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A B S T R A C T

For the treatment of bacteremia, early diagnosis and rapid antibiotic susceptibility tests (ASTs) are necessary
because survival chances decrease significantly if the proper antibiotic administration is delayed. However,
conventional methods require several days from blood collection to AST as it requires three overnight cultures,
including blood culture, subculture, and AST culture. Herein, we report a more rapid method of sensing bacterial
growth and AST in blood based on a vertical capacitance sensor functionalized with aptamers. Owing to their
vertical structure, the influence of blood cells sunk by gravity on capacitance measurements were minimized.
Thus, bacterial growth in blood at 100–103 CFU/mL was monitored in real-time by measuring changes in ca-
pacitance at f=10 kHz. Moreover, real-time capacitance measurements at f=0.5 kHz provided information on
biofilm formation induced during blood cultures. Bacterial growth and biofilm formation are inhibited above the
minimal inhibitory concentration of antibiotics; therefore, we also demonstrated that vertical capacitance ap-
tasensors could be applied to rapid AST from positive blood cultures without a need for the subculture process.

1. Introduction

Bacteremia is a serious medical condition characterized by high
morbidity and mortality. It occurs when bacteria enter the bloodstream
from infections in an organ or a wound, indwelling urethral catheters,
or an implanted device, and multiply at a rate that exceeds removal by
phagocytosis. Mortality attributed to bacteremia ranges from 20 to 50%
(Caballero-Granado et al., 2001; Yilmaz et al., 2016; van Hal et al.,
2012). Survival decreases drastically if the appropriate treatment is
delayed; survival rate is reduced by 7.6% in the first hour and every
hour thereafter (Kumar et al., 2009). However, if a patient receives
effective antibiotic therapy within the first hour of diagnosis, chances of
survival are close to 80%.

Considerable effort and attention has been directed toward pro-
viding rapid antibiotic susceptibility tests (AST) for directed therapy.
However, conventional methods require> 3 d for AST results, because
three overnight culture steps—blood culture, subculture, and AST cul-
ture—are required (Jorgensen and Ferraro, 2009; Leekha et al., 2011;

Pulido et al., 2013). For blood culture, an optimal volume of blood is
inoculated into bottles containing culture media, which are designed to
accommodate the recommended blood-to-culture media ratio (1:5 to
1:10), and then incubated for up to 5 d. Blood culture positivity is
generally detected by measuring the CO2 produced when the micro-
organisms metabolize the substrates present in the bottle. The change in
CO2 levels is detected by measuring fluorescent signals, color changes,
or redox variations in continuous-monitoring blood-culture systems
(Pohlman et al., 1995; Lancaster et al., 2015; Chang et al., 2015;
Almuhayawi et al., 2015).

Upon detection of blood culture positivity, a subculture from posi-
tive blood culture medium to fresh medium is performed for species
identification and AST. In positive blood culture bottles, bacteria are
mixed with a large number of blood cells; thus, the media cannot be
used directly for conventional AST methods, such as broth dilution and
disk diffusion methods (Balouiri et al., 2016; Luna et al., 2007). Mo-
lecular detection of resistance determinants, e.g., via polymerase chain
reactions, provides fast identification of strains carrying specific
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antibiotic resistance genes (~2 h) (Oliveira and de Lencastre, 2002;
Baym et al., 2016; Bradley et al., 2015). However, these methods may
fail in cases where the newly acquired antibiotic resistance is in-
dependent of the target gene expression. Recently, in order to reduce
the time needed to obtain conventional AST results (1.5–2 d), rapid
image-based technologies for AST using positive blood cultures, which
combine gel electrofiltration and fluorescence in situ hybridization for
bacterial identification, as well as automated microscopy for analyzing
bacterial growth rates (Chantell, 2015; Brazelton de Cárdenas et al.,
2017) have been developed. In addition to image-based methods, rapid
ASTs using electrical measurements were investigated because of their
label-free and rapid detection (Safavieh et al., 2017; Nazemi et al.,
2017; Zhang et al., 2018; Jo et al., 2018; Webster et al., 2015). How-
ever, most electrical biosensors have electrodes on the bottom making
them unsuitable for detecting bacterial growth in blood. In addition,
non-specifically precipitated blood cells can interfere with the electrical
signals.

