized the collection method of SEBC
from the perspective of collection volume and biological
activity. Then the actual application value of the established
collection method was further evaluated. We recruited volun-
teers and used the above method to collect their EBC to
analyze the collection effect. Combined with a one-way valve, a
switching valve and a peristaltic pump, a SINW-FET biosensor
detection system for actual samples of nodules was estab-
lished. The system can reduce the errors caused by human
operation, and reduce the number of samples, and the detec-
tion can be completed without the need for professionals. The
system is expected to realize the preliminary screening of TB
patients through EBC detection and provide new ideas for
ending TB.
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2. Materials and methods
2.1. Materials

An LM60B peristaltic pump, a switching valve, a one-way valve
and a piping system were purchased from Runze Fluid
(Nanjing, China). The EBC collector bioscreenII was purchased
from Dinglan (Beijing, China). The aerosol generator ATM-226
was purchased from Topas (Germany). The gas mass flow
meter CAFS5008B was purchased from Consensic (USA). The
Coriolis Micro Bio-Aerosol Sampler was from Bertin (France).
The optical particle size spectrometer was purchased from TSI
(USA). The MTB Ag85B protein and anti-Ag85B were purchased
from Abcam (USA). The MTB Ag85B ELISA Kit was bought
from Meimian (Jiangsu, China).

2.2. Optimization of SEBC acquisition parameters

In order to explore influencing factors in the collection of EBC
and determine the best operating parameters for practical appli-
cation, we used the method of controlling variables to explore the
effects of various factors on the SEBC collection effect, including
the diameter of the gas pipe, the volume of aerosol passing
through the condenser and the condensation temperature. In this
experiment, the aerosol generator stock solution used was the
simulated SEBC formulated according to the physical composition
of SEBC (Table S1f). We screened for the experimental methods
with the highest efficiency and the lowest energy consumption
(including the diameter of the gas pipe, the condensation temp-
erature and the collection volume) using the test in Fig. S1(a).}

Then, we recruited volunteers for practical application tests,
as shown in Fig. S1(b).t We recruited 5 males and 5 females
from Tianjin University, a total of 10 volunteers aged 22-24,
with no smoking history and no respiratory diseases. A picture
of the device is shown in Fig. S2.7 A picture of volunteers
using the equipment for SEBC collection is shown in Fig. S3.7
Under the best experimental conditions, the application
results for volunteers were recorded to evaluate the feasibility
of the combination of the condensation collection method
and the subsequent microfluidic technology.

In addition, we further explored the influence of conden-
sation temperature on microbial activity in SEBC owing to the
higher requirements for microbial activity. In this experiment,
we used an E. coli suspension as the aerosol generator stock
solution. As shown in Fig. S1(c), we used plate culture and flow
cytometry to analyze the cultivable performance and cell mor-
phology of microorganisms in SEBC at different condensation
temperatures, respectively. Then, we used the same analysis
method to explore the biological activity in the actual SEBC of
volunteers, in order to evaluate sensor protein detection scienti-
fically from the perspective of biological activity. The error bars
for all of the data in this study were calculated using the
STDEVA function in Excel for three independent experiments.

2.3. Preparation of biosensors and integration of
microfluidic chips

The 360-SiNWs array was prepared following the “top-down”
method, including chemical vapor deposition, lithography, an-
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isotropic etching, self-limiting oxidation and a doping process
on a (111) SOI wafer."® Then boron was doped at the designed
electrode position to form a good ohmic contact between the
silicon and the metal electrode. Then it was packaged on the
printed circuit board to complete the preparation of the
SiNW-FET biosensor. As shown in Fig. 1(a), the packaged bio-
sensor is flexible and portable (36 x 31 mm). A scanning elec-
tron microscope was used to characterize the different dimen-
sions of the biosensor surface. As shown in Fig. 1(b), Au was
used as the contact metal and for leading wires. The depo-
sition of TiW/Au as electrodes was done using a doping
process with ions injected at defined locations to form ohmic
contacts. 360 well-ordered SiNWs were arranged on a chip as a
sensing element. The SINW on the inner wall of the pit was in
a suspended state and the surface was covered with an oxide
layer. The SINW was a conductive channel hidden underneath
the Au and silicon nitride layers and could not be directly
observed. As shown in Fig. 1(c), SEM was used to characterize
the oxide layer on the etched SiNW surface and revealed that
its width was small at only 73.7 nm. Given that the SINW with
a small diameter has a large surface-to-volume ratio, the
dimension of the NWs will play an important role in the trans-
port properties.

