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Abstract Periprosthetic joint infection (PJI) is one of
the severe complications of prosthetic joint replacement.
Delayed PJI diagnosis may anchor bacteria in peripros-
thetic tissues, and removal of the prosthesis might be inev-
itable. The diagnosis of PJI depends on the identification
of microorganisms by standard microbiological cultures or
more advanced molecular diagnostic methods for detection
of bacterial genes. However, these methods are relatively
time-consuming, labor-intensive and not human error-
free. Moreover, it is challenging to distinguish live from
dead bacteria by using DNA-based molecular diagnostics
since bacterial DNA will be remained in the tissue even
after the death of the bacteria. In this work, an integrated
microfluidic system has been developed to perform the
entire molecular diagnostic process for the PJI diagnosis in
a single chip. We combined the loop-mediated isothermal

The preliminary results of the current paper had been presented
at the 19th International Conference on Miniaturized Systems
for Chemistry and Life Sciences (MicroTAS 2015), Gyeongju,
Korea, Oct. 25-29, 2015.

Electronic supplementary material The online version of this
article (doi:10.1007/s10404-017-1913-8) contains supplementary
material, which is available to authorized users.

P< Mel S. Lee
mellee @cgmbh.org.tw

< Gwo-Bin Lee
gwobin@pme.nthu.edu.tw

Department of Power Mechanical Engineering, National
Tsing Hua University, Hsinchu 30013, Taiwan

Institute of Biomedical Engineering, National Tsing Hua
University, Hsinchu 30013, Taiwan

Institute of NanoEngineering and Microsystems, National
Tsing Hua University, Hsinchu 30013, Taiwan

amplification (LAMP) with ethidium monoazide (EMA)
in an integrated microfluidic system to identify live bacte-
ria with reasonable sensitivity and high specificity. All the
diagnostic processes including bacteria isolation, cell lysis,
DNA amplification and optical detection can be automati-
cally performed on the integrated microfluidic system by
using a compact custom-made control system. The inte-
grated system can accommodate four primers comple-
mentary to six regions of the target genes and improve the
detection limit by using LAMP. The limit of detection in
this multiple EMA-LAMP assay could be as low as 5 fg/
reaction (~1 CFU/reaction) when choosing an optimized
primer set as we demonstrated in mecA gene detection.
Thus, the developed system for PJI diagnosis has great
potential to become a point-of-care device.

Keywords Loop-mediated isothermal amplification -
Ethidium monoazide - Microfluidics - Periprosthetic joint
infection

Abbreviations
A. baumannii  Acinetobacter baumannii
BIP Backward inner primer

Laboratory Medicine, Kaohsiung Chang Gung Memorial
Hospital, Chang Gung University, Kaohsiung 83301, Taiwan

Department of Biotechnology and Laboratory Science
in Medicine, National Yang-Ming University, Taipei 11221,
Taiwan

Department of Orthopaedic Surgery, Kaohsiung Chang
Gung Memorial Hospital, Chang Gung University,
Kaohsiung 83301, Taiwan

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10404-017-1913-8&domain=pdf
http://dx.doi.org/10.1007/s10404-017-1913-8

87 Page2of 12

Microfluid Nanofluid (2017) 21:87

bp Base pairs

CNS Coagulase-negative staphylococci
DNA Deoxyribonucleic acid

dsDNA Double-stranded DNA

ddH,O Double-distilled water

E. coli Escherichia coli

EMA Ethidium monoazide

EMVs Electromagnetic valves

FIP Forward inner primer

LAMP Loop-mediated isothermal amplification

LOD Limit of detection

MRSA Methicillin-resistance Staphylococcus
aureus

NCBI National Center for Biotechnology
Information

P. syringae Pseudomonas syringae

PII Periprosthetic joint infection

PCR Polymerase chain reaction

PMT Photomultiplier tube

rRNA Ribosomal ribonucleic acid

SA Staphylococcus aureus

TE Thermoelectric

TJA Total joint arthroplasties

VISA Vancomycin-intermediate Staphylococcus
aureus

1 Introduction

Periprosthetic joint infection (PJI) is one of the most severe
complications of prosthetic joint replacement. Incidence
rate of PJI in total joint arthroplasties (TJA) is between 1
and 12% (Barrack et al. 1995; Pulido et al. 2008; Qu et al.
2013). In recent years, as the number of TJA performed has
been increasing, the number of PJI patients has been rising
accordingly (Kurtz et al. 2007). It was estimated that there
will be 420 thousands of patients who may suffer from
PJI in the USA in 2030, and the costs of PJI in the USA
could be surmised to be $1.62 billion in 2020 (Kurtz et al.
2007, 2012; Schairer et al. 2014). The treatment expenses
of arthroplasty have a huge financial burden for both
patients and medical facilities (Jafari et al. 2010; Kapadia
et al. 2016; Shahi and Parvizi 2015; Stranges et al. 2009).
Patients with inadequate treatments may suffer from many
disabilities complicated with sinus discharge, joint disloca-
tion, joint effusion and purulence on the joint (Parvizi et al.
2011; Paxton et al. 2015).

