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ABSTRACT: Sepsis and bacteremia are life-threatening clinical syndromes
associated with significant patient morbidity and mortality. Rapid and sensitive
detection of pathogenic bacteria is the key to improve patient survival rates.
Herein, we have rationally constructed a simple aptamer-based capture
platform to shorten the time needed for confirmation of bacterial bloodstream
infection in clinical blood samples. This capture platform is made of a
mesoporous TiO2-coated magnetic nanoparticle and is modified with target
aptamer. It features excellent bacterial enrichment efficiency of about 80% even
at low bacterial concentrations (10−2000 CFU mL−1). More importantly, the
bacteria can be enriched within 2 h, and the time for bacterial identification is
effectively shortened in comparison to the “gold standard” in clinical diagnosis
of bloodstream infection. The aptamer-based capture platform may pave a way
for the detection of biomarkers and find potential applications in disease
diagnosis.
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■ INTRODUCTION

Sepsis and bacteremia caused by bacterial bloodstream
infections (BSI) are defined as complex clinical syndromes
that lead to vascular leakage, tissue damage, and multiorgan
failure. The aforementioned syndromes as well as other
infectious diseases are potentially life-threatening conditions
and are associated with one-third of global mortality.1−3 The
most prevalent causes of BSI are coagulase-negative staph-
ylococci, Staphylococcus aureus, Escherichia coli, Pseudomonas
aeruginose, and so on.4,5 Due to the very low infectious dose
(about 100 cells mL−1), it is still a challenge to detect
pathogenic bacteria directly from unprocessed blood samples,
which contain billions of blood cells and protein, including red
blood cells (RBCs or erythrocytes), white blood cells (WBCs
or leukocytes), hemoglobin (HGB), and platelets (PLT).6,7

Currently, broth-based blood culture is the “gold standard” in
clinical diagnosis of BSI and is also a prerequisite for additional
downstream microbiology testing.8−10 Typically, the culture
bottles containing patient blood are incubated for 3−5 days
within a continuous blood culture system. The growth of
bacteria is monitored by measuring metabolite production.
Upon blood culture positivity, bacterial samples have to grow at
least 12 h on solid media to reach a definitive bacterial
identification. Subsequently, antibiotic susceptibility tests are
performed to guide the appropriate antibiotic therapy. This
approach is time-consuming and usually requires several days to
report the final outcomes. However, the inability to diagnose
pathogenic bacteria rapidly in the early stage of infection is one

of the main causes of high mortality.11−13 As the consensus has
been reached that every hour of delay in administration of
effective antibiotic therapy results in a 7.6% mean decrease in
survival rate,14,15 it is an urgent demand to develop new
diagnostic methods for selective and rapid pathogen detection
directly from blood samples. Nowadays, amplification-based
molecular diagnostic methods such as fluorescent in situ
hybridization16−18 and real-time polymerase chain reac-
tions19−21 have been used to effectively shorten the time for
bacterial identification following blood culture positivity.
Nonetheless, these methods also involve long-term blood
culture. More recently developed methods, including surface-
enhanced Raman scattering,22−24 fluorescent probes,25−28 and
nuclear magnetic resonance,29 have achieved high sensitivity
and selectivity in detection of pathogenic bacteria. For example,
He et al. used the developed 4-mercaptophenylboronic acid-
modified SERS chip to simultaneously capture, analyze, and
sterilize bacteria from human blood, reporting a capture
efficiency of about 60% at low bacterial concentrations.24