We used SOLIDWORKS software for the design and used a
laser engraver to etch a transparent plastic polymethyl meth-
acrylate (PMMA) microfluidic chip to achieve the integration of
the above-mentioned biosensors. The PMMA material had
good light transmittance and could be visually observed on the
liquid path system. A schematic and a physical diagram after
combining the multichannel microfluidic pipelines are shown
in Fig. 1(d). Fig. 1(e) shows the detailed structure of the multi-
channel microfluidic chip, including the multichannel pipe
upper chip, the microfluidic cavity middle chip and the
SiNW-FET biosensor lower chip. The three parts were bonded
using 707 glue. First, the upper chip and the middle chip were
aligned, and then glue was applied along the edge of the gap
and allowed to dry naturally for 15 min to achieve airtightness.
Then the glue was carefully smeared along the periphery of the
microfluidic cavity of the middle chip (to avoid flow into the
reaction chamber that would affect detection), the integrated
microfluidic chip was aligned with the biosensor using the
fixed column and the preparation was completed by natural
drying for 15 min. The upper chip contained eight microtubes
and an external one-way valve made the microtubes seven in
and one out, ensuring one-way flow of the fluid system without
cross-contamination. Each microtube had a 0.9 X 0.3 mm
microfluidic channel that was transported to the middle chip.
The middle layer microfluidic chip had two 0.9 mm-diameter
through holes and a 0.3 x 1.3 x 1.6 mm microfluidic cavity
with round-cut corners was set in it for biological reactions.
Following the method of Shen et al.,*® we used norepinephrine
bitartrate monohydrate as a surface modifier to increase the
hydrophilicity of the microfluidic chip. We measured the
hydrophilic angle of PMMA before and after modification. As
shown in Fig. S4,f the hydrophilicity increased after modifi-
cation. This made the injection and flow of the aqueous solu-

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 Design of microfluidic chip biosensor. (a) Image of the packaged device; (b) optical microscope image of 360-SiNWs array; (c) SEM of SINW;
(d) microfluidic chip assembly drawing; (e) exploded view of microfluidic chip; and (f) microfluidic chip detection principle.

tion more convenient and improved the performance of bio-
chemical analysis of the microfluidic chip.

As shown in our previous investigation, the Ag85B protein
is a secreted protein of MTB. It is abundant on the surface of
MTB, so it can be used as a simulant of MTB.”**° We per-
formed surface functionalization on the prepared sensor. First,
the surface of the sensor was treated with oxygen plasma, and
then the above packaging method was used to encapsulate the
microfluidic chip biosensor. Then the previous method was
followed to functionalize the sensor."® The detection principle
of the multichannel microfluidic chip biosensor is shown in
Fig. 1(f). First, the TB-specific substance Ag85B antibody is
fixed to the surface of the biosensor,'”® and the airborne
protein from MTB is converted into a liquid sample using the
method of condensation collection. Then the liquid sample to
be tested is injected into the microfluidic chip biosensor and
flows through the channels of the upper chip and the middle
chip to the microfluidic cavity. Dynamic flow of the sample is
maintained throughout the detection process, which greatly
improves the capability of the biological analysis.>’ When the

This journal is © The Royal Society of Chemistry 2022

TB sample containing the target (MTB Ag85B protein) enters
the microfluidic cavity, the surface of the biosensor with the
probe (MTB Ag85B antibody) fixed will have specific binding.
The SINW-FET biosensor can sensitively respond to the tiny
electrical signals generated to complete the detection.

2.4. Construction of the detection system

The process of the entire SINW-FET biosensor detection
system is shown in Fig. 2. The peristaltic pump is connected to
the sample collection device to realize real-time sample injec-
tion. Then the peristaltic pump is connected to the multi-
channel switching valve to realize the multichannel liquid
path selection. Then a one-way valve is connected to prevent
backflow of the liquid path and ensure that the sample is not
contaminated. Then the packaged multichannel microfluidic
chip is connected, as well as the electrochemical detection
equipment and the signal display device, and the construction
of the automated multichannel microfluidic biosensor detec-
tion system is completed. According to the requirements of the
experiment, each sample can be analysed sequentially or in

Analyst, 2022,147, 614-624 | 617
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Fig. 2 Diagram of the biosensor detection system for EBC.

parallel. On the microfluidic chip, the interference of the
sample and the concentration can also be reduced. A picture
of the device is shown in Fig. S5.f We tested the liquid path
system of the detection system using different concentrations
of PBS buffer solution. As shown in Fig. S6,f the switching
valve was used to switch different samples in sequence, and
the detection system can have a sensitive response.