Herein, we report a vertical-type aptamer-functionalized sensor
(aptasensor) that is vertically connected to a measurement system
(Fig. 1 and Fig. S1). When bacteria were cultured in blood culture
media comprising blood (0.2mL) and culture media (0.8mL), we found
that the capacitance changes measured at f=0.5 and 10 kHz reflected
the biofilm formation and bacterial growth, respectively, allowing their
simultaneous monitoring. Bacteria seeded at 100–103 CFU/mL could be
detected within 12 h by measuring the capacitance changes at f=0.5
and 10 kHz, indicating that the vertical capacitance aptasensor can be
an alternative tool to CO2 detection for detecting bacteria in blood.
Additionally, the susceptibility of bacterial growth and biofilm forma-
tion in the blood could be measured in the presence of antibiotics.
These results demonstrate that the vertical capacitance aptasensor can
be employed for rapid ASTs using positive blood cultures as well as for
bacterial detection in blood.

2. Materials and method

2.1. Bacterial strains, growth condition, antibiotic solutions

Escherichia coli (E. coli) ATCC 25922, Pseudomonas aeruginosa (P.
aeruginosa) ATCC 27853, and Staphylococcus aureus (S. aureus) ATCC
29213 strains were used in this study. Mutant strains, i.e., Δpel and
Δpel/Δpsl of P. aeruginosa strain PAO1, were obtained from the la-
boratories of Yonsei University Severance Hospital. Antibiotics, genta-
micin and amikacin were purchased from Sigma-Aldrich (St. Louis, MO,
USA). For the blood culture media, whole sheep blood (Synergy
Innovation co., Ltd., Korea) was mixed with bacterial culture media
(Difco™ & BBL™) at a 1:4 vol ratio. To estimate the effects of the anti-
biotics, 10mg/mL stock solutions of each antibiotic were prepared in
ultra-pure water and diluted in a growth medium.

2.2. DNA aptamer

The sequence of each DNA aptamer specific to the bacteria was as
follows: E. coli, 5ꞌ-GCA ATG GTA CGG TAC TTC CCC ATG AGT GTT
GTG AAA TGT TGG GAC ACT AGG TGG CAT AGA GCC GCA AAA GTG
CAC GCT ACT TTG CTA A-3ꞌ (Kim et al., 2014); P. aeruginosa, 5ꞌ-CCC
CCG TTG CTT TCG CTT TTC CTT TCG CTT TTG TTC GTT TCG TCC CTG
CTT CCT TTC TTG-(CH2)3ꞌ-SH-3ꞌ (Kim et al., 2017); and S. aureus, 5ꞌ-
GCA ATG GTA CGG TAC TTC CTC GGC ACG TTC TCA GTA GCG CTC
GCT GGT CAT CCC ACA GCT ACG TCA AAA GTG CAC GCT ACT TTG
CTA A-3ꞌ (Lian et al., 2015). All aptamers were custom-synthesized by
Genotech Inc. (Daejeon, Korea) and dissolved to a concentration of
10 μM in distilled water for further use.

2.3. Fabrication of vertical capacitance sensor and aptamer immobilization
on the sensor surface

The vertical capacitance sensor (50 μm width and 30 μm gap, with a
working area of 4×2.2mm2; Fig. S1a) was fabricated on a glass sub-
strate. As shown in Fig. 1, interdigitated chromium/gold (5 nm/50 nm)
electrodes were patterned by photolithography and lift-off techniques.
For electrical measurements, the sensor was placed in a hole in the lid
of a 2-mL vial and sealed using epoxy after the sensor surface was
immobilized with bacteria-aptamers.

