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A B S T R A C T

Versatile, simple and efficient sample preparation is desirable for point-of-care testing of emerging diseases
such as zoonoses, but current sample preparation assays are insensitive, labour-intensive and time-consuming
and require multiple instruments. We developed a single-tube sample preparation approach involving direct
pathogen enrichment and extraction from human specimens using diatomaceous earth (DE). Amine-modified
DE was used to directly enrich a zoonotic pathogen, Brucella, in a large sample volume. Next, a complex of
amine-modified DE and dimethyl suberimidate was used for nucleic acid extraction from the enriched
pathogen. Using our single-tube approach, the pathogen can be enriched and extracted within 60 min at a
level of 1 colony formation unit (CFU) from a 1 ml sample volume in the same tube. The performance of this
approach is 10–100 times better than that of a commercial kit (102 to 103 CFU/ml) but does not require a large
centrifuge. Finally, we combined the single-tube approach with a bio-optical sensor for rapid and accurate
zoonotic pathogen detection in human urine samples. Using the combination system, Brucella in human urine
can be efficiently enriched (~ 8-fold) and the detection limit is enhanced by up to 100 times (1 CFU/ml bacteria
in urine) compared with the commercial kit. This combined system is fast and highly sensitive and thus
represents a promising approach for disease diagnosis in the clinical setting.

1. Introduction

In the past decade, due to the increased emergence of zoonotic
diseases such as the highly pathogenic viral infections H7N9 avian
influenza, Zika, Ebola, middle east respiratory syndrome-coronavirus,
and highly contagious infections Brucellosis, Bartonellosis in both
human and animal, attention has turned to the rapid, reliable and
straightforward enrichment and identification of pathogens (Ai et al.,
2016; Baker and Gray, 2009; Carroll et al., 2015; Durai et al., 2015;
Kang et al., 2012; Mäkelä et al., 1998; Nilsson and Mandenius, 1994;
Xavier et al., 2010). In addition, pharmaceutical companies are
constantly expanding to meet the needs of patients worldwide, with
some research focussing on the detection of zoonotic pathogens
(Mackey and Liang, 2013). Several detection methods have been
developed, including the classic microbial culture and improved
techniques such as immunological assays and biochemical kits
(Boehme et al., 2010; Islam et al., 2004; Kinjo et al., 2005; Silk and
Donnelly, 1997). However, most of these methods suffer from several
drawbacks—they are time-consuming, labour-intensive, insensitive and
expensive—that greatly limit their commercialization (Ivnitski et al.,

1999). Because low-cost, mass-produced and adequately sensitive
commercial products play a crucial role in global disease surveillance,
especially in developing countries, new solutions that are simple, rapid,
sensitive, reliable and cheap are vital to detect pathogens in the clinical
setting (Daar et al., 2002).

To overcome these issues as they relate to the diagnosis of zoonotic
diseases, a novel approach is desired that can efficiently enrich and
extract pathogens on-site, particularly for point-of-care diagnostics,
which are vital for disease surveillance (Chin et al., 2012). Traditional
pathogen enrichment methods are based on density gradient centrifu-
gation and cell culture, which are still used in clinical analysis (Dorn
et al., 1976; Hanff et al., 1984; Lagier et al., 2015). Several promising
methods have been developed to capture pathogens in a small sample
volume, such as antibody-, lectin- and antimicrobial peptide-based
biological methods (Bicart-See et al., 2016; Chairatana and Nolan,
2014; Pal et al., 2017; Russo et al., 2014). A small sample amount (a
few hundred microliters) is used in conventional assays bcause of their
intrinsic limitations. This decreases detection sensitivity by excluding
the pathogens in the remaining sample. Therefore, a new assay that can
use the entire sample and subsequently enhance sensitivity is desired.
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Regarding detection, nucleic acid extraction methods can be integrated
with the enrichment step to remove various constraints, including
contamination, pathogen loss and spread, and the need for large
instruments during the reaction. One report has focused on pathogen
enrichment and in situ DNA extraction in a tube (Won et al., 2010).
However, the commercialization of this method is challenging due to its
complex fabrication process and the high-cost of raw materials.