The most common microorganisms leading to PJI is
Staphylococcus aureus (S. aureus, SA), which commonly
exists in hospitals and healthcare facilities (Pulido et al.
2008; Schairer et al. 2014; Trampuz and Zimmerli 2005).
Due to the abuse of antibiotics, the nosocomial infections
have been aggravated in the hospitals and nursing homes.

@ Springer

Furthermore, some S. aureus has developed a resistance
to methicillin, penicillin and B-lactam such that the infec-
tions could no longer be treated by using those antibiot-
ics. For instance, methicillin-resistance Staphylococcus
aureus (MRSA) is one of the most prevailing pathogens
with antibiotics-resistant activities (Baddour et al. 2006;
Doebbeling 1995; Levy and Marshall 2004; Pulido et al.
2008; Wang et al. 2011). In addition to these two gram-
positive bacteria, there are other common microorgan-
isms such as Escherichia coli (E. coli), Acinetobacter
baumannii (A. baumannii), Klebsiella pneumoniae and
Pseudomonas aeruginosa that are gram-negative bacte-
ria and have been commonly observed for PJI infections
(Lentino 2003; Trampuz and Zimmerli 2005). Supple-
mentary Information Table 1 lists the isolation rate of
clinical strains from Kaohsiung Chang Gung Memorial
Hospital, Taiwan in 2014. Among them, SA, MRSA, E.
coli and A. baumannii are the common bacteria in clini-
cal surgery of PJI in Taiwan. Therefore, it is of great need
to develop a tool to detect these four bacteria with high
accuracy.

Currently, hospitals manage the PJI by using a staged
operation protocol of arthroplasty (Chang et al. 2014; Huang
et al. 2012; Lima et al. 2013; Trampuz and Zimmerli 2005).
In the staged reimplantation surgery, the first-stage process
includes the removal of the infected artificial joint, thor-
ough debridement auxiliary with systemic and local anti-
biotic therapy (Gallo et al. 2004; Shahi and Parvizi 2015).
When the PJI is cured and no live bacteria in the joint are
detected, then a new prosthesis could be implanted. There-
fore, an accurate PJI diagnosis is critical and essential for
the subsequent treatments (Esposito and Leone 2008). There
are several diagnostic methods to detect infectious patho-
gens for PJI in clinical practices, such as cell culture, poly-
merase chain reaction (PCR) and ribosomal ribonucleic acid
(rRNA)-based approaches (Bergin et al. 2010; Esposito and
Leone 2008; Gallo et al. 2004; Kapadia et al. 2016; Shahi and
Parvizi 2015; Trampuz and Zimmerli 2005). Conventional
approaches for PJI diagnosis were based on the cultures
from joint fluids or tissues (Alijanipour et al. 2013; Hartley
and Harris 2014). However, it could take 3—7 days to get the
final bacteriological report such that a decision for the choice
of antibiotics could only be made accurately. The inaccu-
racy rate (false-positive and false-negative) is also relatively
high for these above-mentioned approaches. For instance,
the contamination between the samples may cause serious
false-positive results. Furthermore, deoxyribonucleic acid
(DNA) amplification-based methods for PJI diagnosis cannot
distinguish live from dead bacteria because the DNA of dead
bacteria remains intact and can be amplified to get a false-
positive result (Jacovides et al. 2012; Vandercam et al. 2008;
Josephson et al. 1993). Other methods including radionuclide
scans suffer from their low-resolution characteristics, lack of
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specificity and thus false-negative issues remain a concern
(Fernandez-Suarez and Ting 2008; Kherlopian et al. 2008).