To immobilize the bacteria-aptamers, the sensor was treated with a
piranha solution (H2O2: H2SO4=1:3) for 3min to form OH groups on
the glass substrate. Subsequently, the sensor was treated with 10% (3-
aminopropyl) triethoxysilane in ethanol for 1 h at room temperature
and in the dark, then washed with absolute ethanol followed by dis-
tilled water twice. Afterwards, the sensor was cured for 30min at
100 °C. To form carboxylic groups, the sensor was treated with 0.1M
succinic anhydride in ethanol for 2 h at room temperature, then washed
with absolute ethanol and distilled water several times. To activate the
carboxylic groups, the sensor was treated with 0.2mM N-3-dimethy-
laminopropyl and 0.2 mM N-hydroxysulfosuccinimide in a 1M MES
solution for no less than 4 h, and then washed with distilled water
several times. Finally, the sensor was incubated in a solution of 10 μM
amine-modified aptamers for 1 h and washed thoroughly with distilled
water. To detect E. coli, S. aureus, and P. aeruginosa, mixtures of E. coli –,
S. aureus –, and P. aeruginosa – aptamers were immobilized on the
sensor surface. All chemicals used were purchased from Sigma-Aldrich
(St. Louis, MO. USA).

2.4. Electrical measurements

For the bacteria culture, a 2-mL glass vial (iNexus. Inc., Seongnam,
Korea) was autoclaved at 120 °C, and 1mL of blood culture media
(sheep blood: culture media= 1:4) containing 100, 101, 102, or
103 CFU/mL bacteria was added to the vial. The sensor was mounted on
a connector system that could measure the capacitance, conductance,

Fig. 1. Scheme of vertical capacitance aptasensor. Interdigitated Au elec-
trodes with a width of 50 μm and a spacing of 30 μm were patterned on a glass
substrate, and bacteria-aptamers were immobilized on the sensor surface be-
tween the electrodes. To minimize the influence of blood cells on the electrical
properties, the fabricated sensor was vertically inserted into the lid of a 2-mL
bottle. The first inset shows an optical image of the fabricated sensor, and the
second inset shows a fluorescence image acquired from the sensor surface after
the immobilization of the fluorescence-modified aptamers. The third inset
presents a fluorescence image of the sensor stained with DAPI after the blood
culture. The bright blue color indicates the E. coli bound on the sensor surface
via the aptamers. Scale bars, 50 μm. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this
article.)
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and impedance of 16 sensors simultaneously (Fig. S1b). This connector
system was placed inside an incubator maintained at 37 °C, and mea-
surements were recorded using an LCR meter (Agilent 4294A, Santa
Clara, CA, USA) with a peak-to-peak alternating current signal of
10mV at frequencies ranging from 0.5 to 10 kHz. The sensors and LCR
meter inside and outside the incubator, respectively, were connected
via electrical connectors that were mounted on the side of the in-
cubator. The capacitance, conductance, and impedance were measured
simultaneously for 16 sensors using a data acquisition/switching unit
(Agilent) that was connected to the LCR meter. Data were collected
every 16.5min from every sensor.

2.5. Antibiotic susceptibility tests

Two antibiotics, gentamicin and amikacin, were selected as the
model antibiotics for the ASTs. For the AST experiments, different
concentrations of antibiotic solution (0.1mL) were added to an auto-
claved vial containing blood culture media (0.8mL) and allowed to
incubate for 30min. Next, 104 CFU/mL bacteria (0.1 mL) was in-
oculated to the vial to obtain an initial concentration of 103 CFU/mL.
The sensor containing the bacteria and antibiotic solutions was placed
inside the incubator, which was maintained at 37 °C, and real-time
capacitance measurements were performed in the frequency range of
0.5–10 kHz.

