
Contents lists available at ScienceDirect

Biosensors and Bioelectronics

journal homepage: www.elsevier.com/locate/bios

Direct antimicrobial susceptibility testing of bloodstream infection on
SlipChip

Qiaolian Yia,d,1, Dongyang Caia,c,1, Meng Xiaob, Mengyue Niea,d, Qinna Cuia,d, Jingwei Chengb,
Caiming Lia,d, Jie Fenga,d, Gerald Urbanc, Ying-Chun Xub,∗∗∗, Ying Lana,∗∗, Wenbin Dua,d,e,∗

a State Key Laboratory of Microbial Resources, Institute of Microbiology, Chinese Academy of Sciences, Beijing, 100101, China
bDepartment of Clinical Laboratory, Beijing Key Laboratory for Mechanisms Research and Precision Diagnosis of Invasive Fungal Diseases, Peking Union Medical College
Hospital, Chinese Academy of Medical Sciences, Beijing, 100101, China
c Department of Microsystems Engineering (IMTEK), University of Freiburg, Freiburg, 79110, Germany
d College of Life Sciences, University of the Chinese Academy of Sciences, Beijing, 10049, China
e Savaid Medical School, University of the Chinese Academy of Sciences, Beijing, 10049, China

A R T I C L E I N F O

Keywords:
Microfluidics
Lab-on-a-Chip
Dielectrophoresis
Bloodstream infection
Antimicrobial susceptibility testing

A B S T R A C T

This paper describes an integrated microfluidic SlipChip device for rapid antimicrobial susceptibility testing
(AST) of bloodstream pathogens in positive blood cultures. Unlike conventional AST methods, which rely on an
overnight subculture of positive blood cultures to obtain isolated colonies, this device enables direct extraction
and enrichment of the bacteria from positive blood cultures by dielectrophoresis. SlipChip technology enables
parallel inoculation of the extracted bacteria into nanoliter-scale broth droplets to perform multiplexed ASTs
simultaneously. The nanoliter confinement in the droplets increases the effective inoculation amount of the
bacteria, shortens the diffusion distance of nutrient elements and gases, and allows faster growth and pro-
liferation rates. Entropy-based image analysis used for the characterization of bacterial susceptibility patterns
eliminates the requirement for single-cell morphological analysis and fluorescence labeling. As a proof-of-con-
cept, the susceptibility patterns of Escherichia coli ATCC 25922, Staphylococcus aureus ATCC 6538p, and a po-
sitive blood culture containing Escherichia coli against several broad-spectrum antibiotics were determined by the
SlipChip device. The on-chip AST results were well matched with those respectively reported by the broth
microdilution method and a BD Phoenix Automated Microbiology System. Reliable AST results can be reported
to clinicians within 3–8 h using this simple device after positive blood culture, allowing earlier proper admin-
istration of antimicrobial therapy.

1. Introduction

In this paper, we describe an integrated SlipChip device for rapid
antimicrobial susceptibility testing (AST) of bloodstream pathogens in
positive blood cultures without the requirement for the overnight
subculture step. Bloodstream infection (BSI) is a life-threatening disease
with high rates of morbidity and mortality. Sepsis, the most dangerous
clinical manifestation of BSI, accounts for 60%–80% of infant mortality
yearly (Kissoon et al., 2011; Pavlaki et al., 2013), and approximately
135,000 people in Europe and 215,000 in the United States die from
sepsis annually (Tissari et al., 2010). Furthermore, BSI might even
cause endocarditis, meningitis, and osteomyelitis infections through the

hematogenous spread of bacteria, which further increases the rates of
patient mortality (Corless et al., 2000; Lew and Waldvogel, 2004;
Rothman et al., 2002).