One group has developed an integrated microfluidic sys-
tem for fast PJI diagnosis (Chang et al. 2014). It employed
EMA with the PCR to detect live bacteria. EMA, a DNA-
staining dye, can penetrate into the broken cell walls of
dead bacteria and intercalate into double-stranded DNA
(dsDNA) to prevent DNA from denaturation in PCR. With
this approach, all the diagnostic process (bacteria isolation,
cell lysis, DNA amplification and optical detection) could be
automatically performed on the integrated microfluidic chip.
In the current work, we aim to increase the specificity and
sensitivity of the detection by using loop-mediated isother-
mal amplification (LAMP) since the sensitivity of LAMP is
one order of magnitude higher than PCR (Soo et al. 2013)
and the specificity of LAMP could be enhanced by increasing
the primer sets. Furthermore, isothermal reaction of LAMP
may alleviate the requirement for thermocycling, which is
commonly used for PCR. Moreover, a compact custom-
made control system and a compact pneumatic supply were
developed in this work such that the developed system may
be used for point-of-care applications. It is the first time that
LAMP with EMA has been demonstrated in an integrated
microfluidic system to diagnose live bacteria for PJI auto-
matically. Furthermore, four common bacteria found in PJI
could be distinguished and detected in this work. When com-
pared to the previous works (Chang et al. 2014, 2015) which
used EMA and PCR assays, this new system is lighter (27.0
vs. 41.5 kg) and smaller (42.0 cm x 33.0 cm x 47.0 cm vs.
46.0 cm x 35.0 cm x 47.0 cm) which makes it more feasi-
ble for bedside examination. Moreover, the air supply mod-
ules were also integrated into a small box, allowing for easy
experimental setup. Furthermore, the new system exhibited
higher specificity (i.e., LAMP reaction will be carried out
successfully only when all four primers are exactly comple-
mentary to six regions of the target gene) and higher sensi-
tivity (i.e., the detection limit of the multiple EMA-LAMP
assay could be as low as 1 CFU/reaction when choosing
an optimized primer set as we demonstrated in mecA gene
detection, which is two orders of magnitude better than the
previous work (~10? CFU/reaction)). More importantly, the
strain of S. aureus with antibiotic resistance could also be dis-
tinguished by using the mecA primer sets such that MRSA
could be detected, which may provide important information
for antibiotics-resistant treatment.

2 Materials and methods

2.1 Experimental procedure

Figure 1 illustrates the experimental processes for the
detection of live bacteria in human joint fluids performed

on the integrated microfluidic system. The experimen-
tal procedures are described briefly as follows. First, the
EMA was added to the samples to covalently bind to the
DNA of dead bacteria and magnetic beads coated with
vancomycin were then used to capture the bacteria (both
live and dead bacteria) (Chang et al. 2014). Note that
EMA can penetrate into the broken cell walls of dead
bacteria and cause irreversible intercalation in dsDNA
such that it cannot be served as templates in subsequent
LAMP process. The detail information for photoactiva-
tion of EMA could be found in our previous work (Chang
et al. 2014). Furthermore, vancomycin-coated beads have
been demonstrated to exhibit excellent capability to cap-
ture gram-positive and gram-negative bacteria (Wang
et al. 2014). Then, a permanent magnet was placed under
the microfluidic chip to collect bacteria—magnetic beads
complexes by applying a magnetic field (~500 Gauss)
for 4 min. Furthermore, the waste unit was applied with
a negative gauge pressure (suction force) to suck out the
unbound debris. Note that this process is crucial since
it allows one to isolate bacteria from complicate clini-
cal samples such that the subsequent processes such as
LAMP could be performed with high yield (Chang et al.
2014). Next, after removing the magnet, a temperature
control module (FTC100D, Accuthermo Technology
Corp., USA) and a thermoelectric (TE) cooler (TEC1-
241.10, TANDE Corp., Taiwan) were used to perform the
cell lysis process at 95 °C for 4 min. Then, the LAMP
reagent was transported to the LAMP reaction chamber,
followed by performing the LAMP process at 60 °C for
55 min by using the same temperature control module.
Note that the sample and reagents were automatically
transported and regulated by using built-in micropumps
and microvalves (Chang et al. 2014). Finally an optical
detection module was used to detect the fluorescent sig-
nals of LAMP products.

2.2 Design and fabrication of integrated microfluidic
chip

An integrated microfluidic chip was fabricated by using
a hot-embossing process provided from the Jabil Cir-
cuit Inc., Ltd., Taichung, Taiwan. It was composed
of two silica gel layers and a glass substrate (Fair &
Cheer Inc., Taiwan) (Chang et al. 2014). A schematic
illustration of the integrated microfluidic chip is shown
in Fig. 2a. It was consisted of several open cham-
bers (including “sample + beads + EMA” chambers,
positive control chambers, negative control chambers,
LAMP reagent chambers and wash chambers), nor-
mally closed microvalves, micropumps and a waste
unit. An exploded view of the integrated microfluidic
chip is shown in Fig. 2b, which is composed of two
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Fig. 1 A schematic illustration of the entire experimental process for
detection of live bacteria for PJI diagnosis. a EMA was added, and
bacteria were captured by magnetic beads coated with vancomycin.
b Bacteria-magnetic beads complexes were collected by applying an

silica gel layers and a glass substrate. A photograph
of the integrated microfluidic chip is shown in Fig. 2c.
The dimensions of the integrated microfluidic chip
were measured to be 75.0 mm x 59.0 mm x 6.8 mm
(length x width x height). Note that there are four iden-
tical modules in this chip such that we may perform pos-
itive control (P), negative control (N) and four sample
detections (S) (see Fig. 2a). The detail information about
the performance and characterization of micropumps
and micromixers could be found in our previous work
(Chang et al. 2014).
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Dead bacterium

Magnetic beads

external magnetic field. ¢ The debris was removed. d Cell lysis was
performed to release DNA from bacteria. d Transportation of LAMP
reagent. f Amplification of LAMP process