Zhao et al. integrated DNAzyme-based sensors and IC three-
dimensional (3D) technology that could detect bacteria directly
from blood with single-cell sensitivity.28 However, the existing
methods require tedious work (cytolysis, nucleic acid
extraction, etc.) and expensive equipment, which limits their
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widespread use in practical applications. Aptamers are single-
stranded DNA or RNA oligonucleotides that are capable of
binding to variety of targets with high selectivity and strong
affinity by folding into a sequence-defined unique struc-
ture.30−32 Compared to other functional biomolecules,
aptamers offer excellent merits, including small size, lack of
immunogenicity, easy modification, and ability to be synthe-
sized in bulk amounts. Aptamers have had important
applications in target detection, drug delivery, and medical
diagnosis.33−35 Recently, several bacterial aptamers with high
selectivity and strong affinity have been isolated through
systematic evolution of ligands via exponential enrichment
(SELEX).36,37 Inspired by its high selectivity and strong binding
affinity, the aptamer is an ideal option to isolate bacteria from
blood samples for rapid detection of pathogenic bacteria.
Herein, we have rationally constructed a simple capture

platform made of a mesoporous TiO2-coated magnetic
nanoparticle functionalized with the target aptamer (designated
as Apt-Fe3O4@mTiO2), aiming to shorten the time needed for
confirmation of BSI as well as pathogen identification. This
capture platform integrates the capabilities of bacterial
recognition, capture, and enrichment.38−40 In this approach,
Apt-Fe3O4@mTiO2 nanoparticles are incubated with fresh
blood from the patient for bacterial enrichment. Once exposed
to target bacteria, the aptamer will bind to target bacteria with
high selectivity and strong affinity. The bacteria captured by
Apt-Fe3O4@mTiO2 nanoparticles are further concentrated by a
magnetic field to confirm the bacterial infection and identify
pathogenic bacteria (Scheme 1). As a proof of concept test,
Gram-positive bacteria S. aureus and Gram-negative bacteria E.
coli were chosen as model bacteria.41,42 The designed platform
features a favorable bacterial-capture efficiency of about 80%
even at low infectious doses (10−2000 CFU mL−1). Further,
the designed capture platform has little cross-reaction with the
nontarget components in blood, revealing its ability for specific
enrichment and detection of bacteria in blood. More
importantly, the bacteria can be enriched within 2 h, which
effectively shortens the time needed for bacterial identification
in comparison to that for traditional blood culture. It is worth
noting that this capture platform is able to concentrate different
bacteria as well as other biomarkers by changing only the
aptamer types. These advantages make this aptamer-based

capture platform an appealing choice for future development of
disease diagnosis.

■ EXPERIMENTAL SECTION
Aptamers. The sequences of the two aptamers used in this work

are listed as follows:
Apt-S. aureus: 5′-TCC CTA CGG CGC TAA CCC CCC CAG

TCC GTC CTC CCA GCC TCA CAC CGC CAC CGT GCT ACA
AC TTT TTT TTT-(CH2)7-NH2-3′,

5′-TCC CTA CGG CGC TAA CCC CCC CAG TCC GTC CTC
CCA GCC TCA CAC CGC CAC CGT GCT ACA AC TTT TTT
TTT-(CH2)7-FAM-3′, and

Apt-E. coli: 5′-ATCC GTCA CACC TGCT CTAC TGGC CGGC
TCAG CATG ACTA AGAA GGAA GTTA TGTG GTGT TGGC
TCCC GTAT TTT TTT TTT-(CH2)7-NH2-3′.

Synthesis and Characterization of Fe3O4 Nanoparticles. The
hydrophilic Fe3O4 nanoparticles were synthesized following the
previously reported method.43,44 Briefly, 1.625 g of FeCl3·6H2O,
0.65 g of trisodium citrate, and 3.0 g of sodium acetate were dissolved
in 50 mL ethylene glycol under continuous stirring. After that, the as-
prepared yellow solution was sealed into a Teflon-lined stainless-steel
autoclave and was heated to 200 °C for 10 h. Then, the obtained
nanoparticles were thoroughly washed with ethanol and deionized
water three times. The morphology of the synthesized Fe3O4
nanoparticles (NPs) was characterized by transmission electron
microscopy (TEM).

