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Abstract: Despite the advanced detection and sterilization
techniques available today, the sensitive diagnosis and com-
plete elimination of bacterial infections remain a significant
challenge. A strategy is reported for efficient bacterial capture
(ca. 90%) based on the synergistic effect of the nanotopog-
raphy and surface chemistry of the substrate on bacterial
attachment and adhesion. The outstanding bacterial-capture
capability of the functionalized nanostructured substrate
enables rapid and highly sensitive bacterial detection down to
trace concentrations of pathogenic bacteria (10 colony-form-
ing units mL�1). In addition, this synergistic biocapture
substrate can be used for efficient bacterial elimination and
shows great potential for clinical antibacterial applications.

The detection and elimination of pathogenic bacteria is
central to overcoming bacterial threats, such as foodborne
illnesses, hospital-acquired infections, and bioterrorism.[1]

Several exquisite platforms that enable the selective detection
or elimination of bacterial pathogens have been developed to
combat bacterial infections.[2] These platforms, all contain
a bacteria-targeting system that enables selective bacterial
capture, a capability that is prerequisite for subsequent
bacterial detection or elimination.[3] Typically, each bacteria-
targeting system is composed of a microfluidic device, nano-
meter-sized particle, or scaffold conjugated to high affinity
synthetic small molecules or antibodies to bind to specific
surface biomarkers on bacteria.[2] Although rapid and selec-
tive bacterial capture has been achieved by using these
bacteria-targeting systems, their low bacterial-capture effi-
ciency limits the clinical applications. The sensitive detection
of bacterial pathogens with these systems would be difficult,
especially in situations involving extremely low bacteria
concentrations, such as sepsis resulting from bacterial patho-
gen contamination of the bloodstream.[2a,c] To address this

issue, bacteria-targeting platforms with outstanding capture
efficiency should be developed.

Research into bacterial adhesion during biofilm formation
may provide insight into potential strategies for improving
bacterial-capture efficiency. The adhesion of bacteria to
human tissue or biomaterial surfaces, the first step of biofilm
formation, is a synergistic process in which chemical compo-
nents of the bacterial surface (e.g., proteins and lipopolysac-
charides) and extracellular organelles (i.e., flagella and pili)
work together to facilitate and achieve bacterial attachment.[4]

With this in mind, a strategy could be developed for
improving bacterial-capture efficiency by synergistically pro-
moting the interaction between capture platforms and both
the chemical components of the bacterial surface and
extracellular organelles. However, the element of bacterial
extracellular organelles has been neglected in previous
designs of bacterial-capture platforms.[2, 3] Hence, increasing
the interactions between bacterial extracellular organelles
and capture platforms becomes a key point for improving
capture efficiency. Meanwhile, nanostructures have been
reported to have a significant impact on the behavior of
bacterial and mammalian cells as a result of local topographic
interactions between the nanostructures and nanoscale ex-
tracellular organelles,[5, 6] and chemically functionalized nano-
structures have been used for cancer research.[6] Therefore,
we hypothesized that by combining nanotopography and
surface chemical modification in the design of bacterial-
capture platforms, a synergistic strategy for excellent bacterial
capture could be developed.

Herein, we demonstrate a synergistic strategy for
enhanced bacterial capture based on a functionalized 3D
nanowire substrate. Surface chemical modification of the 3D
nanowire substrate is responsible for selective bacterial
recognition, while the nanowire topography assists the
interaction between the substrate and bacterial extracellular
organelles (Scheme S1 in the Supporting Information). The
synergistic effect of nanowire topography and surface chem-
ical modification increases bacterial attachment and improves
the efficiency of bacterial capture. The enhanced efficiency of
bacterial capture of this functionalized 3D nanowire substrate
can enable the sensitive detection and efficient elimination of
bacterial pathogens.

The 3D functionalized nanowire substrates were prepared
as illustrated in Figure 1. Since a large spacing (micrometer)
between nanowires would weaken the interactions between
nanoscale bacterial extracellular organelles and the nano-
wires,[4b, 5b] we fabricated 3D nanowire substrates with densely
packed nanowire arrays on silicon wafers by using silver-
assisted chemical etching (Figure 1a).[7] Scanning electron
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microscopy (SEM) images of the resultant substrate revealed
that the obtained silicon nanowires (SiNWs) possessed
diameters between 100–250 nm and lengths of around 8 mm,
and the density of the nanowires is about 15 per mm2

(Figure 1b). The spacing between the nanowire structures
was between 150 and 400 nm, which is smaller than the
diameter scale of a bacterium (submicrometer). Next, bac-
teria-binding molecules were introduced onto the prepared
SiNW substrates through sequential chemical covalent cou-
pling to confer the capability for selective bacterial recog-
nition (Figure 1c and Figure S1 in the Supporting Informa-
tion).[8]