2.3 Experimental setup

As shown in Supplemental Figure 1, the experimental setup
was composed of a compact pneumatic supply, a custom-
made control system and a computer. This custom-made
control system was composed of a flow control module, a
temperature control module and an optical detection mod-
ule. The flow control module was equipped with electro-
magnetic valves (EMVs, SR 310M5, CHELIC CORP,
LTD., Taiwan) and flow regulators (RVUM, PISCO Inc.,
USA). The temperature control module was equipped with
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Fig.2 a A schematic illustration of the integrated microfluidic
chip. It was composed of several open chambers (including sam-
ple + beads + EMA chambers, positive control chambers, negative
control chambers, LAMP reagent chambers and wash chambers),
normally closed microvalves, micropumps and a waste unit. b An
exploded view of the integrated microfluidic chip, which is consisted

a thermoelectric (TE) cooler, a thermocouple and a tem-
perature controller (FTC100D, Accuthermo Technology
Corp., USA). The optical detection module was composed
of a laser (MBL-III-473, CNI Corp., China), a band-pass
filter (ET525/20 m, Chroma Technology Corp., USA) and a
linear polarizing glass filter (#43-786, Edmund Optics Inc.,
USA) to filter and transmit the laser beam, a dichroic mir-
ror (T495LP, Chroma Technology Corp., USA) to reflect
and transmit the light with specific wavelengths separately,
and a photomultiplier tube (PMT, R928, Hamamatsu Corp.,
Japan) to collect the fluorescent signals from LAMP prod-
ucts. It makes the whole diagnosis system to be more com-
pact in size such that it may have great potential to be a

liquid channel structure

59 mm

of two silica gel layers and one glass substrate. ¢ A photograph of the
integrated microfluidic chip. The dimensions of the integrated micro-
fluidic chip were measured to be 75.0 mm x 59.0 mm x 6.8 mm
(length x width x height). The orange color represents the air chan-
nel layer, and the green color indicates the liquid channel layer and
chambers (color figure online)

point-of-care device. In this work, all the experimental
process could be performed automatically by using the
computer to activate the control system and the compact
pneumatic supply such that temperature and fluid in this
integrated microfluidic chip could be automated and regu-
lated. Furthermore, the LAMP products could be optically
detected by using the optical detection module.

A photograph of the working platform of the custom-
made control system is shown in Supplemental Fig-
ure 2. The dimensions of the system were measured to be
42.0 cm x 33.0 cm x 47.0 cm (length x width x height),
and the weight was only 27.0 kg, which is much lighter
than the previous one (41.5 kg) (Chang et al. 2014). With
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this approach, the entire diagnostic process including EMA
treatment, bacteria isolation, cell lysis, DNA amplification
and optical detection can be automatically performed on
the integrated microfluidic system.

A schematic illustration of the compact pneumatic
supply is further shown in Supplemental Figure 3(a).
The dimensions of the compact pneumatic supply
were measured to be 23.0 cm x 13.5 cm x 13.5 cm
(length x width x height). It was composed of a vacuum
pump (DC-16V, UNi-CROWN CO., LTD., Taiwan) for
providing negative gauge pressure to actuate the micro-
pumps, normally closed microvalves and the suction unit,
a compressor (TC-10, Sun Mines Electrics Co., Ltd., Tai-
wan) for supplying the positive gauge pressure to control
a shutter of the optical detection module, the magnet, the
micropumps and normally closed microvalves, if necessary.
It was also equipped with a pressure regulator (NR100-
01, CHELIC CORP., LTD., Taiwan) for the compressor
and another pressure regulator (IRV10, SMC Inc., Japan)
for the vacuum pump to control the output pressure. Fur-
thermore, two pressure sensors (the one for the compressor
was from Delta Electronics, Inc., Taiwan and the one for
the vacuum pump was from Guanjing ENTERPRISE CO.,
LTD., Taiwan) were used to measure the output pressure.

2.4 Preparation of EMA

EMA (Molecular Probes, Inc., USA) was dissolved in 99%
ethanol (Sigma-Aldrich Co., USA) to a final concentration
of 1 mg/mL for the subsequent experiments. Furthermore,
the EMA solution was stored at —20 °C and was kept in the
dark microcentrifuge tube to prevent from light exposure
prior to usage. The shelf life of EMA was measured to be
about 6 months. Note that EMA is potentially carcinogenic
and mutagenic (Nogva et al. 2003). Therefore, it should be
used with caution as any other DNA chelating agents.

2.5 Preparation of bacterial samples

The clinical human joint fluidic samples were provided
from Kaohsiung Chang Gung Memorial Hospital, Taiwan
under the approval of Institutional Review Board (Nos.
103-6831B, 104-7148C and 104-2206C).