2.6. Analysis of biofilm formation

To estimate the formation of the biofilm, the sensor was stained
with a crystal violet solution (Sigma-Aldrich). First, the bacteria on the
sensor surface were fixed with 4% paraformaldehyde for 5min, then
washed twice with distilled water for 2min each. Then, the bacteria
were stained with the crystal violet solution for 10min at room tem-
perature and washed with distilled water twice for 2min each. The
stained electrodes were gently dried using an air gun. Images of the
biofilm stained with crystal violet were obtained using an optical and
scanning electron microscope (JSM–6500F, JEOL, Tokyo, Japan). To
quantify the area of the formed biofilm, the stained images were ana-
lyzed using the ImageJ software (NIH, Bethesda, MD, USA).

3. Results and discussion

3.1. Aptamer-functionalized vertical sensor

The vertical aptasensor is schematically illustrated in Fig. 1. Inter-
digitated gold electrodes were fabricated on a glass surface, which was
then chemically functionalized with bacteria-aptamers. The fabricated
aptasensor was inserted into the lid of a bottle (2mL) containing 1mL
of blood culture media with a 1:4 blood to culture media ratio and then
connected to a measurement system that could read 16 sensors si-
multaneously (Fig. S1). As shown in the insets of Fig. 1, the bacteria
were bound on the sensor surface via aptamers during the blood culture
and affected the electrical properties.

3.2. Frequency dependence of capacitance, conductance, and impedance

Prior to the inoculation of bacteria, we measured the frequency
dependence of the capacitance, conductance, and impedance in bac-
teria-free culture media (media) and blood culture media (blood) with a
blood-to-culture media ratio of 1:4 before and after the immobilization
of the bacteria-aptamers on the sensor surface (Fig. 2a – c). Similar to
results of previous studies, as the frequency increased, capacitance and
impedance decreased, whereas conductance increased (Jo et al., 2018;
Song et al., 2018). However, the bacteria-free blood had a higher ca-
pacitance and conductance, but lower impedance, than the bacteria-
free media owing to a large number of blood cells. After the im-
mobilization of the aptamers, the capacitance and conductance

increased, particularly at low frequencies, for both the media and
blood, while the impedance decreased. These results indicate that the
impedance of the aptamers (Zaptamer) was lower than that of the bac-
teria-free solution (Zfree-solution), resulting in a decrease in the total
impedance given by Ztot = (1/Zfree-solution+1/Zaptamer)−1, as shown in
Fig. 2d. Here, the interface impedance (Zinterface) is assumed to be
negligible.

Fig. 2e – g shows the frequency dependence of capacitance, con-
ductance, and impedance, respectively, which were measured using the
vertical aptasensor at 0 and 18 h after inoculating 103 CFU/mL E. coli
into the media or blood. For the media culture, the capacitance and
conductance increased and the impedance decreased at all frequencies,
implying that the impedance of the bacteria bound on the sensor sur-
face via aptamers (Zbacteria) was smaller than that of Zaptamer (Fig. 2h).
However, for the blood culture, capacitance decreased at low fre-
quencies and increased at high frequencies, resulting in a crossover at
2.5 kHz (inset of Fig. 2e). However, in contrast to the media culture, the
conductance decreased and the impedance increased at all frequencies
(insets of Fig. 2f and g).

To investigate the origin of these different behaviors observed for
the media and blood cultures, we examined the sensor surfaces using
scanning electron microscopy (SEM) and crystal violet staining after the
electrical measurements. The SEM images indicate that E. coli formed
larger clusters in the blood than in the media (Fig. 2i). In addition,
positive (violet) staining was clearly observed on the sensor surface for
the blood culture, but not for the media culture (Fig. 2j). These findings
revealed that the bacteria biofilm did not form within 18 h for the
media culture, but did for the blood culture. The biofilm is known to
have high impedance values, which decrease rapidly with increasing
frequency (Liu et al., 2018). Therefore, the increase in impedance ob-
served at low frequencies for the blood culture was possibly due to the
formation of the biofilm in the blood.