Here, we report a simple and low-cost single-tube method for the
diagnosis of zoonotic disease that involves pathogen enrichment from a
large sample volume and on-site nucleic acid extraction. Our approach
is the first to use diatomaceous earth (DE) as a principal substance for
diagnostic purposes. DE is a natural, low-cost and bio-comfortable
silica used in diverse applications such as light harvesting, photonics,
sensing and drug delivery (Ehrlich et al., 2010; Rosi et al., 2004). DE
promises high-performance in many research areas because of its large
surface/volume ratio and strong adsorption capacity when combined
with other materials such as nano-silicon anode and grapheme
(Campbell et al., 2016; Chen et al., 2016; Losic et al., 2009; Melzak
et al., 1996; Qian et al., 2016). To enable DE to be used for diagnostic
purposes, pure DE was amino-functionalized by 3-aminopropyl-
triethoxysilane (APTES), which directly contributes to pathogen en-
richment via electrostatic absorption. Additionally, to obviate the need
for a chaotropic agent for nucleic acid extraction, dimethyl suberimi-
date (DMS) was used as a novel non-chaotropic agent for DNA
extraction due to the reversible crosslinking reaction between DNA
fragments and the amine groups of APTES-functionalized DE (termed
APTES-DE).

Brucella, one of the major global zoonotic pathogens that causes
both huge financial losses and high human morbidity (Boschiroli et al.,
2001), is used to assay the performance of this approach. Incidence
rate of Brucella in specific occupations and endemic regions was much
higher than in the general population. The annual incidence rates per
million populations. Incidence rates in Saudi Arabia (214.4), Turkey
(262.2), and Syria (1603.4), had been reported (Pappas et al., 2006;
WHO, 1997). There were occupations with high incidence rate of
Brucella; butchers and abattoir workers (12.7), laboratory personnel
(3.1) and veterinarians (53.2) (Lytras et al., 2016). Using our single-
tube approach, the pathogen can be enriched and extracted within
60 min at a level of 1 colony formation unit (CFU) from a 1 ml sample
volume in the same tube. The performance of this approach is 10–100
times better than that of a commercial kit, but does not require a large
centrifuge. Additionally, for the rapid diagnosis of zoonotic pathogens,
we combined this method with a label-free, real-time, fast and highly
sensitive isothermal solid-phase amplification/detection (ISAD) system
that has been developed in our report (Shin et al., 2013). Thus, the
target DNA obtained from the single-tube approach was detected
within 20 min by label-free and real-time monitoring of the optical
wavelength shift due to the changing reflection index of a silicon
microring resonator. Using the combination system, Brucella in human
urine can be efficiently enriched (~ 8-fold) and the detection limit is
enhanced by up to 100 times compared with the commercial kit.
Therefore, the combined system can detect zoonotic pathogens without
any sample loss in a total sample volume of 1–2 ml within 80 min.

2. Methods

2.1. Preparation of clean DE and the APTES functionalization process

Commercial DE was washed with distilled water (DW) for 30 min
with vigorous stirring. Sediments with impurities were removed after
short gravity settling of the mixture. After being washed with 70% and
99.9% ethanol, clean DE was collected by centrifugation. DW was used
to prepare 80 ml of 95% ethanol. To form reactive silanol, 2.4 ml of
APTES was added into the solution dropwise with stirring for 3 min at
room temperature. Then, 500 mg clean DE was dispersed in this
solution under vigorous stirring for 4 h. After centrifugation, the

precipitates were washed twice with ethanol to remove free silanol.
The APTES-functionalized DE was collected via centrifugation and
subsequently dried under vacuum overnight at ambient temperature.
Finally, the APTES-DE was redispersed into DW at a concentration of
50 mg/ml for subsequent use.

2.2. Enrichment process

The procedure for pathogen enrichment is described in Fig. 2a.
First, 50 mg/ml APTES-DE was added into 1 ml DW. Uniformly
dispersed suspensions were subsequently formed by vortex. Then,
40 μl of the APTES-DE suspension was pipetted immediately into a
1 ml sample solution. Pathogens were absorbed on the surface of
APTES-DE after 40 min incubation in an 850 rpm shaker at room
temperature. After being washed with PBS buffer, pathogen-attached
APTES-DE was collected via a spin-down device. Then, 200 μl of
elution buffer was used to detach pathogens. Thus, pathogens con-
tained in a large volume sample were enriched in 200 μl of elution
buffer. DNA was extracted by the Qiagen kit and subjected to
fluorescent qRT-PCR analysis. Detailed primer sequences are attached
in Supplementary Table 1.