2.6 Preparation of LAMP primers and LAMP reagents

The LAMP reagent mixtures contained a DNA amplifica-
tion kit (Eiken Chemical Co., Ltd., Japan), double-distilled
water (ddH,O, 19 pL), 10 pM B3 primers and F3 prim-
ers, 60 pM backward inner primer (BIP) and forward inner
primer (FIP) (Sigma-Aldrich Co., USA), 1 nL fluorescent
detection reagent (Eiken Chemical Co., Ltd., Japan) and
5 L of the template. Note that the volume of total reaction
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mixtures is 25 pwL. The reagent chambers corresponding
to S chambers in Fig. 2a were first preloaded with 22 pL
of LAMP reagent mixtures without the template. Simi-
larly, the reagent chambers corresponding to P chambers in
Fig. 2a were preloaded with 25 WL of LAMP reagent mix-
tures and 5 pL of template (500 pg plasmid DNA). Simi-
larly, the reagent chambers corresponding to N chambers in
Fig. 2a were preloaded with 25 WL of LAMP reagent mix-
tures without DNA templates. Note that the sequences of
F3, B3, FIP and BIP primers of four primer sets are listed
in Supplementary Information Table 2. The spa primers
and Ab-ITS primers could be found in the previous stud-
ies (Soo et al. 2013; Wang et al. 2011). The mecA prim-
ers were designed by selecting the conserved sequence
region among the Accession Nos. KC243787, GU227428
and EF190335 from the GenBank at the National Center
for Biotechnology Information (NCBI), and redesigned it
to appropriate sequences. Similarly, the EcoUspA primers
were also designed by selecting the conserved sequence
region among the Accession Nos. CP015832, CP015831,
CP015074 and CP015138 form the GenBank at NCBI and
redesigned it to appropriate sequences.

2.7 Experimental process performed on integrated
microfluidic chip

The entire experimental process for the detection of live
bacteria in human joint fluids performed on the integrated
microfluidic system is shown schematically in Fig. 3.
The left column in this figure schematically illustrates the
experimental procedures, and the right column shows the
corresponding experimental procedures performed on the
integrated microfluidic chip. The experimental procedures
are briefly described as follows. First, 34 pL of clinical
samples (human joint fluids) mixed with 5 pL of vanco-
mycin-coated magnetic beads (30 x 10° beads/mL) and
I L of EMA (1 mg/mL), 120 nL of wash buffer (ddH,0)
and 25 pL of LAMP reagent with 30 WL of mineral oil
(Sigma-Aldrich Co., USA) were first preloaded into the
corresponding reagent chambers (S, W and LR chambers
in Fig. 2). Note that the mineral oil was added to prevent
evaporation during the LAMP reaction. Furthermore, rea-
gents for positive control and negative control cases were
preloaded to the corresponding reagent chambers (P and
N chambers in Fig. 2). Then, the magnet was placed under
the chip to collect bacteria—magnetic beads complexes by
applying an external magnetic field for 4 min after the incu-
bation process by activating the micromixer. Furthermore,
the waste unit was applied with a negative gauge pressure
(4 psi) to suck out the unwanted debris while activating
the micropumps to transport the wash buffer. After remov-
ing the magnet, the temperature control module was used
to thermally perform the cell lysis process at 95 °C for
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Fig.3 A schematic illustration of the entire experimental process
performed on the integrated microfluidic chip for PJI diagnosis. a
In the first step, the bacteria-contained sample was mixed and cap-
tured with vancomycin-coated magnetic beads and EMA treatment
was performed to bind covalently to DNA in cells that have compro-
mised membranes to eliminate the following LAMP amplification.
b Bacteria—magnetic beads complexes can be collected by applying
an external magnetic field. ¢ The unbound debris was removed by

4 min. Then, the LAMP reagent was transported to the
corresponding reaction chamber, followed by the LAMP
reaction performed at 60 °C for 55 min. After isothermal
DNA amplification, the optical detection module was used
to detect the fluorescent signals form calcein which was
intercalated in the LAMP product. Note that four kinds of
bacteria could be detected by using designed primers in this
work.

2.8 Internal control of LAMP diagnostic assay
Isothermal amplification of the 16S rRNA of tested bac-

terial strains was used as internal control in the developed
microfluidic diagnostic assay since it could be used as
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activating micropumps, and the remaining fraction was washed with
PBS buffer and ddH,O from the buffer reservoir chamber. d Cell lysis
was executed on a heating block which was placed under the reaction
chambers at 95 °C to release DNA from bacteria. e LAMP process
was performed by controlling the temperature at 60 °C for the heat-
ing central area after transporting all the LAMP reagent to the central
chamber. f Fluorescent signal was induced and collected by using an
optical module which comprised a laser and a PMT detector