To evaluate the bacterial-capture performance of the
functionalized 3D SiNW substrate, the separation of a bacte-
rial suspension was carried out. Staphyloccus aureus, arguably
the most prevalent pathogen in humans,[9] was chosen as the
model bacterium. Concanavalin A (ConA) was employed for
the surface chemical modification of the SiNW substrates
because of its high affinity for bacterial lipopolysaccharide
components.[10] As shown in Figure 2a, the ConA function-
alized 3D SiNW (SiNW-ConA) substrate could capture up to
ten times more bacteria than the flat silicon-ConA substrate
within short incubation times (30 min), thus indicating the
critical role of the nanowire topography in enhanced bacterial
capture. Moreover, minimal nonspecific interactions were
present between the bacteria and the SiNW substrates in the
absence of any surface modification, thus indicating the
synergistic effect of nanowire topography and surface bacte-
rial binding molecules for improved bacterial capture. A
consistent result was also obtained when using a patterned
substrate with alternate flat silicon and SiNW surfaces to
provide a spatially close comparison with regards to the
bacterial affinity of the functionalized SiNW and flat silicon
substrates (Figure 2b and Figure S2). Furthermore, enhanced
topographical interactions between the nanowire and the

bacteria were found in the SiNW-ConA substrate (Figure 2b,
Figure S3 and S4), thus providing further support for our
hypothesis. Since the bacterial concentration used in the
above tests was very high (4 � 108 colony-forming units (CFU)
mL�1), the performance of the functionalized SiNW substrate
for bacterial capture in cases of low bacterial concentrations,
as well as the effect of the medium on the capture efficiency,
were examined. As shown in Figure 2c, the SiNW-ConA
substrate exhibited higher bacterial-capture efficiency
(around 90 %) at low bacterial concentrations ranging from
100–1000 bacteriamL�1 in three different types of medium,
thus indicating the flexibility of this substrate with regards to
highly efficient bacterial capture and isolation from different
clinical samples. The enhanced bacterial capture ability of the
SiNW-ConA substrate makes it possible to detect low
concentrations of bacteria with high sensitivity and is
advantageous for clinical bacterial detection. For our assay
with the SiNW-ConA substrate, it was found that an average
of seven bacteria was detected under trace concentration
conditions (10 CFU mL�1; Figure 2d), thus indicating the
great potential of this substrate with respect to highly
sensitive bacterial detection.

Figure 1. a) A schematic of the 3D SiNW substrate fabrication, which
is based on silver-assisted chemical etching. b) SEM images of a typical
SiNW substrate. c) Surface chemical modification of the silicon
substrates (including SiNW and flat silicon) with bacteria-binding
molecules.

Figure 2. a) Quantitative evaluation of the bacterial-capture yields at
different capture times for three different substrates: SiNW (black &),
flat Si-ConA (red *), and SiNW-ConA (blue ~). b) Representative
fluorescence and SEM images of the ConA-modified patterned sub-
strates with alternate flat and SiNW surfaces after bacterial capture.
Nanoscale protrusions (red arrows) were clearly observed between the
bacteria and the nanowires in the SEM image, thus indicating
enhanced topographical interactions between the nanowires and
bacterial extracellular organelles. c) Bacterial-capture efficiency of the
SiNW-ConA substrate at different bacteria numbers ranging from 100–
1000 CFUmL�1 in three different types of sample medium. The capture
efficiency is defined as the proportion of bacteria captured from the
test sample, and the growth of bacteria in the three media was
investigated in the calculation of capture efficiency shown in Figure S5.
d) Assay of the SiNW-Con A substrate for highly sensitive bacterial
detection with ultra-low bacterial concentrations. The inset fluores-
cence image shows one of the bacteria captured on the substrate. In
(a), (c), and (d), the values for capture efficiency and bacteria numbers
represent the mean of three independent experiments and the error
bars indicate the standard deviation (SD) from the mean.
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In addition to sensitive bacterial detection, we hypothe-
sized that this synergistic bacterial capture strategy could
benefit efficient bacterial elimination. To demonstrate this,
a bactericidal assay was designed that makes use of our
functionalized 3D SiNW substrate. The bacteria-binding
molecule lysozyme was chosen because of its dual functions
of efficient bacterial capture and hydrolysis of the bacterial
cell wall.[11] As shown in Figure 3a, the lysozyme-functional-
ized 3D SiNW (SiNW-lysozyme) substrate was found to
exhibit highly efficient bacterial killing compared to the flat