2.3. DNA extraction process

For DNA extraction from HCT116 cancer cells, 200 μl of sample
solution was added into a tube with 20 μl of protease K and 100 μl lysis
buffer, mixed gently with a pipette and incubated at room temperature
for 1 min. Then, 4 mg/ml DE was added, followed by 100 μl of 100 mg/
ml DMS solution. The solution was mixed well, incubated at 56 °C in a
thermal shaker at 850 rpm for 30 min and centrifuged with a spin-
down device. The supernatant was then removed. The precipitate was
washed twice with 200 μl of PBS buffer and all of the solution was
mixed by pipetting up and down. Finally, 100 μl of elution buffer was
added and the solution was incubated for 1 min at room temperature.
It was then centrifuged with a spin-down device and the supernatant
was moved to a 1.5 ml tube. The extracted DNA was stored at – 20 °C
until use it for downstream analysis.

2.4. Single-tube approach

In this step, 2 mg/ml APTES-DE solution was added into 1 ml of a
105 CFU/ml Brucella sample. The mixture was incubated at ambient
temperature for 40 min with gentle shaking to avoid precipitation. It
was centrifuged with a spin-down device and the supernatant was
removed. The precipitate was washed with 1 ml DW twice and all the
solution was mixed by pipetting up and down. Then, 100 μl of elution
buffer was added, the solution was incubated for 1 min, and 150 μl of
lysis buffer was added with 20 μl of protease K and the mixture was
gently pipetted up and down ten times. Another 4 mg/ml APTES-DE
solution was again added, followed by 100 μl of 100 mg/ml DMS. After
being gently pipetted up and down ten times, the mixture was
incubated for 20 min at 56 °C on a thermal shaker at 850 rpm. It
was centrifuged with a spin-down device and the supernatant was
removed. It was washed twice with 200 μl of PBS buffer and the
solution was mixed by pipetting. Finally, 100 μl of elution buffer was
added and the solution was incubated for 1 min at room temperature.
After spin-down, the supernatant was moved to a 1.5 ml tube. The
extracted DNA was stored at – 20 °C until use.

2.5. ISAD system assay

The ISAD system assay process was simply modified from the
previously reported method (Shin et al., 2013; Shin et al., 2015a,b).
The silicon microring chip was treated with oxygen plasma for 10 min
and subsequently incubated in a fresh solution of 2% APTES in ethanol
(95%) for 2 h. After being washed with ethanol (99.9%) and deionized
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(DI) water in turn, the chip was dried in an oven at 120 °C for 15 min.
Next, the chip was incubated again in fresh solution containing 2.5%
glutaraldehyde and 5 mM sodium cyanoborohydride for another 1 h,
followed by a DI water wash. Next, we immobilized the ISAD forward
primer of Brucella on the chip by incubating it in PBS (pH 7.4, 1 ×)
containing 1 μM forward primer and 5 mM sodium cyanoborohydride
at room temperature overnight. Detailed primer sequences are at-
tached in Supplementary Table 1. After being washed with PBS and
dried by nitrogen, an acrylic well (6 mm in length, 1.5 mm in width and
1 mm in height) was pasted as a reaction chamber onto the silicon
microring area of the chip. The fabricated chip then underwent optical
measurement. To determine the optimal conditions, a mixture of
29.5 μl of rehydration buffer, 15 μl of nuclease-free water and 2.5 μl
of reverse primers were injected immediately into a vial containing
dried enzyme. Then, 2.5 μl of magnesium acetate solution was injected
with 15 s vortexing steps. Next, 5 μl of the sample (target DNA or
negative control) and 10 μl of the mixture were added into the acrylic
well and covered with 10 μl mineral oil. All of the above operations
were performed at room temperature. Finally, the chip was placed on a
thermoelectric cooler and maintained at 38 °C under an incident laser.
The resonance signal from the refracted light was immediately
recorded and used as a reference to obtain a baseline. Thereafter, the
amplification of target DNA was monitored in real time by recording
the wavelength shift every 3 min for up to 20 min.