an indication for bacterial infections. The sequences for
universal 16S rRNA LAMP primer pairs were designed
by PrimerExplorer V4 software in the Eiken Genome
Site (https://primerexplorer.jp/e/) and listed on Supple-
mental Information Table 3. A total reaction volume of
30 wL contained 3.3 wM of each FIP and BIP primer,
0.3 pM of each F3 and B3 primer, 2 pL of dNTPs
(10 uM, Promega, USA), 3 nL of 10x thermo-polymer-
ase buffer (with 200 pM tris—HCI, 100 puM KCI, 100 puM
(NH,),SO,, 20 uM MgSO, and 0.1% Triton X-100 (pH
8.8) at 25 °C), 100 ng of bacterial genomic DNA, 3 pL
of ddH,O and 2 pL of 8 U Bst DNA polymerase (large
fragment; New England Biolabs Inc., USA). Finally,
the LAMP products were visualized on 2% agarose
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gels stained with ethidium bromide (EtBr, 50 mg mL™!,
Sigma, USA), followed by image acquisition utilizing an
ultraviolet (UV) analysis system (302 nm, BioDoc-It™
imaging system, UVP, Canada).

3 Results and discussion
3.1 Universal 16S rRNA LAMP detection

As mentioned previously, 16S rRNA could be used for
detection of bacterial infections. The Supplemental Infor-
mation Figure 4 showed that all of tested bacteria in this
study, including A. baumannii, CNS, E. coli, S. aureus
and MRSA could be amplified successfully by observing
ladder LAMP products. In addition, Enterococci (Ent),
vancomycin-intermediate Staphylococcus aureus (VISA)
and vancomycin-resistant enterococci (VRE) could be
also amplified successfully to generate LAMP products.
Therefore, the universal 16S rRNA LAMP primer pairs
were demonstrated to be capable of detecting various
bacteria in the LAMP diagnostic assay.

3.2 Limit of detection

The limit of detection (LOD) of the developed EMA-
LAMP assay was further explored, and the results were
shown in Fig. 4. Note that gel electropherograms using
2% agarose for the LAMP products of corresponding bac-
terial genes were also shown for comparison. 10 pg WL ™!
(50 pg/reaction) of plasmid DNA was first used to per-
form serial tenfold dilutions to explore the LOD of mecA
primer sets (for MRSA) by using the on-chip LAMP
process. The LOD of the mecA gene was experimentally
determined to be 1 fg wL~! (5 fg/reaction, ~1 CFU/reac-
tion), as shown in Fig. 4a. The fluorescent intensities of
the positive and negative control cases were measured
to be 5.18 & 0.16 and 1.24 £ 0.11 V, respectively. The
standard deviation of all signals was within 17%. Note
that two repeated measurements were performed.
Similarly, 10 pg wL~! (50 pg/reaction) of genomic
DNA was used to perform serial tenfold dilutions to inves-
tigate the LOD of Ab-ITS primer sets (for A. bauman-
nii). The LOD of the Ab-ITS gene was measured to be
10 fg pL~! (50 fg/reaction, ~10 CFU/reaction), as shown
in Fig. 4b. The fluorescent intensities of the positive and
negative control cases were measured to be 4.82 + 0.8 and
1.12 £ 0.17 V, respectively. The standard deviation of all
signals was within 26% for two repeated experiments.
Again, 10 pg pL~! of plasmid DNA was used to per-
form serial tenfold dilutions to explore the LOD of
spa primer sets (for SA). The LOD of the spa gene was
measured to be 10 pg wL~! (50 pg/reaction, ~10* CFU/
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reaction), as shown in Fig. 4c. The fluorescent intensities
of the positive and negative control cases were measured
to be 6.48 + 0.46 and 1.46 + 0.09 V, respectively. The
standard deviation of all signals was within 9% for two
repeated experiments.

Finally, 10 pg pL~! of plasmid DNA was used to
perform serial tenfold dilutions to explore the LOD of
EcoUspA primer sets (for E. coli) by using the LAMP pro-
cess. The LOD of the EcoUspA gene was measured to be
10 pg pL~! (50 pg/reaction, ~10* CFU/reaction), as shown
in Fig. 4d. The fluorescent intensities of the positive and
negative control cases were measured to be 5.85 + 0.35
and 1.6 £ 0.05 V, respectively. The standard deviation of
all signals was within 4% for two repeated experiments.

As shown in Fig. 4, gel electropherograms using 2%
agarose for LAMP products of these four genes were also
shown for comparison. The results were consistent with the
fluorescent signals obtained from the optical detection mod-
ule. It indicates that LAMP for detection of four bacteria in
PJI diagnosis could be performed by using the developed
microfluidic system. Furthermore, when compared to the
traditional PCR process, the LOD of this LAMP multiple
assay was one order of magnitude higher than traditional
PCR approach (Soo et al. 2013). Moreover, when compared
to traditional gel electrophoresis, the fluorescent detection
could be performed within 2 min. Note that the difference of
LODs among these four primer sets may be due to the fact
that the sequences were not optimized and can be further
improved through further optimization process.