3 Results and discussion
3.1. Optimization analysis of SEBC acquisition parameters

The overall SEBC acquisition parameter optimization process
is shown in Fig. 3. As shown in Fig. 3(a), as the inner diameter
of the air pipe increases, the collection volume of the exhaled
aerosol gradually decreases. When the inner diameter of the
air pipe increases from 2 to 8 mm, the collection effect at
10 min decreases by 20%. At a certain flow rate, the gas flow
rate is inversely proportional to the square of the pipe dia-
meter, as shown in eqn (1):

Q=7v-D* (1)

where Q is the flow rate in the gas pipe (L min™"), V is the flow
velocity in the gas pipe (m s™*) and D is the inner diameter of
the gas pipe (mm).

The SEBC volume gradually increases but the growth rate
gradually decreases as the aerosol flow rate increases. This
may be due to the fact that the increase in the flow rate brings
in more aerosol particles per unit time, but reduces the resi-

618 | Analyst, 2022,147, 614-624

dence time of the aerosol in the condenser tube. In addition,
higher flow rates will take away or evaporate some of the small
droplets that have been condensed. In addition, the actual
experience of the subjects should also be considered, which is
directly related to the pipe resistance. The calculation of the
pipe resistance is shown in eqn (2):

A V2.
R==. 4
D 2g

(2)

where R is the friction resistance (kgf m™2), 1 is the drag coeffi-
cient, y is the fluid density (kg m™) and g is the acceleration
due to gravity.

The determination of the drag coefficient 4 is shown in
Table S2.1 Excessive friction resistance was not conducive to
the subject adopting a smooth mouth-breathing method for
SEBC collection. On the whole, we selected a silicone gas pipe
with an inner diameter of 5 mm for research and application.

As shown in Fig. 3(b), taking 0 °C as the separation temp-
erature, when the same volume of aerosol was introduced,
there was no significant difference in the SEBC volume under
the condensation conditions —10, —5 and 0 °C. The SEBC col-
lection effect under the 5 and 10 °C condensing conditions
was 13 and 30% lower than the average levels at —10 and 0 °C,
respectively. According to the liquid film rupture hypothesis,
the phase interface temperature difference of heat transfer
during condensation collection is mainly provided by zero-
degree droplets and hot exhaled breath.** Therefore, choosing
0 °C as the condensing temperature can save energy and
achieve better SEBC collection efficiency in practical
applications.

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Establishment and optimization of exhaled breath condensation collection method. (a) Influencing results for pipe diameter. (b) Influencing
results for condensation temperature. Each data set displays the average and the SD of the results from three independent experiments (n = 3).

3.2. Microbial activity exploration and practical application

evaluation

was no significant difference in concentration (Fig. S7t). The

We used the plate culture test to analyze the E. coli condensate
collected at different condensation temperatures, and there

flow cytometry analysis results for SEBC are shown in
Fig. S8(a)-(f). There was no significant difference in the survi-
val status of E. coli at different condensation temperatures,
which is consistent with the trend obtained by the plate

olunteers
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Fig. 4 Application evaluation for recruiting volunteers. (a) The relationship between the actual exhaled air volume and the EBC volume of volun-
teers (compared with the experimental fitting curve). (b) The survival status of microorganisms in the actual EBC of volunteers.
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culture method. This can be explained by the fact that most
bacteria contain cold shock protein, so they can adapt to low-
temperature environments.>*”*> This shows that the conden-
sation collection method has a high capture efficiency for
microbial components in the aerosol, and at the same time
can achieve the enrichment of the exhaled aerosol microorgan-
isms under the premise of ensuring the reproduction ability of
the cultivable microorganisms.*®>”