3. Results

3.1. Diatom earth as a novel substance for diagnostic purposes

Purified DE mainly presents a single morphology, a micro-scale
hollow in the centre with numerous nano-scale pores in the wall,
approximately 3 µm and 200 nm in size, respectively (Supplementary
Fig. 1). This regularly ordered nanoporous structure offers a strong

physical absorption property and substantial reaction area (Yang et al.,
2011). In addition, there are abundant hydroxyl groups on its surface,
which allow its chemical modification and subsequent use in biological
applications, such as biotechnology and biomimetics (Rosi et al., 2004;
Townley et al., 2008). Here, APTES is selected not only for its robust
coating of saline due to covalent bond formation, but also for its
chemical stability compared with alkane thiols, which can be oxidized.
This means that APTES-DE allows long-term storage under standard
conditions. Washed and dried APTES-DE is stored in a tube at room
temperature and redispersed in distilled water at 50 mg/ml for
experimental use. This process is critical because it is the foundation
of all subsequent experiments.

Fourier transform infrared spectroscopy (FTIR) is used to confirm
the APTES functionalization process. The samples are washed three
more times to adequately remove impurities and any free APTES. The
FTIR spectra of plain DE and APTES-DE are presented in
Supplementary Fig. S2. The absorption peak at 1072 cm−1 is ascribed
to the asymmetric stretching vibrations of Si-O-Si, whereas the
absorption peaks at 3414 and 794 cm−1 are attributed to Si-OH on
the surface of DE. On the other hand, after the APTES modification,
new absorption peaks appear at 3663, 2987, 2901, 1649, 1406, 1251,
1228 and 893 cm−1. The peaks at 3663, 1649 and 893 cm−1 are
attributed to N-H stretching, in-plane bending and out-of-plane
bending vibrations, respectively. These results confirm the modification
of amine groups on the surface of DE. Meanwhile, the peaks observed
at 2987 and 2901 cm−1 can be assigned to C-H stretching vibrations
and those at 1251 and 1228 cm−1 to C-N stretching vibrations due to
amine groups directly bonded to the DE. In addition, the surface
morphology of DE is changed after APTES treatment, as shown in Fig.
S1 d. The pore sizes of APTES-DE are significantly reduced due to the
self-polymerization of APTES. These characteristics provide direct
evidence for the efficient amine functionalization of DE by APTES,
which means that APTES-DE can be used in biological applications.

Fig. 1. Schematic diagram of rapid pathogen diagnostic system using a single-tube approach. (a) In situ sample processing involves pathogen enrichment by APTES-modified DE
(diagram) within 40 min and DNA extraction by DMS (dimethyl suberimidate)-assisted APTES-DE (diagram) within 20 min. The ISAD biosensor is then used to detect pathogen
obtained from the in situ sample processing within 20 min (b) Pathogen enriched via electrostatic interaction. (c) DNA extraction by DMS (dimethyl suberimidate)-assisted APTES-DE.
This novel system can be used for the rapid, simple and sensitive diagnosis of pathogens.
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3.2. Principle of the single-tube approach for pathogen enrichment
and extraction

The principle of the single-tube approach involving DE for the
diagnosis of zoonotic pathogens is presented in Fig. 1a. We report a
single-tube approach for the enrichment and extraction of pathogens
using APTES-DE. APTES-DE efficiently concentrates pathogens on its
surface via both electrostatic and physical absorption (Fig. 1b). SEM
images clearly show Brucella enriched on the surface of APTES-DE
within 40 min (Fig. S1e,f). Next, DMS is combined with APTES-DE for
the extraction of high-quality nucleic acids. This acts as a novel capture
reagent that recognizes the amine groups on the sticky ends of nucleic
acid fragments and enables positively charged amidine linkage that
further enhances the isolation of negatively charged DNA via the
electrostatic binding of anionic DNA and cationic amidine (Fig. 1c).
Thus, DNA is extracted from the enriched pathogen via crosslinking
reactions between the amines of the DMS/DNA complex and APTES-
DE within 20 min. For diagnostic purposes, we added the ISAD system
for the rapid detection of the pathogen DNA obtained from the single-
tube approach. In this system, the specific target primer is directly
immobilized on the surface of a silicon microring sensor device, and the
DNA amplification is guided on-site, which changes the reflective
index. When a laser light passes through the sensor, a shifted
wavelength triggered by the amplified DNA is observed. This resonance
optical signal is specifically related to the DNA concentration of the
detected sample (Shin et al., 2013; Shin et al., 2015a,b). Therefore,
using this combination single-tube approach and ISAD system, zoono-

tic pathogens can be rapidly and simply detected within 80 min with
high sensitivity Fig. 1).