The reproducibility of this four primer sets was also
investigated by using different clinical strains (obtained
from Kaohsiung Chang Gung Memorial Hospital, Taiwan
and National Yang-Ming University, Taiwan). Specifically,
four different strains of E. coli and A. baumannii were used
to test the reproducibility of EcoUspA and Ab-ITS primer
sets. Similarly, three different strains of MRSA were used
to test the reproducibility of spa and mecA primer sets
since they exhibited these two gens simultaneously. The
electropherogram results of four primer sets for these four
genes are shown in Supplemental Information Figure 5.
The experimental results showed that four primer sets
were reproducible for detecting four target bacteria. Fur-
thermore, the values of LOD regarding each primer sets
for four bacteria were further determined by each lowest
colony-forming unit (cfu) from serial dilutions of overnight
culture (Supplementary Fig. 6).

3.3 EMA for distinguishing dead/alive bacteria

Ethidium monoazide (EMA) is a double-stranded DNA
intercalating compound to prevent the amplicon produc-
tion during PCR process. Furthermore, its characteris-
tic of membrane permeability in cells with compromised
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Fig. 4 LOD tests of the LAMP assay showing LAMP products
for mecA, Ab-ITS, spa and EcoUspA primer sets by using fluores-
cent signals and gel electropherograms. a Lane NC negative con-
trol without DNA templates; Lanes 3-8 10-fold serial dilutions of
mecA plasmid DNA from 1 pg wL~! (5 pg/reaction) to 100 ag pL™"
(500 ag/reaction); Lane M 100-bp (base pairs) DNA ladders. The
LOD of mecA gene was measured to be 1 fg wL™! (5 fg/reaction).
The fluorescent intensities of the positive control and negative con-
trol cases were 5.18 £+ 0.16 and 1.24 £ 0.11 V, respectively. The
standard deviation of all signals was within 17%. Note that two
repeated measurements were performed. b Lane NC negative con-
trol without DNA templates. Lanes 3-8 10-fold serial dilutions
of A. baumannii genomic DNA from 1 pg wL~! (5 pg/reaction) to
100 ag wL~!(500 ag/reaction); Lane M 100-bp DNA ladders. The
LOD of Ab-ITS gene was measured to be 10 fg wL=! (50 fg/reac-
tion). The fluorescent intensities of the positive control and nega-
tive control cases were 4.82 + 0.8 and 1.12 & 0.17 V, respectively.
The standard deviation of all signals was within 26%. Note that two

membranes has been applied to distinguish the dead and
alive bacteria. In this study, the same results and features of
the application of EMA in LAMP amplification can be also
observed. The released DNA from thermal cell lysis was
chelated by EMA, which resulted in a negative signal when
compared to these without EMA treatment (Supplementary
Fig. 7). The combination of EMA and LAMP to rule out
the detection of dead bacteria has a potential to provide a
sensitive and precise diagnosis on clinical samples and
drug abuse.

3.4 Specificity

The specificity of the LAMP primer sets used in this study
corresponding to specific bacteria was further explored.
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repeated measurements were performed. ¢ Lane NC negative con-
trol without DNA templates; Lanes 1-5 10-fold serial dilutions of
spa plasmid DNA from 1 ng wL~! (5 ng/reaction) to 100 fg pL!
(500 fg/reaction); Lane M 100-bp DNA ladders. The LOD of spa
gene was measured to be 10 pg wL~! (50 pg/reaction). The fluo-
rescent intensities for the positive control and negative control
cases were 6.48 + 0.46 and 1.46 &+ 0.09 V, respectively. The stand-
ard deviation of all signals was within 9%. Note that two repeated
measurements were performed. d Lane NC negative control without
DNA template; Lanes 1-5 10-fold serial dilutions of EcoUspA plas-
mid DNA from 1 ng pL~! (5 ng/reaction) to 100 fg wL~! (500 fg/
reaction); Lane M 100-bp DNA ladders. The LOD of EcoUspA gene
was measured to be 10 pg pL~' (50 pg/reaction). The fluorescent
intensities of the positive control and negative control cases were
5.85 £ 0.35 and 1.6 £ 0.05 V, respectively. The standard deviation of
all signals was within 4%. Note that two repeated measurements were
performed. The confidence level was calculated to be 84%