In an era of global antibiotic resistance and absence of new anti-
microbial drug development (Arnold et al., 2011; Laxminarayan et al.,
2013; Leuthner and Doern, 2013), rapid AST of bloodstream pathogens
is crucial since it provides clinicians with valuable information to de-
termine appropriate and timely antimicrobial therapy, which improves
clinical outcomes (Kumar et al., 2006). However, conventional AST
methods widely used in clinical microbiology laboratories, including
broth microdilution, disk diffusion, E-test, and automated systems,
heavily rely on further overnight subculture after initial enrichment
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culture, which is laborious and time-consuming. As shown in Fig. 1, the
whole process typically takes 1–3 days for a blood culture to become
positive and an additional 2–4 days for reporting AST results (Carrigan
et al., 2004).

To shorten the turnaround time for AST, several genotypic tests
have been introduced (Mancini et al., 2010), e.g., LightCycler SeptiFast
Test MGRADE (Roche Diagnostics, Risch-Rotkreuz, Switzerland), Sep-
siTest (Molzym Molecular Diagnostics, Bremen, Germany), and the
IRIDICA BAC BSI assay (Abbott Diagnostics, Lake Forest, IL, USA).
Nevertheless, these tests are typically more expensive than the con-
ventional AST methods, are not applicable to the cases where newly
acquired antibiotic resistance is independent of target gene expression
(Kalashnikov et al., 2012), and cannot quantitatively obtain the bac-
terial susceptibility to particular antibiotics (Reller et al., 2009). Fur-
thermore, genetically identical bacterial cells may exhibit different
phenotypes (Balaban et al., 2004). Ultimately, the phenotypic AST
method is still considered as the gold standard for the determination of
antimicrobial susceptibility (Levy and Marshall, 2004; Mach et al.,
2011).

An alternative method to shorten the turnaround time for AST is to
inoculate an automated AST system directly from positive blood culture
bottles without the overnight subculture step. Several studies have
compared the direct and standard methods for different (combinations
of) automated systems, which yielded reliable results for both Gram-
positive and Gram-negative bacteria (Beuving et al., 2011; Bruins et al.,
2004; Chapin and Musgnug, 2003; Funke and Funke-Kissling, 2004;
Waites et al., 1998; Wellinghausen et al., 2007). The turnaround time
required to report AST was highly dependent on the bacteria tested and
the automated system used, which varied between 8 and 24 h after
direct inoculation (Chapin and Musgnug, 2003; Funke and Funke-
Kissling, 2004).

Recently, several microfluidic devices have been developed for
phenotypic AST (Boedicker et al., 2008; Chen et al., 2010; Choi et al.,
2014; Dong and Zhao, 2015; Lu et al., 2013; Sinn et al., 2011; Sun et al.,
2016; Xu et al., 2016). The cultivation of bacteria in nanoliter-scale
confinements increases the effective inoculation amount of the bacteria,
shortens the diffusion distance of nutrient elements and gases, and al-
lows released biochemical signals to accumulate in much smaller vo-
lumes, resulting in faster growth and proliferation rates (Boedicker
et al., 2008; Chen et al., 2010). Furthermore, microfluidic devices

enable the simultaneous implementation of numerous tests in the same
experiment with lower reagent consumption, which is especially ben-
eficial for rapid and accurate AST (Boedicker et al., 2008). Never-
theless, these microfluidic devices are mostly designed for purified
subcultures, and the lack of on-chip sample preparation process still
poses a significant challenge for their practical applications (Dong and
Zhao, 2015). On the other hand, microscopic image analysis coupled
with microfluidic devices enables the characterization of bacterial
susceptibility patterns against several antibiotics at the single-cell level,
which contributes to early AST (Choi et al., 2014; Lu et al., 2013;
Mohan et al., 2013; Peitz and van Leeuwen, 2010). Nevertheless, high-
resolution time-lapse microscopy and bacterial cell immobilization
techniques are usually required, and the high diversity in microbial
morphology, size, and motility makes the development of a universal
image recognition algorithm difficult.