3.3. Characterization of pathogen enrichment using APTES-DE

Efficient pathogen enrichment in a large sample volume (1 ml or
2 ml) is always challenging, particularly without expensive biological
agents such as antibodies or biotin (Jing et al., 2013). The gold
standard method for the diagnosis and successful isolation of patho-
gens was determined to be a solution-based pathogen culture method,
especially for the diagnosis of brucellosis, an emerging zoonotic
pathogen, because its clinical diagnosis is extremely difficult due to
its broad spectrum of nonspecific clinical manifestations (Bosilkovski
et al., 2010b). Blood culture is the classic method for brucellosis
diagnosis but it has limited sensitivity and requires a long cultivation
period (Bosilkovski et al., 2010a; Rich et al., 2000). In addition, only a
small amount of sample (200 μl out of 1 or 2 ml) is used in conven-
tional assays because of their intrinsic limitations, or an ultra-
centrifugation is used for sample pre-concentration in large volume
of samples. To overcome the limitations of these assays, APTES-DE
was used for pathogen enrichment in larger sample volumes. Due to
the low isoelectric point of Brucella (Geresu and Kassa, 2016; Saha
et al., 1990), a non-covalent approach, namely, electrostatic binding,
can be used for enrichment of the pathogen to the surface of DE.
Because APTES-DE generates a positive charge due to functionalized
amino groups in the reaction buffer, the pathogen can be electrically
driven onto the surface of APTES-DE. The strong physical absorption

Fig. 2. Characterization of the pathogen enrichment process using APTES-DE. (a) Experimental pathogen enrichment procedure. (b–c) Optimized protocols for enrichment were
demonstrated using qRT-PCR with serially diluted concentrations of DE (b) and at varying incubation times (c). (d) Parallel experiments comparing the performances of the APTES-DE
assay and a commercial kit with a series of cell concentrations; inset, linear relationship of both approaches between cycle threshold (Ct) and concentrations of pathogen. Bars extended
to a negative control (NTC) line here means no amplification signals.
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property of DE also boosts the pathogen enrichment process. Thus,
APTES-DE can efficiently enrich the pathogenic bacteria Fig. 2 and Fig.
S1 e,f). For optimal enrichment, we assessed the optimal DE concen-
tration and incubation time (Fig. 2b,c). Based on our quantitative real-
time PCR (qRT-PCR) results, with a lower cycle threshold (Ct) from
qRT-PCR reflecting higher amounts of targeted DNA (Heid et al.,
1996), 2 mg/ml DE and a 40-min incubation time were the optimal
conditions. To test the usefulness of APTES-DE as a tube-based
enrichment assay, we used serially diluted pathogen amounts in 1 ml
solutions. Using the optimal conditions, we first enriched the pathogen
from a 1 ml solution using APTES-DE, and then the enriched pathogen
was eluted in a 200 μl solution for DNA extraction using a Qiagen kit.
Finally, qRT-PCR was performed to confirm the amount of DNA in the
samples. Fig. 2d shows that the APTES-DE assay in a 1 ml sample can
useful for the enrichment of pathogen from 1 CFU. In addition, to
compare the utility of APTES-DE and the Qiagen kit, 200 μl out of the
1 ml sample was used for direct DNA extraction without any enrich-
ment step using the Qiagen kit. The detection limit of the Qiagen kit
was 10 CFU (Fig. 2d). The Ct from the qRT-PCR in the enriched
samples using APTES-DE was much lower than in the initial samples.
The inset shows the linear relationship of Ct as a function of the diverse
pathogen concentrations of both assays. We further assessed the
performance of this enrichment procedure at low pathogen concentra-
tions in 2 ml samples (Fig. S3). After APTES-DE enrichment, the Ct
values from the qRT-PCR were still much lower than those in the kit.
The sensitivity of the APTES-DE assay was found to be 10-times higher
than that of the kit method. In addition, our proposed assay does not

require any ultra centrifugation for pathogen enrichment in a large
sample volume. Therefore, APTES-DE in a single tube can be a useful
tool for the effective enrichment of low-concentration pathogens in
large volume samples within 40 min.