Seven kinds of bacteria strains (including E. coli, A. bau-
mannii, Enterococcus sp., Pseudomonas syringae (P. syrin-
gae), S. aureus, MRSA and Coagulase-negative staphy-
lococci (CNS)) were used to perform the specificity tests
of the four primer sets that were listed in Supplementary
Information Table 2. Note that six kinds of bacteria are
common bacteria found in PJI (Chang et al. 2015) and
another one (A. baumannii) is the target bacteria in this
work. The results for specificity tests of these primer sets
are shown in Fig. 5. For instance, the result of EcoUspA
primer sets is shown in Fig. 5a. It shows that only the spe-
cific gene of E. coli bacteria could be amplified by the
LAMP process and there were no amplicons shown for the
other six nontargeted bacteria. Similarly, the result of Ab-
ITS primer sets is shown in Fig. 5b. Again, only specific
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gene of A. baumannii bacteria could be amplified after the
LAMP process and there were no amplicons shown for the
other six nontarget bacteria. The result of spa primer sets
is shown in Fig. 5c. Note that due to the fact that the spa
primer sets could detect the bacteria with spa gene (includ-
ing S. aureus and MRSA), both specific genes of S. aureus
and MRSA bacteria could be amplified after the LAMP
process and there were no amplicons shown for the other
five nontargeted bacteria. Similarly, the result of mecA
primer sets is shown in Fig. 5d. Again, the mecA primer
sets could be detected if the bacteria are drug-resistant
(beta-lactam antibiotics). Due to the fact that CNS bacteria
have the possibility to exhibit the mecA gene (Tsuji et al.
1998), for these seven bacteria, both genes of MRSA and
CNS bacteria could be amplified after the LAMP process
and there are no amplicons shown for the other five non-
target bacteria. Again, the electropherogram results were
also consistent with the fluorescent signals since there
were no amplicons from nontargeted bacteria in gel elec-
tropherograms. It therefore indicated high specificity of
this four primer sets. With this diagnostic system, the com-
mon bacteria found in PJI, such as S. aureus, E. coli and

Fig. 5 Specificity tests of four (a)
primer sets for LAMP process.
Lane M 100-bp DNA ladders;
Lane NC negative control
without DNA templates; Lane

1 E. coli; Lane 2 A. baumanni;
Lane 3 Enterococcus sp.; Lane
4 P. syringae: Lane 5 S. aureus;
Lane 6 MRSA; Lane 7 CNS.

a EcoUspA primer sets: only
specific gene of E. coli bacteria
(EcoUspA) could be amplified
by the LAMP process. b Ab-
ITS primer sets: only specific
gene of A. baumannii bacteria
(Ab-ITS) could be amplified

by the LAMP process. ¢ Spa
primer sets: both specific genes
of S. aureus and MRSA bacteria
(spa and mecA) could be ampli- ()
fied by the LAMP processes. d
MecA primer sets: both specific
genes of MRSA and CNS bac-
teria could be amplified by the
LAMP process

M NC 1 2

500 bp

M NC 1 2

500 bp
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A. baumannii, could be successfully detected. Furthermore,
it could provide important information for the clinicians
to prescribe the most suitable antibiotics treatment (for
MRSA).

3.5 Spiked sample tests

The spiked samples were then used to verify the perfor-
mance of developed EMA-LAMP assay such that we
may evaluate if it could be used for clinical applications
in the near future. Figure 6 shows that the spiked samples
(A. baumannii with clinical human joint fluids) could be
successfully detected on the integrated microfluidic sys-
tem. Briefly, 10 pL of overnight cultured A. baumannii
(12,860,000 CFU) was spiked into 24 wL of clinical sam-
ples (join fluids) with 1 pL of EMA and 5 pL of van-
comycin-coated beads in this test. The fluorescent inten-
sity of the positive control and negative control cases
was measured to be 5.41 and 1.68 V, respectively, while
the fluorescent signal for the spiked sample was 4.73 V.
Note that the gel electropherogram using 2% agarose
shows the consistent results with the fluorescent signals.

7 () M NC 1

500 bp

M NC 1 2

500 bp
200 bp 200 bp
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Fig. 6 On-chip fluorescent signals and gel electropherograms of the
EMA-LAMP assay for spiked sample tests. Lane NC negative control
without DNA template, Lane P positive control, Lane S sample reac-
tion. Lane M 100-bp DNA ladders. The relative intensity of the posi-
tive control reaction was about 5.41 V, while the sample reaction was
about 4.73 V and the negative control without DNA template reaction
was about 1.68 V

The entire process including bacteria isolation, cell lysis,
DNA amplification and optical detection can be automat-
ically performed on the integrated microfluidic system by
using a compact custom-made control system.

4 Conclusions

Accurate and timely diagnosis of live bacteria is criti-
cal for the treatment of PJI. In this study, an integrated
microfluidic system for live bacteria detection in PJI
has been demonstrated. With this multiple EMA-LAMP
assay, the entire processes including bacteria isolation,
cell lysis, DNA amplification and optical detection could
be automatically operated on the developed system auto-
matically. This is the first time that LAMP with EMA has
been demonstrated in an integrated microfluidic system
to diagnose PJI. Compared to the conventional PCR pro-
cess, the LOD in this multiple LAMP assay could be as
low as 5 fg—50 pg. Furthermore, the universal 16S rRNA
LAMP assay was used for detection of bacterial infec-
tions. More importantly, the drug-resistant characteris-
tic of S. aureus could also be distinguished by using the
mecA primer sets. The developed microfluidic system
has great potential to become a powerful platform for the
clinical practice in near future.
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