Synthesis and Characterization of Mesoporous Fe3O4@
mTiO2 Core−Shell Nanoparticles. The core−shell structures were
obtained following the method described by Zhao and co-workers in
their previous research.45−47 The mesoporous TiO2 shell was
uniformly grown on the surface of Fe3O4 NPs in a kinetics-controlled
manner. In detail, 150 mg of the aforementioned Fe3O4 nanoparticles
and 0.3 mL of a 28% w/w concentrated ammonia solution were
dispersed in 100 mL of absolute ethanol under constant sonication for
30 min. After that, 0.75 mL of tetrabutyl titanate was added dropwise
into the solution within 5 min, and the mixture was reacted at 45 °C
for 24 h under continuous mechanical stirring. The as-prepared
nanoparticles were washed with water and ethanol three times using a
magnet. Subsequently, the prepared products were dried at 100 °C
overnight and then calcined at 500 °C for 2 h to improve the
crystallinity of the TiO2 shell as well as to remove the organic species.
The morphologies and the phase of the Fe3O4@TiO2 and Fe3O4@
mTiO2 nanoparticles were characterized by TEM and X-ray diffraction
(XRD), respectively.

Preparation of the Aptamer-Conjugated Fe3O4@mTiO2
Nanocomposites. To selectively enrich bacteria from human
blood, the surfaces of mesoporous Fe3O4@mTiO2 nanoparticles
were modified with the bacteria-specific aptamer. Fe3O4@mTiO2 (50

Scheme 1. Schematic Representation of Strategies to Identify Pathogens in Human Blooda

aTop: blood culture. Bottom: the aptamer-based capture platform.
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mg) in a 25 mL acetone solution was heated to reflux with stirring, and
then 150 μL of 3-aminopropyltriethoxysilane (APTES) was added to
introduce amino groups on the surface of Fe3O4@mTiO2. After 10 h
of stirring, the obtained nanoparticles were thoroughly washed with
acetone and dried at 120 °C. After that, the highly established
glutaraldehyde spacer method was employed to covalently modify the
aptamer onto the surface of the amine-coated Fe3O4@mTiO2.

48−50 In
brief, 5 mg of amine-coated Fe3O4@mTiO2 was incubated with 10
nmol of amine group-labeled aptamer in 5 mL of Tris-HCl buffer at 37
°C overnight. To remove the excess aptamer, the as-prepared
AptS. aureus-Fe3O4@mTiO2 complexes were washed with Tris-HCl
buffer three times. The AptE.coli-Fe3O4@mTiO2 nanoparticles were
also obtained with the same procedure. The successful modification of
the aptamers was confirmed by dynamic light scattering (DLS).
Bacterial Sample Culture. The strains of S. aureus and E. coli

were cultured with Luria−Bertani (LB) broth at 37 °C overnight, and
the bacterial concentration was determined by the plate dilution
method.51 In brief, the bacterial suspensions were serially diluted and
subsequently plated on agar plates in 3−5 replicates. In addition, the
colony forming units (CFUs) were also determined by measuring the
optical density (OD) at 600 nm (OD600 = 1.0 is approximately 1.0 ×
109 CFU mL−1).52 In detail, we first diluted the culture to obtain an
appropriate OD value of about 1.0. After that, the bacterial solution

with an OD600 value of about 1.0 was serially diluted and inoculated
onto the solid medium to quantify the CFU mL−1.

Confocal Imaging of S. aureus and E. coli Binding with FAM-
Labeled Aptamer. The fluorescein amidite (FAM)-labeled
aptamer39,53 target to S. aureus (FAM-Apt, 300 nM) was incubated
with 200 μL of bacterial suspension (OD600 = 1.0) under protection
from light for 45 min with gentle rotation. Then, the bacteria were
washed three times with PBS buffer by centrifugation to remove
unbound free aptamers. Ten microliters of the redispersed bacteria was
dropped on glass slide and covered with a glass coverslip to yield a thin
bacterial smear. Obtained bacterial samples were imaged with a
confocal laser-scanning microscope.