3.4. Characterization of DNA extraction using a complex of APTES-
DE and DMS

Next, to simplify the reaction step, we developed a DNA extraction
assay to be performed in the same tube after the enrichment reaction
(Fig. 3a). First, 200 μl of sample solution was mixed with 100 μl of lysis
buffer and 20 μl of protease K in a 1.5 ml tube. Then, 40 μl of APTES-
DE and 100 μl of DMS were added in that order. The mixture was
subsequently incubated for 10 min in a shaker at 850 rpm and 56 °C.
During the reaction, DNA and DMS complexes bound to APTES-DE
and were collected via a spin-down device. After being washed with
PBS buffer, DNA was eluted via the addition of 100 μl of elution buffer
and pipette mixing and spin-down (Fig. 3a). We report the DNA
extraction using APTES-DE and the non-chaotropic agent DMS. DMS
is selected here not only for the specific binding process, but also
because the binding is reversible at high pH (Shin et al., 2015b). To
determine the optimal conditions for DNA extraction, we assessed the
optimal DE concentration and incubation time (Fig. 3b,c). Based on the
qRT-PCR results, 4 mg/ml of APTES-DE and a 20 min incubation time
were the optimal conditions. Using these conditions, the performance
of APTES-DE as a DNA extraction method was assessed with serially
diluted samples containing from 1 to 107 cells/ml of pathogen. A linear

Fig. 3. Characterization of the DNA extraction process using APTES-DE. (a) Experimental DNA extraction procedure. (b–c) Optimized protocols for DNA extraction were demonstrated
using qRT-PCR with serially diluted concentrations of DE (b) and at varying incubation times (c). (d) Performance of the DNA extraction assay using APTES-DE with a series of cell
concentrations 1–107 cells/ml); inset, linear relationship of the cycle threshold (Ct) as a function of the serial cell concentration. Bars extended to a negative control (NTC) line here
means no amplification signals.
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relationship between the Ct and cell concentration was visible (Fig. 3,
inset). This extraction process detects up to 10 cells/ml with a high
linear correlation coefficient (Fig. 3d and R2 = 0.9898). What's more,
we evaluated the performance of APTES-DE by comparing with various
silica matrixes (i.e., silica gel, silica sand). The qRT-PCR results
indicated that APTES-DE was better candidate to compare with others
(Fig. S4). Therefore, this combination of APTES-DE and DMS can act
as a novel DNA extraction tool via the assistance of a non-chaotropic
agent.

3.5. Single-tube approach for pathogen enrichment and extraction

Because APTES-DE is used as the principal substance for both
pathogen enrichment and DNA extraction, as detailed above, we
combined the two processes in a single tube (Fig. 4). Brucella in 1 ml
of PBS buffer was first enriched by APTES-DE. Then, lysis buffer was
directly added to the tube, followed by DMS. Next, we tested the DNA
obtained from the single-tube approach using qRT-PCR (Fig. S5). We
confirmed the ability of the single-tube approach to detect pathogen in
samples containing as little as 10 CFU/ml. We then examined whether
this approach can be useful for the diagnosis of zoonotic pathogens in
human specimens. As a systemic infection, human brucellosis appears
a wide clinical spectrum while Infections of the genitourinary system
are the second most common complication. It was reported that for
Brucella ovis diagnosis, preputial wash samples and urine were
suitable specimens (Xavier et al., 2010). Considering of the conve-
nience, we selected urine samples as main matrix in this study. We
used spiked Brucella in human urine samples at 102 CFU/ml. Brucella
was detected two cycles sooner with qRT-PCR analysis via the single-
tube approach than with the Qiagen kit (Fig. S6a), which means an ~8-
fold concentration increase (He et al., 2002; Heid et al., 1996). In