Previously, we developed a microfluidic device which integrated
dielectrophoresis (DEP), SlipChip technology, and preloaded multiplex
array PCR for rapid identification of bloodstream pathogens within 3 h
(Cai et al., 2014). In that work, we proved that DEP could be used as a
broad-spectrum capture method for various causative bacteria and
fungi of BSIs; the multiplex array PCR was able to identify up to 20
bacterial species in one experiment. In this work, we demonstrate a
DEP-AST SlipChip device, a new version of SlipChip developed for rapid
phenotypic AST of bloodstream pathogens in positive blood cultures.
The concept of image entropy was introduced to characterize the bac-
terial susceptibility patterns, which eliminates the requirement for
single-cell morphology analysis and fluorescence labeling. As a proof-
of-concept, the susceptibility patterns of Escherichia coli (E. coli), Sta-
phylococcus aureus (S. aureus), and a positive blood culture containing E.
coli against several broad-spectrum antibiotics were determined by the
SlipChip device, which were well matched with those respectively re-
ported by the broth microdilution method and a BD Phoenix Automated
Microbiology System. The whole on-chip AST process took 3–8 h after
positive blood culture, making this method valuable for rapid anti-
microbial administration and management in clinical.

Fig. 1. Flowchart for AST of positive blood cultures using the SlipChip device and the automated system-based standard method. The on-chip AST process, including
sample dilution, DEP capture, bacterial cultivation, and entropy-based image analysis steps, typically takes 3–8 h for reporting AST results. In comparison, the
standard method, which includes the overnight subculture step, bacterial inoculation, and immunological/biochemical tests in the BD Phoenix automated micro-
biology system, typically takes 2–5 days for reporting AST results.
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2. Materials and methods

2.1. Preparation of samples

EDTA-treated blood samples were obtained from healthy donors at
Peking Union Medical College Hospital (PUMCH, Beijing, China) and
stored at 4 °C before use. The bacterial strains used in this study were E.
coli ATCC 25922 carrying plasmid pACGFP1, E. coli RP437 carrying
plasmid DsRedT.4 (Clontech Laboratories, Mountain View, CA, USA),
and S. aureus ATCC 6538P without exogenous plasmid. Single colonies
of these strains on cation-adjusted Mueller-Hinton broth (CAMHB) agar
plates were separately inoculated into 5mL of CAMHB for overnight
culture at 37 °C. Aliquots of these bacterial solutions were centrifuged
at 8000 g for 5min. The obtained bacterial pellets were resuspended
and adjusted using 100-fold diluted blood samples to yield a bacterial
concentration of ∼1×105 CFU/mL for on-chip AST; or using CAMHB
to yield a bacterial concentration of ∼1×108 CFU/mL (0.5
McFarland) for off-chip AST using the broth microdilution method on
microtiter plates.

Clinical positive blood cultures were provided by the Department of
Clinical Laboratory, PUMCH. The seeded blood culture bottle signaled
positive in a BacT/ALERT 3D microbial detection system (bioMérieux,
Inc., Durham, NC, USA) and appeared to be monomicrobial by Gram-
staining was used in this study. An aliquot of the positive blood culture
was directly used for on-chip AST after 100-fold dilution without sub-
culture. In parallel to our on-chip AST, another aliquot of the positive
blood culture was subjected to an overnight subculture from which a
standard inoculum was prepared for introduction into a BD Phoenix
Automated Microbiology System (Becton Dickinson and Company,
Sparks, MD).

This study was approved by the Committee and Research Ethics
Board of PUMCH. Informed consent was obtained from all blood donors
and patients.

2.2. On-chip AST

On-chip ASTs were performed according to the Clinical &
Laboratory Standards Institute (CLSI) protocol (CLSI, 2015) with minor
adjustments. All antibiotics used in this study were purchased from
Sigma-Aldrich (St. Louis, MO, USA). The stock solutions (10mg/mL) of
ampicillin (AMP), moxifloxacin (MXF), cephalothin (CEP), and mer-
openem (MEM) were freshly prepared in sterile deionized water for on-
chip ASTs of E. coli 25922 and S. aureus 6538p. The stock solutions
(10mg/mL) of cefotaxime (CTX), cefepime (FEP), meropenem (MEM),
and levofloxacin (LEV) were freshly prepared in sterile deionized water
for on-chip ASTs of the positive blood culture containing E. coli. A series
of 10-fold dilutions of these stock solutions were prepared using
CAMHB (0.01–100 μg/mL). 50 nL of each dilution series was preloaded
into the microwells using the method described in the Supplementary
Materials.