Transmission Electron Microscopy and Scanning Electron
Microscopy Characterization. The bacteria-AptS. aureus-Fe3O4@
mTiO2 complexes were prepared before TEM and SEM observations.
First, the bacterial suspension was washed with PBS buffer (pH = 7.4)
several times to remove the coated medium. After that, bacterial
suspension with an OD600 value of 1.0 was incubated with 50 μL of
AptS. aureus-Fe3O4@mTiO2 (5 mg mL−1) at 37 °C for 45 min with
gentle shaking. Then, the mixture was separated by a magnetic field to
remove the unbound bacteria. Negative staining was implemented for
TEM measurement. In addition, the samples were fixed with 1 mL of
2.5% glutaraldehyde at 4 °C overnight, dehydrated with 25, 50, 75, and

Figure 1. (a) Schematic illustration of the strategy used to prepare the aptamer-based capture platform. (b) TEM image. (c) Elemental mapping
images of the Apt-Fe3O4@mTiO2 nanoparticles. Confocal fluorescence micrographs of (d) S. aureus and (e) E. coli after incubation with FAM-
AptS. aureus. The left, middle, and right images show the bright field, fluorescence, and merged images, respectively. (f) TEM image of S. aureus
conjugated by AptS. aureus-Fe3O4@mTiO2. Inset of (f) is the binding model of S. aureus and the nanoparticles. (g) Capture efficiency of pure Fe3O4@
mTiO2 and Apt-Fe3O4@mTiO2..

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.6b06671
ACS Appl. Mater. Interfaces 2016, 8, 19371−19378

19373

http://dx.doi.org/10.1021/acsami.6b06671


100% ethanol, and coated with a gold−palladium alloy to obtain the
SEM photograph.
Selectivity Test of S. aureus. In a typical experiment, human

blood was spiked with S. aureus to simulate BSI at a final concentration
of 105 CFU mL−1. Subsequently, 20 μL of aptamer-conjugated
Fe3O4@mTiO2 nanoparticles were added to the infected blood, and
the mixture was incubated for 2 h with gentle shaking followed by
magnetic separation. The numbers of S. aureus in the supernatant and
sediment were determined by the colony counting method. Further,
the concentrations of red blood cells, white blood cells, and platelets in
the blood were monitored by routine blood tests.54

Cytotoxicity Test. The hydrophilic Fe3O4@mTiO2 nanoparticles
were incubated with S. aureus (105 CFU mL−1) at 37 °C under gentle
shaking. During incubation, bacterial viability was monitored by the
colony counting method.51

Enrichment of Bacteria from Infected Blood Samples. The
cultured S. aureus cells were spiked into healthy human blood with
final concentrations of 10, 50, 102, 5 × 102, 103, and 2 × 103 CFU
mL−1. Then, 20 μL of aptamer-conjugated Fe3O4@mTiO2 was added
into the series of infected blood and incubated at 37 °C with
continuous shaking. After 2 h of incubation, a bar magnet was used for
the magnetic separation, and the enrichment efficiency was monitored
by the colony counting method. The enrichment of E. coli in human
blood was carried out under the same process by changing just the
aptamer type.
Enrichment Kinetics Studies. A blood sample containing S.

aureus (105 CFU mL−1) was incubated with AptS. aureus-Fe3O4@mTiO2.
At different time intervals, the supernatant was collected to determine
the concentration of S. aureus left in the supernatant. Bacterial
enrichment efficiencies at different time periods were monitored by
the colony counting method.
Bacterial Culture in Blood. In this experiment, 1 mL of human

blood containing 50 CFU mL−1 S. aureus was added into 10 mL of LB
broth and incubated at 37 °C under continuous shaking to observe the
process of bacterial culture. At different time intervals during the
incubation, 100 μL of the bacterial culture was taken out and spread
out onto 3 agar plates. The bacterial growth condition was monitored
by the colony counting method.51