3.3. Influence of biofilm on electrical properties

Fig. 3a – c shows real-time capacitance, conductance, and im-
pedance, respectively, which were measured at f=0.5 and 10 kHz
when E. coli, at 103 CFU/mL, were cultured in the media or blood. Here,
ΔC/C0, ΔG/G0, and ΔZ/Z0 were obtained by subtracting C/C0, G/G0,
and Z/Z0 measured in the bacteria-free solution (negative control, Fig.
S3) from C/C0, G/G0, and Z/Z0 measured in the E. coli solution, re-
spectively, with C0, G0, and Z0 being the initial values. When E. coli
were cultured in the media, the capacitance and conductance increased,
and the impedance decreased over time (blue symbols), as reported
previously for a horizontal capacitance sensor (Jo et al., 2018). How-
ever, when they were cultured in the blood, the capacitance decreased
at f=0.5 kHz (red symbols) and increased at f=10 kHz (magenta
symbols). In contrast, the conductance decreased and the impedance
increased at both 0.5 and 10 kHz, although they changed very slowly at
f=10 kHz, in parallel to the frequency dependences of the capacitance,
conductance, and impedance in Fig. 2e – g.

To investigate the role of the aptamers, we also measured the real-
time capacitance, conductance, and impedance at f=0.5 kHz using a
sensor without aptamers in the blood culture. Compared with the ap-
tasensors, the sensors without aptamers exhibited significantly lower
sensitivity, suggesting that the capacitance, conductance, and im-
pedance were more sensitively affected by the E. coli bound on the
sensor surface via aptamer than by unbound E. coli.

An equivalent circuit for blood culture is shown in Fig. 2h. Biofilms
formed on both the sensor and electrodes surfaces during the blood
culture. Thus, the impedance caused by the biofilm on the sensor sur-
face (Zbiofilm-s) was connected with Zsolution, Zaptamer, and Zbacteria in
parallel, and the impedance caused by the biofilm on the electrode
surface (Zbiofilm-e) was connected in series. Therefore, the total im-
pedance (Ztot) was given by
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where Zsolution represents the impedance of the media or blood con-
taining E. coli, Zaptamer represents the impedance of the aptamer func-
tionalized on the sensor surface, Zbacteria represents the impedance of
the bacteria bound on the sensor surface via the aptamers, Zbiofilm-s

represents the impedance of the biofilm on the sensor surface, and
Zbiofilm-e represents the impedance of the biofilm on the electrode sur-
face.

Assuming that Zbacteria and Zaptamer were the same for the media and
blood cultures and that the contribution of 1/Zbiofilm-s was not sig-
nificant, Zbiofilm-e was estimated at f=0.5 kHz from Fig. 3c and Fig. S3
using Eq. (1), as shown in Fig. 3d. Zbiofilm-e increased over time, and its
increasing rate was higher than the decreasing rate of Zbacteria in the
media culture (Fig. S4). Accordingly, the increase in Zbiofilm-e caused by
the biofilm formation was larger than the decrease in Zbacteria induced
by bacterial growth, resulting in an increase in Ztot at f=0.5 kHz in the
blood culture. In Fig. 3d, Zbiofilm-e is compared with the area of the

biofilm, which was estimated from time-lapse images of the aptasensors
stained with crystal violet after E. coli of 103 CFU/mL were cultured for
different growth times. The Zbiofilm-e and the area of the biofilm in-
creased similarly over time, indicating that the biofilm formation in-
creased Zbiofilm-e.

In contrast to the electrical properties at f=0.5 kHz, the capaci-
tance at f=10 kHz increased over time, whereas the conductance and
impedance at f=10 kHz were nearly unchanged. As shown in Fig. 2g,
the impedance decreased with increasing frequency; thus, Zbiofilm-e is
expected to be very small at f=10 kHz. In this case, the capacitance
increase caused by bacterial growth would be larger than the Zbiofilm-e

increase caused by biofilm formation, leading to a capacitance increase
at f=10 kHz even in the presence of the biofilm. This is possibly due to
the fact that the electric properties were mainly affected by bacterial
growth and biofilm formation at f=10 and 0.5 kHz, respectively, be-
cause the biofilms were too large to reorient themselves at f=10 kHz,
while bacteria much smaller than the biofilm could react to ac fields at
f=10 kHz.