All on-chip experimental conditions used in this study are as de-
scribed in the previous study (Cai et al., 2014). Briefly, 100-fold diluted
blood samples were directly infused into the SlipChip device at a con-
stant flow rate of 1 μL/min 10mg/mL of Bovine Serum Albumin
(Sigma-Aldrich, St. Louis, MO, USA) was added to the samples to avoid
the adhesion of bacteria and blood cells to the sample channels. When a
high-frequency alternating current (HFAC) signal of 20 Vpp (peak-to-
peak voltage) and 20MHz was applied between the interdigitated mi-
croelectrodes, the bacteria in the blood samples were extracted and
enriched into the microgroove arrays. After DEP capture for 10min, the
device was slipped to overlay the microgrooves containing the captured
bacteria on the bottom plate with the microwells preloaded with anti-
biotic-doped broth droplets on the top plate (Fig. 2A and B). As the
HFAC signal between the interdigitated microelectrodes was removed,
the captured bacteria were released and dispersed into the droplets.
After slipping back the top plate, the device was covered by FC-70 oil to

avoid evaporation. The on-chip bacterial cultivation at 37 °C was
monitored using an Eclipse Ti inverted microscope (Nikon, Japan)
equipped with a humidified microscope incubator (World Precision
Instruments, USA). Two objectives, Plan Fluor 10×/0.3 Ph1 and Super
Plan Fluor 20x/0.45 Ph1, were used under phase contrast settings to
image the on-chip bacterial cultivation every half an hour. The obtained
images were characterized using the entropy-based image analysis ap-
proach to determine bacterial susceptibility patterns. The on-chip ASTs
for each bacterial strain were repeated for 5 times. More details re-
garding device configuration, fabrication, assembly and off-chip AST
are provided in the Supplementary Materials.

2.3. Entropy-based image analysis

The bacterial antimicrobial susceptibility was determined using the
entropy-based image analysis approach. The captured bright-field
images were divided into matrices of 20×20-pixel segments (Fig. 3A),
which are analogous to the size of a few bacterial cells. The entropy
value Hxy of each segment was calculated using equation (1):
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here, i (0≤ i≤ 255) represents the gray value of the pixel, Pi represents
the proportion of the gray value in this segment as i pixels, fi is the
frequency of i, and N2 is the scale of the segment (N=20). The entropy
values of all segments were calculated to obtain an entropy matrix H.
Min-max normalization was used to eliminate the discrepancies caused
by bacterial species or the microenvironment using equation (3)
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where x = (x1, …,xn), y = (y1, …, yn), and H'xy is the normalized data
(n=25). The normalized results were presented in a heatmap manner
and sorted in descending order for better direct-viewing and compar-
ison.

3. Results and discussion

3.1. Design of the SlipChip device for direct AST

To simplify and expedite the AST process, we designed the DEP-AST
SlipChip device, which incorporates DEP, SlipChip technology, micro-
droplet array, and microscopic image analysis into an integrated and
portable system. Unlike conventional AST methods, which heavily rely
on an overnight subculture of positive blood cultures to obtain isolated
colonies, this device employs DEP for direct extraction and enrichment
of the bacteria from positive blood cultures. SlipChip technology en-
ables parallel inoculation of the extracted bacteria into nanoliter-scale
antibiotic-doped broth droplets to perform multiple ASTs simulta-
neously. The confinement in nanoliter droplets increases the effective
inoculation amount of the bacteria, shortens the diffusion distance of
nutrient elements and gases, and allows released biochemical signals to
accumulate in much smaller volumes, resulting in faster growth and
proliferation rates. The entropy-based image analysis approach used for
the characterization of bacterial susceptibility patterns eliminates the
requirement for single-cell morphological analysis and fluorescence
labeling.