■ RESULTS AND DISCUSSION

The Fe3O4@mTiO2 nanoparticles were synthesized following
the previously reported protocol.45,46 XRD patterns were
obtained to rigorously investigate the Fe3O4@mTiO2 nano-
particles (Figure S2). Before calcination, the Fe3O4@mTiO2

precursor (designated as Fe3O4@TiO2) showed an XRD
pattern similar to that of the typical structure of Fe3O4. No
characteristic TiO2 crystal peak was found, implying the
formation of an amorphous TiO2 shell. After calcination
treatment, new XRD peaks were clearly observed and could be
well-indexed to the formation of the anatase-phase TiO2 shell.
The energy dispersive X-ray (EDX) spectrum of the Apt-
Fe3O4@mTiO2 nanoparticles reveals the existence of Ti, Fe,
and O, indicating that the obtained nanoparticles were
composed of the target materials (Figure S3). To construct
the aptamer-based capture platform, amino-labeled aptamer
was introduced onto the surface of the prepared Fe3O4@
mTiO2 nanoparticles through the glutaraldehyde spacer
method (Figure 1a).48,49 TEM images in Figure 1b showed
that the obtained Apt-Fe3O4@mTiO2 were well-dispersed in
water with an average diameter of about 200 nm. The element
distributions were also confirmed with X-ray mapping (Figure
1c), which suggested that a thin layer of TiO2 was uniformly
coated on the surface of the Fe3O4 nanoparticles. In the line
scan analysis (Figure S5), the hemispherical shaped Kα1
spectral of O and Fe suggests that these two elements were
almost uniformly distributed in the nanoparticles. The Ti Kα1
spectral profile indicates the encapsulation of the Fe3O4 core by
the TiO2 shell. The successful introduction of an aptamer onto
the surface of the Fe3O4@mTiO2 nanoparticles was verified by
ζ-potential measurements (Figure S8).55

The interaction between the aptamer and bacteria was
analyzed by confocal microscopy. Typically, FAM-labeled

Figure 2. (a) Schematic illustration of the principle for pathogenic bacteria identification. (b) Photographs showing the capture of bacteria by Apt-
Fe3O4@mTiO2 nanoparticles (left) and the separation of bacteria from infected blood by a bar magnet (right). (c) Agar plates showing the amounts
of S. aureus in sedimentation (left) and supernatant (right) after magnetic capture. (d) Capture efficiency of different compounds in blood after
being treated with AptS.aureus-Fe3O4@mTiO2. SEM images of S. aureus after incubated with (e) AptS. aureus-Fe3O4@ mTiO2 and (f) AptE. coli-Fe3O4@
mTiO2.
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aptamers targeted to S. aureus (FAM-AptS. aureus) were incubated
with S. aureus and E. coli suspensions, respectively. After
removal of unbound FAM-AptS. aureus, the bacteria were
resuspended in PBS buffer. Then the bacterial suspension was
dropped on a glass slide and was visualized under confocal
microscopy. The confocal imaging showed that the fluorescent
dots and S. aureus in the bright field were well overlaid,
indicating that FAM-AptS. aureus exhibited favorable binding
affinity to target S. aureus (Figure 1d). In sharp contrast, a
fluorescence dot was not observed from E. coli, which was also
treated with FAM-AptS. aureus (Figure 1e). The results
demonstrate that the aptamer binds to the target bacteria
with strong affinity and does not cross-react with other bacterial
species.14 The binding ability of aptamer-conjugated Fe3O4@
mTiO2 nanoparticles was re-evaluated via TEM measure-
ment.37 The images in Figure 1f showed that several Fe3O4@
mTiO2 nanoparticles were tightly conjugated around the S.
aureus cells, suggesting that the aptamer-conjugated Fe3O4@
mTiO2 nanoparticle has strong binding affinity for the target
bacteria. The bacterial sensing ability of aptamer-conjugated
Fe3O4@mTiO2 was further investigated, and pure Fe3O4@
mTiO2 was used as a control. As shown in Figure 1g, over 89%
of S. aureus in culture medium were captured by AptS. aureus-
Fe3O4@mTiO2. However, few bacteria were absorbed by pure
Fe3O4@mTiO2 nanoparticles. These results demonstrate the
capability of aptamers to recognize and bind to target bacteria
with high specificity and strong affinity.
As a real application, the ability of the aptamer-based capture