To confirm our hypothesis, we prepared two types of P. aeruginosa

Fig. 2. Analysis of frequency-dependent electrical signals. Frequency dependence of the (a) capacitance, (b) conductance, and (c) impedance in the bacteria-free
media and blood before and after the immobilization of the aptamers on the sensor surface. The red and blue symbols indicate the blood and media, respectively; the
open and filled symbols represent the data obtained before and after the immobilization of the aptamers, respectively. (d) Equivalent circuit for the bacteria-free
solution. Frequency dependence of the (e) capacitance, (f) conductance, and (g) impedance for the media and blood cultures. The red and blue symbols indicate the
data obtained for the blood and media cultures, respectively; the open and filled symbols represent the data measured at 0 and 18 h after the inoculation of 103 CFU/
mL E. coli into the blood or media. The insets show the capacitance, conductance, and impedance differences measured at 0 and 18 h in the media (blue symbols) and
blood (red symbols). The enlarged insets are shown in Fig. S2. (h) Equivalent circuit for the blood culture. (i) SEM and (j) crystal violet stained images of the
aptasensors acquired after E. coli were cultured for 18 h in the media (left) and blood (right). (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)
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(PAO1) mutants – Δpel (gene pel knockout) and Δpel/Δpsl (genes pel and
psl knockout) – that hinder biofilm formation, as the pel and psl genes
are important exopolysaccharide elements for surface adherence, in-
tercellular cohesion, and structuring the biofilm (Fig. 4a – c and Fig. S5)
(Cooley et al., 2013; Murakami et al., 2017). We measured real-time
impedance and capacitance at f=0.5 and 10 kHz when 103 CFU/mL
wildtype and mutant P. aeruginosa were cultured in blood (Fig. 4e – h).
The mutant P. aeruginosa exhibited a slower increase in impedance and
decrease in capacitance at f=0.5 kHz than the wildtype. Furthermore,
the P. aeruginosa with Δpel/Δpsl exhibited slower changes than the P.
aeruginosa with Δpel, which was consistent with the result that biofilm
formation was more suppressed for the P. aeruginosa with Δpel/Δpsl
than for the P. aeruginosa with Δpel (Fig. 4d). We also compared the
Zbiofilm-e estimated using Eq. (1) with the biofilm area estimated from
the time-lapse images of the aptasensors stained with crystal violet (Fig.
S6). Similar increases were observed, indicating that the impedance
increase or capacitance decrease at f=0.5 kHz was due to the biofilm
formation.

At f=10 kHz, the capacitance increased similarly for the three
types of P. aeruginosa, despite their different biofilm concentrations
(Fig. 4h), confirming that bacterial growth in blood can be monitored in
real-time by measuring capacitance change at f=10 kHz. The im-
pedance at f=10 kHz increased more rapidly for the wildtype P. aer-
uginosa than for both mutants; however, these changes were too small
to monitor bacterial growth or biofilm formation (Fig. 4f). Hence, we
only presented the real-time capacitance measured at f=0.5 and
10 kHz under various conditions.

3.4. Sensitivity of vertical aptasensor

To identify the minimum concentration of bacteria that could be
monitored using vertical aptasensors, we measured the real-time ca-
pacitance at f=10 and 0.5 kHz when E. coli concentrations ranging
from 100 to 103 CFU/mL were cultured in the blood (Fig. 5a and b). At
low concentrations, the capacitance was initially unchanged for some
time, and then increased at f=10 kHz. As the concentration decreased,
the starting point of the capacitance change was delayed, and the ca-
pacitance increased more slowly. For 100 CFU/mL, the capacitance in-
creased at approximately 12 h, indicating that even 100 CFU/mL of E.
coli in the blood culture media could be detected within 12 h.