The DEP-AST SlipChip device was operated according to the fol-
lowing steps (Fig. 2B): i) broth droplets with or without antibiotics were
first preloaded into the microwells, and a 100-fold diluted positive
blood culture was directly infused into the device at a flow rate of 1 μL/
min; ii) an HFAC signal of 20 Vpp and 20MHz was applied between the
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interdigitated microelectrodes; iii) after DEP capture for 10min, the top
plate was slipped to overlay the microgrooves containing the bacteria
(green dots) with the microwells preloaded with antibiotic-doped broth
droplets, and the signal applied between the microelectrodes was re-
moved to release the bacteria into the droplets; iv) finally, the top plate
was slipped back to its original position to evade the contaminated
surface, and then the device was incubated at 37 °C for microscopic
imaging.

Compared to the automated system-based standard method which
takes 2–4 days for reporting AST results after positive blood culture
(Fig. 1), this integrated DEP-AST SlipChip device enables direct AST of
bloodstream pathogens without the requirement for the overnight
subculture step, shortening the time-to-result to approximately 3–8 h.
Furthermore, the proposed entropy-based image analysis approach
excludes the effects of morphological variation in bacterial size, shape,
motility, and growth rate on image analysis, which may cause increased
complexity in automated analysis of real-world samples. Also, this
SlipChip device was specifically designed for monomicrobial infections,
which account for approximately 90% of BSIs (Carrigan et al., 2004;
Lee et al., 2007; Pavlaki et al., 2013).

3.2. Applicability of the SlipChip device for bacterial cultivation and direct
AST

Bacterial cultivation on the SlipChip device without adverse effects
is a prerequisite for rapid and accurate AST. A benchmark strain of GFP-
labeled E. coli 25922 was used to evaluate the effects of the micro-
environment provided by the device on bacterial cultivation. It has
been reported that DEP treatment of bacteria at 20 Vpp and 15MHz for
1 h did not cause any change in cell growth, and the damage in cells is
related to the duration of DEP treatment instead of the frequency of
applied voltage (Yang et al., 2008). Therefore, the used DEP treatment
at 20 Vpp and 20MHz for 10min would not affect the following cell
growth and proliferation procedures. Since the bacteria were suspended
in diluted blood samples, the hypotonic effect on bacterial viability was
evaluated by spiking GFP-labeled E. coli 25922 in 100-fold diluted
blood samples for 20min. It was found that most of the bacteria
(91.7% ± 6.2) were still viable and cultivatable. The bacterial culti-
vation in the pure CAMHB droplets at time points of 0 and 10 h is
shown in Fig. 2C. It was found that the fluorescence intensity of the
droplets gradually increased over time, indicating the growth and
proliferation of the bacteria. The fluorescence intensity of the droplets
(n= 5) was plotted versus time to derive a growth curve. The curve
could be fitted with a sigmoidal growth model and showed a similar
shape compared to that obtained from bulk cultivation, both indicating

Fig. 2. Applicability of the SlipChip device for bacterial cultivation and ASTs. A) Image of the SlipChip device preloaded with food dye solutions in the microwells; B)
Schematic diagram of device operation in top and side views; C) Fluorescence images of on-chip cultivation of GFP-labeled E. coli 25922 in pure broth droplets at time
points of 0 and 10 h, and the growth curve originating from the fluorescence intensity of the droplets; D) Fluorescence images of GFP-labeled E. coli cultivated in the
broth droplets doped with AMP, MXF, CEP, and MEM for 10 h. Scale bars are 200 μm.
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the appropriate microenvironment provided by the device for bacterial
cultivation.