platform to capture bacteria from human blood was
investigated. AptS. aureus-Fe3O4@mTiO2 nanoparticles were
incubated with a blood sample spiked with S. aureus at a
concentration of 105 CFU mL−1. As shown in Figure 2a, S.
aureus in blood can be captured by AptS. aureus-Fe3O4@mTiO2
selectively and further separated under a magnetic field. The
photograph in Figure 2b showed that bacteria-Fe3O4@mTiO2
complexes could be easily separated from blood within 2 min
by a bar magnet. Photographs of agar plates demonstrated that
most of the S. aureus cells were captured by the aptamer-based
capture platform, and few bacteria were present in the
supernatant (Figure 2c). Colony counting results indicate that
the capture efficiency of the capture platform for S. aureus was
about 83% (Figure 2d). Further, the concentrations of WBC,
RBC, HGB, and PLT in the blood showed little change after
being treated with AptS. aureus-Fe3O4@mTiO2 nanoparticles. The
results imply that the designed aptamer-based capture platform
features good capability to capture bacteria in whole human
blood. The specific binding of the aptamer-based capture
platform to bacterial cells in blood was verified by SEM.40 SEM
images in Figure 2e showed that S. aureus could be efficiently
captured by the AptS. aureus-Fe3O4@mTiO2 nanoparticles. In
comparison, Fe3O4@mTiO2 modified with the aptamer target
to E. coli (designated as AptE. coli-Fe3O4@mTiO2) showed much
less binding to S. aureus (Figure 2f). Such good selectivity of
the capture platform was ascribed to the fact that aptamers bind
to targets through the formation of a sequence-defined unique
structure.31 Furthermore, the hydrophilic Fe3O4@mTiO2
nanoparticles were incubated with an S. aureus-infected blood
sample to investigate the cytotoxicity. Photographs of the
cultured agar plates show extensive growth of S. aureus, and the
bacterial viability remained at 100% during incubation (Figure
S12), indicating that this capture platform has little effect on
the activity of the target bacteria. Such good selectivity and
activity-friendly characteristics of the capture platform make it

appealing for capturing target bacteria from human blood
samples.
As mentioned above, this aptamer-based capture platform

could capture bacteria from blood samples with excellent
capture efficiency at high concentrations; however, the
infectious dose of bacteria in the real blood sample was very
low (approximately 100 cells mL−1).12 To evaluate the capture
sensitivity of the capture platform at low bacterial concen-
trations, human blood samples were spiked with S. aureus at
different concentrations (10, 50, 100, 500, 1000, and 2000 CFU
mL−1). After that, appropriate amounts of AptS. aureus-Fe3O4@
mTiO2 were added to enrich the bacteria. The typical
photographs of S. aureus colonies in Figure 3a show that the

number of S. aureus captured by AptS. aureus-Fe3O4@mTiO2
increased as the concentration of added bacteria increased.
The same results were also obtained for E. coli by changing just
the aptamer type immobilized on Fe3O4@mTiO2 nanoparticles
(Figure 3b). It is noteworthy that both S. aureus and E. coli
could be effectively enriched with high enrichment efficiency of
about 80% even at a low detection range (Figures 3c, S13, and
S14), thus indicating the generality of the feasibility of the
capture platform for bacterial enrichment in clinical blood
samples. The good performance of the capture platform was
attributed to the high selectivity and strong affinity of the
aptamers. These data suggest that the developed capture
platform is sensitive enough to detect bacteria in the blood of a
patient suffering from sepsis and bacteremia.