Similarly, the capacitance at f=0.5 kHz was initially unchanged. It
decreased later and more slowly with the decreasing concentration of E.
coli. Fig. 5c shows the area of the biofilm estimated from the time-lapse
images of the aptasensors stained with crystal violet after different
concentrations of E. coli were cultured in blood at different times (Fig.
S7). As the concentration of E. coli decreased, the biofilm formed more
slowly. The starting point of the capacitance change was noted to
correspond to the time at which the area of the biofilm was approxi-
mately 20%. The area of the biofilm was also compared with the Zbiofilm-

e estimated using Eq. (1) (Fig. 5c). A strong relationship was observed,
confirming that the biofilm formation could be monitored in real-time
by measuring capacitance change at f=0.5 kHz.

In addition to E. coli, we performed similar measurements with S.
aureus (Fig. 5d – f and Fig. S8) and P. aeruginosa (Figs. S9 and S10), and
obtained similar results. This indicates that our vertical sensors can be
employed for the real-time monitoring of bacterial growth and biofilm
formation in blood for various bacteria at concentrations as low as
100 CFU/mL.

Fig. 3. Real-time electrical properties at different frequencies during bacterial growth. Real-time (a) capacitance, (b) conductance, and (c) impedance
measured for the aptasensors at f=0.5 kHz when 103 CFU/mL E. coli were cultured in the media (blue symbols) and blood (red symbols). The magenta symbols
represent the data measured at f=10 kHz for the aptasensor when E. coli were cultured in blood, and the open red symbols represent the data measured at
f=0.5 kHz for the sensor without aptamers when E. coli were cultured in blood. (d) Zbiofilm-e estimated using Eq. (1) and the area of the biofilm estimated from time-
lapse images of the aptasensors stained with crystal violet. The data are shown as the mean ± standard deviation (n≥3). (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.)
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3.5. Real-time monitoring of antibiotic susceptibility

To investigate whether the vertical aptasensors could also be em-
ployed for the AST in blood, we measured the real-time capacitance at
f=10 and 0.5 kHz when different concentrations of gentamicin
(Fig. 6a and b) or amikacin (Fig. 6d and e) were added to blood con-
taining 103 CFU/mL E. coli. At f=10 kHz, capacitance increased over
time for 0.01 μg/mL gentamicin and ≤0.1 μg/mL amikacin, but

remained nearly unchanged for ≥0.1 μg/mL gentamicin and ≥1 μg/mL
amikacin. These results indicate that the minimal inhibitory con-
centration (MIC) for E. coli was approximately 0.1 and 1 μg/mL for
gentamicin and amikacin, respectively, which is comparable to the
values reported by the Clinical Laboratory Standard Institute (CLSI)
(Patel et al., 2014). At f=0.5 kHz, the capacitance decreased over time
below the MIC, but remained nearly unchanged above the MIC, im-
plying that the biofilm formation was inhibited above the MIC. Indeed,

Fig. 4. Influence of biofilm formation on electrical properties for wildtype and mutant-P. aeruginosa. Optical images of the aptasensors stained with crystal
violet after (a) wildtype P. aeruginosa PAO1, (b) Δpel and (c) Δpel/Δpsl mutant P. aeruginosa PAO1 were cultured in blood for 18 h. (d) Area of the biofilm estimated
from the time-lapse images for wildtype, Δpel and Δpel/Δpsl mutant P. aeruginosa PAO1. Real-time impedance of wildtype and mutants P. aeruginosa cultured in blood
measured at (e) f = 0.5 kHz and (f) 10 kHz. Real-time capacitance of the wildtype and mutant P. aeruginosa cultured in blood measured at (g) f = 0.5 kHz and (h)
10 kHz. The data are shown as the mean ± standard deviation (n≥3).
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the biofilm was hardly observed above the MIC (Fig. S11). The area of
the biofilm was estimated from the time-lapse images of aptasensors
stained with crystal violet after different concentrations of gentamicin
or amikacin were added to blood containing 103 CFU/mL E. coli, fol-
lowed by culturing at different times (Fig. 6c and f). As expected, the
area of the biofilm increased more rapidly with decreasing concentra-
tions of the antibiotic.