The benchmark strain of E. coli 25922 was further used to evaluate
the applicability of the device for direct AST. After DEP capture, the
bacteria were parallel inoculated into the broth droplets doped with
antibiotics of AMP, MXF, CEP, and MEM. The bacterial concentration in
the 50-nL droplets was ∼1.9× 106 CFU/mL (94.1% capture efficiency
according to the previous study), which was almost consistent to the
bacterial concentration (∼2×106 CFU/mL) used in the broth micro-
dilution experiments. The fluorescence images of bacterial cultivation
for 10 h in the antibiotic-doped broth droplets are shown in Fig. 2D. The
growth and proliferation of GFP-labeled E. coli 25922, which had ac-
quired the resistance to AMP by the transfection of plasmid pACGFP1,
were observed in the presence of all concentrations of AMP tested.
Nevertheless, the growth and proliferation of E. coli 25922 were com-
pletely inhibited in the presence of 0.1 μg/mL MXF, 1 μg/mL CEP, and
10 μg/mL MEM. The on-chip AST results were well matched with those
reported by the broth microdilution experiments performed on micro-
titer plates (Fig. 2D and Table S1), indicating the applicability of the
device for direct AST.

3.3. Entropy-based analysis of bacterial cultivation and susceptibility
patterns

In image processing, entropy is defined as corresponding states of
intensity level that individual pixels can adapt (Hinojosa et al., 2018;
Monti et al., 2009; Shiozaki, 1986). It is used in the quantitative ana-
lysis and evaluation of image disorders, as it provides a detailed com-
parison of image textures. In this study, the on-chip bacterial cultiva-
tion visualized by bright-field images was characterized using the
entropy-based image analysis approach, since bacterial growth and
proliferation can lead to a change in image textures. By dividing the
image into a matrix of small rectangular segments and calculating the
entropy of each segment, we could analyze the dynamic growth and
proliferation of bacterial cells, as well as their spatial distribution.

A blood sample spiked with a gram-positive strain of S. aureus
6538P was used to validate the applicability of the entropy-based image
analysis approach. After DEP capture and parallel inoculation into the
pure broth droplets, the bright-field images of bacterial cultivation at
time points of 0, 1, 2, and 3 h are shown in Fig. 3B. Using the image
entropy analysis process shown in Fig. 3A, the corresponding entropy
values in a heatmap manner could be obtained, which were used as a

Fig. 3. Characterization of bacterial cultivation and susceptibility patterns using the entropy-based image analysis approach. A) Image analysis process; B) Bright-
field images of on-chip cultivation of the unlabeled S. aureus 6538p in pure broth droplets at time points of 0, 1, 2, and 3 h with the corresponding entropy heatmaps;
C) Heat plots in a descending order converted from the entropy heatmaps; D) Bright-field images of the unlabeled S. aureus 6538p cultivated in the broth droplets
doped with AMP, MXF, CEP, and MEM for 2 h and the corresponding entropy heatmaps; E) AST results reported by the SlipChip device and the broth microdilution
method. Scale bars are 50 μm.
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parameter to determine the bacterial growth and proliferation and their
spatial distribution in this viewing field. The entropy heatmaps were
converted into heat plots in a descending order to determine the oc-
cupied space by bacterial cells (Fig. 3C). Significantly, this entropy-
based image analysis approach was sensitive enough to indicate the
bacterial growth and proliferation within 2 h after bacterial inoculation
(Fig. 3B and C). Furthermore, the on-chip cultivation of a motile Gram-
negative strain, RFP-labeled E. coli, was determined by the entropy-
based image analysis approach, which yielded a quite comparable
growth curve to that obtained from the fluorescence-based image
analysis approach. Importantly, the entropy-based image analysis ap-
proach characterized the on-chip bacterial cultivation approximately
4 h earlier than the fluorescence-based image analysis approach (Fig.
S1).