Figure 3. Photographs of agar plates onto which (a) S. aureus and (b)
E. coli were cultivated after being enriched by the corresponding
aptamer-based capture platform. (c) Actual counted cell numbers of S.
aureus and E. coli versus a broad range of spiked bacteria
concentrations. p-Values were calculated by the t test. p > 0.05 and
* for p < 0.05, n = 3. NS = not significant.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.6b06671
ACS Appl. Mater. Interfaces 2016, 8, 19371−19378

19375

http://pubs.acs.org/doi/suppl/10.1021/acsami.6b06671/suppl_file/am6b06671_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.6b06671/suppl_file/am6b06671_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.6b06671/suppl_file/am6b06671_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.6b06671/suppl_file/am6b06671_si_001.pdf
http://dx.doi.org/10.1021/acsami.6b06671


Generally, during routine blood culture, the blood of the
patient is added into a culture bottle and incubated within a
continuous blood culture system. Bacterial growth is monitored
by the production of metabolite in the culture bottle. It is time-
consuming and usually requires several days to report the
positive results. In our system, the patient blood samples are
incubated with the aptamer-based capture platform for specific
enrichment. Once exposed to the target bacteria, aptamers will
bind to target bacteria with high selectivity and strong affinity.
The complexes are further separated from the blood under a
magnetic field, and the resulting bacteria will be inoculated on
solid medium for colony counting and further tests. First, the
bacterial enrichment kinetics with our capture platform were
monitored by the colony counting method. The plots show that
S. aureus spiked into blood could be enriched within 2 h with a
final capture efficiency of 80% (Figure 4a). The result indicates
that 2 h is enough to guarantee high capture efficiency. The
time to detection (TTD) of the bloodstream infection was
further investigated both in traditional bacterial culture and the
developed capture platform. Bacterial capture and growth were
both monitored by plate counting methods. In detail, an S.
aureus-infected blood sample was treated with AptS.aureus-
Fe3O4@mTiO2 for bacteria-specific enrichment. Meanwhile,
an equal volume of infected blood was added into an LB
medium to observe bacterial growth. After 2 h of incubation,
nearly all of the bacteria added into the blood were enriched by
the capture platform. In contrast, it took more than 8 h for
bacterial growth to obtain the same colonies (Figures 4b and
c). The TTD of the bacterial bloodstream infection for the
developed capture platform could be effectively shortened in
comparison to the gold standard method in clinical diagnosis of
BSI (Figure 4d), which needs several days to report positive
bacterial growth. Accordingly, our designed capture platform
features rapid bacterial detection capability and may be a
substitute for the first step in blood culture to shorten the time
needed to reach a definitive bacterial identification.

■ CONCLUSIONS

In summary, we demonstrated the feasibility of the designed
aptamer-based capture platform for rapid and selective
detection of BSI as well as pathogen identification in bacteremia
and sepsis. The results show that the capture platform is
capable of capturing and enriching bacteria from human blood
with high selectivity and strong binding affinity and has a
negligible effect on the activity of captured bacteria. In addition,
the capture platform features adaptable bacterial enrichment
efficiency of about 80% even at low bacterial concentrations
ranging from 10 to 2000 CFU mL−1, thus indicating the
feasibility of enrichment and detection of bacteria in clinical
samples. More importantly, the bacteria can be enriched and
separated within 2 h, and the time for bacterial identification is
effectively shortened in comparison to the gold standard
method in the clinical diagnosis of BSI. Therefore, the capture
platform allows rapid and sensitive detection of pathogenic
bacteria and may contribute to administering effective antibiotic
therapy at an early stage. It is worth noting that this capture
platform is able to concentrate different targets from human
blood by changing only the aptamer types, indicating that the
detection of any pathogenic bacteria will be possible with this
approach. It is envisioned that this strategy may pave a way for
the detection of biomarkers and find potential applications in
disease diagnosis.
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Figure 4. (a) Bacterial capture efficiency versus incubation time. A total of 104 CFU mL−1 bacteria were spiked into the blood. (b) The total time
needed for the enrichment of S. aureus from human blood. (c) The time needed for bacterial growth to obtain the same colonies. (d) Schematic
representation of the detection time for identifying pathogenic bacteria in human blood. Left: the aptamer-based capture platform. Right: bacterial
culture.
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(52) Peñuelas-Urquides, K.; Villarreal-Treviño, L.; Silva-Ramírez, B.;
Rivadeneyra-Espinoza, L.; Said-Fernańdez, S.; Leoń, M. Measuring of
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