As shown in Fig. S9,1 we fitted a linear relationship between
the exhaled air volume and the SEBC volume at 0 °C, and its R?
was 0.99, indicating that there is a strong linear correlation
between them. The research results of Gessner et al also
reached a similar conclusion.*® Furthermore, we recruited 10
volunteers and collected their exhaled breath for 10 minutes,
and then recorded their exhaled breath volume and EBC collec-
tion volume during 10 minutes. The results of comparing their
exhaled aerosol volume-EBC volume with the fitted curve are
shown in Fig. 4(a). The EBC collected under the corresponding
exhaled aerosol volume steadily fluctuated within an error range

0.1
mL/min

View Article Online
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of 0.2 mL from the theoretical calculation value. This shows
that the aerosol volume flow-EBC volume model established in
this experiment has good practical application value. In practi-
cal applications, the acquisition time can be reasonably con-
trolled according to the amount of EBC required. For microflui-
dic detection, a sufficient sample volume of 175 pL can be
obtained in only 2 minutes, as shown in Fig. S9.f

Finally, we used flow cytometry to analyze the biological
activity of EBC in 10 volunteers, as shown in Fig. 4(b). The
median proportion of live cells in volunteer EBC was about
80%. The condensation collection method can better maintain
the microbial morphology in the respiratory tract and can
ensure the accuracy of subsequent biological detection, which
means that the system error of the EBC condensation collec-
tion method is small and the damage ratio of living cells
during the condensation collection process is stable. In
summary, the EBC condensation collection method is easy to
repeat and has good practical application value in subsequent
testing.

102 m/s

® N°

| (6

(c) 4

| 2

@ f,
10"2 m/s

Fig. 5 Fluid system simulation. (a) The streamline and velocity simulation and enlarged detail of microfluidic chip; front view of the microfluidic chip
velocity simulation under the liquid flow rates of (b) 0.1 mL min~, (c) 0.3 mL min~* and (d) 0.6 mL min~"; top view of the microfluidic chip velocity simu-
lation under the liquid flow rates of (e) 0.1 mL min™?, (f) 0.3 mL min~* and (g) 0.6 mL min™?; (h) top view of SINW velocity simulation with flow direction
parallel to SINW:; (i) streamline simulation of SINW with flow direction parallel to SINW; flow velocity simulation of (j) SINW profile and (k) pit profile with
flow direction parallel to SINW; (1) top view of SINW velocity simulation with flow direction perpendicular to SINW; (m) streamline simulation of SINW
with flow direction perpendicular to SINW; flow velocity simulation of (n) SINW profile and (o) pit profile with flow direction perpendicular to SINW.
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3.3. Fluid system simulation

Control of the sample flow is key to the development of a
microfluidic integrated biosensor and the improvement of
bioanalysis capabilities.*’ Therefore, it was necessary to simu-
late the flow rate of the microfluidic chip. We used COMSOL
software to simulate a single-channel fluid system under ideal
conditions. The simulation parameters were set as follows:
fluid density was 1000 kg m™>; hydrodynamic viscosity was
1.003 x 107> N S m™>; outlet pressure was 0 Pa; and the fluid
was an incompressible fluid with no wall slippage, ignoring
wall tension. As shown in Fig. 5(a), the streamline and velocity
distribution in the fluid system basically meet the require-
ments of automatic sampling. Then we used three flow rates of
0.1, 0.3 and 0.6 ml min™" to test the best conditions of the
fluid system. The specific front view can be seen in Fig. 5(b)-
(d) and the top view can be seen in Fig. 5(e)-(g). It can be seen
that the flow rate distribution is most stable under the con-
dition of 0.1 mL min™", but the flow rate is too low and
requires high accuracy of the peristaltic pump and the slow
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sample delivery speed affects the rapid detection. However, the
flow velocity distribution is uneven at 0.6 mL min~", which
may cause turbulence that may damage biological macro-
molecules and affect specific detection. It can be seen that the
liquid path system with a flow rate of 0.3 mL min~" is the most
stable and can meet the requirements for use. Therefore, we
chose 0.3 mL min~" as the injection flow rate.