addition, conventional PCR analysis also indicated that high-quality
DNA was extracted via the single-tube approach (due to the presence of
a clear target band) (Fig. S6b). We also evaluated our system using
spiked Brucella in animal urines (ram, dog). Similar performance was
shown in Fig. S7a. Since this single-tube approach is based on
electrostatic interaction for pathogen enrichment, the selectivity of
this system is not based on the enrichment step but the amplification
step with the specific primer. In order to test this capability of the
system, we used the samples of mixed pathogens including Brucella,
Salmonella, E.coli (Fig. S7 b). When PCR was used to amplify
Salmonella, the target primers could be amplified the target pathogen
only. Also, when PCR was used to amplify E.coli, the primers could be
amplified the target only. Fig. S7 b presented that target specific
primers could only amplify the target pathogen's DNA. We further
investigated this single-tube approach using low-concentration sam-
ples ranging from 1 to 103 CFU/ml of Brucella in urine. The Ct value of
extracted DNA by qRT-PCT in this single-tube approach was much
lower than that of the Qiagen kit (Fig. 4b). In addition, the performance
limit was 10 times higher at 10 CFU/ml than that of the Qiagen kit
(102 CFU/ml). Thus, we confirmed that high levels of high-quality DNA
improved the detection limit of the diagnostic system. Finally, due to its
highly sensitive nucleic acid detection, we used ISAD to analyze the
pathogen obtained from the single-tube approach in urine. Signals
from shifted wavelengths can be measured using the ISAD system
because the gradually amplified DNA leads to changes in the reflective
index. Regular changes are shown in Fig. 4c and are specific to DNA
from Brucella due to the selected primers. Even at 1 CFU/ml, we can
still obtain a specific response signal via the ISAD system. Because the
detection limit of the Qiagen kit is only 102 CFU/ml in urine (Fig. 4b),
the limit is thus increased 100 times with the single-tube approach and
ISAD system. In addition, the detection time for the ISAD system is

Fig. 4. Characterization of the single-tube approach and the combination system with optical sensor. (a) Experimental single-tube approach. (b) Parallel experiments comparing the
performance of the commercial kit with that of the single-tube approach for analysis of Brucella in urine using qRT-PCR at low concentrations. (c) Combination system with ISAD
sensor. Analysis of pathogenic DNA obtained from the single-tube approach at low concentrations within 80 min (R2 = 0.98515 for 10 CFU/ml and R2 = 0.99872 for 1 CFU/ml). Bars
extended to a negative control (NTC) line here means no amplification signals.
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only 20 min, whereas both qRT-PCR and conventional PCR need 2–3 h
(Fig. 4c).

4. Conclusion

Despite numerous technological advances in the field of disease
diagnostics in recent decades, many scientists, engineers and clinicians
desire more appropriate technology for clinical settings. Importantly,
detection sensitivity in clinical applications can be improved when high
levels of high-quality nucleic acids are obtained from large sample
volumes. Thus, the new technology would need to encompass the
following features: (I) efficient enrichment of pathogens in a large
sample volume without the need for ultracentrifugation, (II) nucleic
acid extraction from pathogens without a chaotropic agent, (III) easy
integration with the detection system for point-of-care testing, and (IV)
rapid and efficient pathogen diagnosis. To achieve these characteristics,
we used a single-tube approach that enables efficient pathogen enrich-
ment and extraction for enhanced diagnostic performance. The rele-
vant issues have been innovatively addressed. First, Brucella was
directly enriched in a 1–2 ml sample without ultra-centrifugation.
Second, DNA was extracted from the enriched pathogen in the same
tube without the need for large instruments. High levels of high-quality
DNA were captured through DMS-assisted crosslinking reactions.
Third, using the single-tube approach, pathogenic Brucella in human
urine was efficiently enriched and concentrated by approximately 8-
fold. Lastly, a combination of the single-tube approach and a bio-
optical sensor enabled rapid (80 min), low-cost and simple analysis of
complex samples, as well as ultra-sensitivity (1 CFU/ml). Our method
involves the use of a single tube and a battery-driven spin-down device
and is thus a promising candidate for point-of-care diagnosis. We
envision that this combination system will be useful for other emerging
diseases in both humans and animals.
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