Next, the entropy-based image analysis approach was further used
to determine the susceptibility patterns of S. aureus 6538P against AMP,
MXF, CEP, and MEM. As mentioned above, the bacterial concentration
in the 50-nL antibiotic-doped droplets was almost consistent with the
bacterial concentration used in the broth microdilution experiments.
The bright-field images of bacterial cultivation for 2 h and the corre-
sponding entropy heatmaps are shown in Fig. 3D. The entropy heat-
maps indicated the growth and proliferation of S. aureus 6538p in the
presence of all concentrations of AMP and MEM tested, and complete
inhibition of growth and proliferation in the presence of 10 μg/mL MXF
and 100 μg/mL CEP. The on-chip AST results were closely matched
with those reported by the broth microdilution method (Fig. 3E), in-
dicating the applicability of the entropy-based image analysis approach
for the determination of bacterial susceptibility patterns. Compared to
the microscopic image analysis methods reported in previous studies,
the proposed approach in this work allows characterizing the spatial
distribution of bacteria within the viewing field without the require-
ment for complicated readouts or rigorous image acquisition setups.

3.4. Rapid AST of a positive blood culture

To demonstrate the applicability of the DEP-AST SlipChip device in
practical situations, we determined antimicrobial susceptibility of a
positive blood culture using the device. An aliquot of the positive blood
culture was directly infused into the device after 100-fold dilution.
After DEP capture, the bacteria were parallel inoculated into the broth
droplets doped with FEP, MEM, CTX, and LEV. The bright-field images
of bacteria cultivated for 2 h and the entropy values of the droplet
centers are shown in Fig. 4. The bacterial growth and proliferation were
completely inhibited in the presence of 1 μg/mL CTX, 0.1 μg/mL FEP,
and 0.1 μg/mL MEM, indicating the susceptibility of this clinical isolate
to these antibiotics. The inhibitory concentration of LEV was 10 μg/mL,
indicating that LEV might be ineffective in the treatment of this bac-
terial infection. The on-chip AST results were closely matched with
those reported by the automated system-based standard method
(Fig. 4B). According to the record of PUMCH, it took approximately
18 h for subculture and another 10 h for ASTs. The on-chip AST results
of the clinical isolate were available within 3 h after positive blood
culture, which was 1 day earlier than the automated system-based
standard method.

4. Conclusion

In this work, a DEP-AST SlipChip device which integrates DEP,
SlipChip technology, microdroplet array, and microscopic image ana-
lysis was developed for direct AST of positive blood cultures. DEP,
serving as an on-chip sample preparation method, enables direct ex-
traction and enrichment of the bacteria from positive blood cultures.
Meanwhile, it eliminates the interference of the following image ana-
lysis process caused by blood cells. SlipChip technology enables parallel
inoculation of the extracted bacteria into a broth droplet array to per-
form multiple ASTs simultaneously. The confinement in nanoliter dro-
plets increases the effective inoculation amount of the bacteria,

Fig. 4. Rapid AST of a positive blood culture using
the SlipChip device. A) Bright-field images of the
clinical isolate of E. coli cultivated in the broth dro-
plets doped with FEP, MEM, CTX, and LEV for 2 h
and the corresponding entropy heatmaps; B) The
AST results reported by the SlipChip device and the
automated system-based standard method. Scale bar
is 25 μm.
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shortens the diffusion distance of nutrient elements and gases, and al-
lows released biochemical signals to accumulate in much smaller vo-
lumes, resulting in faster growth and proliferation rates. The proposed
entropy-based image analysis approach used for the characterization of
bacterial cultivation eliminates the requirement for single-cell mor-
phological analysis and fluorescence labeling. Furthermore, this ap-
proach provides a direct view of AST results without the requirement
for high-resolution imaging. As a proof-of-concept, the susceptibility
patterns of E. coli ATCC 25922, S. aureus ATCC 6538p, and a positive
blood culture containing E. coli against several broad-spectrum anti-
biotics were determined by the device, which were well matched with
those reported by the standard methods.