SINW exists on the tangent line of the hexagonal groove,
and its suspended microstructure determines the direction of
liquid flow that will have the greatest influence on the distri-
bution of its fluid parameters. Based on the inlet flow rate of
0.3 mL min~*, we simulated the influence of the flow direction
of the solution relative to the SINW on the distribution of
liquid path parameters. Fig. 5(h)-(k) shows simulations with a
flow direction parallel to the SINW. Fig. 5(1)-(o) shows simu-
lations with a flow direction perpendicular to the SiNW.
Compared with the flow direction parallel to SINW, it can be
seen that the liquid still keeps flowing in the pit when it is per-
pendicular to the SINW direction, which is conducive to bio-
specific recognition. At the same time, this flow direction can
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quickly change the solution around the SINW when switching
the sample as there is no dead volume, thereby shortening the
response time of the biosensor. Therefore, we chose a flow
direction perpendicular to the SINW.

3.4. Air sample testing

In order to test the system, a six-nozzle Collison sprayer (BGI
CN31l) was used for aerosol generation of MTB Ag85B protein
at a pressure of 7.6 bar, and a high-pressure air filter was con-
nected to ensure that there were no other impurities. Fennelly
et al. proved that tuberculosis patients can produce particles
with an aerodynamic diameter of 0.65-3.3 pm.*® The optical
particle size spectrometer (TSI 3330) was used to test the par-
ticle size distribution in this study. Its aerodynamic diameter
is concentrated between 0.3 and 4.16 pm, and the concen-
tration is 4 x 10" particles per mL, which can be used to simu-
late high concentrations of EBC. First, patient exhalation simu-
lation was performed (Fig. S107), the outlet of the nebulizer
was connected to the EBC collector bioscreenlII to collect the
SEBC, and it was collected for 10 minutes at 0 °C. It was con-
tinuously transmitted to the microfluidic chip through a peri-
staltic pump at a control flow rate of 0.3 mL min~*, and con-
nected to the signal acquisition system for detection. The
detection results for aerosol volatilization of the PBS buffer
and 10 ng mL~" MTB Ag85B protein are shown in Fig. 6(a).
The response can distinguish PBS buffer and TB simulated
exhaled breath well. It is proved that the system can achieve a
sensitive response to SEBC.

At the same time, we explored simulated environmental aero-
sols to provide early warning of high concentrations of MTB
aerosols in TB aggregation sites (Fig. S11t). The results are
shown in Fig. 6(b). The current response can distinguish PBS
buffer and TB simulated environmental aerosols well. It is
proved that the system can achieve a sensitive response to
environmental aerosol samples. As shown in Fig. 6(c), we nor-
malized the above data, and it can be seen that the automatic
microfluidic detection system can achieve the initial measure-
ment of environmental air samples and show good sensitivity
(>0.1). Compared with EBC, the bioaerosol data have a larger
error bar. The reason for this may be that bioaerosol sampling
is more likely to collect impurities in the air environment into
the sample owing to its cyclone collection principle. Related
aerosol samples and SEBC samples were qualitatively verified
using ELISA, and the values were 24.98 and 32.93 pg mL™’,
respectively. The signal detected by the system is positively cor-
related with the above values and is expected to achieve the
initial quantitative detection of air samples. While more data is
needed to confirm the feasibility of using this biosensor in real-
world air sample testing, we certainly present a new idea that
could be applied for rapid preliminary screening of TB patients.

4. Conclusion

In this research, we successfully designed and fabricated a
multichannel microfluidic chip to connect with an ultra-sensi-
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tive SINW-FET biosensor. The fluid system was simulated to
obtain the best injection conditions of 0.3 mL min~" flow rate
and flow direction perpendicular to the SiNW. Combining a
one-way valve, a switching valve and a peristaltic pump, a FET
biosensor detection system for actual samples of nodules was
integrated. The system can reduce errors caused by human
operation and reduce the number of samples, and the detec-
tion can be completed without the need for professionals. The
microorganism was verified to maintain good activity under
the optimal air sample collection conditions of 5 mm pipe dia-
meter and 0 °C condensation temperature. For microfluidic
detection, a sufficient sample volume can be obtained in only
2 minutes. The system can detect protein from MTB in SEBC
(~4 x 10" particles per mL), verifying the feasibility of the
microfluidic system. The microfluidic device can be used not
only for the detection of actual TB samples, but also for the
detection of other airborne pathogenic bacteria. This method
provides an effective method for the direct and rapid detection
of other pathogens on the microfluidic chip, and also provides
the possibility for early warning of the spread of infectious dis-
eases. At the same time, the microfluidic chip also provides
the possibility of automation or integration with existing ana-
lysis systems.
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