silicon-lysozyme substrate based on the results of LIVE/
DEAD bacterial assays (Figure S6 and S7). This result was
consistent with that of the bacterial capture experiment in
which the SiNW-lysozyme substrate also showed higher
capture efficiency than the flat silicon-lysozyme substrate
(Figure S8). Although the outer membrane structure of gram-
negative bacteria would theoretically hinder the interaction
between the bacterial cell wall and lysozyme, as well as the
subsequent cell wall hydrolysis,[11] the SiNW-lysozyme sub-
strate exhibited high bacterial capture efficiency (51 %) for
the gram-negative bacterium Escherichia coli : 90% of the
captured E. coli were killed (Figure S8 and Figure 3a). Such
a phenomenon may be related to the biophysical bactericidal
activity of nanowires towards the outer membrane of gram-

negative bacteria,[12] an effect that could provide lysozyme
with access to the bacterial cell wall (Figure S9). The
combined broad-spectrum bacterial capture and killing ability
of the SiNW-lysozyme substrate indicates that it is a good
candidate for the clinical treatment of bacterial infections. To
this end, we prepared a flexible SiNW-lysozyme substrate
(Figure S10) and investigated its potential for the treatment
of skin or wound bacterial infections. To simulate the
conditions of skin or wound infections, agar plates covered
by growing bacterial colonies were employed in our experi-
ments. By affixing the flexible SiNW-lysozyme substrate onto
the bacterial agar plate, subjecting it to 6 h of incubation, and
then removing the substrate, the ability of the SiNW-lysozyme
substrate to eliminate bacteria from agar plates was tested. As
shown in Figure 3b, colonies of S. aureus within the area
covered by the SiNW-lysozyme substrate were found to be
efficiently removed from the agar plate. Moreover, the S.
aureus bacteria captured by the flexible SiNW-lysozyme
substrate were discovered to be efficiently killed, as indicated
by the results of a LIVE/DEAD bacterial assay (Figure 3c)
and SEM investigation (Figure S11). Similar results were
obtained when the target bacterium was switched to Bacillus
subtilis or E. coli (Figure S12 and S13), thus demonstrating
the great potential of the SiNW-lysozyme substrate as an
antibacterial dressing.

This synergistic bacterial capture strategy can be easily
combined with controllable bactericidal approaches, such as
photodynamic and photothermal therapy,[13] to achieve on-
demand bacterial elimination. To demonstrate this, selective
S. aureus capture and on-demand killing was performed as an
example. SiNW substrate modified with human immuno-
globulin G (IgG) molecules (SiNW-IgG) was used for selec-
tive S. aureus capture because of the high affinity of the IgG
for protein A, which is expressed uniquely on the cell wall of
S. aureus (Figure 4a,b).[14] By combining the SiNW-IgG
substrate with photodynamic therapy, we proposed a strategy
for on-demand S. aureus killing. As illustrated in Figure 4c,
protein A only binds to the Fc region of the IgG,[14] thus
leaving the Fab region of the IgG available for further
modification. S. aureus killing can thus be achieved by using
a secondary-antibody-bound photosensitizer, rose bengal,
which generates reactive oxygen species upon light irradia-
tion, thereby killing proximate captured S. aureus. As shown
in Figure 4d, the round S. aureus selectively captured on the
SiNW-IgG substrate had clear edges and smooth bodies prior
irradiation. After irradiation, the membranes of the S. aureus
were discovered to have collapsed and merged, thus confirm-
ing the death of the bacteria. The killing efficiency of this
assay was about 94 % (Figure S14).

In conclusion, we report a strategy for bacterial capture
based on a functionalized 3D SiNW substrate, which exhibits
outstanding bacterial-capture performance as a result of the
synergistic effect of the packed nanowire structure and the
surface chemical modifications. The excellent bacterial-cap-
ture ability of the functionalized 3D SiNW substrate enables
the highly sensitive detection and efficient elimination of
bacterial pathogens. This substrate thus exhibits great poten-
tial for use in clinical antibacterial applications. Our strategy
relies on the specific surface chemistry of the nanowire

Figure 3. a) A demonstration of the efficient broad-spectrum
bactericidal activity of the 3D SiNW-lysozyme substrate. The lysozyme
was attached to the end of SiNW nanowires (green bars) or flat silicon
(red bars). The killing efficiency values are given as the mean of three
independent experiments and the error bars indicate the SD from the
mean. *P<0.05. b) A demonstration of the potential of the flexible
SiNW-lysozyme substrate as an antibacterial dressing. The photograph
of the S. aureus agar plate was taken after the flexible SiNW-lysozyme
substrate had been peeled off. c) A representative LIVE/DEAD bacterial
assay of S. aureus captured by the flexible SiNW-lysozyme substrate
from agar plates. The yellow color, which is due to the overlapping of
fluorescence of SYTO 9 (green) and propidium iodide (red), indicates
dead bacteria.
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substrate for bacterial capture; as a result, sensitive bacterial
detection may be a challenge in extremely complex systems in
which numerous extracellular materials may passivate the
nanotopography and/or the chemical modifications on SiNW
surface.
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