Future work will be directed toward expanding the scale of the
droplet array on one device to screen more antibiotics and dilution
series, validating the entropy-based analysis approach for various bac-
terial and fungal species, and performing a large-scale side-by-side
comparison in the performance of the DEP-AST SlipChip device and
current gold-standard methods to evaluate the clinical statistical sig-
nificance of our methods. Efforts will also be directed toward in-
tegrating the DEP-AST SlipChip device with on-chip isothermal nucleic
acid amplification, such as recombinase polymerase amplification
(RPA), for simultaneous identification and AST of bloodstream patho-
gens.
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Materials and Methods

1. Fabrication and assembly of the SlipChip device

The device was fabricated based on the standard photolithography and wet etching

techniques. The top plate (2.5 cm × 3 cm) containing four sample channels (800 μm in width,

15 μm in depth) and four air passages (100 μm in width, 5 μm in depth) was made of 0.7 mm

thick Photoresist Coated Chromium-on-Glass substrate (Telic Co., Valencia, CA, USA). Five

microwells (800 μm × 800 μm in size, 135 μm in depth) for preloaded antibiotic-doped broth

droplets spaced at a regular interval on one side of each sample channel. The bottom plate

(2.5 cm × 4.5 cm) was made of 1 mm thick ITO glass with interdigitated ITO microelectrode

(900 μm in length, 35 μm in width, and 25 μm in space) arrays. The microgrooves (40 μm to

67 μm in width, 600 μm in length, and 5 μm in depth) were fabricated by photolithography of

a 5 μm thick SU-8 2005 coating on the bottom plate. Both the top and bottom plate were

silanized with trichloro(1H,1H,2H,2H-perfluorooctyl)silane (Sigma-Aldrich, St. Louis, MO,

USA) after plasma treatment to make the surface hydrophobic prior to use.

2. Off-chip ASTs using the microdilution method and an automated system

Off-chip ASTs using the broth microdilution method were performed according to the Clinical

& Laboratory Standards Institute (CLSI) protocol. Briefly, antimicrobial stock solutions (10

mg/mL) of AMP, MXF, CEF, and MEM were freshly prepared in sterile deionized water. A

series of 10-fold dilution of the stock solutions were prepared using CAMHB. Appropriate

volumes of these dilutions were added to CAMHB to obtain 2-fold dilution series on

microtiter plates with a volume of 200 μL. Bacterial solutions (~1 × 108 CFU/mL, 0.5

McFarland) of 4 μL volumes were added to the 2-fold dilution series to yield a final bacterial

concentration of ~2 × 106 CFU/mL in each well. The microtiter plates were incubated at 37 ºC

for 24 hours and the optical density (OD600) of each well was detected by a microplate reader.

The off-chip ASTs using the broth microdilution method were repeated for 3 times.

An aliquot of the positive blood culture was Gram-stained and inoculated onto a blood

agar plate which was then incubated overnight at 37 ºC to obtain isolate colonies. A

standardized bacterial solution (0.5 McFarland) was prepared and then inoculated into the

appropriate panel of the BD Phoenix automated identification and susceptibility testing

system. The AST results were obtained following the manufacturer’s instructions.
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Supplementary Figures and Tables.

Figure S1. Side-by-side comparison of fluorescence-based and entropy-based image analysis

methods for characterizing the growth and proliferation of E. coli RP437 carrying plasmid

DsRedT.4 on the DEP-AST SlipChip. A) The time-lapse bright-field images, the fluorescence

images, and the corresponding entropy heatmaps of RFP-labeled E. coli RP437 cultivated on

the device; B) Heat plots in a descending order converted from the entropy heatmaps; the

fluorescence intensity of the droplets was plotted versus time to derive a growth curve. Scale

bar is 100 μm.
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Table S1. Comparison of the AST results reported by the DEP-AST SlipChip device and the

broth microdilution method.

Name
E.coli 25922 carrying plasmid pACGFP1

Normal method Chip method

Ampicillin >100 >100

Moxifloxacin 0.016 0.01~0.1

Cephalothin 0.25 0.1~1

Meropenem 4 1~10
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