Fig. 6g – h shows the real-time capacitance measured at f=10 and
0.5 kHz, respectively, when 1 μg/mL gentamicin or amikacin solution
(0.1 mL) was added 7 h after culturing 102 CFU/mL E. coli in blood. The
capacitance was nearly unchanged to 7 h because the concentration of
E. coli was low. However, when antibiotic solution or media was added,
the capacitance changed; thereafter, the capacitance increased at
f=10 kHz and decreased at f=0.5 kHz for 0 μg/mL, while the capa-
citance was nearly unchanged at f=10 and 0.5 kHz for 1 μg/mL gen-
tamicin and amikacin, which are consistent with the results shown in
Fig. 2a – f. We also measured the real-time capacitance at f=10 kHz
when different concentrations of gentamicin in 0.1mL media were
added 15 h after culturing 102 CFU/mL E. coli in blood (Fig. 6i). The
capacitance increased from approximately 10 h after culture, indicating
the blood culture positivity. After adding the gentamicin solution, the
capacitance at f=10 kHz remained nearly constant for 100 μg/mL,
implying that bacterial growth was inhibited because 100 μg/mL is
above the MIC. On the other hand, the capacitance increased for 1 μg/
mL because the concentration of E. coli was very high owing 15 h cul-
ture and bacterial growth was not inhibited by 1 μg/mL gentamicin.

Similar experiments were also performed for S. aureus (Fig. S12) and
P. aeruginosa (Fig. S13). The MIC for S. aureus was approximately 1 and
0.1 μg/mL for gentamicin and amikacin, respectively, and that for P.
aeruginosa was approximately 1 μg/mL for both gentamicin and ami-
kacin. These values are comparable to those reported by the CLSI (Patel
et al., 2014), indicating that our vertical aptasensors can also be

employed for the real-time monitoring of antibiotic susceptibility in
blood.

4. Conclusions

In this study, we developed an aptamer-functionalized sensor (ap-
tasensor) that was vertically connected to a measurement system. When
bacteria were cultured in blood (0.2mL) and culture media (0.8mL),
we found that capacitance changes measured at f=0.5 and 10 kHz
reflected biofilm formation and bacterial growth, respectively, allowing
simultaneous monitoring of bacterial growth and biofilm formation.
Bacteria (E. coli, S. aureus, and P. aeruginosa) seeded at 100–103 CFU/mL
could be detected within 12 h by measuring capacitance changes at
f=0.5 and 10 kHz, indicating that vertical capacitance aptasensors can
be an alternative tool for detecting bacteria in blood. In addition, we
investigated whether antibiotic susceptibility in blood could be mon-
itored using the vertical capacitance aptasensor. When bacteria in blood
were treated with antibiotics, gentamicin or amikacin below the MIC,
the capacitance increased at f=10 kHz and decreased at f=0.5 kHz.
However, when the concentration of the antibiotic was higher than the
MIC, the capacitance remained nearly unchanged at f=10 and
0.5 kHz, indicating that bacterial growth and biofilm formation were
inhibited. These results demonstrate that vertical aptasensor could also
be used for rapid ASTs using positive blood cultures without the need
for sub-culturing.
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Fig. 5. Real-time monitoring of bacterial growth for E. coli and S. aureus. Real-time capacitance measured at (a) f = 10 kHz and (b) 0.5 kHz when different
concentrations of E. coli were cultured in blood. (c) Area of the biofilm estimated from time-lapse images of the aptasensors stained with violet crystal after different
concentrations of E. coli were cultured in blood for different times. Real-time capacitance measured at (d) f = 10 kHz and (e) 0.5 kHz when different concentrations
of S. aureus were cultured in blood. (f) Area of the biofilm estimated from time-lapse images of the aptasensors stained with violet crystal after different con-
centrations of S. aureus were cultured in blood for different times. The dashed areas in (c) and (f) indicate the starting time of the capacitance decrease at f= 0.5 kHz
for various concentrations. The data are shown as the mean ± standard deviation (n≥3).
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